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ABSTRACT

A numerical model is developed to simulate the directional solidification of a den

dritic metal analogue material, ammonium chloride and water, in support of a

planned series of microgravity experiments. The model is first validated by com

parison with ground-based data. Undercooling (non-equilibrium) effects are shown

to be significant. The one-gravity computations correlate well with the ground-

based data for the initial diffusion limited growth and the transition to dominant

convective flows at a critical solutal and thermal Rayleigh number. The model is

then used to predict the directional dendritic solidification for a sample low gravity

run and the results are compared with one-gravity data.
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NOMENCLATURE

A  one of two components in a binary alloy

Ae east link coefficient

Am north link coefficient

Ap cell coefficient

As south link coefficient

Aw west link coefficient

h  collective source term

B  one of two components in a binary alloy

Ex body force in the x direction

C  composition (wt%)

CR cooling rate

Ce composition at the eutectic point (wt%)

Ci liquid concentration (wt%)

Co reference composition (wt%)

Cp specific heat

Cs solid concentration (wt%)

d  velocity correction coefficient

D  diffusive flux coefficient

D  solutal diffusion coefficient

F  modified mass flux

Flux mass flux (|^)

G  temperature gradient (°C/cm)

g  acceleration of gravity

gi liquid volrnne fraction
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h  enthalpy

J  net flux (e.g., of energy or solute)

K  permeability (cm^)

kp partition coefficient

k  thermal conductivity (cm g^ »c)

kg thermal conductivity of quartz

L  latent heat

P  pressure

P* pressure estimate

P' pressure correction

Pe local Peclet number

Pr Prandtl nmnber

q  thermal flux

qi thermal flux in liquid

qg thermal flux in quartz

Ra combined Hayleigh number {Ras + Rar)

Ras solutal Rayleigh number

Rar thermal Rayleigh number

S  somce of <f> per volume

Sc constant sovurce of <j> per control cell

Sc Schmidt number

Sp source term coefficient for 5^ = Sp<f> + Sc

T  temperature (°C)

To reference temperature (°C)

Te eutectic temperature (°C)

Tm melting temperature (°C)
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t  time (sec)

ui liquid velocity in the horizontal (x) direction (cm/sec)

Ug solid velocity in the horizontal (x) direction (cm/sec)

u  effective liquid velocity (u = u/ • gi) in the horizontal

(x) direction (cm/sec)

u  average velocity ^ (p/«/ + 1'^® horizontal

(x) direction (cm/sec)

u  psuedo-velocity in the horizontal (x) direction (cm/sec)

VI liquid velocity in the vertical (y) direction (cm/sec)

Vg solid velocity in the vertical (y) direction (cm/sec)

V  effective liquid velocity (v = vi • gi) in the vertical

(y) direction (cm/sec)

V  average velocity ^ (pi^i + PtVgfj in the vertical
(y) direction (cm/sec)

V  psuedo-velocity in the vertical (y) direction (cm/sec)

Vi liquid velocity vector (cm/sec)

Vg solid velocity vector (cm/sec)

V  average velocity vector ^ (pi^i + (cm/sec)
Greek Symbols

a  denotes the A rich phase in a phase diagram

as solutal diffusivity

ar thermal diffusivity

/3 denotes the B rich phase in a phase diagram

solutal coefficient of volumetric expansion

thermal coefficient of volumetric expansion (j^)

Sx horizontal distance between cell nodes (cm)
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Sy vertical distance between cell nodes (cm)

Ax horizontal distance between cell faces (cm)

Ay vertical distance between cell faces (cm)

At numerical time step interval (sec)

4> generalized conserved quantity

r  generalized diffusion coefficient

p  average mass density of the mixture (^•)

Pk mass density of the k phase (^r)

Pk partial mass density of the k phase (^^)

Po mass density of reference bulk fluid (^V)

V  kinematic viscosity

Subscripts

e  pertaining to the control volume east face

E  pertaining to the node of the control volume to the east

j  horizontal (x) index for the control cells

k  vertical (y) index for the control cells

I  liquid

n  pertaining to the control volume north face

N  pertaining to the node of the control volume to the north

P  pertaining to the node of current control volume

s  solid

s  pertaining to the control volume south face

S  pertaining to the node of the control volume to the south

0  reference value

q  quartz

w  pertaining to the control volume west face
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W  pertaining to the node of the control volume to the west

o  previous time step value

*  latest estimate

* — 1 previous estimate

'  correction



SECTION I

INTRODUCTION

At a recent international symposium on heat and mass transfer in manufacturing

and materials processing, a number of authors stressed the need for close coop

eration between experimentalists and numerical modelers in the effort to investi

gate and understand the complex phenomena involved in the science of materials

processing.^ The objective of this dissertation research is to develop an advanced

numerical fluids and thermal model (FTM) to provide that degree of close support

for a series of experiments on the imidirectional dendritic solidiflcation of binary

alloys.

The experiments being supported axe a series of space and groimd-based

studies being conducted under the Casting and Solidification Technology (CAST)

project.^"® The experiments axe designed to study the development of the solutal

distribution in a solidifying binary dendritic system. The solidification of binary

systems is of interest because it is integral to a wide range of important processes

such as casting. The need to understand and control solutal distribution during

the solidification of a binary or multicomponent system is vital because of its direct

effect on segregation of solute and the quality of the final product.

The fluids and thermal model (FTM) developed here combines recent ad

vances in computational techniques and multicomponent conservation equations

to model the CAST unidirectional ground-based and space experiments. The pur

pose of the FTM is to accurately model the existing ground-based studies during

the stages of growth for which diffusion is the dominant transport mechanism, and

to provide predictions for the planned microgravity experiments.



The basic configuration of the simulated experiments is shown in Fig. I-l.

The experiments use a binary solution, the metal analogue ammonium chloride

and water. In a typical groimd-based rim, a 28 wt% NH4CI - 72 wt% H2O solu

tion is solidified vertically by imposing a positive thermal gradient on the quartz

cuvette and then lowering the cuvette temperature at a controlled rate. As the

solidification progresses, solute, less dense than the bulk liquid for this solution,

is rejected by the newly formed dendritic solid and a density inversion develops in

and above the solid-liquid (dendritic) region at the bottom of the cuvette. Under

one-gravity conditions, this inversion leads to the onset of disruptive convective

fiows.

In this research, the FTM was developed and then validated using three

selected ground-based unidirectional solidification experiments. For either one-

gravity or microgravity conditions, the FTM calculates the flow field, the growth

of the two-phase dendritic region, the temperature distribution, the solutEd distri

bution, and the corresponding density field. In addition, for the ground run com

parisons, the model determines the conditions pertinent to convective breakdown,

in particular the time and critical Rayleigh number associated with the tran

sition from diffusion to convection dominated solidification. The ground-based

runs, complicated by the effects of one-gravity convection, are more difficult to

numerically simulate than the microgravity spaceflight experiments and provide a

strenuous validation test for the model.

Once the FTM is validated by comparison with ground-based results, it is

then used to predict rim conditions for the CAST microgravity experiment. The

one-gravity and microgravity cases are compared and the differences discussed.
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SECTION II

BACKGROUND

The purpose of this section is to provide an introduction to the dendritic solid

ification of binary materials including the mechanisms of heat and mass transport

inherent in the solidification process. This is followed by a hmited review of pre

vious solidification experiments on binary dendritic materials and past analytical

and numerical modeling efforts.

Fundamentals of Binary Dendritic Solidification

Binary Alloy Solidification

A binary material is composed of two components, A and B, such as Pb-Sn,

Al-Cu, and NH4CI-H2O. Each component may contain multiple elements but must

maintain its integrity when combined with the other component. A sample binary

phase diagram is shown in Fig. II-l.

The solutal concentrations of the solid and liquid in equilibrium at a given

temperature are denoted by the intersection of a constant temperature line with

the solidus and liquidus lines. Between the liquidus and solidus, solid and liquid

coexist over a range of temperatures creating a two-phase region. The liquidus

indicates the temperature at which solidification begins for a given Uquid con

centration. Variation in the liquid concentration during solidification produces

variation in the solid. This solutal variation can be either on the scale of the

growth structure, referred to as microsegregation, or on a larger scale referred to

as macrosegregation.^°
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Figure II-l. Sample binary phase diagram (From Flemings^ )

Morphology

A binary material solidifies with either a faceted or non-faceted interface.

The parameter that indicates whether or not the interface will be faceted is the

dimensionless entropy of fusion,^ ̂ a = —^ where R is the umversal gas constant
li

and ASf is the entropy of fusion. Materials with an a less than two tend to be

non-faceted. Metals typically fall into this category.^^

A non-faceted interface can be planar or non-planar depending on the material

properties and the growth conditions. A simplified condition for planar stability of

binary materials is the constitutional supercooling criterion,^' i.e. the temperature



gradient at the interface must be sufficiently large to prevent imdercooling due to

concentration effects. This criterion can be expanded to include the effects of

surface energy using linear stabihty analysis/'* gi'ving the following condition for

planar stability,
V-ATo T-k-V^

55—.

where G is the temperature gradient at the interface, V is the interface growth

velocity, ATq the temperature difference between the solidus and liquidus, k the

partition coefficient, D the diffusivity, and F the specific interface energy divided

by the entropy of fusion.*^ Inspection of the above equation reveals that at low

growth rates the solutal, (V/D), term is reduced, tending to stabilize the interface

for a given temperature gradient. At the other extreme of high growth velocities,

(on the order of 1 cm/sec for typical metals),*" the surface energy term becomes

sufficient to stabilize the interface. The category of solidification addressed in this

study is for those materials and growth rates, e.g., the casting of metals, that

typically fall between these two extremes with the result that the solid-liquid in

terface is dendritic. The NH4CI-H2O analogue material used in the CAST studies

solidifies dendritically as shown in Fig. II-2.

Metal Model NH^ CI-H2 O

The use of transparent compoimds to model the freezing of metals was first

suggested by Jackson and Himt*® based on the dimensionless entropy of formation

a — AS/R. One such compoimd, aqueous ammonium chloride, was used by Jack

son and coworkers*® in studying the equiaxed zone in castings. It has since been

used extensively, including the current CAST studies. The ammonium chloride

and water phase diagram is provided in Fig. II-3.
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Figure II-2. Ammonium chloride zmd water dendrites (Courtesy McCay)

Transparent metal analogue compounds, such as NH4CI-H2O, offer several ad
vantages and some limitations in the investigation of metalhc solidification. The
primary advantage of these compounds is that they are transparent and thus lend
themselves to flow visualization. Ammonium chloride and water has the particu

lar advantage that it can be used to numic the density characteristics of several
important alloys. This is accomplished by using a bulk fluid water concentration
that is less than the eutectic value (80.4 wt% water), such that the solute rejected
during solidification is lighter than the bulk liquid. Since buoyancy driven flows
depend directly on the density distribution, this siimlanty to an actual alloy is
criticzd.
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Ammonium chloride and water also has the advantages that it is non-toxic,

solidifies near room temperature, and its properties are relatively well known.

Gray^ has compiled many of these properties for aqueous ammonium chloride from

available sources. In addition, McCay and colleagues have measured the surface

tension variation with temperature and concentration,^^ the partition coefficient,

and the index of refraction variation with temperature and concentration.^® How

these properties are incorporated into the numerical model will be discussed in

the section on modeling.



One limitation of ammoniiim chloride and water as a metal analogue is that,

relative to metals, it has a low conductivity. Its Lewis number, the ratio of solutal

diffusivity to the thermal diffusivity, is 0.015 which is an order of magnitude larger

than for a typical metal. This means that solutal effects are more important in

ammonium chloride and water than in metals, and direct extrapolations to metal

systems must be made carefully.

Thermal Diffusion

The solidification of any material necessarily involves extracting the heat of

fusion released during the process. This extraction can either be in the direction

of growth, i.e. through the liquid ahead of the growth front, or opposite to the

direction of growth, i.e. through the solid or mushy zone behind the growth front.

Heat extraction through the liquid implies the liquid is imdercooled. This occms,

for example, when isolated nuclei grow in undercooled regions produced at the

walls of a casting.^" Heat extraction through the solid or mushy zone implies that

the solid material is being cooled below the local freezing point. The liquid ahead

of the solidification front may or may not be tmdercooled. The extraction of heat

through the solid or mushy zone exists in a number of processes such as Czochral-

ski growth, Bridgman growth, float zone solidification, directional solidification of

turbine blades, and in the coliimnax region of a casting.^^ In the CAST experi

ments, the latent heat is extracted through the two-phase region in the direction

opposite to that of the solidification. Hence, the CAST experiments model the

type of heat flow foimd in the imidirectional solidification of turbine blades and

the columnar dendritic growth region of castings.
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Solutal Diffusion

In addition to thermal diffusion, the soUdification process for most binary

materials involves difftision of solute. Except in special cases, such as eutectic

solidification and congruent transformations where the solid has the same concen

tration as the liquid, the transition from hquid to solid results in either a buildup

or depletion of solute at the growth front. The resulting solutal gradients drive

diffusive fluxes. Over short distances or in the case of minimal convection, these

diffusive fluxes can be the dominant means of solute transport.

Convective Flow

Fluid motion or convection during dendritic solidification is often a major

means of heat and mass transport and has been shown to influence the structmre

and quality of the final product in a number of ways. For example, convection in

the form of rising columns of solute enriched fluid has been shown to be the cause

of an imdesirable type of macrosegregation phenomenon known as 'freckles.'^^

Convective flow has also been foimd to affect the shape of individual dendrites.^^

Fluid motion can also effect the structure of a material by convecting nucleation

sites during solidification. Jackson et al.^® have postulated that the equiaxed

structme in the central regions of a casting develop from fragments of dendrite

arms that have been convected into the \mdercooled region. As another example

of the importance of convection, McDonald and Hunt^^'^® have demonstrated that

'A' type segregation found in steel castings can be eliminated by using dopants

to alter the density characteristics of the material, thereby suppressing buoyancy

driven convection.

In general, convection during solidification influences both the solutal and

thermal distributions. The possible causes of convection are nmnerous. Even in
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a relatively simple growth configuration, such as the imidirectional CAST experi

ment, there axe six distinct mechanisms for generating fiows during soUdification.

Each is discussed briefiy in the following, with emphasis on flows significant to

microgravity solidification.

Residual Flow Any flows that were created in the liquid due to a previous

event such as stirring, sloshing, pouring, rotation, etc., may persist and still be

present at the onset of solidification. Such residual fiows are always of concern

in the laboratory, and axe of paxticulax concern, for example, for short duration

microgravity experiments flown on aircraft® and sounding rockets.^®

Surface Tension Driven Flow Another type of flow that may dominate

in the microgravity environment is surface tension driven flow. This flow origi

nates at fluid-fluid interfaces (free surfaces) due to gradients in the surface tension

caused by solutal or thermal variations. The dimensionless parameter that indi

cates the magnitude of the surface tension effects relative to the viscous forces is

the Marangoni number, defined here for the thermal case as

pu^

where a is the surface tension. So/ST the variation of surface tension with tem

perature, L the characteristic length scale, p the density, u the kinematic viscosity,

and AT the temperature difference acting over L. Similarly, the modified Bond

number, indicates the magnitude of surface tension effects relative to buoyancy

effects, i.e.:

(Sa/ST)

where g is the local gravity and the thermal coefficient of expansion.^^ These

parameters express the relative importance of surface tension fiows in a given
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process. In any case, on either the ground or in a low gravity environment, sur

face tension driven flows can be prevented by either eliminating or isolating free

surfaces.

Contraction Flow Another category of flow that can occur, either with

or without gravity, is contraction flow. Density changes of either the solid or

liquid due to temperatxire or concentration variations generate contraction flows.

Similarly, if the density of the solid is different than the density of liqiiid, then

any pheise change generates pressure differences that drive flow. If the fluid is

obstructed, such as by a dense mushy zone, then extremes of pressures can ensue

with the result that hot tears or vapor pockets may form in the material.^"

Buoyancy Driven Flow: Lateral Density Gradients In the presence of

gravity (or any acceleration), flow will arise when there is a density gradient that

is not precisely aligned with the gravity vector. In a binary solidifying system,

density variations occur due to both thermal and solutal gradients. When the

density gradients are perpendicular to the gravity vector, convective flow develops,

regardless of the magnitude of the gradient.^® Even the superposition of a vertically

stabilizing density gradient (light on the top) has been shown insiifflcient to prevent

natural convection in the presence of a lateral density gradient.^®

Buoyancy Driven Flow: Vertical Density Gradients When the den

sity gradient is precisely aligned with the gravity vector, then the system is in a

state of static equilibrium, even if the density variation is such that the lighter

fluid is on the 'bottom.' Unperturbed, the later case remains stratified. For a

single component system, in which the density depends only on temperature, the

stability of such a density inversion in response to a perturbation is measvured by

the thermal Rayleigh number. The Rayleigh nmnber is a ratio of the buoyancy
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forces to the viscous forces and, for a thermal driving force, is defined as

va

where p is the density, g the acceleration, the thermal coefficient of expansion,

AT the temperature change across the density inversion layer, L the height of the

inversion, v the kinematic viscosity, and a the thermal diffusivity. For a density

inversion due to solutal effects alone, a similar situation exists, governed by a

solutal Rayleigh nmnber:
pg^s^CiL^
—

where J85 is the solutal coefficient of expansion, AC/ the solutal change across the

density inversion layer, and D the solutal diffusivity.

Thermosolutal Flow If both solutal and thermal gradients are present

in the liquid, then an additional mechanism known as thermosolutal convection

may result. This is a dynamic effect cause by the disparity between the rates of

thermal and solutal diffusion. One of the best known examples of thermosolutal

convection is 'salt-fountains' found in the ocean.^® Even with a statically stable

density gradient due to a positive temperature gradient, a parcel of fresh water

rising from the bottom will continue to rise because it gains heat much faster

than salt and becomes lighter than the surrounding fluid. Salt foimtains thus

occur when the component with the higher diffusion coefficient, e.g., temperature,

creates a statically stable density profile and is opposed by the gradient of the

component with the lower diffusion coefficient. The stability criterion proposed

by Stern^° for this phenomena is a critical combined Rayleigh number equal to

the Slim of the vertical thermal and solutal Rayleigh numbers.

A second, related, type of thermosolutal convection, known as diffusive con

vection, occurs when the component with the lower diffusion coefficient creates a
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stable density gradient while the component with the higher diffusion coefficient

is statically destabilizing. An example is fresh water over salt water, with tem

perature increasing with depth. In this case, an upwardly displaced fluid element

is cooled, increasing its density and returning it to its original position with a

density higher than that of the surrounding fluid. As a result, the fluid element

drops below its original position and an oscillatory, overstable condition results.

Linden provided a discussion of both types of thermosolutal convection for verti

cal temperature and solutal gradients and used hneax stability theory to map the

stability boundaries of those systems for a range of conditions.®^

Thorpe, Hutt, and Soulsby have pointed out that thermosolutal mechanisms

also apply to horizontal gradients of temperature and solute.®^ This is not to be

confused with horizontal gradients of density, which as stated earlier, always re-

sxilt in convection. Horizontal gradients of temperature and solute may combine

to produce flow. Thorpe et al. developed a stability criterion for such systems

based on thermal and solutal Rayleigh numbers that includes both lateral and

vertical length scales and gradients. Chen®® has experimentally and analytically

investigated the interaction of lateral and vertical, thermal and solutal gradients

for a stratified salt solution in a wide container with lateral heating. From his

observations, Chen proposed a critical Rayleigh niunber®® based on lateral tem

perature changes (AT) and a length scale equal to the distance a parcel of fluid

heated by AT would rise in the given density fleld.®^

From these and other stability studies, it may be concluded that the task of

predicting convective breakdown for even a relatively simple thermosolutal system

is not straightforward. The question of stability for these systems becomes even

more difficult with the inclusion of a non-uniform, transient mushy zone. The

formation of a solid-liquid zone not only influences the solutal and thermal fields
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but increases frictional influences in the mushy zone, providing an additional sta

bilizing effect/ Further consideration of contjiiner wall effects, complex thermal

and solutal fields, and the transient nature of dendritic solidification indicates the

difficulty of predicting thermosolutal convection for a real system.

Flows in the CAST Experiments The flow mechanisms listed above

exist in the CAST unidirectional solidification experiments modeled here, with

the exception (by design) of surface tension and residual flows. What remains

are contraction effects, lateral density gradients, vertical density gradients, and

thermosolutal interactions. Contraction flows are driven by density changes caused

by cooling and solidification. In one-gravity, buoyancy fiows may result from the

density inversion that develops in the dendritic region due to solute rejected during

solidification. In addition, opposing temperatme and solutal gradients create the

potential for thermosolutal flow in the statically stable layer above this density

inversion. Buoyancy driven convection can also arise because of lateral gradients

of both temperature and solute due to side wall effects. These natural convection

flows are not limited to the ground studies, since the space flight experiment is

expected to have some buoyancy flow driven by gravity gradients, crew movement,

and other sources of acceleration.

The flow mechanism that dominates for a given set of nm parameters depends

largely on the gravity level. Whenever the combined effects of the mass flow

is small, the primary mechanism of the transport of energy and solute will be

diffusion. Under such conditions the process is termed diffusion dominated. The

effect of convection relative to diffusion is conventionally measured using the Peclet
U-L U-L

number, which for energy is defined as Per — and for solute as Fes = —
a  JJ

where U is the velocity, L a characteristic length, and a and D are the thermal

and solutal diffusivities respectively. As for stability, it is very difficult to define
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appropriate length scales and a single set of dimensionless parameters that can

be used to characterize such a complex process. It is because solidification of

binary materials is such a complicated process that detailed experimentation and

non-linear models are required.

Experimental Database

Experiments: Overview

The experimental investigation of dendritic solidification has covered a wide

and varied range of systems and configurations but can be loosely classified accord

ing to the growth direction relative to the gravity vector. The first of these classi

fications is multidirectional solidification where the growth direction may assume

any number of orientations relative to gravity. This configuration is representative

of most castings, where freezing propagates inward from the walls of a three dimen

sional mold. Accordingly, this general configuration has been used in a number

of qualitative studies, using ammonium chloride and water and other transpar

ent metal models to investigate segregation phenomena in castings. This

general form of solidification is perhaps the most difficult to model because of

the complicated boimdary conditions and multidimensional flows inherent in the

experimental configuration.

The next category of growth orientation is horizontal solidification where the

temperatures gradients are imposed such that the solidification direction is perpen

dicular to the gravity vector. This configuration is less complicated than the first;

but buoyancy driven flows remain an important feature due to the lateral density

gradients. Mehrabian et al.'® used this orientation to study maerosegregation and

freckle formation in Al-Cu. The authors horizontally solidified an ingot in an insu

lated mold, with one end water cooled. They analyzed the macrosegregation using
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wet chemistry and X-ray fluorescence. The results confirmed that interdendritic

natural convection causes segregation. Stewart and Weinberg^'^ also examined

horizontal solidification and provided a direct observation of interdendritic flow in

a metal using autoradiography to provide flow visualization for the interdendritic

flows in Sn-Pb alloys. Szekely and Jassal^® conducted perhaps the most meticulous

early experiments investigating the lateral solidification of a binary system. The

authors used dye traeing, Schlieren, thermocouples, still photography, and motion

pictures to record the horizontal solidification of ammonium chloride and water

in a 40 cm by 6 cm by 15 cm tank. The observed buoyancy driven flows were

strong enough to shear dendrite arms and the velocity field in the bulk was ob

served to have a strong influence on the flow in the two-phase region. The authors

also saw evidence of salt fingers, eruptions of interdendritic fluids, and intensive

circulations in the dendritic region. This experiment has since been repeated by

other investigators with the added sophistication of solutal measurements. In one

of the subsequent studies,^® the solutal distribution was determined using a minia

ture refractometer probe and, in another,^" by withdrawing fluid and measuring

the solutal concentration outside the test cell. In all of the horizontal growth

experiments above, convection played a dominant role.

In a third orientation, the solidification is parallel to gravity, i.e., vertical.

In this orientation, natural convection can theoretically be avoided if the crit

ical Rayleigh number for the system is not exceeded. A number of processes,

such as the growth of single crystal turbine blades, use vertical growth to con

trol convection. Caldwell et al.'*^ used this technique to reduce convection during

the solidification of Al-4.5 pet Cu in a study on the refinement of dendrite arm

spacings. Flemings et al.,^^'^' also solidified Al-Cu vertically in order to measure

solutal redistribution in directional solidification. Verhoeven et al.^'* solidified
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both with and opposite to gravity, using light and heavy solute, to investigate

the effects of convection on the dendritic to eutectic transition. Similarly, the

CAST experiments^"® use vertical growth to suppress convection below a critical

Rayleigh number, allowing the study of the diffusion dominated solidification in a

one-gravity environment.

When convection does occur in a vertical growth process, it can be sigmficant,

as demonstrated by Copley et al. in their study^^ on the origin of freckles in

unidirectionally sohdified castings, such as found in vertically solidified castings

and electrode ingots. Ammoniiun chloride and water was solidified as a model

material and the freckhng phenomenon was shown to be due to convective jets

of low density solute. Streat and Weinberg^' showed the same freckhng effect

in tmidirectionally solidified Pb-20 wt pet Sn using radioactive tracer techniques.

Hellawell has subsequently investigated the mechanisms of the formation of these

jets using aqueous ammonivun chloride and lead-tin systems.^®'^^ Thus vertical

sohdification can either be diffusion dominated below a critical transition point or

convection dominated above that critical point.

The general conclusion from the above discussion is that either non-uniform

or localized natural convection can lead to undesirable non-unifomuties in the

material being processed. The hope of producing improved materials has led,

therefore, to a fourth solidification 'orientation': i.e., reduce the gravity vector as

much as possible. This is possible using drop tubes, low-gravity parabolic fiights

on aircraft, sounding rockets, and spacecraft. The objective of the CAST program

is to take advantage of these low-gravity environments to investigation dendritic

solidification in the absence of gravity driven fiows.
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Casting and Solidification Technology (CAST)

The Casting and Solidification Technology (CAST) program has evolved from

a nxunber of early low-gravity dendritic solidification experiments on sounding

rockets and the NASA KC-135 low-gravity aircraft, Johnston (McCay) et al.^®

solidified NH4CI-H2O in a suborbital rocket at and compared the results

with I5'. The microgravity solidification was observed to be diffusion limited and

the microgravity dendrite arm spacings were larger and more uniform. A simi

lar experiment^" was conducted during low-gravity and level flight maneuvers on

board the NASA KC-135 aircraft where Mach-Zender interferometry was used

to observe the solidification under low-gravity and one-gravity conditions. Com

parison of the two showed the dynamic effects of acceleration on the solutal and

thermal distributions. The restricted times of low-gravity in these experiments

(20 seconds) hmited their quantitative value. This limitation has led to the CAST

proposal to imidirectionally solidify NH4CI-H2O in the extended microgravity en

vironment of the Fluids Experiment System (FES) on board the Space Shuttle.^®

Preliminary groimd-based studies have been and are being conducted in sup

port of this proposed space mission using the basic configuration shown in Fig. I-l.

In order to suppress convection, the experimental apparatus is oriented so that

growth is vertical. As a result, the initial solidification in the ground-based experi

ments is diffusion dominated and is expected to be very similar to the initial phase

of the microgravity experiments. However, once development of the solutal field

causes the critical Hayleigh number to be exceeded, the ground-based experiments

transition to convective dominated growth.

In support of CAST, the initial development of the diffusion layer ahead of

the dendritic field has been recorded^ using a confocal optical system. Particle

tracking techniques® were also used to record the flow patterns associated with
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the transition to convection dominated growth. These experiments demonstrated

that this transition was due to a Rayleigh instability and exhibited a cellular flow

structure at breakdown. After this set of investigations, a ruggedized version of

the basic experiment (similar to Fig. I-l), along with optics for flow visualization

was flows on the NASA KC-135 aircraft.® The objective was to use the low-gravity

environment to extend the diffusion dominated growth time for the higher cooling

rates (12°C/min) and compare the results with theory. Unforttmately, the results

were inconclusive due to background lateral accelerations of the aircraft.

A ground-based Mach-Zender interferometer system was also constructed®

in support of CAST and used to take data on the density field during solidifica

tion. This permitted the analysis of the transient solutal and thermal distributions

above the interface and the determination of the combined thermal and solutal

Rayleigh number associated with convective breakdown. These data serve as the

foundation for the numerical comparisons made here. Details of the specific pro

cedure and apparatus for these experiments can be foimd elsewhere®'® and only a

brief overview is provided here.

The test section of the experiment consists of a 2.8 cm tall by 2.0 cm wide

by 1.2 cm deep quartz cuvette, with inside dimensions of 2.5 cm tall by 1.6 cm

wide by 0.8 cm deep, shown schematically in Fig. I-l. The cuvette is typically

filled with a 28% ammonium chloride - 72% water solution. The top and bottom

temperatures of the cuvette are monitored with thermocouples and regulated by

computer controlled thermoelectric devices. The walls are iminsulated to allow

for observation. In a typical experimental run, dendrites are first located on the

bottom of the cuvette, either by supercooling the solution until nucleation occurs

or with solid remaining firom a previous run. In either case, the experiment is

then brought to its initial condition by imposing and holding a predetermined
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top and bottom temperature imtil conditions stabilize. The specific choice of

those temperatures depends on the desired thermal gradient and thickness of the

dendritic layer (mushy zone). This preparation phase of the experiment is referred

to as the gr£idient hold. The resultant thermal, solutal, velocity, and two-phase

distribution are referred to as the initial condition for the run. For all three sample

solidification runs used for model validation, the top and bottom temperature were

and 2rC, respectively. Once the initial conditions for a given nm have

stabilized and the mushy zone has reached its equilibrium height, the temperatures

of the top and bottom of the cuvette are reduced at controlled rates. This phase of

the experiment is referred to as either the thermal ramp or cooling phase. For the

validation cases, the top and bottom temperatures are lowered at three different

rates, l°C/min, 2°C/min, and 3°C/min.

In the one gravity environment of the ground-based experiments, the cooling

phase consists of three stages of growth. In the first stage, a conditionally sta

ble stratified density inversion develops at the bottom of the cuvette, formed by

the solute rejected during freezing. This stage is accordingly diffusion dominated.

In the second stage, the density inversion reaches a critical height and the den

sity inversion layer breaks apart into a series of cells resembling Rayleigh-Benard

cells.® This is the transition stage of the experiment. After the inversion layer

breakdown, the process rapidly becomes dominated by convective growth as large

cvurrents develop, transporting species and energy to the mushy zone and greatly

influencing the growth pattern. For all three stages of growth, interferometric data

are collected in order to determine the index of refraction distribution which is di

rectly related to the solutal and thermal distributions.^" Additions^ experimental

data is obtained by seeding the solution with neutrally buoyant Plexiglas spheres

and using time-lapse photography for flow visualization.® For both the interfer-
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ometry and particle tracking, the plane of data acquisition is parallel to the front

and back faces of the cuvette relative to the view in Fig. I-l. Particle tracking

photographs, interferometric images, and ambient light photographs taken dining

a run are used for direct comparison with the FTM numerical results.

Modeling Efforts

Early models of dendritic solidification were typically one-dimensional. In

1953, Tiller et al.^' derived a one-dimensional analytical expression for the solutal

distribution ahead of a planar growth front in the absence of convection. The

authors investigated the effects of transient growth rate and briefly discussed the

effects of dendritic materials. Tien and Geiger^® subsequently calculated an exact,

one-dimensional solution for dendritic solidification. The analysis provided the

transient temperature distribution and the thickness of both the solid region and

mushy zone for a semi-infinite binary material chilled from the boundary. Exact

solutions for the solidification of a binary material in a semi-infinite region have

also been provided by Cho and Sunderland®° and more recently by Lipton et al.®^

These analytical solutions are idealizations of the actual process, neglecting a num

ber of effects and often relying on ad-hoc boundary conditions such as estimates

of the solutal concentration at the dendrite tips.

The one-dimensional models can provide useful results for certain situations.

Brody and Flemings,®^ for example, used an essentially one-dimensional numerical

model which included assumptions about the two-dimensional structure of den-

drites to study microsegregation during unidirectional solidification. The model

was primarily a thermal analysis that related the solutal concentration and fraction

of solid to local temperatures using conservation principles, subject to a number

of assumptions. These assumptions included no mass flow, a fixed rate of growth.
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planar isotherms and fixed plate-like dendrite geometries. The authors used the

model to investigate the effects of solid solutal diffusion on the final segregation

in unidirectionaJly solidified Al-Cu alloys.

Caldwell and coworkers^^ also constructed a one-dimensional numerical heat

fiow model and used it successfully to predict the local solidification times for Al-

4.5 wt pet Cu alloys in a study on the refinement of dendrite arm spacings. Their

model used empirical formulations to incorporate a number of effects including

the heat of fusion, heat transfer at the chill face, side wall heat loss, and even

convective effects by using an effective thermal conductivity. This work was also

one of the first to include undercooling effects in a numerical model by assuming

that the dendrite tips were undercooled by an amoimt sufficient to freeze .05

volume fraction of solid.

While these one-dimensional models provided quantitative information con

cerning unidirectional solidification, they were fundamentally limited in their ca

pability to model basic effects such as irregular interfaces, two-dimensional con

vection, and other multi-dimensional phenomena. These early models were also

Umited by such simplifying assumptions as specified growth rates, prescribed fiow

and thermal fields, and simplified models for the solutal concentration. Although

the solidification process depends strongly on the interaction between the temper

ature, solutal, and fiow fields, early models decoupled these relationships in order

to make the problems tractable.

Subsequent models extended the domain to two-dimensions and included the

interrelated effects of energy, momentum, and solutal concentration. Flemings

and colleagues®''®^ extended the one-dimensional Brody and Flemings microseg-

regation model®' to two-dimensions and included the effects of interdendritic con

traction fiow on the solutal distribution in the mushy zone. This new model was
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confined to the mushy zone, however, and neglected bulk flow effects. It also

assumed a flat interface, no diffusion in the solid and a fraction of liquid in the

mushy zone that varied linearly with temperatvure. Additional assumptions in

cluded speciflcation of the solidus and liquidus temperature translation speeds

and independence of the thermal field and solidification rates with respect to the

flow velocities. Thus the model did not include many of the effects of convection.

The above interdendritic flow model was extended" to include buoyancy

driven convection in the mushy region, using Darcy's porous flow equation to

account for the flow resistance in the two phase region. The analysis still retained

the earlier assumptions, including that the thermal field and flow field were decou

pled. This shortcoming was rectified in a subsequent model,®® in which the heat

and momentum were linked and solved simultaneously in the interdendritic zone.

Even that version still included many of the limitations of its predecessors such as

specified growth rates and no bulk flow effects.

The first general coupling of the energy field with the momentum equations for

a solidifying system was done by Szekely and Jassal®® in support of their NH4CI-

H2O solidification experiments. Their model predicted temperature, fraction of

solid, and velocity for the entire ammonium chloride-water domain, not just the

mushy zone. The effects of the bulk flow were included and the translation rate

of the growth front was calculated rather than specified. The model domain was

divided into three regions: the solid region, the mushy zone, and the fully liquid

region; each separated by planar boundaries. The conservation of energy and

momentum equations were written separately for each region and then linked at

the boundaries, i.e., between regions. The density was assumed to be a function

of the temperature and the fraction of solid. The authors were able to obtain

qualitative correlation between the observed and computed flow patterns for both
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the mushy zone and the bulk flow region. The temperature distribution across the

test cell and growth rates were also shown to correlate with the experimental data.

The main elements missing in the model by Szekely and Jassel were the solutal

transport equations.

The solutal transport equations were not incorporated into comprehensive

models similar to Szekely and Jassal's for approximately a decade. In the interim,

solutal effects on dendritic solidiflcation, in particular for vertical umdirectional

solidification, were investigated using linear and non-linear thermosolutal stabil

ity models. The first stability analyses of vertical directional binary solidification

were linear,®^ followed by non-linear analyses such as the study of thermosolutal

convection by McFadden et al.®® In that work, the authors solved for the flow, con

centration, and temperature above a vertically solidifying planar interface. The

interface growth rate was set to a constant and an artificial upper boimdary was

imposed at which the temperature, concentration, and velocity perturbations from

the steady state solution were fixed to zero. The solution was assumed periodic in

the horizontal direction so that, in effect, the domain had frictionless side walls.

The model was used to investigate thermosolutal flow patterns at varioiis thermal

and solutal Rayleigh numbers. McFadden and Coriell®® later employed this same

model to investigate multiple flow solutions for a given set of botmdary conditions.

Heinrich®" also analyzed the same idealized configuration using a different numeri

cal approach (finite element vs. finite difference) to solve the non-linear equations.

He also made the problem more realistic by including solid side walls in his model

to determine their effect on the flow pattern. The model did not include a mushy

zone, however. This feature was added in later linear®^ and non-linear®^ analyses.

The conclusion of these later studies, was that simplified models which did not

include the mushy zone were inadequate for the analysis of convective stability of
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binary systems. In addition to predictions on the stability of the system, the non

linear model predicted a qualitative flow pattern at convective breakdown that

consisted of an organized system of cells similar to those observed in the CAST

system.® Another conclusion from this model was for the Pb-Sn alloys under con

sideration, the majority of the convection was predicted to be in the all-liquid

region with flow penetrating into the mushy zone no more than 20% of the zone

height. These later models provided new information about a solidifying binary

system, but applied only to an ideal system. The unperturbed state was assumed

to be steady state growth with flat isotherms, flat isoconcentrates, and a constant

mushy zone porosity. Thus certain aspects of a real system were neglected, such

as lateral gradients of temperature and concentration and the transient nature of

the mushy zone.

Voller and Prakash®® proposed a model for computing convection and diffusion

in phase change problems with mushy zones that was similar to the generalized

approach of Szekely and Jassal,®® but with a number of improvements. They

used a conservative control volume technique in which one equation set is applied

over the entire domain, eliminating the need for artificially prescribed internal

boundsiries found in the Szekely and Jassal model. In addition, the code solved

for all the conserved quantities, including solute. The authors demonstrated the

feasibility of the technique using a hypothetical material for which the fraction

of solid, /„ in the two-phase region was linearly proportional to the temperatme

in the region between the liquidus and solidus. They used the model to compute

the evolution of the thermal, solutal, velocity, and dendrite distribution for this

hypothetical system subjected to cooling from the side.

Beckermann and Viskanta^® developed a control volume technique similar to

that of Voller and Prakash in support of their own experiments on the horizontal



27

solidification of the ammonium chloride and water system. This combination of

experiment and numerical model resembled the earlier work of Szekely and Jassal'®

but with the added sophistication of measiiring and calculating the solutal distri

bution. Beckermann and Viskanta improved on the model proposed by Voller and

Prakash®' by including a realistic specification of the fraction of soUd in the two-

phase region as a function of both the temperature and the solutal concentration.

As with the Voller and Prakash model, the heat, solute, and mass transfer were

calculated over the entire domain using one set of conservation equations. The

model assumes Newtonian and laminar flow and incorporates a Darcy friction

factor in the two-phase region. Beckermann and Viskanta also incorporated other

common assumptions such as the Boussinesq approximation and the assumption of

equilibrium within each numerical control volume. In applying their model for the

case of ammonimn chloride and water being chilled at a side wall, the authors were

unable to produce quantitative agreement between the numerical model and the

experimental data, but the model did provide qualitative agreement and further

established the feasibility of using control volume techniques to model a solidifying

binary system.

In order to address some of the shortcomings of the Beckermann and Viskanta

model,'*® Beckermann and Ni®* developed a model based upon separate conserva

tion equations for the solid and liquid phases, permitting the interactions between

the two to be explicitly included. This class of models is referred to as two-phase

average models, as opposed to one-phase models in which the solid and liquid are

treated as a continuum. One advantage to this approach is it enables the calcula

tion of solid motion as well as fluid flow. This dual momentum equation approach

is essential for any system with either convected or settling sohd fragments. (Such

a capability is not required for the CAST experiment where the dendrites are
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observed to remain fixed.) In general, the model®^ provides an excellent format

for the explicit incorporation of solid-liquid interactions such as non-eqmlibriiun

and kinetic effects. The abihty to include non-equilibriinn and kinetic effects is

not unique to two-phase averaged models, however, but can also be included in

one-phase models,®^ such as the FTM.

In parallel with the work of Voller and Prakash®' and Beckermann,^® Bennon

and Incropera®® formulated a set of continuum equations for momentmn, heat,

and species transport in binary solid-liquid phase change systems. This set of

equations is predicated on the assumption that all the properties of the mediiun

axe continuous. Given this premise, the equations were rigorously derived for a

general two-phase system. It is this equation set which was used to generate the

conservation equations of the FTM.

Bennon and Incropera also used the continumn equation set to develop a

model which was subsequently applied to to the NH4CI-H2O binary system.®®'®^'®®

The authors made a number of assumptions to simplify the computations. They

incorporated the Boussinesq approximation and equated the solid and liquid den

sities, thus neglecting all contraction flows. A Darcy term was used to account

for the momentum exchange between the solid and the liquid in the two-phase

region. The solid itself was assumed to be stationary and thermodynamic equi

librium was enforced for each control cell within the domain. The model was

applied to the rapid, horizontal solidification of ammoniiun chloride and water in

a rectangular cavity with imposed lateral temperature gradients and the results

showed qualitative but not quantitative agreement. More recently,®® the model

has been applied to other configurations (solidification at the center of a cylinder)

and other binary materials (Na2C03-H20), again with good qualitative agreement

but limited quantitative correlation.
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The above models demonstrate the feasibility of using conservation equations

coupled with numerical control volumes technique to model the solidification of

binary systems. However, many improvements are still needed. In addition to

gross flow effects and qualitative features, subtle effects must also be incorporated

if model predictions are to match experimental data. This is particularly true

for the CAST experiments to be modeled by the FTM, since they involve the

development of thermal and solutal boundary layers on a very fine scale.
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SECTION III

NUMERICAL MODEL

Overview

The CAST Flvuds and Thermal Model (FTM) developed here is based on the con

trol volume approach outlined by Patankar'^" using the continuum conservation

equations as given by Bennon and Incropera.®® It is a transient, two-dimensional,

single fluid, computational fluid dynamics code which calculates the temperature,

solutal concentration, flow field, and fraction of solid for a solidifying binary mate

rial, in particular NH4CL-H2O. An overview of the code features and capabilities

axe listed in Fig. III-l.

MODEL FEATURES AND CAPABILITIES

Domain; Quartz Cuvette and Ammonium Chloride/Water Solution

Type: Transient, 2-Dimensional, Single Fluid, Two-Phase

Output: Temperatvure, Concentration, Velocity

Fraction of Solid, Other Properties

Relevant Dimensionless Parameters

Figure III-l. Model features and capabilities

The model is specifically configured to mimic the CAST vertical directional

solidification experiments^"® for the binary material NH4CI-H2O, including the

boundary conditions. For example, the temperatures in the experiments are com

puter controlled via thermoelectric devices on the top and bottom of the quartz
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cuvette. Accordingly, the top and bottom temperatmes in the code are specified

on the outside of the quartz and the model solves for the temperatme throughout

the field, including the solution and the quartz container. As with the experiments,

these controlling temperatures are specified as polynomial functions of time. The

heat exchange with the environment for the exposed front, back, and side walls is

included via a Newton cooling model.

In the experiment, the density changes due to solidification and due to ther

mal contraction require that fiuid be added to the cuvette via a supply tube in

order to avoid bubble formation and container breakage. This physical compli

cation caused by the density variation is often avoided numerically by assuming

that the density of the liquid varies only in the body force term (the Boussinesq

approximation), and by also assuming that the density of the solid and liquid are

equal. In the FTM, the densities of the solid and liquid are each treated as func

tions of temperature and solutal concentration. Thus, the expansion flows due to

cooling and solidification are fully modeled. In order to account for the influx of

fiuid into the domain, the code provides for a source of the fiviid at the numerical

control volume corresponding to the physical location of the fiuid resupply tube

attached to the cuvette.

The distribution of phases of the NH4CI-H2O in a given control volume is dic

tated by the net energy in the cell, the solutal concentration, and the equilibrium

phase diagram coupled with nucleation conditions. If the nucleation criteria (to

be discussed in the section on phase transformation), are not satisfied in a partic

ular control volume, then the fluid is allowed to undercool and a non-equilibrium

condition results. This situation is known to exist in nature and is necessary

to achieve good correlation between model predictions and experimental results.

When solidification does occur, the dendritic solid is assumed to be stationary.
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The solid-liquid mixture which constitutes the mushy zone is treated as a con

tinuum and the momenttun exchange between solid and liquid in the region is

modeled using Darcy's law. These and other assumptions of the model are listed

in Fig. III-2.

MODEL ASSUMPTIONS AND LIMITATIONS

Two- Dimensional

Laminar Flow

Zero Velocity Solid

Newton Cooling for Environmental Heat Transfer

Zero Diffusion in the Solid

Negligible Solute in the Solid

Darcy's Law in the Mushy Zone

Nucleation a Fimction of Undercooling and Pre-existing Solid

Local Thermodynamic Equilibrium once Nucleated

Figure III-2. Model assumptions and limitations

The assiunptions listed in Fig. III-2 have the following significance. In mod

eling the CAST ground system, the most significant model limitation is that of

two-dimensionality. Even though the CAST experiment is designed as a pri

marily one-dimensional, unidirectional solidification study, it has inherent three-

dimensional aspects. This is particularly true during and immediately after the

treinsition to convection dominated growth. Prior to that transition, however, the

two-dimensional assumption will be shown to be a reasonable approximation. Ex

perimental observations indicate that the assumption of laminar fiow is another
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model feature that is valid for the diffusion dominated growth phase, but inade

quate for the fully convective growth stage. The third assumption in Fig. III-2,

zero velocity solid, is valid for the stages of growth modeled here since the con

vection is not vigorous enough to break and transport dendrite arms. The sim

plification of no diffusion in the solid is based on the low diffusivity of the solute

(water) in solid NH4CI-H2O. Similarly, neglecting the water in the solid is based

on the small partition ratio (k = .004) for the material.®

A result of the above boimdary conditions, assumptions, and limitations is

that three empirical terms must be defined in the model. These are the heat

transfer coefficient for the Newton cooling at the walls, the geometrical parameter

for the nucleation criteria, and the resistance coefficient used in the Darcy term.

All other input parameters for a given rim are dictated by experimental boundary

conditions. Given these boundary conditions and empirical coefficients, the FTM

applies the basic principles of conservation of energy, solute, momentum, and

mass, coupled with the properties of the material to compute the properties of the

medium. Details of how these conservation equations and equations of state are

solved are provided in the following sub-sections.

Conservation of Energy

Conservation of Energy: Basic Equation

Based on the Bennon and Incropera continuum model,®® the energy equation

for the binary solution is

+ g»p»hs) -t- V • (gipiVihi -1- g,p,V,h,) = V • [(gakg + giki)VT]. (1)

In the above, T is the temperature of the solid or liquid, and ga and gi are the

volume fractions of the solid and liquid, respectively. The solid and liquid densities
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are given by pa and p/, and V, and Vi are the corresponding velocities. The solid

and liquid conductivities are ka and ki, and the solid and hquid enthalpies are hg

and hi. The enthalpies are related to temperature using two-dimensional trvmcated

Taylor series,

h, « ̂ (T - To) + ̂(C, - Co) + h,,(To,Co)
h, « ̂ (T - To) + ̂(C, - Co) + /...(To, Co) .

(2a)

(26)

The temperature, To, and the concentration, Co, are the reference temperature and

concentration. Since the conservation equations deal only with relative enthalpy,

the liquid enthalpy at the reference point, /i/j(To,Co), can be arbitrarily set to

zero and the sohd enthalpy at the same point, haa{To, Co), becomes equal to the

negative of the latent heat. In addition, for ammonium chloride and water, the
dh

change of enthalpy with a change in liquid concentration is negligible. With

these simplifications for the enthalpy and the assumption that the solid is rigid,

(y, = 0), the conservation of energy can be rewritten in terms of temperature:

_a
dt

9lPl + 3sPa ~ + 'd&a^^'' ~

-^v giPiVi(§(T-To))'
(3)

Regrouping gives the energy equation used in the numerical model:

dt

dhi
9lPl Qrj! "b 99 Pt QIJ, j +v- =  -fp/A:t)Vr]-j-5 (4a)

where

S=
d̂t

-hV

dhi ̂  (dhg ̂  dha ̂  ̂  „ s u \
9iPi-^Tq + 9sP9 ( "^^0 ~ "dC" ~ ~ )

e")i ■9iPiVi

(46)
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Conservation of Energy: Control Volume Expression

The partial differential equation from above is integrated over a control vol

ume using the implicit method outlined by Patankar A sample energy control

volume is provided in Fig. III-l. Integrating the conservation of energy over the

control volume gives:

At V^'^' dT dT ) V' ̂'dT dT )\ (5)
+ Je- Jw + Jn- Js = SAxAy

where the J's are the net energy fluxes across the control cell faces. These fluxes

include convection in the liquid and diffusion in both the solid and the hquid. As

an example, the flux at the east face is:

Je = FeTe - Ay n gi, fc,. ^ - Ay (6)

where Fg is a modified mass flux defined as the actual mass flux, FluXg, times the

specific heat:

Fe = Fluxe • Cp,, where FluXe = Ay (7)

The source term, SAxAy, for the cell is:

^ A A Ax AySAxAy =

AxAy

dh, fdh. dh, I M""- ̂(C. - Co) - A., jj ̂

n  ̂'"t X r\ h M""~  ~ ~ ")\pAt

+ {Fg-F^ + Fn-F,)'To + Sj,T + S,
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The 'new' and 'old' notations in Eq. (8) refer to the current and previoiis time

step values for the bracketed variables. The terms, SpT and 5c, have been added

in Eq. (8) to account for external energy soturces. For example, SpT and Sc can be

used to introduce a Newton cooling term. The Sc term is also used in the domain

to account for the energy influx which results flrom mass addition at the supply

tube. In addition, the source term, 5c, may be used as a means of introducing error

corrections, as will be explained later. (Note that in the following discretization,

the SpT term will be moved to the left-hand side of the above equation since it

depends directly on the control volume temperature.)

Conservation of Energy: Assumptions

Equations (5)-(8) represents the conservation of energy in the control volume

centered on point 'P'. This equation states that the change in energy in a cell

over time must equal the net flow of energy across the cell boundaries plus any

internal additions of energy over the same time interval. The principle difficulty

in applying the above equation is expressing the cell boundary terms as functions

of parameters stored at the cell centers. Since most of the parameters associated

with the energy control cell, such as pressure, temperature, concentration and the

physical properties, are either calculated or specified at the cell centers, a niimber

of assumptions must be made in order to determine the gradients and other values

at the cell faces. This 'spatial' offset of parameters requires that values be extrap

olated either from node to face or from face to node. This necessary extrapolation

leads to significant comphcation of the linearized equations. More importantly,

the choice of the interpolation method may affect the solution convergence rate

and could even influence the final solution.
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The velocities, u/'s and U('s, and the fraction of liquids, gi^s, are directly

calculated in the conservation of momentum and phase change subroutines and

stored at the cell faces, but the remaining parameters, T, p/, fc/, kg, Cp,, Cp,,

, and ' J^^st be interpolated or calculated based on nodal values.

To accomplish this, several assmnptions are made. The solid and liquid thermal

conductivities, kg and ki, at a cell face are assumed to be the harmonic average

of the values at the adjacent cell nodes. The advantage of a harmonic average for

the conductivity, as opposed to an arithmetic average, is that harmonic averaging

ensures that the energy fluxes across the cell face are consistent The gradient of(dT\
based on a linear temperature

profile between the adjacent nodes. For the liquid conduction and convection, the
/  \

temperature, T, and the gradient in the liquid, control volume cell

face, are based on the exact 1-D solution for the temperature distribution between

two points with flxed velocity, u, fixed density, pi, fixed conductivity, k, and fixed

specific heat, Cpi. The values of pi and Cpi incorporated in this one dimensional

approximation are the upwind values. A summary of the assumptions discussed

thus far are listed in Fig. III-4.

Conservation of Energy: Discretized Fluxes

The above assumptions do not provide a direct means of computing the flux

terms, Jg, J,^, J„, and J„ in Eqs. (5)-(8). The discretized expressions for those

flux terms are derived in this sub-section. The terminology and basic approach

used are consistent with that used in Patankar's text.^° The first step is to move

the SpT source term to the left-hand side, and define the following diffusive flux

coeflicients.
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1) Enthalpy is approximated as a function of temperature,

hif^Cp,'{T-To)

A, » Cp, n (T - r„) + 1^ n (C, - Co) - i.
The above is the Taylor series given in Eq. (2) with set to zero,

• (C/ — Co) assumed negligible, and htef, set to the negative of the
oCt

dh
latent heat -L at ro,Co. The term • (C, - Co) is retained and

used to ensure the correct latent heat for pure water or pure NH4CI.

2) The solid and liquid temperature are equal in a cell:

Tap = Tip

3) The conductivities at the cell faces, kg and fc/, are evaluated by harmonic
averaging:

ki = (uniform grid)
kip "h kip

ka^ = (uniform grid)
kap + kap

4) The density and specific heat at the faces are upwinded:

Pie = Plup

Cpu = Cpi^p

5) The temperature gradient between nodes in the solid is assumed linear:

(
_Te-Tp

dx) a, Sxa

Figure III-4. Discretized energy equation assumptions
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Ay • gi^ -ki^ „ _ Ay • (1 - y;J • fc,,
= —sT,—' - Sx^
^ygi^-h^ Ay-(l-yi^ )•*:,„

—  7 5 ^8u, —OXtu OXty yg^
Ax-gi„-ki„ „ Ax •(l-y/„ )•*:,„

^'" sF„—' 6i„
Ax • gi, • fe/, Ax-(l-yf.)-A;a,

so that the energy conservation Eq. (5) can be rewritten as,

[(piCpiTpg, + p,Cv.Tpg.) - (p'lCpmsf + p'.Cp'Itg')]

+ Je - Jw + Jfi — Ja- SpTp = b

where now, a sample flux term such as Eq. (6) is as follows:

J, = F.T,- D,, -i.,- (|:) - D., n <x.. (f) (11)
and the right-hand side of the energy equation has been regrouped to give:

6 = S, + To n [(ptCpig, + p.Cp.g.) - (p1Cp',g', + p',Cp°,g°)]

+ T„-(F,-F„ + F„-F.) + ̂̂ -(L-^^-(C,-C,)y(p,g,-py,).
(12)

The '6' in this formulation of the conservation of energy equations is similar to the

source term S'AxAy in Eqs. (5)-(8) except that SpT term has been moved to the
dh

left-hand side of the energy equation and the specific heat, , has been relabeled

as Cp.

As mentioned at the beginning of this section, before the conservation of

energy equation can be solved, the unknown energy fluxes at the cell faces, Jg,

Ju,, J„, and Jg, must be expressed in terms of known values stored at the cell

centers. The approach^" adopted here is to compute the fluxes at the cell faces
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based on the exact solution for one-dimensional steady state flow between nodes.

For example, consider the east face flux. If the density, velocity, and speciflc heat

between nodes 'P' and 'P' (see Fig. III-l) axe considered constant, then the flux

through the liquid at the east face as given in Eq. (12) has the form

j,(x) = jr.r{i)-jr,(^) (is)
where, Ki = Fg and K2 — Dijxg. Since J/(x) in the above equation is constant

over the interval (the assumed profile is steady-state), the equation for Ji{x) can

be differentiated to give:

The temperatme distribution which satisfies this equation is

T{x) = Cie^'^^' + C2, (15)

where, in order to satisfy the boundary conditions of T = Tp at x = 0 and T = Tp

at X = 6xe, the constants Ci and C2 must be

r - '^E-Tp
(16)

r -T Te-Tp
e(Ki/K2) Sx^ _l-

When this temperature distribution is substituted into the equation for the

flux in the liquid, J/, and evaluated at the convenient location of x = 0 (remem

bering that for this one-dimensional steady state approximation the energy fltix is

constant between x = 0 and x = Sxg, so that it can be evaluated anywhere in the

interval), the flux of energy through the fluid at the east face, is determined

explicitly as.

Ji. = Ki
Te — Tp

Tp- e(Ei/K2)ySxe _ 1
(17)
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or, substituting for Ki and K2,

JU = Fe Tp-
Te — Tp (18)

e(f./a.)_l

When this expression for the energy flux through the liqmd at the east face of

the control volume is combined with the energy flux through the solid the resulting

total east face energy flux [Eq. (11)] becomes

Je = Ft,Tp + e(F./D,e) _ 1
Tp-

Fe Te-D,Je + D,Jp. (19)

By analogy, substituting W for P, P for E, and w for e, gives an expression for

the total energy flux through the west cell face

Jw = FwTw-\- Tw — Tp-Ds^Tp+Dg^Tw (20)^(Fe/Di^) —

When the above expression for the energy flux across the east and west face of the

control cell is substituted into a one-dimensional version of the energy equation

[Eq. (10)], it can be arranged in the form.

apTp = oeTe + awTw + OpTp 4- b (21a)

where

A T Ay
ap = OE + aw + (Fe - Fu,) -\— [piCpigi -f- paCp,(l - gi)] - Sp

ap =

aw =

^0 —dp —

e(Fe/Ae) _ 1

F̂ W
^(.Fw / Dt^) —

AxAy

At
[p°Cp

+ Dg^

+  -|- Fu

°ig° + P°gCp°g{l- </?)]

and

6 = Sc + To • [(piCpm + l>.Cp.g,) - {p°,Cv',g° + p'Cpy.)]
AxAy

+ P

AxAy

o • {Fe — Fw) +
At

A(

(c.s. - p'.g",)-

(211)

(21c)
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Paralleling the development in Patankar/" but including the extra terms due

to the solid, the exponentials in the east and west coefficients, {a^ and Ou,), are

approximated as follows.

The east influence coefficient a^; is flrst divided by giving,

o-E Da^
= e(F./D..) - 1 + CT' ^ '

Next, a local Peclet number is defined for the east face,

^ u,. n fa. n (Cp,p,\ ̂

and is substituted into Eq. (22) giving:

^  (23!.)Di^ -1 !>/.

PCeA power-law approximation for ^ is:

Pee
P^e Pee < -10

(24)

gPCe _ 1

^ « (1 + O.lPee)® - Pee -10 < Pee < 0
— 1

W (1 - O.lPCe)' 0 < PCe < 10
ePee _ 1 ^

gPCe _ I

The above four equations can be condensed to the form

« [0, (1 - 0.1 I Pe, I)'] + [0, -Pe.] (25)
gi-ee _

where the brackets imply that the maximum value inside should be used.

Substituting into the expression for and multiplying by Di^ gives the desired
Die

equation for the east influence coefficient,

aE = AettO,(l - 0.1 I Pee I)'] + 10, -Fe] U... (26)
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For the west influence coefficient, aw, a similar substitution yields,

aw = -D/u-IOjCI — 0.1 I Pty, I)'] + [0,+Ftt,I + D,^. (27)

Conservation of Energy: Final 2-D Discretization Equation

With the power-law expressions for the fluxes, the conservation equation can

be written in the final two-dimensional form used in the code:

apTp = oeTe + uwTw + o.n'Pn + asTs + ^ (28a)

where the influence coefficients are

as = Ae 10,(1 - 0.1 I Pce \f] + 10, -Fe] +

aw = Di^ |0, (1 — 0.1 I Pcu, 1)^] + [0,4-Fiul + D,^

ON = D,„ 10, (1 - 0.1 1 Pen |)®1 + [0, -Fnj +

as = A, JO, (1 - 0.1 I Pe, I)®] -1- [0, -|-F,1 +

ap = aE + aw + aff + as + (Fe — Fw + Fn — Fa))

+  [piCpist + P.Cp.(.l - J,)) - 5,

The source term is

b=Sc + To- [{plCpigi + PaCpaQa) " {P°Cp^9° + P^aCp^g^a)]

-hro-(Fe-F,„-hF„-F,) (28c)

Ax Ay
+ (i -1^ n (c, - c„,)) • (p.j. - py.).

At

The modified Peclet numbers axe

Fee = Fe/Ae

Pen, = Fn,/Di^

Pen = FnfDl„

Pea = Fa/Di,.

(28d)
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The modified mass fiuxes are

Ft = (Ay • gi^ • Ue • pi^^) • Cpi^^

= (Ay • gi^ • u«, • pi^^) • Cpi^^

Fn = (Ax • y{„ • Vn • p/„p) •

F„, = (Ax • y,„ • w, • /?/„p) • Cp/„p,

and the diffusive flux coefficients axe

Aygi^'ki^ „ Ay • (1 - y/J • A;,,
-  sZ

r. Ay • gi^ • fc;^ Ay(l-y<^)-fc,
6x„, ' ^Xu,

n  Ax • gt„ • ki„ Ax • (1 - yt J • fc,
—  JT ' — c*^J/n ^Vn

(28e)

(28/)

Ax • gi, • fcf. Ax • (1 - y/J • fc^.

<5!/. ' " " ^y.

Conservation of Energy: Additional Sources

The above equation set is the finaJ form used in the model. The presence of

the soiurce terms, Sc and Sp, allows one to include additional effects.

Mass Addition: One capability provided by the source term is the ability to

account for energy supplied by mass addition. This is critical in the current

application since mass is added to the computational region. This mass addition

is necessitated by the density changes inherent in the physical experiment. In

the laboratory, mass is added via a supply tube. In the model, the mass and

corresponding energy addition axe accounted for via the Sc source term. The

mass entering the domain is assumed to caxry an enthalpy approximately equal to

the cell enthalpy of the previous time step. Accordingly, the source term, 5c, in

Eq. (28) is supplemented as follows:

Sc = 5c + h" • m, (29)
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where h" is the previous time step cell enthalpy and m is the mass gain per second.

Newton Cooling: The source terms Sc and 5p can also be used to approximate the

effect of heat loss to the external environment. In this case, the energy lost from a

control cell is based on its exposed surface area, the temperatme difference between

its own temperature, T, and the ambient, Troonn and a heat loss coeflScient, hcoef •

This newton cooling effect is applied on all external cell faces. The specific term

is as follows:

iSpT* Sc — * area • T ̂  ̂co6f' area Troom • (30)

Error Correction: The source term can also be used as a convenient means of cor

recting the false energy source introduced by continuity errors. Since the velocity

field is also part of the iterative solution, continuity errors necessarily occur. The

effect on the energy equation can be illustrated by the following example. Given a

constant temperatme fiow field without any phase change, the temperature should

remain constant throughout the field. However, if there is a perceived mass infiux

due to a continuity error, that mass error carries enthalpy with it and the conser

vation of energy will respond to the corresponding infiux of energy by raising the

average cell temperature, compounding a continuity error into an energy error.

The conventional solution^" to this problem is to subtract the continuity equation

multiplied by the temperature from the energy equation during the derivation of

the discretization equations; thus, eUminating the flux terms from the discretized

equations. For a two-phase problem, the inclusion of a continuity error correction

term is not as straightforward. The main difficulty is that the average enthalpy

term is not a simple fimction of the temperature but also depends on the amount

of solidification. The approach adopted here was to include this error correction

term in the Sc source term.
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The first step is to determine the continuity error for the cell,

[{phi + Phh - {Pi9i + P»9,)]

— FluXe + FluXtt, — FluXn + FluXj + 5mass = MaSSerror

where Smass is a legitimate mass source for the cell (e.g., at the supply tube)

but MasSerror represents an unaccoimted gain of mass. As a first approximation,

this mass error is assiuned to be gained at the previous time step liquid enthalpy.

In order to compensate for this error, the erroneous source is subtracted via the

source term:

Sc = Sc - hf • MaSSerror (32)

Conservation of Solute

Conservation of Solute: Basic Equation

The conservation of solute (water) for the binary solution®® is expressed as:

d  r -♦ *■^{9iPiCi + 9sP8Cs)+V • gipiViCi + gsPsVgCs = ^ ^
ot (33)

V • [gsPaDgVCs + gipiDiVCi].

Assuming that the solid is rigid, (V, = 0), and rearranging terms gives the solutal

equation used in the numerical code,

i:{giPiCi) + V . [gipiViCi] = V • [g,piD,VC,]dt I i ^ (34)
+ V • [g»PaD,VCa] - ̂ {gapaCs)

where Ci and C, are the weight percent of water in the liquid and in the solid,

respectively. The diffusivity of water in the liqmd and in the solid axe given by D/

and Da-
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Conservation of Solute: Control Volume Expression

The partial difFerentiaJ conservation equation for solute is integrated over the

same control volume as the energy equation (Fig. III-l). The resulting equation

for the volume centered aroimd point 'P' is:

[(piCm+P.C.S.) - (rfcf sf+
(35)

+ Je- Jw + Jn- Js = SAxAy

where, for example, the solutal flux at the east face (having substituted the general

diffusive coefficient F in for D) is.

J, = F.Cu - Ay n g,,puT,. (^] -Ay 9..P..T.. (^] (36)

and Pg is the actual mass flux at the east face.

Fe = Fluxg = Ay n gi^puui^

and

SAxAjf = SpCi + Sc

theAt this stage in the derivation,

simpler than that for the conservation

additional terms, SpCi and Sc, whici

of solute. As with the energy equati

account for the mass source introduce^

for continuity errors which occur dui

does not remain this simple. Event

the dependent variable C/ are collectei

considered as an effective source term

(37)

(38)

source term for the solutal equation is much

of energy formulation and only includes the

are added to account for external soturces

on, these external source terms are used to

d by a supply tube, and also to compensate

ing the iteration process. The source term

ijially, all of the terms which do not contain

d on the right-hand side of the equation and
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Conservation of Solute: Assumptions

As with the energy equation, some assumption must be made in order to

express the conservation in terms of the 'known' values at the cell nodes. One

assumption for this particular NH4CI and H2O system is that diffusion in the

solid is negligible, thereby eliminating the solid diffusion contribution to the flux

terms in Eq. (35). The remaining parameters which need to be approximated at

the cell faces are F, J, Ci, pi, F/, and The approximations used are

the same as for temperature. The mass flux, F, is based on upwind values. The

density and F pair in the diffusion term is computed using harmonic averaging,

and the net liquid solutal flux at a cell face is based on the one-dimensional steady

state solution for the solutal transport between two points with flxed velocity

and a constant diffusion coefficient. A summary of these assumptions is given in

Fig. III-5;

1) The diffusivity in the liquid is evaluated by harmonic averaging:

T/. = (uniform grid)

2) The solid solutal diffusivity is assumed to be negligible:

F,=0

3) The density in the diffusion term is evaluated by harmonic averaging:

(imiform grid)
Pip "b PIe

4) The density in the mass flux term is upwinded:

Ph = Plup-

Figure III-5. Discretized solutal equation assmnptions
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Conservation of Solute: Discretized Fluxes

As with the energy equation, the flux terms in the solutal Eq. (35) are ap

proximated based on a one-dimensional solution. The above asstunptions are flrst

incorporated into the definition of the diffusive flux coefficients:

^ygi,-pijie
= 0

—JZ—' " (39)

fi. =
' gi, n pi,TI, D.=Q.

Ax • gi„ ' pi„Ti„ n
A„ =

Sys

With these coefficients and some regrouping, the solutal conservation equation

[Eq. (35)] can be simplified to,

[(«C,!7,) - (p^Cff?)] p + J,-J^ + Jn-J,-C,,Sp = b (40a)

where the flux terms no longer include diffusion in the solid, e.g.,

(406)

and the right-hand side is:

6=5.+^ - (p.c./.)] ̂. (40c)
The variable '6' represents the collection of all those terms in the conservation

equation that do not include the dependent variable (C/). The flux terms in

Eq. (40) are of the same form as those in the energy equation except there are no

solid diffusion terms. By analogy, the flux of solute in the liquid at the east face of

a numerical control volume in based on the steady state flow between two points:

Jia = F,
Ci, - Ci,

e(FJD,J _ 1 (41)
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Je = Jit ~ J'tClp + e(F./Du) _ 1 Ci,- e(Fe/D,t) _ 1 C/. (42)

and a combined solutal flux at the west face,

Ju) — Jltu — "b C/w- ^(.Fe/Dlta) — X
C,,. (43)

Using these expressions for the fluxes, a one-dimensional discretized conservation

of solute equation can be derived for a point P by substituting into Eq. (40) giving:

apCip = aECip + awCi^ -f + b (44a)

where
/\ T A. ? /

ap = qe + aw + (Fe - Fy^) H (Pi9i)p ~ •S'p

ce =

aw —

e(Ft/D,,) _ 1

Fry
g(Pw/Di^) + Fn (446)

_o _ AiAy f
\Pi3i)p

6=5c+ [p'.c.r, - p.c.}.] p.

Again, the exponential terms in the link coefiicients, Oe and Cu,, are to be

approximated by the power-law approximation. Using the east face as an example,

coefficient ap is first divided by Di^ giving

ap

K
(FJDi.) (45)

Defining a Peclet number.

Pe. =
UlJXe _ F^
Tit Du

(46)



gives,

CE Pee
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(47)
Di^ — 1

Pe
As with the energy equation, - can be approximated as,

g/'Ce _ 1

« [0, (1 - 0.1 I Pe, |)»] + [0, -Pe,l (48)
gX-Ce _

where the brackets imply the the maximum value inside should be used.

Substituting this expression into that for ■=— and multiplying by Di^ gives,
Die

aE = A.[0, (1 - 0.1 I Pce 1)1 + ID, -Pel- (49)

For the west influence coefficient, awt a similar substitution yields,

a  = A JO, (1 - 0.1 I Pt^ 1)1 + [0, +PJ. (50)

Conservation of Solute: Final 2-D Discretization Equation

With the power-law approximation for the fluxes, the conservation equation

for solute can be written in the final form used in the code:

apCip = aECip -f awCify -f onCij^ + asCis + ^ (51a)

where the influence coefficients are

aE = Di^ [0, (1 - 0.1 I Pte 1)1 + [0, -Pel

aw = Di^ [0, (1 - 0.1 I Pe^ |)1 -h [0, -fPJ

ON = Di„ [0, (1 - 0.1 I Pen 1)1 + [0, -Fn]

as = Di, [0, (1 - 0.1 I Pe, |)1 -h [0, -hP.]

ap = Qe + aw + (Pe - Pti; + Pn — P« ) H (pi9l)p — Sp

(516)

0  AxAy / 0 o\^P = —^{Pl9i)p,



the source term is

A = .9^ -I. -
At

b=Sc +
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- P.C.S.] p, (51c)

the Peclet numbers axe
PCe = Fe/A.

Pcu, = Fw/Di^

Pen = FnfDi„

P^a = Fg/Di,,

the mass fluxes axe
Fe = Fluxe = Ay n gupuui^

Fn, = Fluxy, = Ay • gi^pi^ui^

Fn = FluXn = Ax • gi„pi„vi„

F, = Fluxs = Ax • gi, pi, u,,,

and the diffusive flux coefl[icients axe

Ay-ff/. • Pi J I,
Du =

Di =

SXe

^ygiu, • piw^iu
SXyj

gin • Pln^ln

(51d)

(51e)

(51/)

Ax-gi, -pi,Ti,
Di, = .

oy«

Conservation of Solute: Additional Sources

Mass Addition: Mass, m, is pulled into the physical domain via a supply tube

and the associated solute is accounted for via the Sc soxurce term. As an ap

proximation, the mass gained is assumed to have the same solutal concentration

as was contained in the supply tube control cell during the previous time step.

Accordingly, the source term in Eq. (51) is supplemented at this specific cell using

Sc = Sc + Cf-th. (52)
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Error Correction: As with the energy equation, a correction for the continuity

error can be introduced via the Sc source term. The mass error for each cell is

computed from the continuity equation and then a correction is made based on the

assumption the solute has the previous time step value of the cell concentration:

5c = 5c-C,°-MasSe„or. (53)

Conservation of Momentum

Conservation of Momentum: Basic Equation

The conservation of momentum equation for the 'u' component of velocity

derived by Bennon and Incropera®® is:

^(*>«) + V • (pVu) = V •

- V • - V)(ut - »)j - ̂  + PB. - £-9,(u, - «,).
In the above equation, p is the average density of the solid-liquid mixtme defined

by

P = giPi + 9»Ps, (55)

where gi is the volume fraction of liquid and pi is the density of the liquid phase

isolated from the mixtme. The variables, g, and p,, are the corresponding param

eters for the solid. The partial density, p^, is the density of phase k relative to the

mixture and is related to the A:-phase density via the volume fraction:

Pk = 9kPk' (56)

The in Eq. (54) is time and 'u' is the x-coordinate component of the average

velocity, V. This average velocity is defined in terms of the liquid and solid velocity
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£is:

1

P
V'=i(?,v5 + P,V.). (57)

Of the remaining terms, '/x' stands for the djmamic viscosity,'p', represents the

pressure, and is any body force in the x-direction. The last term, -^giyui —
Jxx

Ug), is the approximation to the phase interaction force based on Daxcy's law with

the permeability given by:®®

Kr=Ko
9i

(1 - 9iy
(58)

In a slight deviation from Bennon and Incropera's derivation, the following rela

tionship,

'Epi.VkUt = (pfu) + - F)(UJ - u)j (59)
is substituted into Eq. (54) giving

^(pu) + V- = V - (^Pk^iQkUk)
- ̂  + P-Bx - •^9iiui - Ug).

(60)

By using this form of the momentum conservation equation, some of Bennon and

Incropera's assumptions, such as V(p/p/) w 0 and V-(p/,//V'r«r) ̂  0, axe avoided.

Talcing advantage of the assumption that the solid is rigid, = 0, the svunmations

in the above equation reduce to single terms containing only the liquid velocity:

^(pu) + V • (p,Viu,) = V n (p,V(j,B,)) + (61)

Using the same assumption of Vg = 0, together with the definition of the velocity

in Eq. (57), the pu term above can be expressed as gipiui. In addition, p can be

expressed as pigi using the definition for pi^ given in Eq. (56). These substitutions
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result in the formulation of the conservation of momentum used as the basis of

the numerical code:

^{pimi) + V • {pigiViu!^ = V • {fiiV{giui)) - ̂  + P^x - (62)

The conserved variable that is sought in the solution of this equation is not simply

ui but the variable pair giui. This approach fits neatly into the general conservation

equation solution scheme/® and makes physical sense because giui represents the

total fiuid momentum per imit mass in a control volume.

Conservation of Momentum: Control Volume Expression

The differential form of the momentum equation [Eq. (58)] is integrated over

a control volume and then discretized to generate a conservation of momentum

equation. Unlike the control volumes for energy and solutal concentration, the

momentum control volume, outlined by the dashed line, is offset from the main

grid, as shown in Figure III-6.

Except for the complication of the offset position of the momentiim cell, the

conservation of momentum is treated essentially the same as the other conserved

quantities and is similar in form to both the thermal and solutal discretized equa

tions with the inclusion of additional source terms. The integrated conservation

of momentmn for the 'u' velocity is:

SxAy
[

6t
pigiui - pNN/] +Je-Jw + Jn-Ja= Aj/(p«, - Pe) + SSxAy. (63a)

The J's above are the net fiow of momentum across the momentimi cell control

faces. The net fiow of 'u' momentum across the east face is for example:

Je = Fe • (5/u,)e - Aype , (636)
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where the term, Fe, is a modified mass fiux. It is modified in the sense that it is

the fiux that would cross a fully open east face with velocity u/. The actual mass

flux would be less, due to the reduced flow area, gi^, caused by the solid blockage.

For computational convenience, this gi^ term is not included with the fiux term

but is grouped with the dependent variable so that (giui) can be solved for as a

pair. The motivation for this grouping is the presence of (giui) in the gradient

term in Eq. (62) and the desire to preserve the general solution form. With the

actual mass fiux across a face (east) defined as

Fluxe = Aypi^gi^ui^, (63c)

the resulting modified fiux is:

F, = Ssii = (63d)
9le 9le

The source term, SSxAy, in Eq. (63o) is:

SSxAy = pBj:6xAy - ̂{giui)6xAy + Sp • (giui) + Sc- (63e)

In addition to the body force and Darcy friction, the source terms, Sp • (giui) and

Sc, have been added to account for any other external sources of momentum for

the cell. In the current version of the code, these extra source terms axe not used,

but are programmed for the sake of completeness.

Conservation of Momentum: Interpolations and Assumptions

Due to the offset grid, the interpolations needed before applying the above

conservation of momentum equation are more complicated than those for the other

conservation equations. Figure III-6 provides the grid notation. The rectangle

outlined by the dotted line is the (j, k) u-momentum control volvune. The main
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grid, corresponding to the thermal and solutal control volumes is indicated by the

soUd lines.

The modified fluxes at the east and west faces of the u-momentum control

cell (Fe and Fu,, respectively) must be interplolated beised on 'known' velocities

corresponding to the centers of the momentum cells and 'known' densities corre

sponding to the center of the main grid cells. This interplotation is done using

harmonic averaging^" as follows:

(FluXe,, .V FluXe,. ., 4.
—-— and —;—■—

(64a)

where

* P'up • • "'u,*))- (646)

The modified flux at the north face of the u-momentum control cell must also

be computed and is the sum of the appropriate flux from the north faces of the

two main grid control voliunes which overlay the momentmn control volmne:

F = -
"  2

1

+ 2
FluXn

9^n(i"0+1.*) (65a)

where

^^"*"0,*) = • %,*))• (656)

The diffusion flux coefficients are similar to those defined for the other conser

vation equations, but require more algebra. For the east and west face of the

u-momentum cell, the diffusion flux coefficients are directly related to the vis

cosities stored at the momentiun cell faces. The north and south diffusion flux

coefficients, however, must be averaged, based on the overlapping main grid cells
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and interpolated viscosities, i.e.:

Az(j+i)

1  r 1 1 r (66a)
2  2 [^®(j + l) n ^'n(,+l.t)

=

where

^y(ifc)

Dl. =

(666)
r'n(;.t) = harmonic average of {n{j,k) and /^(i,*+i)) •

One implication of the above north/south harmonic average of the viscosity

r at the north (south) face of the u-momentum cell face is that at a boimdary the

boundary cell viscosity has an influence on the effect of the boimdary shear. With

harmonic averaging, setting the boundary viscosity to zero (e.g., in the quartz),

results in zero shear at the wall. The correct viscosity for a solid wall is, instead,

an inflnite solid viscosity in the boundary cell. Density interpolation involving the

boundary cell are also required for the flux across the boundaries; but, these terms

are inconsequential in this application since these boimdary fluxes are expUcitly

set to zero. One remaining interpolation needed in Eq. (66a) is for the the density

at the cell center, pip, since it is not directly available. This u-momentum cell

density is calculated as the arithmetic average of the density values to the east

and west.

Conservation of Momentum: Discretized Fluxes

If the diffusion flux coefficients defined above [Eq. (66a)] are substituted into

the definition of the net flux such as that for the flux across the east face of the
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u-momentum cell [Eq. (636)], the result is an equation of the form:

J. = F. (s,u,).--Dl,-Ai(^^^) . (67)
This equation has the basic form:

Ji{x) = Kr n (giui) - K2 • (68)

This form is similar to the flux equations for the other conserved quantities

[Eq. (13)1, and the resulting discretized equations are also similar. This set of

finalized two-dimensional discretized momentiim equations is provided in the next

section.

Conservation of Momentum: Final Discretized 2-d Equations

Defining an effective velocity component 'u' as:

u = giui, (69)

and using the one-dimensional approximation for the fluxes referred to above, the

x-direction momentum equation at a point, P, can be expressed in terms of a

source term, a pressure term, and the influence of its four nearest neighbors as:

apup = apUE -f- oiyuvv -|- ajvujv + os^s + 6 -|- area • (pu, — pe). (70)

The coefficients Oup, a^EJ referred to as the u-momentum

link coefficients since they link the velocity at point 'P' to the neighboring values

of velocity. Using the code notation for the staggered grid and the additions of

the subscript, u, to denote that these are the momentum link coefficients for the

'u' velocity component, the notation for this equation becomes:

Oui>U(j,ifc) = ̂UE^(j+l,k) "t" —l,it) ^us^(j,k — l)
(71)

+ '•(;,» + n (f(M) - PU+l.i))
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where j, k are the indices for the two dimensional variable arrays. In the above

equation, each bas its own set of momentum link coefficients which, based

on the power law scheme, are defined as follows:

+  [pi, •

Qup — d" duw "I" "b dyig "b (^F5 "b Fn •^<)

Sx(^j)Ay(^k)
At

= A. [0, (1 - 0.1 1 Pee 1)1 + [0, -Pel

= A. [0,(1 - 0.1 I Pe^ 1)1 + [0,+P,„l
(72a)

= A„ [0, (1 - 0.1 I Pen 1)1 + [0, -Fn]

a»5 = Di, [0, (1 - 0.1 I Pe, |)1 + [0, +P,1
0 _ ̂ 3^0)Ay(t) r 0 „

[Pip ^lHi,k)

b = a\j, - Uoid + ('S'cy.i) + pBxSxAy),

and where the modified Peclet numbers are

Pee = FJDu

PCu, — Pw/P/u,
(72b)

Pen = Fn/Di„

Pe, = Fg/Di,,

based on the definitions of the modified fliuces, P's, and diffusion coefficients, D/'s,

given in Eqs. (64), (65), and (66).

For the upwind scheme the above coefficients reduce to:

®up — "b Onpp "I" dnff "b Ouj "b (Pt Piu^b Pn P»)
^X(j)Ay(t)

+ [P At h • - (^^Pa.i') ~
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OuB = Di^ + [0, -Fel

fluw = + [0,+Fu,]

O^xiy = An + [0) —F„1

Ous = Di, + [0,+F,J

_ Sx^i)Ay^k) To . ,0 1
«p A+ L^'p ^ <0'.*)JAt

(73)

6 = a°^ • u° + (5c(^.») + p5x<5xAy).

Conservation of Momentum: Additional Sources

Two sources of momentum have already been included in the formulation of

the discretization equations provided in Eqs. (72) and (73). These sources axe the

Darcy friction, ■^{giui)6xAy, and the body force term, pBxSxAy. The value of
Kq

the constant, Kq, used in this study®^ is 5.56 x 10^ cm^. One note concerning

the body force term is that in the FTM the density in this term is assumed to

be the hquid density, as opposed to the average density as derived in the Bennon

and Incropera formulation,®® [Eqs. (54) and (55)]. The use of an average density

would be necessary if the solid moved with the fluid, but is not required in the

current study.

An additional, potential source of momentum is the fltdd entering the cuvette

from the supply tube. However, since this flux is normal to the two-dimensional

plane modeled by the FTM, it does not introduce any significant u or u momentum

into the domain. Accordingly, the momentum source at the supply tube is set to

zero. The result is that the mass from the tube enters the solution domain with

no u or u velocity and is accelerated to the local velocity.
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Conservation of Momentum: Velocity Corrections

The above derivation has provided a conservation of momentum equation that

includes an additional imknown, the presstire field. Accordingly, a relationship be

tween the pressure and velocity must be established before the system of equations

can be solved. Given the best estimate of the pressture field, p", an estimated

velocity field, u*, is calculated which satisfies Eq. (71) from:

+ bu + Ay- (p*j,k) - P{j+i,k))^ (74)

where the subscript 'n6' is shorthand for the neighboring points. The solution to

the above does not necessarily satisfy conservation of mass. The true pressure, p,

that satisfies both conservation of momentum and mass can be expressed in terms

of a pressure correction as p = p* -\-p' and the corresponding correct velocities, u's,

can be expressed as u = u* + u\ where p' and u' indicate the pressure and velocity

corrections to the original estimates. Substituting the expressions for p and u into

the momentum Eq. (71) and subtracting Eq. (74) for the starred quantities gives

• ip[j,k) - P[j+i,k))- (75)

Neglecting the and dividing by a„p yields

"(j.fc) « "(i.fc) + - P'u+i,k))
, _ Ay(jt) (76)
"e —

Cup

The neighboring correction terms, 2au„»«n6> are neglected since as a correction

they will converge to zero. This equation is the basis of the velocity/pressure

correction relationship used in the original 'SIMPLE' algorithm development by

Patankar.^° Since in the initial stages of iterating to a solution, the neighboring

corrections may not be small. Van Doormaal and Raithby'^^ recommended a mod

ified algorithm, SIMPLEl-C, in which the Yl^tir,h^(j,k) subtracted from both
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sides of Eq. (75), and then the term ̂  ~ ̂  neglected instead

of obtain a better initial approximation of the velocity as a function

of pressme correction as follows:

"(),') - P(j+I.i))
(77)d, = ( ).

\^Up

The only difference between the Doormaal and Raithby and the Patankar expres

sion [Eq. (75)], is in the definition of the term. (This modification is coded into

the FTM but is not \ised for the calculations presented in the current work.)

Equation (77) provides a means of correcting the velocity field based on the

pressure corrections. First, however, the pressure correction field must be deter

mined via the continuity equations.^® The continuity equation for the pressure

control volume is shown in Fig. III-7.

Conservation of Momentum: Pressure Correction Equation

The continuity equation for this volume is:

^ [(Pl9l + P«(l — ffl)) ~ (P?5? + P°(l - gf))] - Sianas

+ [/>'up«e - Piup^w] Ay -f - pi^^Vs] Ax = 0.

Substituting Ue = U(j,fc) = ») + ̂̂(P[j,k) ~ Po+i,fc)) similar expressions
from Eq. (77) into the above continuity Eq. (78), gives.

(79)

^ [(pigi + PaO- ~ 9l)) ~ (p°9° + ̂2(1 — fl*?))] ~ "Smass

+ [piupK - Ay + - pjupu;] Ax

+ [piupdeP'p - P/up^p'e] Ay - [/)/„pd„p'vy - p/„pdu,Pp] Ay

+ [piupf^np'p - Pikkpdnp'i^] Ax - [p/„pd,p5 - pj„pd,p'p] Ax = 0.

The above can be regrouped to give the familiar form,

apPp = oeP'e "I" d" ̂ nP'n d" ̂ sP's d" b (80a)
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where

ap = ce + aw + aN + as

Ay(i)
• gi^ n Ay, <ie =

(flup S^Unk)
aw = aE(j_ij,) (80b)

aN — Plup^n ' 9ln ' ~ JZ T
(avp

and

' = ̂  [(<>?«? +*":(!- 9?)) - (w< + 9.(1 - 9l))] + (g(, ,
- hup«e - P/up«y Ay - Kp«n - Ax.

Conservation of Momentum: Pressure Equation

If a pseudo-velocity, is defined^" as

flttpW(j,fc) = aunjUnb d"

then from the momentum equation [Eq. (74)]

•'<M) = "(M) + '1.(Pp-Pe) ^' = ̂ - (82)CLp

While the 'de' defined above is different than that used in the derivation of the

pressure correction equation, (since it does not include the Doormaal, Raithby

SIMPLE-C term), the form is the same as Eq. (77). Therefore, substitution of

this expression for velocity into the continuity equation and repetition of the steps

for the derivation of the pressure correction equation gives a similar result:

apPp = gePe + awPw + affPfi + asPs + bpreasi (83)

where, except for the definition of the d's, the link coefiicients axe the same as for

the pressme correction equations [Eq. (80)]

OS = Piupde • gie n Ay, ^
Ofip

aw =

A
ON = Pl^pdn n gin n Ax, ^

avp

as = ONy,*.!)
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and the source term is the same if u and v axe substituted for u* and v*, giving

a pseudo sotnrce term similar to Eq. (80c) but based on the pseudo-velocities

|Eq. (81)1:

^press = ^ [(P^9l + P^O- ~ 9^)) ~ iPl9l + P»{^ ~ 5/))] + -Smass

- [piup^e - ̂/„p«u.] Ay - [p/„pU„ - Ax.

Conservation of Momentum: The Solver Algorithm, SIMPLER

The conservation of momentmn, conservation of mass, pressmre correction,

and velocity correction equations axe linked together and solved using the SIM

PLER algorithm.^" Step one computes the link coefficients for the u-momentum

equation using either equation set [(Eq. 72)] for the power law scheme or equation

set [Eq. (73)] for the upwind scheme. Similar coeflBcients axe computed for the

v-momentum equations. Step 1 also computes the pseudo-velocities v and u as

defined by Eq. (81). Step 2 calculates the fink coeflBcients for the pressure and

then uses Eq. (83) in conjunction with the u and v from Step 1 to compute the

pressure field. This new pressure field in then used in Step 3 to compute an im

proved velocity field using the conservation of momentum Eq. (71). Step 4 solves

the pressure correction based on the continuity error associated with the velocity

field computed in Step 3 and uses this pressure correction and Eq. (77) in Step 5

to again improve the velocity field. The maximum continuity error and the maxi

mum change in the 'u' velocity axe then \ised as criteria to determine whether the

velocity field is converged sufficiently. If not, Steps 1-5 axe repeated until either

the convergence tolerances are met or the number of iterations exceeds a preset

limit.
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Phase Change

Fundamental Considerations

The equations developed above conserve mass, momentum, energy, and solute

but provide no means for determining when a phase change occius, how much ma

terial solidifies, and what the relative liquid and solid solutal concentrations must

be. These parameters are determined by the properties of the material. Numer

ically, the common approach to determine when and how solidification occurs is

to assume the solid and liquid in a niimerical control volume are in thermody-

namic equilibrium. In this equilibrium approach, the temperature throughout a

given numerical control volume is assumed uniform and equal in both the solid

and liquid phases. The solutal concentration in the liquid, C/, in a control vol

ume is assumed imiform as is the solutal concentration in the solid, C,, with the

relationship between the two at a given temperature directly determined by the

eqmlibrium phase diagram. The fraction of liquid, gi, in the control volume at a

given temperatme and solutal concentration is based on conserving the net solute,

Co, in the cell. This relationship is given by: Co = giCi + (1 — gi)Ca and is known

as the 'equilibrium lever rule.'^° The rationale for this approach is that for suffi

ciently small control volumes the solid and liquid axe in close proximity and the

diffusion distances are small. Even for a small numerical control volmne; however,

the assumption that the concentration in the solid is uniform may not be valid.

In the Umit of zero solid diffusivity, only the solid in contact with liquid is at the

equilibrium concentration dictated by the phase diagram. Thus, a non-uniform

distribution of solute in the solid, known as coring resxilts. This effect can be

modeled by using the 'Scheil' equation®^ to determine the fraction of liquid and

concentrations for a control volume based on the equation, (C, — Ci)dgi = gidCi,
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where C* is the solid concentration at the solid-liquid interface. The Scheil equa

tion conserves the net solute in a cell but assumes zero diffusion in the solid. In

addition to the lever rule and Scheil equation, other assumptions for the solid and

liquid thermal and solutal profiles in a given control voliame may be adopted.®'* In

the FTM, the equilibrium lever rule approach is used for each numerical control

cell, but only after nucleation has occurred within that cell. A simple nucleation

model is incorporated in the model and is explained below along with the details

of the solidification algorithm.

Phase Change Calculations

For the ammonium chloride and water system, the equilibrium phase diagram

relating the phase to the temperature and concentration was shown in Fig. II-3. In

the FTM, the solidification for each numerical cell is based on the net energy and

solute in that cell, the equilibrium phase diagram, and the amoimt of solid pre

existing in the current and neighboring control volumes. If the nucleation criteria

for a given cell are satisfied, the lever rule is applied to compute a new fraction of

liquid based on the net solute in the cell and the given temperature. After this cal

culation, the net solutal concentration in the control voliune has been conserved,

but energy has not. In most models, this discrepancy is corrected later, during

the conservation of energy algorithm, but in the FTM the solidification subrou

tine has its own internal iteration on the energy, using the lever rule to satisfy the

phase diagram while adjusting the temperature to conserve net energy in the cell.

This results in improved values for the volume fraction of liquid, the temperature,

solid concentration, and the Hquid concentration. This approach, while requiring

additional computational effort in iterating for the temperature while computing

liquid fractions, reduces the number of iterations required by the external nu-
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merical loops containing the conservation of energy calciilations. Because of the

interdependent nature of energy, concentration, momentum, and mass, multiple

iterations of the phase change along with all the conserved quantities are typically

required before the solution converges to a fraction of Uquid distribution which

simultaneously satisfies the boimdary conditions, the conservation equations, and

the phase diagram.

Nucleation Criteria

The nucleation criteria in the FTM solidification subroutine require that at

least one of three conditions be met before solid can form in a local niimerical

control volume. The first condition is preexisting solid, i.e., if solid already exists

in the control volinne from the previous time step then additional solidification is

allowed. The second condition that results in nucleation is sufiicient imdercooling.

Ammonium chloride-72 wt% water has been shown to undercool from 15°C to

30°C prior to solidification.^^ The lower limit, 15°C, was used as a conservative

value for the criterion, since it corresponds to the threshold of possible nucle

ation due to undercooling. This approach was considered adequate for the CAST

nm conditions modeled since this degree of undercooling was not anticipated, as

validated by the fact that during the simulation this second criterion was never

invoked. If the nm conditions were modified, e.g. faster cooling rates resulting

in greater than 15°C undercooling, a more sophisticated undercooling criterion

would be needed. The third condition for allowing solid to form in a numerical

control volume is the proximity of solid, i.e., if solid in any of the neighboring

cells exceeds a threshold value. This requirement is a geometrical constraint that

attempts to account for the dendritic structure, by assiuning that only if a critical

amount of solid exists in the neighboring cell is there sufficient probability that
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the dendrites in that cell can provide a nucleation site for growth within the given

cell. A rough estimate can be made based on empirical observations of dendrite

geometries and growth rates for the material being modeled. A threshold value of 1

percent volume fraction solid for cvurent simulation was found to give a sigmficant

improvement over the assumption of zero threshold (the equilibrium assumption),

and produced reasonable correlation with mushy zone growth data.

Properties

An accmrate knowledge of the properties of the solidifying binary material is

essential. Figure II-3 gave an idealized phase diagram for the NH4CI-H2O system.

The phase diagram is idealized in that the liquidus and solidus lines are approxi

mated by straight lines. At the small length scales (on the order of millimeters)'

and boundary conditions examined in this study, the slope of this line can be sig

nificant. For the sample case of a 7°C/cm temperature gradient near the mushy

zone, a third of a degree error in the temperature results in a translation of the

liquidus, and therefore the mushy zone, by almost half a millimeter. A change in

solutal concentration of 0.07 weight percent would have a similar effect. These sen

sitivities point to the importance of incorporating realistic properties values in the

numerical simulation. Fortimately the ammonium chloride and water system has

been well researched and its properties published in a number of sovurces.^'®^'""^®

The specific method of calculation for each property used in the model are given

below.

Thermal Conductivity

The conductivity of the liquid NH4CI-H2O is approximately constant over

the range of temperatures and concentrations of the CAST experiments. The

conductivity used in the FTM is 5.02 x 10^ ^^^ich corresponds to 28
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wt% NH4CI-H2O at 25°C.^ Similarly, the conductivity of the solid NH4CL-H2O is

approximated as a constant at 3.93 x 10^ cm^el'C quartz has a conductivity

of 1.38 X 10®
CBi*8eC'^

Diffusivity

The diffusivity of the liquid NH4CI-H2O is approximated as 2.3 x 10~® cm^/sec

which is an extrapolation of existing data over the range 0 wt% to 28 wt% NH4CI-

H2O at 25®C to 28 wt% NH4CI-H2O at 25®C.^^ The diffusivity of solute in the

solid NH4CI-H2O and the quartz is negligible and assumed zero.®^

Density

The density of the liquid NH4CI-H2O is computed as a fimction of the tem

perature and concentration based on a two dimensional Taylor series expansion.

The series is expanded about 25° C and 72 wt% solute density of 1.0767 gm/cm®

with a constant thermal expansion coeflBcient, = 2.95 x 10^ and a con

stant solutal expansion coefficient, l3s = —2.81 x 10~® The density of the

solid NH4CI-H2O (hypoeutectic) used is 1.5256 corresponding to its value at

20°C.^® The value of the quartz density used was 2.2

Enthalpy

The enthalpy of the liquid NH4CI-H2O is computed relative to an arbitrary

enthalpy reference line at 18°C. The specific heat used to compute the en

thalpy relative to this reference line is calculated as a function of the liquid

concentration,^'

Cp = (4.3 X 10-* • (100 - Ci)^ - 4.4 x 10"^ • (100 - C/) -I- 4.189) x 10^

and the liquid enthalpy is then calculated based on this specific heat:

h, = Cp-(T-18"C).
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The specific heat for the solid enthalpy is also calculated as a function of the

solutal concentration based on a proportional combination of the specific heat for

the solid enthalpy of pure solid NH4CI and the specific heat for pvure ice. The

specific heat for pure NH4CI is computed from:

"l 11::J..10' +-0368 n (273.+ 18.)\^NIUCl" I 53,49 )
The specific heat for pme ice is 2.89 x 10^ «c gm^^ combination of>Cgm

the two is:

=  s£l (^\ -(
\dT) 100" \dT),^^ \-mNH4CL NH4CL

The dependence of the solid enthalpy on solutal concentration is calculated by

a linear interpolation between the latent heat for pme water and piure NH4CI.

Since the latent heat, T, for pure NH4CL is 2.764 x 10® and for pure water is
^lU

3.327X10® the change in enthalpy for the solid as a function of concentration

is assumed to be:

/ FtU \ O 7R4 _ "iOl2

\dCj
-764 - 3.327 9 ergs

100 n

Combining all the above gives an enthalpy of the solid NH4CI-H2O calculated as

The enthalpy of the quartz is computed based on a reference enthalpy line of zero

at 18°C and a specific heat of 7.54 x 10®

Viscosity

The viscosity of the liquid NH4CI-H2O is set to 1.06 x 10~^ the

value at 28 wt% NH4CI and 25°C.^' The error introduced by the assumption of

constant viscosity is less than 10% over the temperature range from 10°C to 40°C.
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The viscosity of the quaxtz is set to 1.0 x 10^°. Setting the viscosity of the quartz

to a high number allows the numerical solver to implicitly account for the rigidity

of the quartz rather than having to directly specify its effect on the neighboring

fluid momentum.

Phase Diagram

The liquidus temperture, Tuq of the NH4CI-H2O phase diagram from 70 wt%

to 80.4 wt% H2O (eutectic) wse approximated (a = .83%), as a linear function

of liquid concentration, C/, Tuq = 360.03 — [go'ais] The solidus was then

dictated by the partition coefiicient, the ratio of the concentration in the solid to

that in the liquid, which has been measiured by McCay et al.® as .004. A list of

the property values used in this study is provided in Table III-l.

Numerics

The discretized conservation of momentum, mass, energy, and solute equations,

along with the phase change algorithm and the properties above must be linked

together in an iterative scheme in order to calculate a solution. This interlaced

program structure is outlined in the flow chart in Fig. III-8. The chart reflects the

coupled nature of the equation system. Within a time step, the fraction of liquid

is first evaluated over the domain based on the best estimates of temperature and

concentration. This calculation is followed by the calculation of the density. Next

the flow field is solved to satisfy the momentum force balance and continuity. The

resulting improved estimates of the frax:tion of liquids, densities, and velocities

are then used in the computation of the transport of heat and solute which will

be passed back to the top of the main loop to provide an improved value for

computing the fraction of solid. The complete process is repeated \mtil tolerances

are met or a maximum iteration number is exceeded.
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NH4CI-72 wt% H2O

Solid Liquid Quartz

Specific heat 1.61 X 10^ 3.30 X 10^ 7.54 X 10'

Conductivity 3.93 X 10^ 5.04 X 10^ 1.38 X 10"

Density (gm • cm"') 1.53 1.06 to 1.08 2.20

Diffusion Coefficient (cm^- s~^) 0 2.3 X 10"' 0

Viscosity (dyne • s • cm~^) — 1.06 X 10-2 1 X 102'

Enthalpy (ergs • gm~^) (-2.56 X 10' (2.31 X 10' (1.74 X 10^

to -1.71 X 10') to 2.17 X 10') to 5.40 X 10')

Thermal expansion coef (°C~^) 0 2.95 X lO"'' 0

Solutal expansion coef (wt%~^) 0 -2.8 X 10"'

Equilibrium partition ratio .004

The convergence tolerances and maximum iteration numbers associated with

the program structure are an important set of numerical parameters, since specify

the desired degree of accuracy and iteration limits for various blocks of the pro

gram. For example, the calculation of the pressure in Step 2 of the SIMPLER

flow solver (Fig. III-8b), is regulated by a tolerance and maximum number of

iterations for pressure (labeled as toler (press) and loop (press)). These two pa

rameters are critical since the flow fleld is very sensitive to small errors in pressure.

This sensitivity is the primary reason the model requires double precision and the

tolerance for the pressure is set to the minute value of 1 x 10 ^ only 10

of the maximum value of the pressure. The mass error tolerance is another critical
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input and is set to an absolute value of 1.0 x 10"® grams per control volmne.

Since the density is critical, the temperature tolerance is set to 0.001®C and the

concentration tolerance to .0001 weight percent water.

As a general rvde, all of the numerical tolerances in the model were kept

very small to assvure accuracy of the solution. This was done at the expense of

computational time. For a time step of 0.25 sec, a physical second of simvJa-

tion using a 386/33 MHz personal computer required about 2.5 minutes during

the diffusion dominated growth stage. Once convective breakdown occurred, the

computational requirement increased dramatically to approximately 1.6 hours per

second of simulation. A sample listing of the code is to be released in the Casting

and Solidification Technology (CAST) Final Report, M. H. McCay, NASA CR,

NAS8-37292, Marshall Space Fhght Center, Huntsville, Alabama.

One other important numerical feature of the FTM is the choice of grid. The

grid used for the simulation is shown in Fig. III-9. Experimental restdts® have

indicated that the solutal boundary layer which forms ahead of the liquid-sohd

region is on the order of 1 millimeter, thus necessitating the need for a fine grid

in and above the mushy zone. The height of a control volmne at the bottom of

the cuvette is 0.125 mm. The lateral dimension of the interior grid cells is 0.625

mm. Even this small scale will be shown to be inzidequate to resolve some of the

detailed flow structiures associated with the current experiment.
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Figure III-8a. FTM flowchart
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SECTION IV

MODEL VALIDATION

Introduction

Prior to using the FTM to predict solidification in microgravity, a number of

validation cases were run. These cases included basic hydrostatic problems, no-

flow thermal transient predictions, simple flow problems such as Poisieulle flow,

and natural convection of water in a square cavity. A representative set of the

natural convection comparisons is provided below.

The FTM was further validated by comparison with CAST groimd-based

data. This comparison provided a more comprehensive test of the model's capa

bilities since it included all aspects of the process (conduction in the quartz, phase

change, thermal and solutal convection, etc.) required for the microgravity simu

lation. The ground-based CAST nms also serve as a reference for the microgravity

predictions.

Buoyancy (Thermal) Driven Convention

The FTM's ability to model thermally driven flows was tested by comparison

with a set of numerical and experimental data for the natural convection of water

in a square cavity. The experiments used for this comparison were conducted by

Inaba and Fukuda^^ and the numerical predictions were computed by Lin and

Nasteel.^®

The natural convection experiments^^ were for water in a tilted, rectangu

lar test section 1.5 cm tall by 1.5 cm wide by 10 cm deep with fixed side wall

temperatures. The remaining front, back, top, and bottom walls were insulated.
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The depth of the container was chosen by the experimenters to be large relative

to the height and width to make the experiment approximately two-dimensional.

The angles of inclination (about the long axis) ranged fix>m 0 to 180 degrees and

the fixed side wall temperatures ranged from 0°C to 8°C. A test run consisted

of imposing the desired angle and temperatures on the test section and holding

those conditions until the resulting flow stabilized. Particles in the water were

then illuminated and photographed using long exposure times in order to record

the flow pattern. These particle traces constituted the basis for comparison with

the FTM predictions.

The Inaba and Fukuda study was chosen for comparison with the FTM for

two reasons; the properties of water over the temperature range of the Inaba

experiment (4°C ± 4®C) are well known/®'^® and it provided flow visualization

data for a geometry and Rayleigh number (1.24 x 10®) similar to those of the

CAST experiment. The properties are Hsted in Fig. IV-1.

/X = (1.789-.0489-T)-/?-10-2. (dyn^sec)
p = 0.99997 • [1 - ai |r - 4.0293251^®®"^®] (^)

Jb = .558 X 10® 4- .0019 x 10® • T

Cpi = 4.226 X 10^ - .0031 x 10^ • T.

Figure IV-1. Properties of water near 4°C as a function of temperature
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The first set of experimental conditions used for comparison was for 8®C on

the left wall, 0°C on the right, with zero inclination (the imposed temperature

gradient was orthogonal to the gravity vector). The time-lapse photograph for the

resultant steady state flow pattern is shown on the right-hand side of Fig. IV-2.

The streamlines predicted by the FTM for these conditions are provided on the

left-hand side of the same flgure. The imposed temperature distribution from 8°C

to 0°C generated a pair of vortices. In the middle of the test cell the flow was

downward, corresponding to the maximiun density of water near 4°C. Comparison

of the computations and the data shows that the FTM has predicted this basic

flow pattern. The small differences in shape between the predicted and the ex

perimental streamlines are attributed to three-dimensional effects inherent in the

physical experiment.

As a second comparison, the FTM was used to compute the flow for a similar

case in which the side wall temperatures were the same as above, except the

container was rotated cotmterclockwise 60°. A comparison of the predicted and

experimental steady state flow pattern for this case is given in Fig. IV-3. Again

the qualitative comparison is good, with small differences in the streamline shapes

probably due to three-dimensional effects.

In order to obtain a quantitative validation for buoyancy driven convection

using a strictly two-dimensional problem, a comparison was made with the two-

dimensional niunerical prediction of Lin and Nansteer® for the flrst of the experi

ments discussed above (Fig. IV-4). Their numerical model computed the temper-

atvure distribution along the centerline of the container and those results are given

in Fig. IV-4 along with the FTM prediction. The two numerical predictions cor

relate to within 0.25 °C. The difference may be attributed to Lin and Nansteel's

assiunption of constant properties (other than for density).
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»  4

FTM

UN and NASTEEL

a2s aso a7S i.oo 1.25

Horizontal Distance (cm) at Y • Hei9ht/2
1.50000

Figiore IV-4. Thermal profile (at y = height/2) for water in a 1.5 cm by 1.5 cm

square cavity with 8°C on the left wall and 0°C on the right

CAST Ground Based Runs: Initial Conditions

The quantitative comparison with Lin and Nansteel's numerical computa

tions and the qualitative comparison with Inaba and Fukada's experiments demon

strated the FTM's capability to compute the coupled effects of flow and temper-

atme for steady state natural convection in water. This capability is only part

of that required for the modeling of the more complex transient, two-phase, ther-

mosolutal phenomena inherent in the CAST solidification experiments.

The major verification of the model's capability to axicurately simulate all

aspects of the CAST space experiment was accomplished by comparison with

existing data from the CAST groimd-based experiments. Three groimd-based
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runs were chosen for comparison, each initiated from the same set of initial steady

state conditions. Thus the first requirement for the FTM was to predict these

initial conditions. The method used by the FTM to compute the initial state and

the accuracy of those computations are discussed below.

For the three cases to be presented, the initial conditions consisted of 72 wt%

H2O-NH4CI solution with 58.5°C imposed on the top of the cuvette and 21°C

on the bottom. With these boimdary conditions, the solution at the bottom of

the cuvette is below the liquidus temperatme but above the eutectic temperatiure,

resulting in a thermally stratified solution with a two-phase dendritic mushy zone

at the bottom of the cuvette.

An intricate process is required to achieve the initial state in the laboratory.

As the first step, solid NH4CI-H2O must be formed if not already present. Next,

the initial temperature gradient is imposed on the cuvette and held for a 'suffi

ciently' long period to allow the system to stabilize. This procedme involves nu-

cleation kinetics, solidification, dendrite coarsening, convection due to expansion

(pressure driven) flows, and mass transport due to diffusion. In the one-gravity

environment, buoyancy driven flows and settling of dendrite fragments further

complicate the process.

The end result of the above procedure is a set of initial steady state con

ditions which depend only on fixed boundary conditions. Hence, the method of

preparation of the initial state is not critical if the final boxmdary conditions are

held sufficiently long to allow the system to equilibrate. In the laboratory, three

hours of thermal hold time is considered suflBcient to establish equilibriiun, since

additional holding does not result in any perceptible change in the state of the

system.®
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The FTM prediction of the CAST initiEd conditions is also path independent if

the boundary conditions corresponding to the initial state axe held sufficiently long.

This provides the freedom to compute the initial state by the most numerically

expedient computational path. As in the laboratory, it is determined that the

system has attained steady state based on the subjective assessment that the

system is no longer undergoing any significant change.

The specific path used in the FTM to compute the initial conditions for the

three CAST rxms imder consideration was to first compute a steady state without

gravity and then adjust to one-gravity conditions. This avoided the difficulty of

computing the vigorous natural convection associated with the coarse readjust

ment of the dendritic layer that typically occurs when the initial temperatures are

first imposed on the cuvette.

The details of the numerical initial state predictions are as follows. The

ammoniiun chloride and water solution in the numerical domain was input as

liquid NH4CI-72 wt% HjO. The bottom and top temperatures of the cuvette were

fixed at 21°C and 58.5°C, respectively. The temperature distribution between the

top and bottom was estimated and specified (but not fixed) as linear.

The boundary temperatures were then held constant while the model was run

to simulate 160 hours of holding time without gravity effects. The large simulated

nm time (large relative to the three hours required in the laboratory) was needed

because setting gravity to zero eliminated nattiral convection, leaving diffusion

as the only transport mechanism, and thus increased the 'real' time required to

obtain equilibrium. Numerically, however, it was still more expedient to simulate

160 hours of diffusion (using one hour time steps) then to simulate 3 hours of

combined diffusion and convection. In order to verify that the 160 hour results

were in fact steady, the boundary conditions were imposed for an additional 1600
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hours using 10 hour time steps. The results indicated that the mushy zone height,

the thermal field, and the solutal distribution had all stabiUzed to within the

numerical error.

Gravity effects were then included to accotmt for lateral variations in density.

In order to include gravitational effects in the numerical computation of the initial

conditions, the results from the 1600 hour hold at zero-g were input into a second

transient simulation using the same steady state boundary conditions with the

exception of the gravity term, which was set to one earth gravity. For this more

difficult problem, the numerical time step was first reduced to 0.25 seconds and the

boundary conditions held for 10 minutes, followed by 50 minutes of holding using

15 second time steps. The end resvdt was that buoyancy driven flows had developed

due to lateral temperatme gradients. As verification that these predicted flows

were steady, the simulated hold was extended to 10 hoturs using 150 second time

steps. These 10 results were accordingly used as the FTM prediction of the steady

initial state corresponding to the groimd-based experimental initial conditions.

The FTM model parameters used to establish the initial conditions are pro

vided in Fig. IV-5. The first three inputs (i.e., the top temperatme, the bottom

temperature, eind the solutal concentration) correspond to the initial conditions of

the ground-based experiments. The next input, Ko, is the constant in the Darcy

flow term in the momentmn equations and relates to the flow resistance in the two-

phase region. The value used is the same as that used by Bennon and Incropera®^

for NH4CI-H2O and is based on available dendrite arm spacing data. The last two

terms, T/i and hcoef> are the room temperature and the heat loss coefficient, used

in the FTM to account for the heat lost from the walls of the cuvette.

The initial steady state temperatmres, flow field, solutal field and the mushy

zone height predicted by the FTM are compared with the experimental data below.
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Top Temperature = 58.5®C

Bottom Temperature = 21.0®C

Concentration = 72 wt% H2O - 28 wt% NH4CI

iiTo = 5.56 X 10"' cm2

Tr = 22° C

ftcoef=24000j^

Figure IV-5. Model parameters: Initial conditions

The computed initial temperature distribution is shown in Fig. IV-6. The distri

bution exhibits a nonlinear profile in both the vertical and horizontal directions

due to heat loss through the side walls and the mismatch between the conductivity

of the quartz container and the solution. Parametric calculations indicate that the

heat lost from the exposed walls is the primary cause of the vertical non-linearity

shown in the Fig. IV-6.

The capability to account for the effects of spatially varying conductivities

is an integral part of the FTM, but the heat lost to the environment must be

included using an empirical model based on a loss coeflBcient times the temperature

difference between the quartz wall and the environment. Although the FTM is

essentially two-dimensional, this loss is numerically accoimted for at all exposed

walls, including the front and back walls. For the CAST groxmd-based cases, the

room temperature was approximately 22° C and the heat loss coefficient was set

at 24,000 This coefficient is roughly four times that for natural convection

on a verticzd plate and accoimts for the more complex geometry and additional

forced convection in the laboratory.
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The combined effects of heat loss to the ambient and the difference in conduc

tivity between the quartz and fluid influence the initial conditions in several ways.

One is the lateral temperatxire gradient in the fluid, evidenced in the predicted

isotherms (Fig. IV-6a). These small lateral temperature gradients are sufficient

to drive flow. The non-uniform initied temperatme fleld also affects the initial

height of the mushy zone and influences the morphology of the system by reduc

ing the temperature gradient near the mushy zone. This gradient is calculated

to be approximately 6®C/cm compared with a 13.4°C/cm gradient for a linear

temperature distribution between the top and bottom.

The predicted streamlines for the initial condition flows are shown in Fig. IV-

7. Thermally driven vortical rolls are evident in the upper comers with velocities

on the order of 0.005 cm/sec. The FTM also predicts weak roll structmes at

the bottom of the cuvette with velocities on the order of 0.001 cm/sec, shown in

the expanded view of the velocities in Fig. IV-7(b). The presence of these flows

is significant since they provide a preexisting pertmbation source for convective

instabilities.

The solutal distribution computed for the initial conditions is shown in Fig. IV-

8. The solutal contomrs and the centerline solutal distribution versus cuvette height

indicated equilibrium to within .005 wt% solutal concentration. In the liquid re

gion, the bulk concentration is nearly constant at approximately 72.465 weight

percent solute (water). The difference between this concentration and the origi

nal Uquid concentration of 72.00 wt% is due to salt (NH4CL) being preferentially

incorporated into the solid. The resultant bulk liquid concentration coupled with

the equilibrium temperature distribution determines the height of the mushy zone

and the solid fraction. The 0.99 fraction of liquid contour in Fig. IV-9 provides

an outline of the initial mushy zone shape. The mushy zone thickness is relatively

uniform except at the side walls. The detailed distribution of the solid in the
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FTM Preditions;

Initial Conditions

(Steady State)

(a)

Streamlines
2.8
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Boundary Conditions:

Top Temp - 58.5° C
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Figure IV-7. Initial conditions; Flow pattern. Top temperature = 58.5°C; Bottom

temperature = 21° C (a) Numerical streamlines (b) Velocity vectors (expanded

view)



F
T
M
 P

re
di
ti
on
s:
 I
ni
ti
al
 C
o
n
d
i
t
i
o
n
s

(
S
t
e
a
d
y
 S
t
a
t
e
)

S
o
l
u
t
a
l
 C
o
n
t
o
u
r
s

B
o
u
n
d
a
r
y
 C
on
di
li
on
s;

T
o
p
 T
e
m
p
 »
 5
8.
5°
 C

Bo
t 
T
e
m
p
 -
 2
1 
0
°
 C

1 
Qe

7
2
.
4
8
0

7
2
.
4
7
5

7
2
.
4
7
0

7
2
.
4
6
5

7
2
.
4
6
0

7
2
.
4
5
5

7
2
.
4
5
0

7
2
.

7
2
.
4
7

(
/
)

7
2
.
4
6
5
 w
t
%

7
2
.
4
6

0
2
6

(
b
)

So
lu

ta
l 
Co

nc
en

tr
at

io
n 
v
s
 H
ei

gh
t

(
E
x
p
a
n
d
e
d
 V
i
e
w
)

/

F
T
M
 P
r
e
d
t
c
K
o
n
:

S
o
l
u
t
a
l
 C
o
n
c
e
n
t
r
a
t
i
o
n

A
l
o
n
g
 C
en
te
rl
in
e

(W
id
th
 •
 1
.0

 c
m
)

O
S
O
 

O
'
S

C
u
v
e
t
t
e
 H
e
i
o
h
t
 r
c
m
t

0
.
0
 

0
.
5
 

1
.
0

W
i
d
t
h
 (
c
m
)

Fi
gu
re
 I
V-

8.
 I

ni
ti
al
 co

nd
it

io
ns

: 
Pr

ed
ic

te
d 
so

lu
ta

l d
is

tr
ib

ut
io

n.
 T
op
 t
em
pe
ra
tu
re
 =
 58

.5
° C
; 
Bo

tt
om

 t
em
pe
ra
tu
re

21
°C

 (a
) C

on
ce

nt
ra

ti
on

 co
nt

ou
rs

 (f
ro

nt
al

 v
ie

w)
 (b
) C

on
ce

nt
ra

ti
on

 vs
. h

ei
gh

t (
ce

nt
er

li
ne

).
<
o

tf
i.



95

mushy zone is provided in the expanded view in Fig. IV-9.

The above figures, IV-6 through IV-9, show the initial state of the CAST

groimd-based experiments as predicted by the FTM. The primary experimental

data used for comparison with the FTM results were recorded interferometer im

ages. Since the index of refraction of the ammonium chloride and water is a known

function of concentration and temperature, interferometer fringe patterns are eas

ily computed from the FTM results, providing a direct means of comparison with

the observed fringe patterns, as shown in Fig. IV-10. The view is the lower two

thirds of the cuvette and the scale is indicated by the grouping of dots. These

dots have a vertical incremental spacing of 1 mm. The interval between fringes

corresponds to a temperature change of 0.457"C. Inspection of Fig. IV-10 thus in

dicates that the temperature gradient above the mushy zone is predicted to within

0.5°C/cm.

In addition to interferometer images, the initial velocity fields computed by

the model were qualitatively compared with groimd-based data obtained using

time lapse photography of suspended neutral density particles. The predicted vor

tical fiows at the top of the cuvette were observed in the laboratory with velocities

on the order of 0.008 cm/sec, compared with the computed velocities on the order

of 0.005 cm/sec. The predicted weak roll structures at the bottom of the cuvette

with velocities on the order of 0.001 cm/sec were not evident in the particle track

ing photographs. The lack of empirical evidence of the rolls in the lower comers

may be due to the difficulty of using particle tracking for such weak phenomena.

The final parameter used for comparison is the shape and height of the mushy

zone. The predicted curvature of the mushy zone near the side walls Fig. IV-9 is

evident in the experiments and substantiates the isotherm curvature in Fig. IV-O.

The absolute height of the mushy zone, however, is over-predicted as 0.44 mm,

compared to an average measured^^ value of 0.34 ±.06 mm.
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This error of 0.1 mm in the predicted height of the interface could be due

to a combination of several factors, including the step function nature of the

interface position due to the finite grid; errors in the properties; the lack of three

dimensional effects; an error in the environmental heat transfer coefficient; or

thermocouple measmement errors introduced through the boimdary conditions.

Without specific knowledge on the source of the error, the discrepancy must be

considered a model inaccuracy.

The error in the position of interface was a concern, in particvdax, for the

prediction of the ground-based runs in which the net height of the mushy zone is

small over the cotu-se of the experiment. For the ground base initial conditions,

the 0.1 mm error in predicting the location of the mushy zone front is eqmvalent

to a 30% error in the mushy zone thickness, which is expected to have some influ

ence on the convective stability of the system. Fortunately, both nxunerical resiilts

and the experiments have shown®'® that for a given thermal gradient (i.e., density

gradient), variations in initial mushy zone height on this order have a weak influ

ence on the primary growth phenomena such as the development of the inversion

layer, mushy zone growth, and time of convective breakdown. Only the critical

Rayleigh number associated with convective breakdown is significantly affected by

the initial zone height. As such, the 0.1 mm error in the mushy zone height is not

expected to significantly degrade the model's capability to predict the transient

phenomena, with the exception of the critical Rayleigh number. Accordingly, the

FTM initial conditions as computed above were accepted as the starting condi

tions for the three ground-bzised solidification predictions to be discussed in the

next sub-section.
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CAST Ground Based Runs: Directional Solidification

The initial conditions calculated by the FTM demonstrated the capability

to compute steady state conditions for the CAST experiments. The capability

to compute the transient phenomena, in particular directional solidification, was

validated by simulating the directional solidification stage of the CAST ground-

based experiments. The validation is based on predictions of the growth of the

mushy zone, the development of the density inversion layer, the transient two-

dimensional thermal and solutal fields, and the spatial and temporal onset of

convective breakdown. Results of this simulation are presented for the three cases

outlined in Table IV-1.

The 2°C/min cooling rate was chosen as the primary verification case because

of the extensive data available for that cooling rate.® The initial conditions were

those of the previous section. Starting from those steady boundary conditions,

the top and bottom temperatures were lowered at 2®C/min to produce directional

solidification.

The predicted growth of the mushy zone is compared with experimental data

in Fig. IV-11. A similar set of results for the density inversion layer is provided in

Fig. IV-12. The heights in these figures are relative to the floor of the cuvette and

the times are elapsed time relative to the start of cooling. The mushy zone height

was specified as the centerline location corresponding to a 0.99 liquid volume frac

tion as determined by interpolation, and the vertical coordinate of the centerline

nvunerical control volume with the maximum density was considered to be the top

of the density inversion. Due to the finite nature of the grid, both heights exhibit

step function characteristics.
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TABLE rV-l. Numerical and experimental run parameters

Parameter

Cooling Rate

Initial Top Temp.

Initial Bottom Temp.

Ambient Temp.

Heat Loss Coefficient

Bulk Concentration

Permeability const. Ko

CASEl

l°C/min

58.5° C

21°C

22°C

24000

72 wt% E2O

5.56 X 10"^ cm^

CASE 2

2°C/min

58.5°C

21°C

22°C

24000

72 wt% H2O

5.56 X 10"^ cm^

CASE 3

3°C/min

58.5°C

21°C

22°C

24000

72 wt% H2O

5.56 X 10"' cm^

Two sets of predictions are included in Fig. IV-11 and Fig. IV-12. The first set,

denoted by the dashed lines, assumed thermodynamic equilibrimn within each

numerical control volume. The second set, denoted by the solid lines, included the

non-equalibrium approximation which incorporates the nucleation criteria.

A comparison of the equilibriiun and non-equilibrium predictions with the

experimental data indicates that non-equilibrium effects must be included to ac

curately simulate the physical process. Without aecoimting for non-nucleation

effects, the calculations grossly overestimate the growth rates of both the density

inversion layer and the mushy zone. With the inclusion of non-equiUbrium effects,

the predictions were improved to within the experimental error. Based on these

results, non-equilibrimn predictions were used for all subsequent groimd-based and

microgravity predictions.
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The incorporation of the nucleation criterion eilso provides a more accurate

prediction of the transition from diffusion dominated to convection dominated

solidification, i.e., convective breakdown. In the experiments, this transition is

judged to occur when the the top of the density inversion layer, as indicated by a

thick interferometric null, begins to imdulate and form a series of cells.^'®'^ Prior to

this stage, the density field is primarily stratified with the exception of some small

perturbations at the side walls. As soon as the null fringe begins to break into cells,

however, the stratified density field deteriorates and strong buoyancy driven flows

quickly ensue.^'® For the 2°C/min cooling rate ground-bzised experiment (Case 2),

the observed onset of breakdown, based on the formation of these fringe cells, was

95 i: 10 seconds.®

In the numerical simulation, the onset of dominate convective activity was

best indicated by the net kinetic activity in the domain. The computed net kinetic

energy during directional solidification for Case 2 is given in Fig. IV-13, for both

equilibrium and non-equilibrium predictions. The non-equilibrium prediction of

the net kinetic energy in the cuvette indicated that after 75 seconds of cooling,

convection begins to build rapidly and by 95 seconds the strength of the flow

field, as reflected in the kinetic energy, has increased an order of magnitude. This

predicted kinetic energy profile appears consistent with the significant increase in

convective activity observed in the experiments® at 95 ± 10 seconds. In contrast,

the equilibrium model did not predict any significant increase in kinetic energy

until 135 seconds, well past the experimentally observed convective brealcdown

time.
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Another indicator of the convective stability of the CAST double-diffusive

system is the combined thermal-solutal Rayleigh number as proposed by Stern'":

„  9MACi)L' . 9^TiAT)L'
Ho. — n * '

uD UOtT

where 'L' is the appropriate length scale, i.e., the height of the density inversion

layer^. AT and ACj are the respective vziriations of temperature and concentra

tion across this layer. When the resultant combined Rayleigh number exceeds

a certain value, the critical Rayleigh number, the system becomes unstable and

strong convective flows axe expected to ensue.

At 95 seconds, the predicted critical combined Rayleigh number is 11,200 as

shown in Fig. IV-13. This value is 1.4 times the experimental® critical combined

Rayleigh niimber of 8150. The difference between the two can be accounted for by

the fact that the experimental Rayleigh number incorporated a linear extrapola

tion of the solutal concentration across the density inversion layer to estimate AC/,

while the FTM used predicted values corresponding to a more realistic non-linear

solutal profile. Considering this difference in the method of calculating the critical

Rayleigh number and the sensitivity of Rayleigh number to the subjective deter

mination of the precise time of breakdown, the correlation between the predicted

and observed critical Rayleigh number is considered reasonable.

The next set of FTM results to be examined is the predicted evolution of

the flow field, which directly affects the interface shape, the density distribution,

and the solutal segregation during solidification. A review of the initial conditions

(Fig. IV-7) shows that flows are predicted to be present prior to the initiation of

the cooling phase of the experiment. The FTM predicts steady vortices in e£w:h

of the lower comers during the thermal gradient hold. These upward flows are

driven by the wzirmer side walls.
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Figure IV-14 shows the status of the predicted flow field at the bottom of

the cuvette after 60 seconds of cooling. The initial thermally driven vortices have

increased in magnitude and coimter-rotating rolls have appeared deep in the lower

corners. These rolls have a maximum velocity of less than .001 cm/sec. The lower

left of these rolls is evident in the expanded velocity vector plot at the bottom of

Fig. IV-14. These embryonic vortices are driven by the lateral solutal gradients

caused by non-uniform solidification along the cuvette bottom due to the warmer

side walls. K the lower left vortex in Fig. IV-14 were instead directly driven by

thermal effects, the flow would have been clockwise, corresponding to the warmer

side wall to the left.

By 90 seconds, during the transition to convection dominated solidification,

the developing corner solutal rolls have formed doublets and strengthened over am

order of magnitude compared with their magnitude at 60 seconds. Their maximum

velocities at 90 seconds are on the order of 0.02 cm/sec (Fig. IV-15). By 110

seconds these cells extend upward over 0.5 cm and have propagated across the

cuvette bottom as shown in Fig. IV-16. In addition, four new cells are forming

along the bottom of the cuvette as evident in the streamline plot.

The predicted thermal and solutal distributions corresponding to the cooling

phaise of Case 2 are shown in Fig. IV-17 and Fig. IV-18, respectively. The tem

perature field shows the effects of solutal rolls. It also indicates that the lower side

walls are warmer than the neighboring solution, providing the lateral variation in

solidification which creates the lateral gradients in the solutal concentration. Solu

tal contours, along with an outline of the mushy zone, are provided in Fig. IV-IS

for 60, 90, and 110 seconds into the cool down. As with the thermal profiles, the

influence of convection is clearly evident after the onset of significant convection

at approximately 90 seconds.
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Examination of the mushy zone outline shows that at 110 seconds the interfax:e is

developing a depression due to a locally high concentration of solute imdemeath

the solutal plximes. These depressions correspond to the onset of channeling.'*®

Figure IV-19 provides the predicted centerline solutal concentration as a func

tion of height at 60, 90, and 110 seconds after initiation of cooling. The linear

segments of the profiles are in the mushy zone where the concentrations are di

rectly related to the linear thermal profiles via the phase diagram. To the right of

these straight line segments, denoted by 'mz' and corresponding to the limit of the

mushy zone, is the solutal boundary layer ahead of the mushy zone. This has been

measured experimentally® and is included on the plot for 60 and 92 seconds. The

correlation between the prediction and data is within the ±.04 wt% measmement

error.

The temperature and solutal fields directly determine the density distribution

of the liquid. Figure IV-20 provides the computed density contours for Case 2 at

60, 90, and 110 seconds. The spacing between contours represents a change in

density of 1.43 x 10~* gm/cm®. Again, the effects of the convective flow after

transition are clearly evident. One means of verifying the combined temperatme

and solutal fields is to examine their combined effect on the index of refraction of

the liquid. This is done by calculating interferograms using the predicted index of

refraction. In order to compare the numerical and experimental interferograms,

a split image composite is presented in Fig. IV-21. Because of the symmetry of

the experiment, the two halves of this composite should mirror each other. The

left-hand side shows the experimental fringes, the right-hand side provides the

simulated numerical fringes after 60 seconds of cooling. The five dots on the left

are scaling marks spaced 1mm apart. The dark region at the left-hand bottom of

the cuvette is the mushy zone. On the right-hand side, the predicted mushy zone
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height is shown for comparison. Above the mushy zone, the experimental fringes

have begun to show a slight effect of the vortices developing in the lower comers,

as predicted, but the system is still stratified and the transport of heat and mass

is primarily by diffusion.

A subsequent interferometer comparison is provided in Figure IV-22 during

convective breakdown at 90 seconds into the cooling phase. The FTM image

indicates significantly perturbed fringes at the side wall. The extent of this per

turbation is consistent with the experimental image within the resolution of the

relatively coarse lateral dimensions of the numerical grid cells. These rapidly de

veloping perturbations portend the complete breakdown of the stratified density

inversion layer. In the laboratory experiment, the subsequent deterioration of
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the layer occurs nearly simultaneously across the cuvette. In the numerical com

putations, the breakdown flows propagate inward from the sides of cuvette more

slowly, leaving the center relatively vmperturbed. This contrast in the extent of the

breakdown is evident in the comparison of the post convective breakdown fringe

patterns in Fig. IV-23. This limitation in the extent of the predicted convection

and its effect on the fringe pattern most likely occurs because the FTM is two-

dimensional and does not include the effects of flow structures developing on the

front and back walls of the cuvette. If the FTM were three-dimensional, it could

predict analogous flows on the front and baek walls. These flows are expected,

since lateral gradients, caused by the mismatch in the conductivity between the

solution and the quartz, must exist perpendicular to those surfaces, as they at

the side walls. In the experiment, front and back wall flows would affect the in

terferometer images and could also expedite convective breakdown by providing

additional pertiurbations to the system.

In general, the predicted results indicate that the FTM is capable of predict

ing the transient two-dimensional thermal and solutal fields during the diffusion

dominated phase of the ground-based solidiflcation and should accordingly simu

lated the diffusion dominated solidiflcation in microgravity as well. The ability to

compute the three-dimensional flow pattern associated with the convective break

down on the groimd is not critical for predicting the microgravity experiments,

and thus the two-dimensional model is considered adequate for the task.

The two other ground-based cases listed in Table IV-1 were zdso simulated.

Figme IV-24 shows the predicted interface and density inversion growth for all

three cooling rates, l°C/min, 2°C/min, and S'C/min. Figure rV-25 gives the

kinetic energy and Rayleigh number temporal behavior for each. The predicted

times of convective breakdown, as dictated by the steep rise in kinetic energy at
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approximately 1.7xl0~® ergs, are 140, 85, and 68 seconds for the respective cool

ing rates of l°C/min, 2®C/min, and 3°C/nun. The corresponding critical Rayleigh

niimbers fall in the range of 10,000 to 12,000. While there is limited experimental

data for quantitative confirmation of these additional results, the trends axe real

istic and the correlation of a constant (approximately) critical Rayleigh number

with breakdown is consistent.

In summary, the FTM was been tested in preparation for the CAST micro-

gravity predictions. The first validation test was a comparison with experimental

data for the thermally driven convection of water in a container. The results

demonstrated qualitative agreement with the observed fiow patterns. The next

test was a quantitative comparison with numerical results from a validated model

for the case of thermally driven natural convection of water. The correlation was

found to be within 0.25°C (3%). After these thermal convection comparisons, the

steady state capabilities of the FTM were tested by comparison with the initial

conditions for the CAST ground-based runs. The predicted and experimental ini

tial conditions were found, in general, to correlate closely. The predicted thermal

and solutal field and the general shape of the interface agreed closely with the data.

The major discrepancy was an error of 0.1 mm in the absolute height of the pre

dicted mushy zone thickness. Based on the comparison with the experimental data,

the FTM initial conditions were determined to be sufficiently accurate to use as

starting conditions for the numerical simulation of the three CAST groimd-based

directional solidification rtms. The results compared favorably with experimental

parameters, including the thermal, solutal and density distribution, the growth of

the mushy zone and density inversion layer, the formation of vortices at the side

walls, and the time of convective breakdown for a 2°C/min cooling rate. A corre

lation between the numerically computed combined Rayleigh number and the time



120

o

0.20 r

0.18

0.16

014

012

010

,g)

008

006

0.04

0.02

000

FTM predictions; 1 Qg

(3 Cooling Rates)

Density Inversion Height

Mushy Zone Height

3  3

/  /

/  /

I  /

/  X
3  /

/' 3

.  ̂ ̂  ̂

n  n ' ' . . . . I

25 50 75 too 125

Elapsed Time in Cooling Mode (sec)

150 75

Figvire IV-24. Mushy zone height and density inversion height vs. time for three

different cooling rates: l°C/min, 2°C/min, and 3®C/min



121

TW Pr6c:cticns: Ccnveciive Breakdown Time

' 5, Coolir; Rate: l*C/min

25 50 75 :C0 125

acssfi Time in Ccci'^s Mcde (sec:

8 0E-5 ^ 3t Cooling Rate: 2® C/min

5 0E-5
/

O" ,4^ /
01

0^^.-.-7 -

?
S

lU

« 40E-5 1
1 /  ̂

2 0£-5 /£ J I
/

y J
OOcO —^

10000 5
.o

E

Z
8CS0 .=

s
X

6000
«o

a.

*000

2000

0

14000

12CC0

10000 o
A

E

z

8000 -■

9
0
>

6000 c

4000

2000

0
25 50 75 100 125 150 175

Chaoses Time in Ccoimg Mode (sec)

1 0« Coding Rate: 3* C/min

10000

BOOO

6000

4000

2000

25 SO IS 100 12S ISO 175
Elaosed Time in Ccoitng Moot (sec)

Figiire IV-25. Numerical net kinetic energy and combined Rayleigh number vs.

time for three different cooling rates: l°C/min, 2°C/min, and

3° C/min



122

of convective breakdown was also demonstrated for three different cooling rates.

The weakness of the FTM in modeling the transient, ground-based solidification

was its inabihty to predict the effect of the fully three-dimensional flow pattern on

the solutal and thermal distribution after convective breakdown. The capability

to predict such flows is non-critical in this study, however, since the microgravity

experiment does not entail vigorous natiural convection. Based on these vahdation

results, it was concluded that the essential elements needed to predict the CAST

microgravity experiments have been incorporated into the FTM. The next step

was to provide a sample prediction for a CAST microgravity run.
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SECTION V

MICROGRAVITY PREDICTIONS

Introduction

The primary purpose of the FTM is to predict directional solidification of

the metal analogue, NH4CI-H2O, in a microgravity environment. The results

presented here are for a planned nm for the CAST experiment to be flown on the

Shuttle International Microgravity Laboratory (IML-1). The sample coohng rate

is 2°C/min, providing for direct comparison with the Case 2 ground-based results.

The information from this (and future) FTM microgravity simulations sup

port the CAST study in several ways. Prior to the flight, the model results provide

experimental planning guidance for selection of critical parameters such as the du

ration of the initial temperature hold, the values of the cuvette top and bottom

temperatures, the rate of cooling, and the duration of cooling. The FTM pre

dictions can also provide pre-flight guidance pertaining to data acquisition, such

as the optimum camera view and time interval between holographic exposures.

In addition, the munerical predictions indicate the relative significance of such

potential phenomena as subtle microgravity flow patterns.

After the flight, the model will aid in data analysis, and conversely, the mi

crogravity experimental results will provide additional benchmarks for the FTM.

Key elements of the model, such as the nucleation criterion, become more criti

cal at the extended spaee experiment growth times and will be thoroughly tested

by the microgravity experiments. The comparison between the numerical results

and flight data will either validate these basic model elements or indicate the nec

essary improvements. The final objective is an improved imderstanding of the

solidification process.
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FTM predictions for the 2°C/min cooling rate microgravity run are presented

in this section and compared with analogous one-gravity results. The effects of

reduced buoyancy driven convection and the implications for the space flight ex

periment are discussed.

Microgravity Run: Initial Conditions

The initial bottom and top boimdary conditions of of 21°C and 58.5°C for the

microgravity rim are identical to those used for the one-gravity case, but the heat

loss boimdary condition at the side walls and the body force term are different

and need to be reevaluated for the numerical simulation.

Orbital flight reduces the effective acceleration forces on a payload and ac

cordingly reduces, but does not eliminate, buoyancy driven convection of fluids

on board. The acceleration forces in the Shuttle environment are on the order of

1 X 10~® ge, with the magnitude and direction of the acceleration dependent on a

number of transient phenomena such as thruster firings, crew movement, and the

attitude of the spacecraft relative to earth. As a first approximation, the model

assumes a steady acceleration vector of 1 x 10~® ge, aligned opposite to the growth

direction. This level of acceleration is sufficient to generate natural convective flow

for the microgravity steady initial conditions as illustrated in Fig. V-1. As with

the one-gravity case, large convective cells form in response to lateral density gra

dients. At the reduced acceleration levels, these flows are predicted to be four

orders of magnitude less than for the related initial state in one-gravity.

The low gravity levels on the Shuttle are also expected to reduce the cool

ing flows normally present on the external surfaces of the cuvette to the extent

that the heat loss to the environment is assumed negligible for the micrograv

ity numerical simulations. The effect of this reduced heat transfer on the initial
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temperature distribution in the cuvette, as compared with the corresponding one-

gravity prediction, is shown in Fig. V-2. Although the microgravity predictions

still exhibit the lateral non-linear temperature grzidients caused by the mismatch

of the quartz and water-ammonium chloride solution conductivities, the vertical

non-linearity of the temperature distribution is virtually eliminated. As a result,

the gradient at the bottom of the cuvette has steepened approximately two-fold

and the average temperature near the bottom of the cuvette is higher. This more

linear temperatme distribution directly affects the density distribution and the

mushy zone height.

The resultant predicted mushy zone distribution for the microgravity steady

state is provided in Fig. V-3. Compared with the the liquid fraction distribution

computed for the initial conditions in one-gravity, the mushy zone height in micro-

gravity is predicted to be smaller by .13 mm (.31 mm vs. .44 mm at the vertical

centerline). At the edges, the mushy zone is predicted to melt back completely,

due to the reduced heat loss, and no longer covers the bottom of the cuvette as it

did imder one-gravity conditions. The average liquid solutal concentration corre

sponding to the reduced mxishy zone in the IML initial state prediction is 72.315

wt% solute as opposed to 72.465 wt% for the one-gravity case.

Thus, although the initial end temperatvures of 21°C and 58.5°C are the same

for both the one-gravity and microgravity initial gradient hold, the resulting steady

state for the IML CAST experiment is expected to be different. The FTM predicts

that in microgravity the temperature distribution will be more linear, the mushy

zone reduced, the average liquid concentration lower, and the flow velocities sig

nificantly smaller. These numerical results were used as the initial conditions for

the microgravity directional solidification simulation below.
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Microgravity Run: Directional Solidification

As with the ground experiments, the cuvette and the NH4CI-H2O solution

are cooled at a specified rate in order to induce directional solidification. The

specified coohng rate for these calculations was 2®C/min and the resulting growth

rates of the mushy zone and density inversion layer are shown in Fig. V-4.

The initial growth rates for the one-gravity and the microgravity nms are

predicted to be similar, despite the difference in the initial conditions and gravity

levels. This is because the early stage of the ground-based experiments was de

signed to minimize convection and thus, like the microgravity run, was diffusion

dominated. However, above a critical Rayleigh number the ground-based experi

ment becomes convection dominated with a resulting rapid growth of the mushy

zone and the disruption of the inversion layer (not shown). In contrast, the mushy

zone and inversion layer in microgravity continue to grow smoothly, imperturbed

by strong convective flow.

After 10 minutes of cooling in microgravity, the growth rates of the mushy

zone and density inversion layer are predicted to approach an approximately con

stant value of 1.19 x 10"' cm/sec as shown in Fig. V-4. The absolute difference

between the density inversion, which corresponds closely with the extent of the

solutal boimdary layer, and the height of the dendritic zone is .065 cm dining

the steady growth phase. The steady nature of this growth is confirmed by the

concentration distribution in Figure V-5 which shows that at 800 seconds the pre

dicted solutal distribution in front of the advancing front is close to the classic

exponential distribution for steady state growth.^'

Figure V-6 provides the net kinetic energy and the combined Rayleigh num

ber for both the ground-based and microgravity run. The kinetic energy and
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Rayleigh number are predicted to remain small over the full course of the mi-

crogravity experiment. The result is a diffusion dominated process, void of the

significant convective transport of energy tmd mass that occur post-breahdown in

the one-gravity environment. This contrast can be seen in the comparison of so-

lutal contours in Fig. V-7. After the point at which convective effects are clearly

evident in the groimd-based nm, the microgravity case continues to develop with

a imiform diffusion front.

The convection that is predicted to occur during the microgravity solidifica

tion is primarily caused by contraction of the material due to cooling and phase

change. Figure V-8 provides numericzil particle tracks and velocities for the fiight

experiment after 800 seconds of cooling. The dominant flow is fluid being drawn

from the supply tube. The magnitude of these contraction flows is on the or

der of 1 X 10~® cm/sec and they obscure the weaker (two orders of magnitude)

natural convection flows that were evident in the initial state in Fig. V-1. The

corresponding mushy zone and solutal distribution at 800 seconds from the start

of cooling is given in Fig. V-9. While these contours exhibit some irregularities,

they are still predominantly planar, as expected for diffusion dominated directional

solidification.

In general, the FTM predicts that the reduction of buoyancy driven convection

in microgravity influences virtually every aspect of the directional solidification

experiment including the estabhshment of the initial conditions for which the lack

of convective cooling external to the cuvette makes the internal temperature more

linear and reduces the extent of the initial mushy zone. The most significant effect

of the microgravity environment is that the combined solutal and thermal Rayleigh

niimber remains below a critical value over the course of the experiment, allowing

the heat and mass transport in the system to remain diffusion dominated and the
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solidification front to establish a steady growth rate. This is in sharp contrast

with the convective breakdown and vigorous convection observed in the ground

laboratory.

The model predicts the influence of convection in microgravity to be minimal,

but nonzero. For the given cooling rate and boundary conditions, the convection

that does exist is primarily due to contraction flows on the order of 1 x 10~® cm/sec.

The buoyancy driven flows are secondary at approximately 1 x 10"^ cm/sec. When

compared with the 1.19 x 10"^ cm/sec translation rate of the sohdiflcation front,

these buoyancy driven flows are negligible. However, for either slower growth rates

or an unfavorably aligned body force vector, the relative influence of natural con

vection, even in microgravity, might be significant. Thus, the absence of convective

effects in microgravity cannot be assumed, but must be evaluated for each differ

ent set of boundary conditions. For the current case, however, the FTM results

confirm that the conditions of the experiment meet the CAST objectives to study

directional solidification with negligible convective influence. This confirmation is

based on very specific predictions for the development of the thermal, solutal, and

velocity fields, and the extent of solidification. The detailed verification of these

results awaits flight data.



138

SECTION VI

CONCLUSIONS

A two-dimensional computational fluids model was developed for the express pur

pose of supporting experimental research on the directional solidification of a den

dritic binary material in microgravity. The model required the extension of exist

ing control volume techniques to include the presence of a solidifying two-phase

mushy zone. A single set of continumn two-phase conservation equations for mass,

momentum, species, and energy, coupled with the physical properties of the mate

rials, was applied over the experimental domain, including both the test solution

and its quartz container. This reduced the empirical inputs required in the model

to a set of nucleation criteria, an external heat loss coefficient, and a Daxcy co

efficient to account for flow resistance in the two phase region. All phenomena

internal to the domain, such as the position of the growth front, fraction of solid,

temperature, concentration, and velocity were then computed as a function of the

specific transient boundary conditions corresponding to a given nm.

The model avoided simplification of the governing equations in order to main

tain fidelity and generality. As such, the body force terms were retained in the

momentum equations despite the weak influence of this term in microgravity. Sim

ilarly, the density was treated rigorously, allowing for the calculation of contra<:tion

flows which are traditionally neglected. Most significantly, the munerical control

voliunes were not constrained to be in equilibrimn. The liquid in a local control

volume was allowed to undercool, depending on the nucleation criteria. This later

feature was found essential for the accurate simulation of the solidification pro

cess. The general capabilities of the model enabled it to be used in support of

groimd-based studies as well as the microgravity research.
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A set of model predictions for a grovmd-based run correlated favorably with

the ground-based data during the early diffusion dominated stages of sohdification,

i.e., before convective effects became dominant. Using an effective heat loss coeffi

cient based on interferometer data from the initial steady state nm conditions and

an estimate of the nucleation psirameters and Darcy coefficient, the model pre

dicted the growth of the mushy zone; the development of the solutal, thermal, and

density fields ahead of the growth front; the time of the transition to convective

domination, i.e., convective stability; and the qualitative fiow pattern preceding

the transition for a sample groimd-based run. Since microgravity solidification is

inherently diffusion dominated, the success of the groimd-based predictions was

taken as verification of the model's capability to provide microgravity predictions.

The model was then used to calculate a representative microgravity experi

ment in support of pre-flight preparation. The results for the given case confirmed

the buoyancy driven flows in microgravity to be subordinate to contraction flows

which, in turn, were shown to be small relative to the growth rate of the mushy

zone and the transport of energy and solute diuring solidification. Without the

transition to vigorous convection encountered in the one-gravity environment, the

solutal and thermal fields developed smoothly over the duration of the simulated

experiment and the mushy zone growth achieved an approximately steady growth

velocity within the time frame of the nm. A secondary effect of the microgravity

environment was shown to be the reduction of the initial mushy zone height due

to the reduced convective cooling on the exterior of the test cell. In general, the

model verified that for the representative run parameters, the test objective of

investigating dendritic directional solidification with minimal convection will be

achieved, as long as initial conditions are adjusted to allow for increased prepara

tion time and reduced heat loss to the ambient.
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In modeling the ground-based experiment and providing a prediction for the

microgravity experiment, the FTM demonstrated the usefulness and validity of

applying the numerical control volmne conservation technique to a sohdifying

dendritic system and a nmnber of conclusions can be drawn. One is that the

inclusion of the solution container, in this case the quartz cuvette, is necessary for

the correct simulation of the temperature field in such a system. In the ground-

based simulation, the presence of the quartz sidewalls was shown to be the primary

driver for the initial convective flows. In addition, the inclusion of non-equilibrium

effects is critical in the model in order to realistically model the growth of the two-

phase region and the corresponding effect on the solutal, thermal, and velocity

fields. In microgravity the effects of low levels of convection due to either natural

convection or contraction flow, while negligible for the current run parameters,

were concluded to be potentially significant for other cooling rates or boimdary

conditions and must also be included for the accurate simulation of microgravity

solidification. For the groimd-based simulations, the incorporation of the non-

equilibrium effects provided good correlation with the experimental results dmring

diffusion dominated growth, predicting the pertmrbation mechanism and approx

imate onset time for convective brealcdown. As such, the model could be used to

do sensitivity studies on the effect of various parameters such as cooling rate and

mushy zone resistance on direction solidification and convective breakdown. By

changing the properties, the FTM could be used to model other materials as well.

In addition, the convection dominated solidification growth stage could be modeled

by including a turbulence model and extending the FTM to three dimensions.

While these and other improvements in the FTM are possible, they are sec

ondary to the primary purpose of the model, support of basic research on the

diffusion dominated directional solidification of a dendritic binary material, as
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planned for the CAST microgravity experiment. Once available, data from the

CAST experiments will be compared with the quantitative predictions of the model

and used to refine the physical models. The thermocouple and index of refrac

tion data will be used to dictate the correct effective external heat loss coefficient.

The position of the growth front relative to the liquidus will reveal the degree of

undercooling ahead of the mushy zone and allow for refinement of the nucleation

criteria. These criteria are seen as the weak link in the extrapolation to micro-

gravity since they axe difficult to verify in the one-gravity environment due to

the limited growth of the mushy zone prior to the dominant effects of convection.

Perhaps the greatest contribution of the flight data will be imanticipated results

and deviations from the model predictions, revealing the significance of phenom

ena normally overlooked in one gravity, thus leading to both improved modeling

capabilities and a more fundamental understanding of the soUdification process as

it occms in the earth and orbiting laboratory.
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