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ABSTRACT OF THE THESIS

An Experimental Study of The Effects of Double - Diffusive Convection

Processes During The Solidification of Binary Alloys
by
Richard Burton
Florida International University, 1995
Miami, Florida

Professor M. A. Ebadian, Major Professor

Experiments were conducted to show the effects of thermal and geomemc boundary
conditions on the liquid pool of a binary alloy system which is undergoing phase change,
solidification. Transparent analogue solutions were selected for study and experimental
apparatus were designed and built. Thermal distribution and concentration data were
collected and analysed for the melt pool of various selected geometries and boundary
conditions of the systems under study. The data indicate-that characteristic flows develop
for both Hypereutectic and Hypoeutectic concentration levels and that the development of
macrosegregation and microsegregation defects in continuous casting materials can be

minimised by the adjustment of the process variables.
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CHAPTER 1 - INTRODUCTION
1.1 Background

During the casting of metal alloys, moiten metal is poured into a mold to solidify,
that is, undergo phase change from liquid to solid form by the extraction of heat energy
from the liquid alloy. The geometric shape of the mold becomes the constraining limit to
the final form of the solid. Deviations from that final shape can occur due to physical
phenomena related both to the properties of the materials involved and the dynamics of
the process. One significant source of defects in solid cast materials is the effect of
double-diffusive convection in the liquid pool within the mold cavity, prior to the
completion of solidification. In contrast to the solidification process ot a pure substance,
the solidification of a binary system can generate bath temperature and concentration
gradients in the liquid pool. The two buoyant forces. that are created by these gradients. can
interact either constructively or destructively in terms of the fluid flow and heat transfer
patterns in the liquid pool. Additionally, the phase change process of a muiti-component
system will take place across a range of temperatures, unlike single substar;ces which have
discrete solidification phase change temperatures. Because of the complicated geometry’s
of the interphase boundaries of these multi-component systems and the variational nature
of the relative solubility of the species in solid or liquid phases, the structural growth can be
characterized by a mixture of either dendritic or equaxed crystals. This interphase
boundary, in hypereutectic and hypoeutectic binary systems, is referred to as the mushy

zone. The interplay of the physical effects of the solidification processes, in this mushy



zone, and the disturbances caused by the convective flow field have significant effects upon
the morphology of the final structure of the solid product. The solidification of a binary
alloy system is governed by the natural convection processes that are a result of the species
and temperature gradients present in the liquid pool of the melt. Double-diffusive
convection or thermo-haline/ thermo-solutal convection creates a flow field in which the
concentration driven density gradients either augment or oppose the thermally driven
density gradients. Assuming laminar flow conditions, the underlying mathematical
description of these relationships and theoretical influence upon this research show that
there 1s a great deal of correspondence between the heat and mass transfer processes. The
heat transfer parameters controlling the development ot the thermal boundary layer,
Rayleigh number, Nusselt number and Prandt! number have direct analogues in the
concentration terms, Concentration Rayleigh number, Sherwood number and Schmidt
number. An additional term of importance is the Lewis number which is a ratio of thermal
diffusivity to species diffusivity. The buoyant forces that drive the flow field in double-
diffusive convection are caused by the changes in density that occur in the fluid by virtue of
the thermal and concentration gradients. Therefore;
Density — o T,C)

Assuming no reaction is occurring between the component species, the

concentration of a component species (i) is expressed as;

Ci=mi/\/

| 8]



since, density is a property of matter;
pi=m;/V
therefore the aggregate density is;
p=m;/V.
The principle of mass conservation within a control volume, or continuity of flow

through it, implies that for a constituent component (i);

op . ]— Kl

Axdy = p u Ay —l_ piul.—:-'t—(pl.ul.)z:x‘la\y + p v Ax
! 1 ox 11

ct

I ¢ ]
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where m  is the constituent | generation term, indicating that the constituent is
being produced or consumed within the control volume. This occurs due to chemical
reaction or in this case by the production of, or consumption of the species by the phase
change boundary. This is analogous to the heat generation term qm 1n the heat transter
expression of continuity. In a two component system, where j; is the diffusion flux vector
and D, = D,, = D = mass diffusivity, Fick’s law shows that;

Ji=-Dip Cy.

(93]



which allows the non-dimensional local Sherwood number to be generated as;

Sh:[acj x _ Jo x
7 ) ,_.9 Cw -Co Co - Co D
Sh = 033285c¢!/3 Re /2, sc 5
Sh = 05645c!/3 Re 1/2, sc¢ <1

This number corresponds to the Nusselt number for the heat transfer equivalent.
Since Nu = hx/k, if we use the term h,, ( mass transfer coefficient) then Sh = h_x/D. This
implies that a non dimensional ratio of thermal diffusivity to species diffusivity is
possible, the ratio is called the Lewis number, Le.
Le =a/D = Sc/Pr.

In the case of a vertical wall boundary laver momentum( in v) is described by;

= v 3 + (,ogc —p)g

Applying a Boussinesq type approximation;
(5 ) (5 ) |
‘ g p 1 g p
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The thermal expansion coetficient;

[
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has an analogous parameter, the concentration expansion coefficient;
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Therefore the boundary layer momentum equation is;

v Jv o"zv

uax+v§y=u — +g,6(T—Tw)+g,BC(C-COO)

g x

The flow field is coupled to the temperature and concentration fields by solving the

boundary layer concentration and energy equations.

c G C Dazc
U - vV =
J x g y J x 2
8T 5T PR
U — + v — = «
g X 174 O‘:‘Cz '

A concentration based Rayleigh number can be obtained by extension of the

thermal analogy to the mass transfer driven buoyancy;

¢ AT H 3
a v ) Thermal Rayleigh number.

Rapy =

g8c(Co - Cxn )y’
v D ,  Concentration local Rayleigh number.

Ram'y =

This analysis is further complicated by the changes in the wall geometry of the
sump as it undergoes solidification, the onset of turbulent flow and the effects of the
solidification face when hyper or hypoeutectic solutions are being solidified.
additionally, the mushy zone is, at its most simple level, considered a porous medium

which complicates many of the assumptions previously adopted. It can be seen that, with



the many variability’s involved in mathematically modeling these systems simplifications
and assumptions regarding the behavior of the actual flow field have to be made. Itis
imperative to test these assumptions and the consequent validity of the model by applying

a controlled set of boundary conditions to an experimental equivalent setup.



1.2 Applications

Phase change, solidification and melting, of both hypereutectic and hypoeutectic
binary mixtures is widely encountered in many engineering applications and geophysical
processes. For example, the growth of single crystals for the microelectronics industry,
weld pool activity in the fusion welding process, thermo-haline systems, such as solar
ponds, for energy storage. Additionally in the casting of metal and metai-ceramic alloys,
frequently termed M.M.C., (metal matrix composites). [n the solar pond, for example, the
stratification of a shallow pool of saline liquid is artificially maintained by the opposition of
the density driven flows that form due to temperature and salinity gradients. A stable
‘stagnation layer’ separates the shallow, mixed convection dominated, region at the surface
of the pool from a deeper, mixed convection zone at the bottom. The energy transport from
the bottom of the pool to the surtace layer is inhibited by this ‘stagnation layer’ which can
transfer energy only by conduction. However, significant volumes of heat energy are
radiated to the lower layer, during daylight, thereby increasing the enthalpy of the system.
The consequent ‘hot pool” of saline liquid can be utilized as a source of energy by the
application of enclosed, secondary circulation, heat transfer systems. [ Gebhart et al.,1988 ]

The production of binary alloys for aerostructural purposes are of great importance.
Aluminum with secondary alloying components or Nickel with secondary alloy
components, have significant applications in airframe and turbine engine component parts

manufacturing. For instance, directionally solidified single crystal castings are,



increasingly, being used for high operating temperature turbine blades. While ‘near net
shape’ casting techniques are important in the production of high temperature alloys of this
kind, due to the requirement that the end product be, as far as possible, free of defects, the
greatest volume of cast material is manufactured using the continuous casting process. In
this method, molten alloy is poured into a chilled mold cavity which has a ‘starter’ billet at
its base. As the solid crust forms at the mold wall, the starter billet is mechanically lowered
at a speed which corresponds to the continuous volumetric flow rate of molten material
being poured into the mold cavity. The resultant product is further cooled, on exiting the
base of the mold cavity, by direct impingement sprays of water. The hot, malleable billet is
then directed through rolls to the cutting station. Much of the driving justification and the
experimental equipment design definition is derived from interest in this continuous casting
process, as applied to binary systems. The physical form of the experimental test cavities,
rectangular, 16 degree and 4 degree V-shaped sumps, is a direct consequence of the known
form that the melt pool achieves during solidification. [t should be noted that the liquid
pool of the continuously cast product billet takes on an angle that is limited by these,
aforementioned, angles, this angle being a function of the adjustment of the process
variables. The process variables are, the physical properties of the alloy, the degree of
superheat, the descent speed of the billet and the cooling jet temperature. Data derived from
a full schedule of experimentation in this area may provide optimization information for this

type of casting technique.



1.3 Literature review

Mechanical engineering interest in the solidification phenomena of binary solutions
has been evident in the literature for about thirty years. Cole and Bolling (1965) presented a
study dealing with natural convection in the melt of alloys undergoing solidification. Later,
experimental data were collected by other metallurgists who used temperature data and
visual inspection techniques to derive information regarding compositional variations of
metallic solids. (Backerud and Chalmers, 1969; Streat and Weinberg, 1974) Their
conclusions showed that convection in the melt pool was significantly affecting the
segregation of species, species redistribution and dendritic growth rates.

Relevant work has been performed by geophysicist who have identified double-
diffusive mechanisms in magma chambers, oceanic environments etc.. This work supports
the hypothesis that natural convection in the melt has a significant effect upon the solid
structure that forms in a system under phase change. ( Mendenhall and Mason, 1923; Chen
etal.,1971; Chen, 1974) Further work by Turner with Huppert (1980) and with Chen
(1980) support the conclusion that, double-diffusive mechanisms cause layering of the melt
pool.

Many of the initial studies on double-diffusive convection were performed by
oceanographers, where the temperature and concentration gradients exist in a vertical
direction (Turner, 1979, Ostrach, 1983). Other studies have been conducted on

solidification systems where a horizontal temperature gradient is present to simulate the

10



casting process (Hu and El-Wakil, 1974, Benard et al., 1989, Kamotani et al., 1985, Lee et
al., 1988, Beckermann, 1987, Christenson and Incropera, 1989).

The use of the aqueous ammonium chloride mode! for binary solidification was
validated in experiments by Szekely and Jassal (1978). This study was an experimental
and analytical study which used a single set of boundary conditions. Only temperature and
velocity data were collected experimentally, the temperature data were taken art six points
and the velocity of the flow field was achieved using dye tracing techniques. Since no
solute distribution data were collected the results, a comparison of the early stages of
solidification, show no double-diffusive phenomena.

Due to the complexity of modeling double-diffusive convection during the
solidification process, theoretical study on this topic is still in the developing stage.
Therefore, experimental study is still the most powerful means to understand these basic
phenomena. The work of Beckermann and Viskanta (1988) extended the use of the
ammonium chloride model by the development of sampling techniques. Concentration
measurements were facilitated by the use of hypodermic syringes tor the e.-xtraction of fluid
samples. The concentration is derived by correlation to the refractive index of the sample.
With a more extensive, more densely distributed, temperature grid these experiments gave
information regarding the double-diffusive effects encountered. Visualization techniques in

these experiments employed standard shadow graph apparatus.

11



Later experimentation ( Christenson and Incropera, 1989) extended the use of the
simulation using ammonium chloride solutions with a more extensive set of boundary
conditions and slight refinements to the data collection procedures of the previous work.
Further refinements of the experimental techniques and closer scrutiny of the effects of
geometric parameters were studied in papers by Burton, Ebadian et. al. ( 1993,1994,1995).
An extensive survey of the associated literature, mostly numerical studies, indicates
that double diffusive flow and heat transfer in a cavity are very sensitive to changes in the
boundary conditions, including changes of geometry and cooling conditions at the exterior
boundary, i.e. adiabatic, constant temperature or constant flux, and to the time derivatives of
these changes. Incropera’s work (1989) with Christenson and Bennon, shows extensive
development of the numerical model for the solidification of binarv systems. Although the
cavity size was fairly small an experimental to numerical model comparison was achieved
by this publication. Solidification fits, most closely, the general behavior model of a moving
boundary problem, its solid/liquid interface being a time dependent geometric
characteristic. The nature of this temperospatial problem is well documented in works
involving heat conduction with phase change. In a publishe'd study of globulitic
solidification in a binary alloy system ( Beckermann,1993), a numerical mode! was
developed. This model included techniques to mode!l micronucleation, species diffusion (in
solid and liquid phases) and accounted for the movement of the interfaée boundary.
Variation in undercooling, cooling rate, thermophysical properties, spatial and impingement

parameters were studied for an Al-Cu alloy. Numerical studies have been conducted using



a continuum mode! for energy, species and momentum transfer in binary alloy
solidiﬁcatiAon, (Incropera et al, 1992) which looked at the effects of recalescence and solid
transport in the meit. Applications of knowledge of double-diffusive flows are seen in the
numerical simulation of the effects of magnetic damping of these flows, ( Prescott et al,
1992).

Multicomponent systems undergoing phase change are, however, of a higher order
of complexity. The development of species segregation mechanisms at the liquid/solid
interface and the treatment of the complications due to heat and mass transfer over a range
of solidification temperatures lend themselves to a variety of numerical solution techniques.
Patankar’s (1980), SIMPLE algorithm has been successfuily emploved to model the
turbulent mixed convection of steel and the related heat transter mechanisms, (Khodadadi et
al.1992).

More recent studies have described models of the phase change behavior of systems
in which double diffusive convection phenomena are incorporated but experimental
validation of these models has been sparse,( McNuity et al. 1994; [ncropera and Krane,
1994). Dual scale segregation,(Sundarraj and Voller,1994), muitiscale segregation,
(Beckermann and Wang,1994) have been applied to binary and multicomponent system
models. Additionally, recent works on transport phenomena in solidification have focused
on the mechanisms in the mushy zone and have looked at techniques to describe the
remelting and solidification characteristics of this region in terms of stereological modeling

techniques, ( Marsh and Banerjee, 1994).



1.4 Objective

The main purpose of this investigation is to experimentally study the effects of
boundary conditions, both geometric and thermal, on the double diffusive flow inside the
liquid pool, with a view to quantifying the net effects on the flow field. These data and
conclusions will be presented with the goal of developing research paths for an ongoing
investigation into methods of defect control in continuous casting processes for binary
alloys in industrial applications.

Previous researchers have indicated that the major causes of structural defects and
inhomogeneity, macrosegregation and microsegregation, during solidification can be
attributed to irregularities in the convection flow pattern in the melt pool and at the mushy
zone (Flemings, 1974, and Fisher, 1981). Therefore, knowledge of the transport
phenomena of thermally and solutally driven convection in a cavity is essential for
maintaining satisfactory control over the solidification process. Since, almost all.
commercial castings are allovs of two or more component chemical species, the mechanical
properties of the finished product are directly related to the homogeneous c.iistribution of the
constituent species or conversely, the degree of inhomogeneity that is present in that
distribution.

This experimental program consisted of three discrete phases. The first involved
the use of a 16° V-shaped sump, in which a phase change was induced upon the
contained working fluid. For these experiments, an aqueous solution of ammonium

chloride was employed. The tests were run for 5 %, 15 % , hypoeutectic concentration



regions, eutectic concentration and for 25% hypereutectic concentration solutions. Note,

throughout this document all concentration references are weight percent values. This

phase of experimentation characterizes the flow field as established in the V-shaped

sump.
1 /
Concentration | o, / /e | K/ ks D Br Be ) Ah
NH,C! ; .
(kg/m”) (IrkgK (W /mK) (m*/s) (1/K) (kg / ms) J/kg)
10 % 1046.0/ 3390/ 0468/ 1 075x10° | 2.086x10 " 0.236 13x10° 3334% 100
918.0 219
50 % 1077.7/ 3249/ 0.468 / 1.8 % 10 5832 x 107 0.237 1.3x107 3.138x 107
1102.0 0.393

The second phase employed a rectangular sump, using ammonium chloride

aqueous solutions. Experiments were run to establish the flow field characteristics in

Physical properties of NH,Cl.

Table 1

eutectic, 19.7 %, hypoeutectic, 5 % and hypereutectic, 25 % liquid meit pools.

The final phase, used either a 4°, 16 V-shaped or a rectangular sump. The

rectangular sump was alternately operated with and without bottom cooling. The purpose

of this phase of the experimentation being to establish the effects on the flow fields of

differing thermal and geometric boundary conditions.




For the first phase of experimentation the following boundary and initial conditions were

used;

Run No. Concentration % wt. T (C%) T{(C%
1 5 -10 10
2 5 -10 5
3 5 -10 0
4 5 -20 10
5 5 -20 S
6 5 -20 0
7 5 =25 10
8 5 -25 5
9 5 -25 0
10 135 -20 10
11 15 -20 5
12 15 -20 0
13 15 -25 10
14 15 -25 S
15 15 -25 0
16 19.7 -20 0
17 19.7 -20 -5
18 19.7 -20 -10
19 25 0 20
20 25 0 15
21 25 -10 25
22 25 -10 15
23 25 -20 25
24 25 -20 15

Boundary and initial conditions, Phase 1.

Table 2

16



In the absence of significant differentiating behaviors for the other cases, later
experiments included the following boundary and initial conditions;

Run No. Concentration % wt. T,(C®) T{(C%
1 19.7 5 -20

2 5 5 -20

3 15 5 -20

4 25 25 -20

5 25 25 -10

6 25 25 -30

7 25 15 -20

Boundary and Initial conditions, other Phases

Table 3

Specifically then, these experiments have four objectives;

1. To establish the characteristic heat transfer mechanisms, tlow fields and effects of
double diffusive convection on the product of solidification in a V-shaped sump.

2. To establish the characteristic heat transfer mechanisms, flow fields and effects of
double diffusive convection on the product of solidification in a rectangular sump.

3. To establish the effects of bottom cooling on the flow field, heat transfer
mechanism in a rectangular sump.

4. To establish the effect of the V angle on the flow field and heat transfer

mechanism in a V-shaped sump.



CHAPTER 2 - EXPERIMENTAL TEST EQUIPMENT

2.1 - Test sumps

For the purposes of this experimental investigation, three test sumps were
constructed. The bulk of material manufactured using the continuous casting method of
production is of rectangular cross section. A sump, using that geometry, was utilized
with the capability provided to enable the alteration of the sump to achieve differing wail
thermal boundary conditions. This was achieved by, interchanging the base of the sump
between a cooled copper base and an uncooled acrylic base. Additionally, two sumps
were designed and built with V-shaped cross sections, in angles of 4 degrees and 16
degrees in order to simulate the melt pool residual angle as empirically established from
previous observations, of the continuous casting process.
a. 16 degree sump

The preliminary design for this sump called for a thin walled copper containment
that rejected heat by means of the expansion and consequent phase change of
chloroflourocarbon ( cfc - R12). In view of the environmental and practical difficulties of
this mechanism, a more conventional secondary coolant, cold wall, structure was
employed. Cooling walls were manufactured from a monolithic plate of aluminum alloy,
6065-T6, by machining on a Bridgeport vertical milling machine. Aluminum was

selected as an alternative to thin walled copper since it provided resistance to the



corrosive effects of Ammonium Chioride and still retained an acceptably large
coefficient of thermal conductivity.

The outer walls were machined with secondary fluid cooling galleries and were
sealed with a cover plate of aluminum. Each wall was independently manufactured with
a base angle of 8° to obtain an assembled enclosure angle of 16° and were attached at the
base with 9 x M10 stainless steel bolts, fig.[2.1]

The front and rear of the cavity were closed out by two panels of optical quality
acrylic sheet and the top of the unit was fabricated from the same acrylic material.
Provision was made to evacuate the front and rear cavities and gauges and valves were
installed to isolate and record the internal cavity depression. Similar provision was made

to the top plate to allow preprocessing of the experimental fluid.

b. 4 degree sump

As seen in figure[2.2] a more self contained apparatus was developed for
the 4° sump. In this unit, coolant channels were machined into a 2 cm plate of C-110
copper plate, an outer wall of 1.5 cm acrylic sheet was fabricated for each wall and the
wall units were attached at the base with 6 x M10 stainless steel bolts. Again, the total
angle was achieved by machining each wall with a half angle cut at the base. The
connected plates were mounted in an acrylic support structure which incorporated the

vacuum cavity end plates. The end plate cavities were constructed so that they could be
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partially filled with an anhydrous desiccating compound to prevent condensation build up
during cooling, to aid in visualization.

c. Rectangular sump

The rectangular sump was fabricated in a similar manner to the 4° sump. Two
walls, with serpentine galleries were machined from C110 copper plate, the outer panels
for these were also machined from C110 copper.

Two bases were fabricated, one from 1.5 cm acrylic sheet and the other from
C110 copper plate. Cooling channels were configured in the copper base and by
interchanging these base plates two different bottom boundary conditions could be
achieved. Either, constant temperature, using the cooled copper base or adiabatic by
using the acrylic base. figure{2.3]. End plates, made from acrylic, were manufactured ,
incorporating access for microsyringe inserts to facilitate fluid sampling.

[t should be noted that the thin wall structure and small difference in thermal
resistance between the copper and aluminum materials, along with the high heat flow rate
achieved by the cooling units virtually negates any differences in the experiments due to
this material change
2.2 - Instrumentation and Measurement

a. 16 degree sump

The equipment supplied and utilized for data collection for the 16° sump
consisted of a locally fabricated polycarbonate support frame (.25 cm thick ) with 17 °E’

type thermocouples embedded at locations as specified in figure [2.4] and Table [1]. The
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thermocouple density was later increased to 40 type ‘E’ thermocouples as seen in
figure[2.5]. These thermocouples were connected to a Hewlett Packard 3852a data
acquisition unit, controlled by a model 40826 personal computer utilizing a locally
written HP Basic data collection program to store the temperature profile data. The frame
was physically located at approximately the mid plane of the sump to ensure minimal
environmental end etfects.

Provision was made in the top cover to allow the insertion of long microsyringe
needles to effect the physical sampling of the fluid in the sump at discrete intervals during
the experiments. Since these microsyringes only withdrew approximately .3 - 1.0 ml of
fluid the volume of the removed fluid made no significant change to the originating
volume of the test fluid. A support frame was used 10 maintain fixed geometric
positioning of the syringes. The fluid samples from different levels in the sump, along
the centerline and cross plane to the centerline, were then read in an Abbe refractometer
to determine their respective refractive indices. The refractive index of each sample was
cross referenced to a locally prepared, refractive index to concentration, correlation,
thereby determining the concentration distribution data for the sump.

Videographic recording of the experiment was obtained using a Panasonic model
KR 412 CCD camera with specialized lenses and a Sony SVO 160 video recorder. Dye
tracing and particle tracing techniques were utilized to qualitatively evaluate the flow
patterns seen in the sump. Visual data were captured, as still images, by using Data

Translation proprietary hardware and software loaded on a Gateway 2000 40486 personal
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computer with video feed from the Videographic data recorder. Additional images were
recorded using still photography using a Canon T80 still camera with laser light sheet

illumination.

b. 4 degree sump

The 4° sump instrumentation consisted of a modified version of that
provided for the 16° sump.

A customized thermocouple grid was manufactured to allow a greater density of
temperature data, utilizing 30 type "E’ thermocouples, figure [2.6]. Additional
thermocouples were placed for recording the wall temperatures to monitor the boundary
accurately. The Hewlett Packard data acquisition system was utilized for temperature
data collection. Concentration data were collected, by sampling, through ports machined
into the end frame of the sump, microsyringe samples were collected and submitted to the
refractive index- concentration correlation procedure previously described. Video
recording was performed as in the prior example with still image capture using the Data
Translation program.
¢. Rectangular sump

The instrumentation of the rectangular sump employed a thermocouple rake using
40 type ‘E’ thermocouples regularly distributed over a polycarbonate grid, figure {2.7].

Five thermocouples were embedded in each of the walls and, in the case of the C110
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copper base, in the bottom of the lower panel. These were again attached to the Hewlett
Packard data acquisition unit to monitor the boundary temperature. End frame access

was employed to allow microsyringe sampling and the same Videographic recording of

optical data was utilized.

2.3 - Phase change analogue system selection

a. Ammonium chloride, NH,Cl.nH,O

For the vast majority of experiments in this serles the phase change analogue,
model, was an aqueous solution of ammonium chloride. Ammonium chloride is an acidic
salt produced as a line component from the Solvay process. Commonly referred to as sal
ammoniac, it is also a naturally occurring sublimation product of volcanic action. The
eutectic concentration for aqueous ammonium chloride is 19.7 weight percent and the
eutectic temperature is -13.4 °C. When passing into solution ammonium chloride is
mildly endothermic liberating 3.82 kg.cal/g.mole. Since it is an acid salt, with corrosive
effects similar to dilute hydrochloric acid, materials selection for the fabrication of the
sumps was driven by this consideration. The corrosive effects are complicated by the
ammonium ion which can form chemical complexes with both nickel and, importantly for
our application, copper cations when in oxidizing conditions.

With regard to materials selection criteria, both aluminum and copper are

susceptible to corrosive action when in cortact with ammonium chloride solutions. For

aluminum, pitting can be observed in solutions of less than 1%, albeit mildly at ambient



temperatures, with greater activity levels when exposed to hotter and more concentrated
solutions. Copper is subject to the production of chromophoric products and to stress
corrosion cracking by free ammonia, the rates of production of the chromophores being a
function of both solution concentration and temperature. These effects are thus reduced
in the low temperature range of operation for these experiments.

The principal advantages of ammonium chloride solutions are that they are
transparent and that they have phase equilibrium behaviors that are similar to binary
metal alloys. Transparency of the analogue system is important for flow visualization and
observation of the solidification behavior, additionally the temperature and concentration
variation of the refractive index of the liquid is utilized for the monitoring of the
concentration distribution in the experimental sump.

b. Sodium carbonate, Na,C0O;.0H,0

Apart from some mild irritant effects to the skin and eyes, sodium carbonate is a
moderately benign chemical compound. With regard to the phase equilibrium behavior of
this aqueous system, it has a slightly non-linear liquidus distribution, linearized for
analytical purposes in this study, with a eutectic concentration of 5.9 weight percent and
a eutectic temperature of - 2.1 °C. The only significant oxidation hazard from sodium
carbonate is in the presence of extremely hot aluminum, where explosive activity can be
expected, so for our purposes 1ts relatively neutral corrosive nature was advantageous.
However, it is only partially transparent in the range of temperatures around the eutectic

temperature, so it is therefore, not as reliable an indicator for concentration-refractive
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index correlation purposes in determining the concentration distribution by sampling. In
moving into solution sodium carbonate is exothermic producing, 5.37 kg.cal/g.mole.

Figures [2.8,2.9,2.10 ] show a comparison of the phase change equilibrium
charts of aqueous ammonium chloride systems , aqueous sodium carbonate systems and
that of a binary metallic alloy. It can be seen that the similarities, between the aqueous
systems emploved and that of the metallic system are evidenced by the nature of the
liquidus and solidus geometry’s with the existence of the characteristic eutectic point. It
should be noted, however, that significant differences between these systems and metallic
systems exist in terms of their Prandtl number behaviors. That is, the ratio of the

kinematic viscosity to thermal diffusivity, for the respective systems, differ greatly.

2.4 Cooling system

The system employed for cooling the sumps was common to all three
experimental setups. Refrigerated cooling equipment was provided for the secondary
coolant circuits, this consisted of two Cole Parmer , model 12102-10, Pélystat baths each
with 750 watts cooling capacity at -20°C and one Fisher scientific refrigerated bath with
450 watts cooling capacity. The smaller capacity unit was connected to the plumbing
circuit so that it regulated both walls simultaneously to obtain the prerequisite starting
temperature for the experiment. The larger capacity units were connected so that when
their reservoir fluid had attained the required boundary condition temperature they could

be valved to regulate each wall temperature independently, figure [2.4]
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Two inch thick Styrofoam was fitted to provide an insulated containment for the
sumps while in operation. thereby minimizing environmental effects upon the

experiment.

2.5 Test Procedures

The experimental test procedures for the operaﬁon of each of the test sumps was
essentially similar. The preliminary setup of the sump consisted of, filling the sump with
the analogue fluid and applying vacuum to the front and back cavities and to the air space
above the fluid. In order to achieve degassing prior to filling, the analogue fluid was
maintained at a temperature close to boiling for a few minutes and then cooled. The test
sump was now activated by connecting, through a valving mechanism, the single preheat
thermal bath which pumped a water/glycol mixture through both walls, in the cooling
passages. The temperature of the walls and the bath as a whole was monitored to arttain
the experimental preheat required for an individual experiment. When the entire system
had attained the preheat temperature, the two chiller baths were activated by valving to
feed each wall independently, this valving disconnected the preheat bath from the circuit
and this unit was shut down. Constant monitoring was now maintained to acquire a given
wall temperature for the experiment using the Hewlett Packard data acquisition system.
Temperature monitoring was maintained throughout the duration of each experiment and
these data written to a data file. The sampling rate for temperature data was highest at the
origination of the test, usually every 60 seconds for the first hour and then every 5

minutes thereafter. Concentration data were collected on a 5 minute sampling basis for
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the first hour and subsequently every 15 minutes, typically. Visualization, using the
video equipment was constantly acquired and still imagery was acquired at discrete
intervals.

The experiment was run until the entire analogue sample had achieved phase
change and then the experimental equipment was shut down and cleaned in preparation
for future experiments.

Experimental uncertainties occur in the collection of the temperature data and the
concentration data. The thermometry calibration of the Hewlett Packard instrumentation
achieves a claimed value of 0.05°C. Since, there is a small difference in location of the
thermocouple plane and the plane from which concentration samples were taken, these
differences have been calculated to cause an potential error of 0.13°C. The cumulative
uncertainty for the thermal data is on the order of 0.2°C.

The uncertainties occurring in the measurement of the concentrations in these
sumps come from several sources. The positioning of the microsyringe for the sample
extraction, the accuracy of the refractometer used for the measurement of the sample’s
refractive index and the accuracy of the correlation used to determine the concentration
from the optical data. The combined effect of the last two conditions has been calculated
to be within 0.2 weight percent. Since, great care was taken in fabrication of the
microsyringe ports and the microsyringe shaft is a relatively rigid structure, the positional

error is neglected.
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With regard to the flow field patterns and the data regarding the volumetric
growth rates of the solid / mushy interface no evaluation can be presented for the
experimental uncertainty. These data are reported in the body of the work as qualitative
information. It is important to note that, due to the highly repeatable nature of the
reported events and the frequent and careful observation of the experiments performed,
reliability of these data is considered to be high. Therefore, the photographic and
graphic representations included in this manuscript are highly demonstrative of the

typical events in the solidification phase change activity of these experiments.



CHAPTER 3 - EXPERIMENTAL RESULTS AND DISCUSSION

3.1 16° V-Shaped sump experimentation

The simplest case of solidification of a binary mixture is the case of eutectic composition.
In eutectic composition, the solution exhibits the phase change behavior of a pure
substance, and the convective flow is driven solely by the thermal buovancy force. Figure
[3.1] shows the history of the solid/liquid interfaces in a eutectic concentration solution with
initial preheat temperature of 5 °C and a cooling wall temperature of - 20 °C, in
diagrammatic form. Thirty minutes after the start of the experiment, Fig. [3.1a] shows that
the solid interface developed on the side walls in heterogeneous nucleation. The
solid/liquid interfaces appeared verv smooth and were distributed evenly across both
surfaces. Since the solution temperature in the center of the test chamber was higher than
that near the interface, a thermally driven natural convection was generated. The fluid near
the cooling interface flowed downward and then rose in the center region to form two, half
domain oriented, recirculation loops. As time elapsed, the volume of the solidified region
increased, but the liquid region always remained in a V-shape, conforming to the wall
geometry, as seen in Figs. [3.1b] through [3.1f]

For a solution with a hypoeutectic composition, the solute will be ejected during the
solidification process and the two-phase interface is characterized as the mushy zone. Asa

result, there exists a high concentration region in and near the interdendritic zone. Since the
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Figure [ 3.1 ] Interface growth, 19.7% Concentration.
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solute is denser than the solution, a downward flow is generated along the interface by the
solute driven natural convection, which acts in the same direction as that of the thermal
current. Figures [3.2] and [3.3] show the variation of the temperature contours during the
solidification process in a hypoeutectic composition solution (Test Run 2). In this test, a
5% Na,CO5.nH,0 composition solution was used with an initial temperature of To=5°C
and a cooling temperature of Tc = - 10°C, respectively. Figure [3.3] shows the temperature
variation of thermocouples #8, #9 and #10. These three thermocouples are located about
6.8 cm below the surface of the solution, where thermocouple #8 is 2 mm away from the
sidewall and thermocouple # 10 is at the sump centerline position. This figure indicates that
the temperatures at the locations of thermocouples #9 and #10 were fairly close to each
other and that that of # 8 was always far below the temperature of the other two. It is also
interesting to note that instead of continuously decreasing in temperature like locations #9
and #10, the reading of thermocouple #8 displayed a sudden increase in the early stages. In
the first 20 minutes, the solution temperature near the side walls ( thermocouple #8)

steadily dropped to -3.6°C, which is lower than the freezing temperature for this
concentration. This overcooling endured a few minutes until the first dendrites appeared.
Visual observation indicated that the dendritic region spread verv quickly to cover the entire
side wall surfaces in less than one minute, while at the same time, the thermocouple reading
of #8 jumped to -2.8°C. Figure[3.4] shows the temperature variation along the centerline
of the test chamber. The vertical locations of thermocouples, #1, #3, #6, #10, and #15 are

22.5cm, 17.4 cm, 11.3 cm, 6.8 cm, and 1.7 cm from the bottom, respectively. This figure
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indicates that temperatures in all five locations steadily dropped as time elapsed . The
temperature in the upper region of the sump was always greater than that at the lower
region.

Figure [3.5] shows the movement of the solid-liquid interface fronts. At t=30 min. Fig.
[3.5a], visual observation indicated that the solidified region was composed of mainly long ,
coarse dendritic structures. As time elapsed, the dendrites became shorter and finer, the
solid region appeared as seen in Fig. [5.5b]. Since the solute-rich fluid continuously flowed
down along the interface region, the concentration in the bottom region of the test chamber
steadily increased, which delayed the solidification process in this region, due to some
localized remelting. Figures [3.5¢] and [3.3d ] show that the interface fronts moved close to
each other, and left a long narrow gap between them. Figure [3.6] shows how the
concentration changed with time in this case. The probes, C and F, were located 8.9cm
below the solution surface, on the centerline of the sump. The figure indicates that the
concentration in the liquid pool increased as time elapsed, 1.e. after 90 minutes, the

concentration at point C had reached almost 10 %.
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Figure [ 3.5] Interface growth, 5% Concentration.
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Figure [3.7] shows solidification in a hypoeutectic composition , in this case 15%, the
initial temperature was 5 °C, while the cooling temperature was - 15 °C. The dendrites
appeared 15 minutes after the test was initiated. Columnar dendrites occurred on the walls
of the top half of the chamber. Some of the loose columnar dendrites were released from
the wall and convected into the liquid pool while equiaxed dendrites, apparently
homogeneousty nucleated, descended to pack into a loose accretion at the bottom apex,
forming a mushy zone. Figure [3.7a] illustrates the interfaces of the liquid/mushy/solid
front at t =30 min. It can be seen that a very thin solid built up along the wall, with a thick
layer of mushy material between the solid and the solution. Both the mushy and solid
regions increased in volume subsequently, as seen in Fig.[3.3] (t = 60 min.). After one
hour, the interface between the mushy zone and the solution changed slowly, unlike the
solid region's rapid increase in volume (Figs. [3.7¢] and [3.7d]). Att =3 hours, the mushy
zone near the bottom apex became solid and at t=4.5 hours, the mushy zone had almost
disappeared. Figure{3.8] indicates that the concentration at points C and F continuously
increased until reaching eutectic concentration, at around t = 3 hours, then >remained
constant, which explains why the mushy zone disappeared later on. Figure [3.9a] shows the
temperature history for thermocouples #8, #9, and #10. This figure indicates that the
horizontal temperature distribution in this situation was much more uniform than was the
case for the 5% composition Fig. [3.2]. Also, no overcooling phenoména were observed in

this case. Figure [3.9b] shows the vertical temperature distributions along the centerline, it
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also indicates that the temperature at this upper point was always higher than that at the
lower point, which is consistent with the result for the case of the 3% composition.

In contrast to the hypoeutectic composition, the ejection of water-rich interdendritic fluid
will induce an upward flow in the hypereutectic composition solution, which is opposite to
the thermally driven flow. Therefore, totally different solidification behavior can be
expected in these two cases. Figure [3.10] shows how the interface front moved with time
in a hypoeutectic component solution, where the initial concentration is 25%, T;= 15°C, and
T.=-20°C. Visual observation indicated that a few minutes after starting the test, equiaxed
dendrites appeared at the bottom apex first, and then in the entire domain. Many tiny solid
particles grew and coalesced as they descended. After about another five minutes, the
dendrites settled down to form a mushy zone at the bottom, as seen in Fig. [3.10a.] The
mushy zone increased slowly in volume after this, and the solid zone grew beneath the
mushy zone, as seen in Figs. [3.10b] through {3.10d]. Att=1 hour, a narrow solid zone
could be seen at the top of the sump. The solid zone appeared to increase at the top of the
sump at t = 2 hours, the surface morphology of the solid zone was aimost smooth. The
solid region continued to grow while the loose mushy zone was reduced in volume. The
interface of the solution and the solid at the top of the sump remained smooth. Figure
[3.11] shows that the concentration at points, C and F, reached a eutectic value after around
two hours and remained that way for the period of experimentation. The results of the
horizontal temperature measurements are presented in Fig.[3.12] . This figure indicates that

the temperature near the wall at thermocouple #8 was 5- 8 degrees lower than that at the
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thermocouples closer to the centerline (#9 and #10) in the first two hours. Typically, 5°C
for t =20 min to t = 60 min and then approximately 2°C difference for the remainder of the
experiment. However, the temperature difference between thermocouples #9 and #10 was
very minor,approximately 1 degree C throughout. It is interesting to see the difference
between Fig.[3.12] and Fig. [3.2], or Fig. [3.9]. Figure [3.13] shows the temperature
distribution along the vertical direction. Like that in Fig. [3.12], the temperature fluctuated
with time before the solution near this point solidified. It can be seen that the temperature
in thermocouple #10 was higher than that in thermocouple #15, between 10 minutes to 120
minutes. That is, the temperature near the top free surface was lower than that in the liquid
center. This temperature distribution retlects the effect of the solute-driven flow. As the
water-rich tluid was ejected from the dendritic interface, it flowed upward along the
interface and then recirculated through the top free surface region. It is interesting to
compare the temperature change behaviors of Figs. [3.12] and [5.13] and that of Figs. [3.2],
[3.3], [5.9], and [3.10]. In Figs. [3.12] and {3.13], the temperatures at all points fell below
5°C in the first few minutes. The equilibrium phase diagram for NHL‘CI-H;O Fig.[2.8]
indicates that this temperature was below the phase change temperature in the 25%
concentration solution, which is why the equiaxed dendrites appeared in the entire solution.
In the 5% #nd 15% mitial concentration solutions, a considerable temperature difference
existed, which is why the solidification mainly occurred on the side walls with the
consequence that dendritic structures formed.

3.2 Rectangular sump experimentation
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The resuits of three test runs were selected to be presented in this paper. Table 2
provides the information regarding the initial temperature of the solution , the initial
concentration, C,, and the cooling temperature (wall temperature) in each test run. Test
Run [ represents the case of the eutectic solidification process. Test Run II indicates the
case of hypoeutectic solidification, while Test Run III is hypereutectic solidification.
Christenson and Incropera (1989) reported their test data on solidification in a rectangular
cavity with one cold and insulated wall. The geometry of their test chamber was 144 mm
height, 36 mm wide, and 200 mm deep, which is more similar to the half-domain of our
test chamber (our test chamber is 190 mm x 60 mm x 160 mm). Therefore, their results

should be a good comparison for this study since the volumes under study are similar.

Test Run Co T, T,
(%) O <)
I 19.7 5 20 |
I 5.0 5 0|
i 25% 15 20 |

Summary of experimental conditions.

Table 4

a. Eutectic Solidification (Test Run I)

Figure [3.14] indicates the test data for the temperature distributions inside the test

chamber during eutectic solidification. The locations of each thermocouple can be seen
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in Fig. [2.7]. Figure [3.14a] shows the temperature change with time at vy = 13.25 cm.
Three thermocouples were located about 13.25 cm above the bottom of the test chamber.
Thermocouple #31 was 0.6 cm away from the sidewall, and thermocouple #33 was in the
center of chamber. It can be seen that during the first 30 minutes, these three
thermocouples had almost identical readings until they reached the eutectic phase change
temperature, -15.4°C. The temperature of thermocouple #31 began to drop gradually be-
cause it had been surrounded by the solidified region. The further temperature decrease
of thermocouple #31 was governed by thermal conduction inside the solid. In the liquid
pool, thermocouples #32 and #33, show a very uniform temperature horizontally. Figure
[53.14b] shows the horizontal temperature history at the y = 4.85 cm level. Very similar to
that in Fig. [5.14a], the temperature was very uniform horizontally in the liquid pool.
Figure [3.14c] shows the temperature history in the vertical centerline of the test
chamber. During the first 30 minutes, a considerable temperature difference existed
along the vertical direction. However, since the temperature was higher at the top and
lower in the bottom, the liquid was thermally stable. After thirty minutes, all readings
reached the same value; that is, the temperature in the entire domain of the liquid pool

was equal to the eutectic temperature.

Figure [3.15] shows the history of the solid/liquid interface associated with Test
Run I. A half-hour after starting the test, the solid/liquid interface appeared on the
sidewalls, Fig. [3.15a]. The solid/liquid interface looked very smooth and had the same

thickness along both surfaces. Due to the uniform temperature in the liquid pool, thermal



b) 60 min.

d) 180 min.

Figure [ 3.15 ] Evolution of the Interface Front- 19.7% Solution.
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convective heat transfer vanished, which caused the solid/liquid interface to grow parallel
to the horizontal direction, Figs.[3.15b] through [3.15d]. A clearer view,
diagrammatically represented, of the evolution of the solid front is presented in

Fig.[3.15¢].
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b. Hypoeutectic Solidification (Test Run IT)

For a solution with a hypoeutectic composition, the solute will be ejected during
the solidification process and the two-phase interface is characterized as a mushy zone.
As a result, there exists a high concentration region in and near the interdendritic zone.
Since the solute is denser than the solution, a downward flow may be generated along the
interface by the solute-driven natural convection. Figure [3.16] shows the temperature
distribution in a 3% NH,C1-H,O composition solution. Figure [3.16a] indicates the
measured results at the y = 13.25 cm level. This figure reveals that during the first 10
minutes, all three thermocouples had the same readings. Then the readings on
thermocouples #32 and #33 got closer to each other, while that of #31 always remained
far below that of the other two thermocouples, which indicated the downward solute-rich
flow in this region. Figures [3.16b] and [3.16c] show the horizontal temperature distribu-
tions in another two levels, y = 9.05 cm and y = 4.85 cm. Unlike that in Fig. [3.16a],
these two figures indicate that even at the beginning of the test, a temperature difference
existed between the thermocouples near the cooling walls and the thermocouples in the
center region. As time elapsed, the temperatures in all thermocouples in these three cross
sections continued to decrease. It is interesting to note that instead of continuously
reducing the temperature in thermocouple locations #12 and #13 in Fig. [3.16¢], the

reading of thermocouple #11 displayed a sudden increase in the early stage. After five

minutes, the solution temperature near the sidewalls (thermocouple #11) steadily dropped
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to around -3°C, which is lower than the phase change temperature for this concentration.
However, no dendrites formed at this stage. This overcooling endured for a few minutes
until the first dendrite appeared. Visual observation indicated that the dendritic region
spread very fast to cover the entire sidewall surfaces in less than one minute. At the same
time, the thermocouple reading of #11 jumped to about 2°C, which corresponds to the
phase change temperature at this concentration. Figure [3.16d] illustrates the temperature
history along the vertical centerline of the test chamber. The temperatures at all seven
levels dropped very rapidly in the first 10 minutes; then the rate of temperature reduction
slowed down, but the vertical temperature gradient increased. Overall, the temperature
was lower at the bottom and was higher at the top, which is unfavorable to natural

thermal convection along the centerline.

Figure [3.17] shows the solute concentration history along the vertical center line.
The locations of the four probe tips were 2 cm, 6 cm, 9 cm, and 11 cm above the bottom
of the test chamber. Initially, the concentrations in all four locations were equal to 3%.
The concentrations continuously increased with time due to ejection of the solute during
the solidification process, since the concentration was higher at the bottom and lower near

the top, which is also unfavorable for solute driven natural convection.

Figure [3.18] illustrates the evolution of the mushy zone and the solid region in
the 5% initial concentration solution. At t=15 min. Fig. [3.18a], observation indicated
that the solidified region was composed of mainly long and coarse dendrites. As time

elapsed, the dendrites became shorter and finer, and the solid region appeared, Figs.
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f) C‘liristens;nv and
Incropera (1989).

¢) Evolution of solid front

Figure [ 3.18 ] Evolution of the Interface Front- 5% Solution.
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[3.18b] and [3.18c] beneath the dendritic region. Since the solute-rich fluid continuously
flowed down along the interface region, the solidification in the region near the bottom
was retarded.  Figure [3.18d Jshows that the interface fronts moved closer to each other
near the top and left a large gap at the bottom. Figure [3.18e]shows the evolution of the
solid region during the test process. This figure shows a different solidification behavior
with the test conducted by Christenson and Incropera (1989) for the rectangular cavity
with one cold wall and one insulated wall (C,=10%)), Fig. [3.18f]. This difference in the
observed behavior may be attributable to the fact that while these experiments were full
geometric domain( two cold walls), those performed by Christenson and Incropera were

half domain ( one cold wall, one insulated wall).
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¢. Hypereutectic Solidification (Test Run III)

In contrast to the hypoeutectic composition, the ejection of water-rich interdendritic fluid
will induce an upward flow in the hypereutectic composition solution. Figure [3.19]
illustrates the concentration change with time in the five probes located at 2 cm, 6 cm, 9
cm, 11 ¢cm, and 13 cm above the bottom. Concentrations in these five positions
continuously diminished. The concentration near the top of the chamber diminished
much faster than at the locations near the bottom, and the concentration gradient along
the centerline continuously increased. In 50 minutes, the concentration difference
between the top and the bottom reached 53%. After that, the concentration gradient along
the center decreased. and eventually the concentrations in all positions reached a eutectic

value.

Figure [3.20] illustrates the evolution of the mushy zone and the solid front with a 25%
initial concentration solution. Observation indicated that a few minutes after starting the
test, dendrites appeared on the cooling walls. At the same time, many equiaxed dendrites
appeared in the liquid pool. These tiny solid particles grew and coalesced as they
descended. After about 10 minutes, the dendrites covered all the cooling walls and the
bottom plate, as seen in Fig.[3.20a]. The mushy zone increased slowly after that, and the
solid zone grew under the mushy zone, as seen in Fig. [3.20b], t=30 minutes. In this
figure, the bright region indicates the mushy zone, where the dark region under the mushy

zone indicates the solid ice. At t=120 minutes, the solid and the mushy zone grew mainly

75



_\!n_\’_
sl / -
55 e ¢ /
VN \
— = O W o B
noonoonoon _.____ 1
> >= D> > D> I
' f | |
r__ « b _ B
C -
\\“ R
\.\“
\,\ |
RERIA S I -
- / ,....
—o A ]
oo
o[l ] | oA
P - _
N Y
A =]
1<-F|<V<\qw\m\ﬂ_\' qv—rﬂ.-leJ.—v-l<4<w—\—1_:.1-\4A—J<v<._..-‘d“q\_}4rd.—\<l<l.‘d‘» -
e} (G} <t 32] ) = @ a 0
o) «oJ (&) (AN} [V} oJ [aN] - —

NOELVY ENTIINQD %o

S (minc
76

<

1M

Figure [ 3.19] Concentration variation - 25% solution.



e) 360 min.
Incropera (1989).

Figure [ 3.20 ] Evolution of the Interface Front- 25% Solution.
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near the bottom, Fig.[3.20c]. The mushy and solid zones grew continuously, but their
growth was at a much slower pace compared to the beginning of the test. Figure [3.20d]
shows the mushy/solid fronts é.fter three hours. As the solidification process continued,
the solid region grew farther from the cooling wall. The thickness of the loose mushy
zone was further reduced as the solidification continued, as seen in Fig. [3.20e]. Figure
[3.20f] illustrates the solidification process in detail. For the hypereutectic concentration
solution, 30% initial solute concentration, Christenson and Incropera (1988) found that a
set of double-diffusive interfaces (two to four, depending on the initial concentration and
cooling temperature) formed just a few minutes after the start of the solidification
process. I[n their study, the double-diffusive recirculation region was mainly near the top
of the solution surface, and a double-diffusive interface grew in the downward direction.
As a result, the solidification near the top was significantly retarded, Fig. [3.20g].
However, in our experimental test, the double-diffusive interface did not form. As seen
in Fig. [3.20f], the solidified region along the side cooling walls grew equally in the

horizontal direction in our test.

Figure [3.21] shows the temperature history in Test Run III. Figure [3.21a]
illustrates the temperature distribution along the vertical centerline. It is interesting to see
that the temperature had a higher value near the top and a lower value near the bottom of
the test chamber at the beginning of the test. As time elapsed, the temperature near the
top decreased much faster than that near the bottom, and eventually the temperature

distribution inverted after 6 minutes; that is, the temperature was higher at the bottom and
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gradually decreased with height. This phenomenon indicates that the temperarture
distributions before and after 6 minutes were controlled by different mechanisms. Before
the dendrites appeared, the flow in the liquid pool was controlled by thermally driven
natural convection, in which the liquid rose along the centerline and flowed downward
near the solid cooling walls. After dendrites appeared, the cold water-rich liquid was
ejected from the dendritic region. Since this cold liquid was lighter than the solution in
the liquid pool. it flowed upward near the wall region. When the solute driven force
surpassed the thermal driven force, the flow direction was reversed, which resulted in the
temperature distribution inversion in Fig.[3.21a]. The temperature gradient reached its
highest value at around t = 20 minutes, and then slightly decreased. After t = 90 minutes,
all temperatures in the vertical centerline achieved eutectic temperature. Unlike the cases
of the eutectic and hypoeutectic solutions, a temperature difference existed along the
horizontal direction. From the very beginning, the temperatures of the thermocouples
near the cooling wall were far below the temperatures in the center region. This can
easily be explained, since thick dendrites covered these thermocouple locations during the
earlier time in the solidification process. It is interesting to compare the temperature
along the symmetric centerline in our test and the temperature along the insulated wall in
the case of Christenson and Incropera (1989). Christenson and Incropera (1989) showed
that the wall temperatures at three different levels (45 mm, 65 mm, and 90 mm above the

bottom) were within 1°C of each other at the same instant. Figure [3.21a] indicates the



temperature was rapidly changed along the vertical centerline, and the temperature

gradient even changed direction during the solidification process.
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33 Effects of Boundary conditions

a. Effect of Bottom Cooling

Agqueous sodium carbonate, Na,COj;, was chosen as the test solution for this study.
This solution was selected because it also possesses a phase change behavior similar to a
binary alloy system. The phase change temperature is relatively warmer than ammonium
chloride solutions and is therefore easier to solidify . This made for more rapid
experimentation without significantly reducing the facility of the model. To simulate the
metal casting process, a hypereutectic concentration of 10% was utilized with initial
temperature of 15 °C and a cooling temperature of - 15 °C. Experimental tests were
conducted on two rectangular test sumps, both having the same geometry and dimensions
Fig. [2.3], 19cm x 6cm x 16cm ( height x width x depth). Both sumps have two copper
sidewalls, front and back plexiglas windows, and a plexiglas top cover. The bottom wall of
sump A, Fig. [2.3a] is constructed of a plexiglas plate to simulate an adiabatic boundary
condition. The bottom wall of sump B Fig. [2.3b], is made of a copper plate. Channels
12mm wide by 12mm deep were machined into the back surfaces of the copper sidewalls
and bottom wall to serve as gutters for the coolant. Five thermocouples were installed
inside each cooling wall to measure the wall tempe%ature. The cooling wall was assumed to
have a uniform temperature since the temperature difference between these thermocouples
is less than 1°C for the cooling walls. The test sump was then covered with a siphon box to

insulate it from the ambient. The front and rear chambers were kept in a vacuum during the
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test, and the front of the siphon box was kept open for recording by the video camera. Due
to its length, the test section was assumed to be a two-dimensional chamber. Figure (2.7]
shows that forty thermocouples were equally distributed in eight horizontal lines, where y
indicates the vertical location in relation to the bottom surface of the test sump. The
distance between the two thermocouples is 1.2 cm in a horizontal direction and 2.1 c¢m in
the vertical direction. The thermocouples near the wall are 0.6¢cm away from the solid wall.

Figure [3.22a Jshows the temperature distribution along the centerline of test sump
A. Thermocouple # 3 (only numbers will be used to present thermocouple locations in this
section ) is 0.65 cm from the bottom wall, and #38 is 15.35 cm from the bottom. For the
first four minutes, the temperatures of all thermocouples continuously decreased. Between
4 to 10 minutes, the majonty of the thermocouples increased in temperature and then
decreased again. The large volumes of dendrites that appeared were associated with this
rise in temperature. Since different mechanisms for controlling the flow patterns in the
liquid pool before and after solidification are involved, separate discussions are given for
the period before and after the 4 minutes. In the first four minutes, the temperature of #13
(4.85 cm above the bottom) reduced by almost 16°C. At higher levels, the temperature
reduction was less, for example, the temperature of #33 reduced only 4°C during this time
period.

Figure [3.22b] shows the horizontal temperature distributions at two heights. This
figure indicates that at y=4.85 cm, the three thermocouples (#11 through #13) had the same

temperature in the first four minutes, which indicates a strong horizontal direction flow
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around this area. At y=9.05 cm, the horizontal temperature distribution was much different
from that of y=4.85 cm. The temperature of a thermocouple near the cooling wall, #21, was
far below the temperatures of the thermocouples in the center region (#22 and #23) during
the same time period. Since the solution was well mixed before the test, the cooling walls
were parallel to the centerline, and no phase change occurred, the only possibility for
obtaining the temperature distribution like in Fig. [3.22] was from the thermally driven
convective flow as shown in Fig. [3.23a]. Figure [3.23a] shows that the fluid flowed down
along the cooling wall, then flowed from the wall region to the center of the sump around
Scm from the bottom. After that, it flowed upward as it warmed. A small flow loop also
existed in the bottom region below this large flow loop, as seen in Fig. [3.23a].

After 4 minutes, Fig. [3.22a], shows that the temperatures of all the thermocouples
along the centerline increased, except for #38. Figure [3.22b] shows that at y=9.05¢cm, the
temperatures of thermocouples #22 and #235 increased around 3°C and then dropped after
that, while the temperature of the thermocouples near the wall continuously decreased with
time. At y=4.85 cm, the temperature increased even the thermocouple nea.-r the wall, #11.
The temperature changes in Figs. [3.22a] and [3.22b] indicate that the fluid flow changed 1its
direction during this period of time, that is, the fluid flowed downward along the centerline
and upward near the solid wall region. This downward flow brought the warm fluid from
the top region to warm the thermocouples below it. This inverse flow loop was driven by
the concentration gradients generated by solidification. During solidification of a

hypereutectic solution, the solute will be solidified first, while the water will be ejected
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89



from the dendritic region. Since the water was lighter than the solution, it generated an
upward buoyancy force near the wall region.. It is interesting to see that the temperature of
#13 reduced much slower than that at other locations. It had a negative temperature
gradient in all directions after 10 minutes, as seen in Figs. [3.22a ] and [3.22b]. This
suggests that the fluid heat transfer around thermocouple #13 was mainly controlled by
conduction. The fluid flow inside the liquid pool can be illustrated as in Fig. [3.23b], which
shows that the bottom region is covered by loose equiaxed dendrites, only one flow loop is
formed during this period of time, as observed in the previously described visualization
experiments.

Figure [3.24] illustrates the temperature distributions along the centerline in test
sump B. Before the dendrites appeared, a negative temperature gradient existed from the
top to the bottom along the centerline, which indicates only one thermally driven flow loop
in each half-domain. The thermal convective flow in sump B was not as strong as in sump
A due to the small temperature gradient between the center and wall region. After dendrites
appeared at around the fourth minute, the bottom region was rapidly covered with dendrites,
which is evidenced by the fact that the temperature of thermocouple #35 dropped rapidly
below the eutectic temperature. The concentration driven convective flow overcame the
thermally driven flow after 10 minutes. Unlike what occurred in sump A, no significant
temperature increase was observed in sump B. Comparatively, the temperatures of the

liquid pool in sump B reached uniformity much faster than that in sump A.
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b. Effect of the Angle of the Sump

During the continuous casting process, the melted material is poured into a water-
cooled mold and exits the mold from the bottom. The material near the cooled mold is
solidified first and forms a V-shaped liquid crust. The angle of the V-shape is about 4 to 16
degrees, which depends on the crust movement speed, the temperature difference between
the liquid and the cooling wall, and the thermal properties of the casting material. The
purpose of this study is to determine the effect of the sump (crust) angle on the double-
diffusive flow pattern.

Two test sumps were built to study the effect of the angle on the flow pattems. Both
sumps have a dimension of 29 cm in height and 25 cm in height. Figure [2.2] is a
schematic view of the V-shaped test sump. The test sump consists of two cooling
sidewalls, front and back vacuum chambers and a plexiglas cover. The angle, a , of sumps
C and D was 16 degrees and 4 degrees, respectively. Five E-type thermocouples were
installed inside each sidewall to measure the wall temperature. The front and rear vacuum
cham&ers were made with plexiglas so that the solidification process could be observed and
recorded by a video camera. The two cooling walls were attached on the front and rear
vacuum chambers to form a V-shaped sump. The sidewalls were insulated by using
polystyrene expanded foam . Forty-one thermocouples were installed inside the liquid pool
of sumps C and thirty in D to monitor the temperature changes during the test. Details of

the location of each thermocouple are given in Figs. [2.5] and [2.6].
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Figure [ 3.25] Temperature profiles, 16° v shaped sump.
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Figure [3.25a] depicts the temperature distribution in sump C along the centerline.
This figure indicates that before the dendrites appeared, which happened around 5 minutes
after the test started, the heat transfer in the liquid pool was controlled by thermal
convective flow. According to the temperature distribution along the centerline, two flow
loops existed in the liquid pool. One was between thermocouples #24 to #39, and another
one was in the region between thermocouples #4 to #19. In the region below thermocouple
#2, the dominant heat transfer mechanism was conduction. Figure [3.25b] shows the
temperature distribution along two horizontal lines. At y=12 c¢m, Fig.[3.25b] shows that the
fluid temperature increased from the wall to the centerline (thermocouples #12, #13, and
#14) in the first four minutes. However, at y=17 cm, the temperature of thermocouple #24
(at the centerline) was lower then the temperature of #22 and #25 at the same height, which
indicates a strong upward convective flow near the center region.

Figure [3.26a] shows the vertical temperature distribution along the centerline in
sump D. This test sump has a very large height/width ratio, which is around 13 based on
the maximum width of the sump (the maximum distance between the two cooling walls is
less than 2 cm). Solidification started around t=8 minutes. Unlike the behavior in the sump
with the 16° angle, this figure indicates that the temperature increased smoothly as the
height increased before the dendrites appeared. It should be emphasized that the distance
between the cooling wall and the centerline increased as the height increased. Figure
[3.26b] illustrates the temperature distributions along two horizontal locations, y=21 Scem
and y=26.5 cm. This figure indicates that the temperature increased smoothly from the

cooling wall to the centerline. The temperature distribution presented in Figs. [3.26a] and
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[3.26b] reflects that conductive heat transfer was the dominate heat transfer mechanism
during this period. After solidification occurred, Figs. [3.26a] and [3.26b] illustrate that the
temperatures at different thermocouples were close to each other, but the temperature still
increased smoothly from the cooling wall to the centerline and from the bottom to top e.g.

conduction was still the dominant mechanism for heat transfer inside the liquid pool.
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CHAPTER 4 - CONCLUSIONS AND RECOMMENDATIONS
4.1 Conclusions
a. 16 degree V- shaped sump

It is significant that in the case of the 16 degree V-shaped sump, using eutectic
concentration, while two flow loops occurred in half domain ,vertically separated,
orientation, no stratification was observed despite a large difference in the preheat to
cooling temperatures. In the case of the 5% hypoeutectic test, the phase change boundary,
mushy zone, acts as a species source for the melt pool. The concentration driven flow
assists the thermally driven flow. In the absence of a nucleation mechanism overcooling
phenomena were observed. When crystal structures do form, heterogeneously at the walls,
a rapid formation of dendritic structures is accompanied by a local rise in temperature,
suggesting that a short term increase in cooling rate at this time may help in the formation
of finer structures. Initial crystal structures are coarse and later formations are shorter and
finer, this change of structure is accompanied by a concentratior} increase in the melt pool
which tracks, fairly closely, the liquidus profile. Since there was an increase in the
concentration at the base of the melt pool, remelting and consequent suppression of the
solid formation occurred. These crystals were primarily either short dendritic types or
equiaxed, eutectic forms. In the 15% solution, columnar dendrites quickly formed at the
walls and particles were convected into the melt where they acted as nucleation cells for
equiaxed growth. Since the initial concentration in this case is closer to the eutectic, the

mushy zone is thinner and the melt pool concentration stabilized quickly at a, close to,
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eutectic value because of the species rejection from the mushy interface. No overcooling
phenomena were observed. For the hypereutectic case, solute ejection from the solid/liquid
interface brought the melt pool to a concentration value approaching the eutectic. This
rapid change of concentration, therefore, caused the formation of greater volumes of
eutectic structures.

b. Rectangular sump.

In the rectangular sump, with eutectic solution, the entire domain quickly reached
the eutectic temperature. Since, the expectation is that a eutectic melt pool will be driven
solely by thermal convection, this rapid temperature homogenenisation leads to flow field
stagnation, no gradient, of any consequence, exists. Crystal growth is essentially parallel to
the walls and of eutectic form. The 5% hypoeutectic case, in this sump, again demonstrated
the overcooling effect, with the associated rapid dendritic early growth. Also, the
solidification at the base of the sump was again retarded by the accumulation of more
concentrated fluid. The comparison to the hot wall, cold wall experimentation suggests that
the proximity of the other wall, aspect ratio, is critical to the flow pattern. Coupling ot the
flow fields changes the solidification behavior, since it increases the remelting and therefore
the amount of eutectic formed. For hypereutectic concentrations, the concentration
gradient at the centerline is increased. A, volumetrically, more limited amount of the
eutectic precipitate was incorporated into the dendritic solid, as time progressed. Absence of
the previously reported double diffusive interface can be attributed to the coupling of the

wall effects on the flow field. The early flow was dominated by thermally driven
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mechanisms, since no double diffusive interfaces were formed, with a consequent reduction
In circulation strength, the suppression of solid formation evident in the hot wall/ cold wall
model of Incropera did not occur, again attributable to the coupling of the wall steams in
this model. As evidenced by the temperature inversion, flow driving mechanisms change
from thermal to concentration driven. From an experimentally interesting viewpoint, the
difference in the temperature distribution will significantly change the flow pattern as
well as the solidification behavior. Therefore, the test results suggest that, a test with one
cold wall and one insulated wall cannot adequately simulate the situation of solidification
with a symmetric cooling wall.

In the case of hypereutectic solutions in the rectangular sump where the bottom
cooling is investigated, the data suggest that the thermal convectively maintained warm
cell, found in the sump A experiments, is suppressed by the application of bottom
cooling. This is due to the more homogeneous temperature distribution achieved in the B
cell.

During static ingot solidification, this hot spot in sump A may result in local
structural defects and inhomogeneity, bottom cooling can effectively improve this
drawback.

c. Effects of boundary conditions.

The experiments into the effect of the v angle, which in casting rprocesses isa

function of the descent speed of the ingot and the pour rate, suggest that, prior to

solidification at the walls, double diffusive mechanisms create strong convective flows in
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the center region of the 16 degree sump. After solidification occurred, the concentration
driven buoyancy force balanced the thermal convection, and the temperature changed
smoothly in all directions that is, the heat transfer during this period was dominated by
thermal conduction. In the 4 degree sump, however, the double diffusive mechanisms are
suppressed by the lack of a thermal gradient, of any significant driving force, from the
outset. Since, the geometry of the liquid pool depends on the ingot movement speed and
thermal properties of the material, the heat extraction rate is crucial for the quality of the
cast materials’ structure. A low cooling rate causes a wider v angle, with more retained heat
energy in the melt, this can lead to substantial breakout, which results from the inability of
the crust to withstand the weight of the liquid core. However, higher cooling rates, which
produce the less problematic narrow v angles, may produce residual stresses on the surface

and undesirable surface defects.
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42  Recommendations
Future experimental investigations are appropriate in the following areas;

The effect of a short term increase in the heat extraction rate from
hypoeutectic solutions, at the initial onset of the overcooling phenomenon, should be
investigated.

Since, stratification phenomena are so widely reported and emphasis is
given to these effects in many studies, the degree to which, aspect ratio and other geometric
parameters affect the formation of these strata should be investigated. In light of the flow
field coupling effects reported in these experimental investigations, the geometric shape of
the sump and 1ts cross sectional profile should be systematically investigated to determine
the degree to which flow field coupling effects either suppress or enhance the stratification
phenomenon.

The significant extent of the changes in the flow field that were achieved by
the application of bottom cooling suggest that further experimentation would yield valuable
data with regard to the effects of other thermal boundary condition arrangements.
Additionally, since, a proportion of cast products are manufactured with, other than
rectangular, cross sections, valuable insights may be derived from experiments in sumps
with varying geometric configurations.

The current data and the emphasis of this experimental program, leads to the
conclusion that a sub-scale model of the dynamic continuous casting process is both, a

viable and a valuable direction for continued experimental research. Apparatus for this
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experimentation and modeling is presently being constructed in the Florida International
University Thermal Science group, solidification laboratory.
Specific recommendations with regard to procedures and apparatus are;

Continued use of type ‘E’ thermocouples, .8mm diameter, probes of this size
appear to be most adequate for system response and temperature profile definition.
Notwithstanding, the availability of a non-intrusive method of temperature data collection.
The small probe volume of these thermocouples minimizes the, previously reported,
conduction in probe distortion and provides a minimal source of nucleation, although not
optimal.

Acquisition of a small scale optical probe to accumulate concentration data
automatically at the probe tip, with collocated thermal data collection is recommended.
Current, state of the art, acquisition systems using light transmission in a fiber optic can
give reliable, precise refractive index responses and from our correlation salinity gradients
could be profiled.

Laser illumination and the use of Digital Particle Image Velocimetry
techniques for velocity field and visualization data collection and enhancement would be a
valuable addition to the current data collection equipment inventory. Laser illumination
provides an, in cell, light energy density that, with appropriate seeding, aids in tracking the
flow patterns in the sump and facilitates the analysis of the visual data by enhancing the

clarity of the imagery.
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Great value could be derived from a parallel analysis of the experimental
data by a comparison to a numerical simulation. The value of a numerical simulation,
achieved in concert with experimental data collection, is that the two techniques can be used
to refine the numerical model by the use of repeatable experimental data as a cross checking
tool. Subsequently, adjustment of the parameters affecting, microscale and macroscale,
phenomena can be adjusted to produce an, industrially valuable, parametric anaiysis of the
continuous casting process. The literature suggest that, very few of the extensive group of
numerical models, especially the temporal transient continuous models, have been verified

by direct experimental comparison.
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ABSTRACT

An expermeatai stucy of binary mixrure soiidificauon in 2
V-shaped sump is conducted. NH,C-H,0 is used as ife
phase ciange matertal. The variardons of temperature.
conceatraton, as weil as the lccation of the interTace front,
are measured and reported in this investgation. Tae resuits
indicate that the soiidification process exnibits otaily differ-
ent behavior when the initial componeat of ihe soiuuon s
varied. For a hypoeutectc solution, the columnar soiidifica-
ton in the deadritic interface is the dcminant mechamsm.
For the hypereutecsic soiution, both columnar and equiaxed
solidification are important. Thae soiidification starts as the
equiaxed dendrites grow and coalesce in the eaure solution.
They thea desc=nd and settie at the bottom of the sump (0
form a loose, musay zone. The soiid region grows under-
neath the mushy zone.

NCMENCLATURE

C concentration

T temperature

t time

x vertical location
y horizoatal location
Subscriots

o initial

c cooling

e eutectic
INTRQDUCTION

Solidification is a phase transformation procsss that is
accompanied by the release of thermal enerzy. The common
feature of a system undergoing soiid/liquid phase change is
the exdstesce of a moving boundary that separates the two
phases of the solution with different thermopirysical proper

des. Tie majonty of commercial mertal products are com-
nosed of alloys of o or more consuruent elemeats, maiang
them differ in many rescects from the solid structure of a
pure supstance (Fisher, 1981) and (Viskanta, 1935). During
tie solidificatica of binary mixtures, the deasity of the liquid
varies with both temperanues and concgatration.  Taus,
naturai convecdon can be czused by both thermaily and
soiutaily induced deasiry gradieats. Previous researciers
indicate that the major cause of suructural defects and
inhomogeneity (macresegraton and microsegration) during
soiidification is atzibuted 0 an improper comvecton fow
pattern in the melt sump and. the mustoy zone (Fisher,
1981). Therefore, mowiedge of the transpoct pgenomena
of double diffusive convection in the meit sump is sssenual
for maintaining sausfactory control Gver the casting process.
Due to the complexdty of double diffusive convection
during the solidificaton process, thecretical study on this
topic is stiil in the deveioping stage (Incropera and
Viskanta, 1992) and experimental study is sdll the most
powertul means to undersiand this basic phenomena. Manay
experimental swudies oa this topic have been conducted
using differeat kinds of solutions. Liquid metals have besa
applied to study the solidification procsss by some researci-
ers (Melrabian et al. (Al-Cu ailoy, 1970) and Stewart and
Weinberg (Pb-So alloy, 1972)]. Since the liquid metal is
opaque, it is very difficult to determine the flow pattern and
the moving solid front interface during the expeniment.
Therefore, transparent solutions are usually applied to ana-
logue alloy solidification. Asai and Muchi (1978) and
Szekely and Jassal (1978) have used the NH,C-H,O
solution to measure both velocity and temperature distribu-
tons in the soluwion. Thompscn and Szekely (1983) and
Chen (1974) coaducred the solidification test by using an
Na,CO,-H,O solution. Recently, Beckermann (1987) and



Caristeason and Incropera (1989) have aiso swudied the
soiidification process in a rectanguiar caviry by using the
NH,C-H,0 system. The above mentoned survey of litera-
nire indicates that the majority of existng experimesatai
results were obtained from the rectanguiar cross secton test
sump, wiich focused only om stadc imgot solidification.
During the coatinucus castung process, meited matzrai is
poured into a water<ooled moid and exits the moid from the
bottom. After heat is lost to the moid wall, the material
nearest the cooled mold i3 solidified first 0 form a crust with
the liquid matesial in the ceater. This qust is contimucusty
withdrawn from the bottom. The mateTiai in the ceater
usually needs additonal tme to solidify, waica resuits in a V-
shaped liquid sumop. The angie of the V-snape is abour 4 10
16 degress, which usuaily depeads on the crust movement
velocity and the thermal properdes of the castng matesiai.
What is the sfect of the obiique walls of the V-shared
boundary on the soiidification process of the dinary soiution?
Tae surveys indicate that 20 suca information is avaiiadle in
the open literarure. As a first step for studving the V-shaped
solidification process in conunuous casang, this paper
preseats the primary experimeatal resuits of ‘emoperature,
concsatranon. and the moving soiid Toar intertacs during
the solidificaton procsss in a fixed V-shaoed sucie.

TEST FACILITY AND INSTRUMENTATICN

A test facility, whica inciudes a test sump and cooling
system, was ccnsiructed 0 mode: the two-iimeasional
soiidification process in a V-shaped sump. Figure | s a
schematc of the V-shaped test sump. Tie (ST ST CONSISts
of two aluminum side wails. front and back 3iass wndows,
and a top cover. Tue dimensions of the test sump are 28 cm
x 3 cm x 29 cm (length x wide x heigat), rescecuvely. The 3
mm wide x 12 gum deep gaileries wers maciined intc the
back surfaces of the aluminum sidewalls o serve as a
channe! for the cooiant. Five J-type thermoccupies were
installed inside saca sidewail o measare the wail tempera-
tre. Four trianguiar giass plates were mounted berwesn the
two sidewalls to divide the test sump into thres chamoers.
A rectangular glass piate cover was placed at the op of the
sump to easure that these three coiamoers were ar-light. In
order to preveat vapcr condensation on the {ront and rear
windows, the front and rear chamoers (1.5 cm length on each
side) were kept in a vacuurn during the test.  Tne middle
chamber of the test sump is 25 cm in leagth, which was {lled
with the NH,Ci-H,O solution, and was also kept in a vacuum
during the test to extract the gas from the soiution. The test
sump was covered by a syphon box to insulate it from the
ambient.

Figure 2 shows the cooling system and the instrumeats used
in this investigation. The cooling system inciudes thres
refrigerators and the.associated control vaives and piping.
Two 425 watts Mode! N01268 digital refrigerated circulator
baths (Refrigerators [ and I} were applied to ke=p the
sidewails at a desired temperature during a normal test. A
175 watis Model NO1267 digital refrigerated circulator bath
(Reirigerator IIT) was used {0 se! the initial tempera
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ture.

Seveateen (17) thermocoupies were insuailed to monitor
the tzmperarure distidudon of the soiutgon. These thermo-
couples were mounted on a plexigias frame 0 egsure the
sabiiity of their locations. The thermocoupies wers
arranged in four borzontal lines, with the top line located
1 cm below the soluton. The locations of each thermocou-
ple are listed in detail in Table |, where the origin points
{(x=0 and y=0) are dedned ar the bottom corner of the test
chamber, a3 seen in Fig. 2. All thermecoupies were cali-
brated individuaily arter they were imstafled. The
thermocoupies were connected to an HP data acquisition
sysiem (Model #3852A) and monitored by a personal
computer. The uncsrrainty of the temperature measurement
is = 0.1°C. The uncsrmainty of the thermocoupie lccation
is less than = | mm.

Agueous ammonium chloride (NH,C-H,0) was chosen as
the test solution due 0 its simuiar solidification benavior as
the liquid merai, and {cr its semi-iransparency. The sutecs
temperature and composition of the NH,C-H,0 are
T,=-12.4°Cand C, =19.7%, respeczveiy. Tie conceatraton
measurement was conducted Cv exwacung the solutiom
through a set of syringes or test groves. An ABBE ZWAJ
refractomerer was used 10 measure the refracuve index of
the extracied soiuton.  The refractive index was then
transierTed o the conceatration through a caart, waich was
czated Dy measunng a et Of NOWN  concentrauoas.
Uncsrainty in the placement of the prooe is about = 1 @m.
Since onily a2 very smail amount of liquid was extracted
during the test, the etffect of the conceatrauon gradient near
the prooce up was minor. Tne sstimated uncerzainty of the
conceatration measurement was apout =0.3%.

The video camerz was used (0 capaure the movement of
the solidliquid Tonts during the test. The video tapes were
thea processed by anm image processing package (DATA
Translation DT 2353) tc de:ermine the locaticn of the sol-
id/musiy/liquid ronts and to caiculate the solidification raes.

Basically, the test ciaméer is !cng 2acugh (0 be considersd
a two-dimensional caambper. Sinés the solid/musay/liqud
fronts producs ditfereat light reflecticns, the image captured
by the video camera can eastiy distinguish these thres zones.
Figure 3 shows the three images at mypoeutectic, 2utectc,
and hypereutectic conditions. The fight areas in the pictures
indicate the musny (dendritic) zones. It is worthwiiie to
point out that in the eutectic condition (C, = 19.7%), the
brght lines represent the liquid/soiid interface.

EXPERIMENTAL PROCEDURE

During the solidification process, the gas originally ab-
sorbed in the solution was released. These air bubbies can
drive the surrounding liquid to form an upward flow. In
order to make the solution fres from gas when a new
solution was poured into the test chamber, the solution was
solidified and melted at least three times. The test chamoer
was aiso kept in a vactum to prevent the solution from
reabsorbing the gas.



TABLE 1
Location of the Thermocoupies

1 0 152

2 102 | 660

3 0 6.50

4 152 | 660 |
5 127 | 127 |
5 0 127 |
7 1 1.78 127
3 | s | 7
9 | 078 | 172 |
10 | o | iz

11 | 127 l 1727 !
12 | 220 | 1727
13 | 254 | 2235
14 | 102 | mas |
i35 o5t | mas |
16 205 | 235 |
17 6331 | 235 |

The results of four test ruas were seiected and are present-
ed in this pager. Each test was repeated four to {ive tmes.
Tabie 2 provides the information regarding the iniual
temperature, concentration, and the ccoling temperature in
each test run. Test Run 1 represents the case of the eutectic
solidification process. Test Runs 2 and 3 indicate the case of
hypoeutectic solidification, while Test Run 4 is hypereutectic
solidification.

The first step of the test was to set up a uniform initial
temperature, T,, for the test solution. Refrigerator I was
connected to the cooling line to provide a desired tempera-
ture through the two sidewalls. Thermocouples were closely
monitored to check the temperature of the solution. The
maximum temperature difference inside the sohation was less
than 05°C before starting the experiment. During the time
to set up the initial temperature, Refrigerators [ and II were
disconnected from the cocling Ime and run to establish the
‘required cooling temperature, T.. Alfter thermal uniformicy
was reached in the solution, Refrigerators [ and [I were
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connected to the ccofing line and Redrigerator I was
disconnected, after which the experiment begaa.

TABELE 2 ‘
Summary of the Experimentai Conditions

w
—
th
o
w
'
y—
i

During the test. the temperature was continucusiy moni-
tored at every one minute intervai for the Grst hour and
five minute intervais arfter that. The video camera
continuousty recorded so that the tapes could be viewed
later. The conceatration measurements wers conducted
every haif hour. Althougn the test rack imdaily inciuded
nine test propdes (syringes), due o solidificanon, oniy wo
probes couid provide the conceatrzucn informadon
througnout the test. The test dmes ‘or each run wers
significantly different depending on the initial concentration,
wilich varied rom two Bows (0 eight hours.

RESULTS AND DISCUSSICN

The simelest case of sciidificatica of a dinary mixmure s
the case of eutecuc compesition. [n eutectc comoosiuon,
the solution extupits the phase change belavior of a pure
substance, and the convecave fow is drivea soleiy dy the
therrnal buoyancy force. Figure 4 shows the history of the
soiid/liquid interfaces in Test Run 1. A haif-hour arter
starting, Fig. 4a shows that the w0olid interfacs avpeared og
the sidewails. Tue sclidliquid interfaces apveared very
smooth and were weil distributed aicng both suriacss. Since
the solution temperature in the center of the test chamoes
was higher than that near the interface, 3 thermally drivea
natural convection was generated. Tne fwd near the
cooling interface flowed down and thea moved up in the
ceater region to form two recirculaton loogs.  As tme
eiapsed, however, the solidified region increased, and the
liquid region atways remained in a V-shape, as seea in Figs.
4b through 4f.

For the solution with ypceutectdc compasition, sotute wiil
be ejected during the solidification process and the two-
phase interface is characterized as the mushy zone. As a
result, there exists a high concentration region in and near
the interdendritic zone. Since the solute is denser than the
solution, a downward flow was generated along the interface
by the solute driven natural convection, which was in the
same direction as that of the thermal drives convecuon.

"Figures § and 6 show the variation of the temperature

coatours during the soiidification process in a hrypoeutectc



ccmposition solution (Test Run 2). In this test, a 3% NH,C
compesition  sofution was used with inigal and cooling
texmeratures of T,=3"C and T,=-10°C, respeczively. Figure
5 shows the temperature variation of thermocoupies, #8, #9,
and #10. These three thermocoupies are located about 6.3
cn below the soludon surtace, wiere thermocoupie #8§ is
Zmm away from the sidewall, and thermocoupie #10 is in the
ceater chamber. This fgure indicates that the readings of
thermocoupies #9 and #10 were closer 10 each other, and
that of #8 was always far below that of the other two. It is
also intercsting to 0te that instead of continucusiy reducing
the temperature in locadons #9 and #10, the reading of #8§
dispiayed a sudden increase in the eariy stage. In the frst 20
minutes, the soludon temperamure gear the sidewails (#8)
steadily dropped io -3.6°C, whica is lower than the freszing
teqrperature  for this concenmadon.  This overcooling
endured a few minutes unaol the fOrst dendrite appeared.
Visuai observaton indicated that the deadntic region spread
very fast l0 cover 'fie eatire sidewail surfaces in less than oge
munute, wiiie at the same ume, the thermoccupie reading of
#3 jumped 0 -2.3°C. Figure 6 saows the emperature
variauon iong the centeriine of the est chamoer. The
verncal locauons of thermoccupies #1, #3. #6, #10, and
#153 are 225 cm, 174 cm. 113 cm. 6.3 cm. and LT cm.
resgecuvely. Tais fgure indicates that temperaturss in ail
fve locations sieadily droopea as tme eiacsed. md the
lemperature in the upcer point was aiways aigher than that
in the lower ccint. Figure 7 saows ihe mcovement of the
sofig-liqud :nterZacs {reats. At =30 mun (Fig. 7a), viseal
cbservauon indicaieg that (he soiidified reg:ion was composed
of maniy long and coarse dexdrite interfacss. As ume
elapsed, the dendrite became shorter and finer, and the soiid
regron appeared (Fig. 70).  Since the soiute-rica flud
continuousiy {lowed down along the interface region, the
concsatraticn in the bottom region of the lest chamber
steadily increased, wiich deiayed the sciidifying process in
this region. Figures 7c and 7d show that the interiace fronts
moved cicse to =ach otner, and leit a long, nartow gap
terwesn them. Figure 3 siows the conceatraucn changed
with time in this case. The probes, C and F, are iccated on
the center line, 3.39 cn below the solution surface. Tue
figure indicates that the conceatration incrzased as tme
elapsed.  After 90 minutes, the conceatraticn at point C
almost reached 10%.

Figure 9 shows another case of solidification in a
hypoeutectic composition of 15% (Test Run 3). The
dendrites appeared 1S minutes after the test. Columnar
dendrites occurted on the walls of the top half of the
chamber. Some of the loose columnar dendrites feil while
joined with the equiaxed dendrites to pack at the bottom
comer, forming a mushy zone. Figure 9a illustrates the
interfaces of the liquid/mushy/solid froat ac t = 30 min. It
can be seen that a very thin solid bwilt up along the wall,
with a thick layer of the mushy zone between the solid and
the solution. Eoth the musity and solid region increased
after that, as seen in Fig. 6 (t = 60 min.). Adfter one hour,
the interface between the mushy zone and solution changed
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siowly, uniike the solid region's rapid increase (Figs. %¢ and
9d). At t = 3 hours, the musfty zome aear the bottom
corner became soiid and at t=43 dours, the musity zome
almest disappeared. Figure 10 indicates that the concentra-
tion at points C and F contnucusiy increased unti reaching
eutectic CONCSIration, arcund t = 3 hours, then remained
constant, whick can explain wiry the smsiy zope disap-
peared later on. Figure 11 shows the temperamure h).stoxy
for thermocoupies #8, #9, and #10. This fgure indicates
that the horizontal temoperature in this case was much more
upiform than in the case of the 5% compositon (Fig. 5).
Also, g0 overcooling pezomenon was observed in this case.
Figure 2 snows the vertical temperature distributions along
the centeriine. This figure indicates that the temperature in
the upper point was aiways higher than that in the lower
poim, wiich is consistent with the resuit for the case of the
3% compositon.

In conmast o the hypoeutecic composivon. the ejecton
of water-rica interdezdritc Jwd wil induce 2n upward flow
in the hypersutectic compositon soiuton, wiich i3 cppasite
10 the thermaily drvea fow. Therelore, totaily differeat
sofidificanon Dehavior can be expected in these two-cases.
Figure 15 snows that the interTace front moved with ume in
a fypoeutectic component soiuton, waers the inital compo-
nent s 28%, T =12°C, and T,=-20°C. Visuai observaton
indicated that a few munuies afier starung the test, the
equaxeqd dendnites appeared at the bottom cormer Orse, and
then in the entire domain. Many uny solid parucles grew
and coalesced as they descended. Adter about anotder five
munues, ihe deadntes settled Jown to {form a musay zone
at the bottom, as sesn in Fig. iZa. Tae 'nu.hy zone in-
creased slowiy after that and e soiid zoue 3rew under the
mushy zone, as se$% n Figs. 13b %fBlgh '.Zi'.. Aty =
hour, no solid zone ccuid be seen at the top of the sumo.
Thae soiid zone appeared at :he-#gp of the sump att = 2
hours, and the surfacs of the soiid :cne was aimost smeoth.
The solid region contnued to grow and the locse musity
zone was reduced. The interface of the solution and the
solid at the top of the sump remained smcoth. Figure 14
sacws that the concentration at points, C and T, reached a
eutectic value around two howrs and remained that way.
The resuits of the horizontal temperature measuregients are
presented in Fig. 15. Thais {igure indicates that the tempera-
ture near the wall at thermocoupie #8 was much lower than
the inside solutions (#9 and #10) in the frst 'wo hours.
However, the temperature difference betwesn thermo-
couples #9 and #10 was very minor. It is interesting to see
the difference betwesn Fig. 15 and Fig S, or Fig. 11
Instead of a smooth variation of the temperature, Fig. 15
shows the fluctuation of the temperaturs with time. This
represents the exstence of equiaxed sofidificaticn. Figure
16 shows the temperature distribution along the verticai
direction. Like that in Fig. 15, the temperature fuctuated
with time before the sotution near this point solidified. It
can be seen that the temperatuze in thermocoupie #10 was
higher than that in thermocouple #15, berweea 10 minutes
to 120 minutes. That is, the temperature near the top free



surface was lower than that in the liquid ceater. This
temperature dismibuton redecis the efect of the solute-
drivea flow. As the water-rca fluid was ejectad from the
deadnitic interface, it flowed upward along the interfacs and
then recirculated through the top fres swrrace region. It is
interesting to compare the temperature change beaaviors of
Figs. 15 and 16 and that of Figs. 5, 6, 11, and 12. In Figs. 15
and 16, the temperatures at all points fell beiow 5°C in the
first few minutes. The equilibrium phase diagram for NH,C-
H,O (Beckermann, 1987) indicates that this temperature was
below the phase changs temperamure in the 25% concen-
tration soiudon, wihicl i3 why the equiaxed dendrites ap-
peared in the zamre solution. In the 5% and 15% initial
conc=atranon solugons, a consideraoie temperature differ-
eace exsted, which is wiry the deadrites and the solidifcation
mainfy occurred on the sidewails.

SUMMARY

An expenmeatal study of the solidification for a bimary
mixture in 3 V-shaped test chamber has been conducted.
Aquecus ammonium caioride was chcsea as the pnase
caange materai. The edects of the N, C concenwration oa
sclidiGicanon has been examined by changing the initiai
component of the solution. I[n the eutectic sciuuon. the
sclidification characterized as a smooth discrete intemtace
afways maintains a V-shaped configurauon. (o the
typoeutectic soiution, the solidification mainiy depeads on
the cciumnar growth on the dendntic intertace. Hcowever,
depending on the imtial concentration, the shaoe of the dnai
liquid/solid interface may totally differ, whica may significant-
ty affec: the quaiity of the final oroduct. [n the hypersutectic
solution, equiaxed solidification is important. [n the begin-
ning, the equiaxed dendrites appear in the entire solution
and thea grow and ccalesce as they descead and form a
locse musity zone. The soiid region thea zrows under the
musiTy zone.
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were conl.nuouslv measursC tac recorced cunng

n
e mushy zocne, bevwvesa the fuilv solid and liquid regions
‘he ‘fC utecuc Sylul on. equi X2 curng the solicificaten of 2 aon-eutectic nary soiution.
This unbalanced temperature and species conceatration
e Detwesn the mushy zoae ancd ihe licuid sool Wil crzate 2

tioa precess, after which sohc icztion occurred manly alcng
the mushy interface. The results indicate o

tnat the evclution naturai convectve tlow in these (wo regions. wilich mav
of the mushy zone 3ad the lemperature distnoution of the further significantly affact the nomogeneity of tne crysiai
symmetric line insice the iicuia zcol using a symmetric structure of the tinal proguct. Pravious researchers have

cooling wall is sigmiticantly differeac from that of the

indicated that the major cause of structural defects and
previous study using one ccid wall and one insulated wall.

inhomogeneity (macrosegregation and mictosegregation)
during solidification is atiriouted to an improper convection
flow pattem in the meit pcol and the musiy zone (Fisher,

NOMENCLATURE 1981). Therefocs, knowledge of the transport pnenomena
C concentraticn of thermally and solutzlly drivea convection in a cavity s
T temperature essential for maintaining satisfactory control over the
t time solidification process.

y horizontal location

Due to the complexity of double-diffusive convection
during the solidification process. theoretical study oa this

Subserints topic is stiil in the developing stage (Incropera and Viska-
c’ cooling nta, 1992). Therefore, experimental study is still the most
e eutectic powe il means to uncerstand this basic phenomena. Most
o initial

of the initial studies on double-diffusive convection were
performed by oceanographers, where the temperature and
concentration gradieats exist in a vertical direction (Tumer,
117 1979, Ostrach, 1983). Receaty, many stucies have been
conducted oa solidification where a horizontal temperature

*Author to whom all correspondencs should be addressed.




gradient is present to simuiate the casting procsss (Hu and
Ei-Wakil, 1974, Benard et ai., 1989,- Kamotani ¢t al., 1985,
Lee et al., 1988, Beckemmann, 1987, Canistenson and Incrop-
era. 1989). Various kinds of binary solutions were used in
these studies. Liquid metais have been applied to study the
solidification process by some researcaers (Mehrabian et aj.,
1970 and Stewart and Weinberg, 1972). Since liquid metais
are opaque, it is very difficuit to determine dow patterns and
the movement at the solid interface during an experiment.
Therefore, transparent soiutions are usually zoplied (0 ana-
logue alloy soiidification. Asai and Mucai (1978) and
Szekely and Jassal (1978) used an NH,Cl-H,0 sotution ©
measure both velocity and :emperature distnioutions in the
sotution. Thomvpson and Szekeiy (1988) and Caea (197¢)
conduczed the soiidification tests by using an Na,CO,-H,O
soiution. Recsatly, Beckermann (1987) and Caristeason and
[ncropera (1989) also studied the soiidification procsss i 2
rectanguiar cavicy using the NH,C-H,0 sysemm.

The above meauoned survey ocliteraturs indicates that the
rmajoricy of eXxisting exverimentai resuits was ootained from
a rectanguiar cavicy with differenc wail emceraturs condi-
uons. A large lemouerature gracdient iiong the honzcontai
direction can te easdy achieved in these {ests, wnich :2n
shorien the test procsss. However, 1 the maicnty of
indusiriai ipelications, cooiing Wil ze agoiied o all vertical

wails (svimmetnc cooling). Different cooiing Houndary

process. Some previous lesis were sonducisd icoiving one
cocied wail and cae 'nsuiated wail o simuiate symmenc
cooling in a cavity. [deally, the test caamcer wiQ one
insuiated wail and one c¢aid wail is 2quivaieat 0 the hait-
domain of a test chamber with ccoiing on both wails.
However, the soiidification is a transieat procsss. Artificiaily
imposing a line of svmmetry to the c2ater of the fest
chamber may significantly change the coavective Jow
pattern. Therefore, the data fTom a test chamoOer witn one
cooling and one insuiated wail may aot be used to pregict
the behavior in the secoad case. Thae main purgose of this
study is to experimentally simulate the solidification prceess
of a binary soiution with symmetrc cooling walls.

TEST FACILITY AND INSTRUMENTATION

Figure 1 is a schematic of the test {acilities used in this
investigation. Tiey consist of: a rectanguiar cavity (the test
section), the cooling system, and the associated instrumenta-
tion. The cooling system inciudes three refrigerators and the
control valves and piping. Two 425-watt digital refrigerated
circulator baths (Refrigerators [ and II) were applied 0
keep the sidewalls at a desired temperature during the test.
A 175-watt digital refrigerated circulator bath (Refrigerator
[1I) was used to set the initial temperature. The {irst step ot
the test was to set up a uniform initial temperature, T, in
the liquid pool. Refrigerator III was connected to the
cooling line to provide a desired temperature througn the
two sidewalls. Thermocouples were cioseiy monitored 0
check the temperature of the solution. Before starting the
experiment, the maximum temperature difference of the
solution in the liquid pool was less than 0.5°C. Sincs it takes

time 0 set up the initial temperacure. Reftigeratars [ and
[I were disconnected rom the cooiing !ine arrd wers run to
establish the required cooling temperaturs, T. Afer
thermal uniformicy was reaciied in the liquid pooi. Refriger-
ators [ and [I were connecied to the cooling line and
Refrigerator [II was disconnected, and the experment
begmm.

Figure Za shows the design of the test section. The test
section consisted of two copper sidewalls, front and back
piexigiass windows, and 2 piexigiass too cover and a plexi-
giass bottorm wail. The dimensions of the test section wers
18 crmz § cmm x 19 cm (length x wmde x height). Caanneis 12
mm wide x 12 mm desp wers macimed o the back
surtaces of the copper sidewalls (o serve as gutters for the
cootant. Five J-iype thermoccuples were instailed mside
each sidewall to measure the wail temperature. Four
rectanguiar piexigiass plates wers mounted becwesa the "wo
sidewalls 10 divide the test section nto three caameews. [
order (o preveat vapor condensation on the Tont and rear
vindows and orevent heat exchange througn them, the ont
and rear caamoers (1 m in length on each sice) wers Xeot
n 2 vacuum dunng the test. A laver ol silic2 gel was aiso
piaced on the bottom of these two chameers (0 20s0ro the
moisiure. A plexigiass cover was piaced at the 00 Of the
znambers 1o easure thatihese thres chamoers remamed air-
ugat. The midcle chamoer (the test shamoer), L+ @ in
tengeh, wes dilez wuh the NH,C-H,0 and was aiso keztin
1 vacuum dunng the test 0 sxtract che 235 (rom the
soiuticn. Tre solution free surfzce was agproximately 0.33
cm accve the top level of (he thermccoupies. tae fest
section was sovered with 2 $yphcn Zox 1o msulate it {rem
the 2moient. The iop iroat and rear pans of the sypaca
box could e removed. Dunng the measurement, the fent
of the insulaticn tox was ususlly kept open (o allew the
video camera to recoed the solidification process. The 100
of the syphon box was opened oaiy wnea the coacealraticn
measuremeat was conducied. Acuedusammonium cilonde
(NH,G-H,0) was chosea 1s the test soiution qus 0 s
semi-iransparency. Tne eulestic iemperature and ihe
composition of the NH,CI-&,0 sciution wers T, = -15.4°C
and C, = 19.7%. respectively.

Forts thermocoupies were installed inside the test sect:on
& monitor the temperature distribution during the exgen-
ment. These thermccouples wers mounted 0a a plexigiass
frame. The cead of the themmocouple was around 0.8 mm.
The frame was fixed in the middle of the test chamber. Tne
thermocouples were equally distributed in eignt horzontal
lines. Details of the locatioas for ¢ach thermocouple are
given in Fig. 25.  ARer ail thermocouples were mounted
on the frame, the (rame was put into a bath (chiiler) 0
individually calibrate the thermocouples. The thermocou-
oles were connected to an HP data acquisiion systed
(Model #3852A) and wers monitored by 2 personal
computer. The uncerainty of the temperature measure-
ment was = 0.25°C. The uncsrtainty ot the thermocouple
location was less than = | mm.

The concentration measurement was conducted by extract-

<ang the solution through a syringe. The test rake inciuded
five syringes, side by side, sach separated by L cm. During



Teasurement. five jroves (gesdles) wers nserted into
i8St champer simuitaneousiy througn the fve hoies on
the wcp cover, as incicated in Fig. Za. The tios of the five
prodes were located 2cm, Scm. 9¢mm, (lem and 13em above
the bottom plate. An ABBE 2WAJ refractometer was used
‘0 measure the refractive index of the extracied soiution.
The refractive index was then transterred to the concaatra-
tion through a chart, wiich was created by measunng a set
of known concsatrations. Uncsrtaincy in the iocation of the
prcbe tp was about = ! mm. Since oniy a very smail
armount of iiquid was extracted during the test. the afec: of
the concentration gradieat near the proge p was mimor.
The estimated uncerainty Ol the concentration measurement
was about = 2.5% of ilie solution conceatration. A wndeg
camera was used 10 caplure the movement of the soiid/licuig
fronts dunng he test. The vides taves were inex processed
bv an image procsssing package (DATA Tramsiatien CT
2855) to determine the .ccation of the soiid/mmustyiliquid
fronts and to caicuiate the soiigification rzte. Cbservaticn
indicated that the test chamber was long smcugn ¢ Se
onsidersd as a wo-iimensionai :izmcer. Since ne
sciid/mushy/tiquid fronts oroqucsd Siffersne ligne reflections.
the image capeure< Dy the vided camera couid 2CSiy Jistin-
guish these thres regions.

Tunng the solicificztica crocess, the 225 onginaily io-
soroed in the soiuticn was feizasec. Taese 1ir SUCOIEs SiTve
‘he surrcunding liguid ¢ Jorm an iowart dow ocserec 1
our =arlier test, waich can sigmifics #¢
pattern in ifhe liquic zcoi. [n orger o mizs :
ree from z2s. the new soiution was zoied in 2 Seax
Delore beimng put into ihe i2st chamoer. e lest tnamcer

was then kept in 2 vacuum (O Jrevent ihe solLtica rom
rexbsorbing the air. Dunng the ‘est, the temperziure was
continuously monitcrad at avery one minute ntervar {or ine

first hour and at {ive minute nervais iRar hat. The
concentration meassursments were conducied avery 10

minutes. The video camera recorced Sontinuousiv s that
the tapes could be viewea {ater.

EXPERIMENTAL RESULTS

The resuits of three test runs were seleciad (0 be presented
in this paper. Each test was repeated three times. Tabie !
prevides the information regarding the initial soiution
temperature, T, the initial concsatration, C,, and the
cooling temperature (wail temperature) in eaca test run.
Test Run [ represents the case of the eutectic solidificztion
process. Test Run II indicates the case of hypoeutectic
solidification, whiie Test Run [II is hypersutec:ic soiidificz-
tion.

Christeason and Incropera (1989) reported their test data
on solidification in a rectaanguiar cavity with one cold and
insulated wall. The geometry of their test chamber was 44
mm height, 36 mm wide, and 2C0 mm deep, which is more
similar to the haif-domain of our test chamoer (our :est
chamoper is 190 mm x 60 mm x 160 mm). Thereiors,4heir
results will be a good comparison in this study.

TAELE 1

Summary of the Experimental Conditlons

’! (- Test:Run: T, T,

i cC | eon
| s | a0 |
I | s i -10 i
mo | s | 20 |

fHe simrlest case &4 ne soiidificatica 9f a binarv mixture
is the czse of the 2utectic composiion. [n a sutecuc
compositicn. the soiution exhiois the phase change sexavior
2f 2 pure substance, zad the convecuve fow is dnvexn soleiy
by the thermai tucvancy forcs. Figure 5 incicstes the test
data for ihe lemperature aistmbuticns insice the lest
chamter dunng 2utacuc soudificzuica. Tae loczticas O
2zcz themmeocoupie can te se=n n Mg, I Figure 32 snows

325 cm. Tares
acove ne
C iwasd.d¢em
iwav rcm ine sicewzil. zng (nermeccucie FIT was i he

1

lenter ot chomeer fUolon Te sesnoinzt

e lemperature cnonges with ume 1t v =

{nermicccuptes wers fccited zoout (5.0

coticm of the i2ston

e o —y e~
o8 rn, oS

aunutes, these three thermoccupies n2g simost icenucal
rescings until thev reached ihe eutectic phase <hange
:empe.::(urc, -15.4°C. The temperature of themmccounie
#21began to droe graduaily beczuse it nad teen surround-

< v ihe sclidified region. Tae furher iemperawsre

“

[q)

ecrsase of thermoecouote #31 was govermned Dy inemnal
sacucticn inside the soiid. [n the liquid sool. themmoczu-
ples #37 and #3I3, stow a vers umiform lemrperaure
honzoataily. Figure b shows the honzontal temperature
history at e v = £.35 cm level. Very similar 1o tnatm Fig
3a, the temperature was very uniform honzoataily in fe
liquid pool. Figure 3c shows the temperature history in (e
vertical centeriine of the test chamber. Durng tne lirst 30
minutes, a considerable temperature differeace =xisted
iong the vertical direction. However, since the {empera-
ture was higner at the top and lower in the bouom. the
liuid was thermaily stabie. After thirty minutes. all
readings reached the same value; that is, the temperature n
the entire demain of the liquid pool was egual to the
eutectic lemperature.

O

Figure 4 shows the history of the solidlliquid interface

-assceisted with Test Run [. A half-hour after starung tne

test, the solidAliquid interface appeared on the sidewalls, Fig.
4a. The solid/liquid interface looked very smooch and had
the same thickness along both surfaces. Cue to the unifO@
temperature in the licuid pool, convective heat iranstes
vanisned, which caused the solid/liquid interface to grow
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paralle along the horizontal direction. Figs. 4b through 4d.

A clearer view of the evoiution of the soiid tTont is preseat-
ed in Fig. de.

Hypoeutectic Solidification (Test Sun 1)

For the soiuticn with 1 hypceutectic composition, the
solute will be ejected during the solidification procsss and
the two-phase intetfacs is characterized as a musay zone.
As a result, there exists a high conceatration region in and
near the interdendritic zone. Since the solute is densar than
the soiution. 2 downward Jow may Ce generated along the
interrace by the solute-~driven aaturzl convection. Figure 3
snows the temperature distnoution n a % NH,CI-H,0
composition solution. Figure 3a indicates the measured
resuits at the y = 13.25 cm level. This dgure reveais that
during the first 10 minutes. ail thres thermocoupies had the
samme readings. Then :he reacings on themmocouples F32
and #33 got cioser to each other, waile that of #31 aiways
remained far below Jnat Of e other two inemmoccuvies.
wiuca mndicated the downward soiute-nich dow in this region.
Figures 50 and Sc show the horizontai temperaturs distniou-
tons in another :wo leveis, vy = 9.05 cm and vy = +35 cm.
Uniike that in Fig. 3a, these rwo fgurss incicate :han 2veq
at the deginning of the t2st, a temperature Qicference 2xasted
becwesn the thermocoucles aear the zociing wails and ine
thermoccuvies in the cesater regica. As ume lapsed. the
temperatures m ail thermoccupies in these inree <ross
sections continued 10 decrease. Itis nterssung 0 note that
instead of centinuously reducing the temperature in thermo-
couple locations #12 and #!3 in Fig. 3c. the reading of
thermocounle #11 dispiayed 2 sucden increase :a the 2ariy
siage. Alter tive minutes, the sclut:on iemperature near the
sidewalls (therrmocouoie #11) sieadiiv dropped (0 around -
3°C, which is lower than the phase shange lemperawure for
this concentration. However, no dendrites formed at {his
stage. This overcooling endured {or a %ew minutes unui the
first dendrite appeared. Visual cbservation indicated that
the dendntic region spread very fast 10 cover the eaurs
sidewall surfaces in less than one minute. At the same time,
the thermocouple reacing of #1! jumoed to about 2°C,
wilich corresponds to the phase change temperature at this
conceatration. Figure 5d dlustrates the temperature nistory
along the vertical centerline of the test chamber. The
temperatures at all seven levels dropped very rapidly in the
first 10 minutes; then the rate of temperature reduction
siowed down, but the vertical temperature gradieat m-
creased. QOverall, the temperature was lower at the pottom
and was higher at the top, which is unfavorable to natural
thermal convection along the ceaterime.

Figure 6 shows the solute concentration history along the
vertical center line. The locations of the four probe tips
were 2 e, 6 cm, 9 cm, and 11 cm above the bottom of the
test chamber. Initially, the conceatrations in all four
locations were equal to 5%. The concentrations coatinugus-
ly increased with time due to ejection of the solute during
the solidification process, since the concentration was higher
at the bottom and lower near the top. which is also unfavor-
able for solute driven natural convection.
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Figure 7 {lustrates the evoiution of the mushy zone and
the solid region in the 5% initial concsatrition solution. At
t=15 min (Fig. 7a), observation indicated that the solidified
region was composed of mainiy long and coarse dendrites.
As time ¢lapsed, the dendrites became shorter and {ner,
and the solid region appeared (Figs. 7b and 7c¢) beaeath the
deadritic region. Sincs the solute-rica Juid continuousiy
fowed down along the interracs region, the solidification in
the region aear the bottom retarded. Figure 7d shows that
the nterrace fronts moved cioser to each other near the top
and le a large 32p it the bottom. Figure 7e shows the
evoiution of the solid region durng the test process. This
figure snows a different solidification behavior with the test
conducied by Charmstenson and [ncrooera (1989) {or the

cuangular caviw -m:h one ccld wail and one nsuiated wail

(C,=10%), Fi

Hvoereutectic Solidification (Test Sun 1N

[n contrast 10 he avpoeutac:iic composuion. the ¢jection
of water-rich ncerdendntic duid il induce 2n upward dow
in the hypersutestc comgosiion soiution. Figure 8 dlus-
trates the conceatraucn change with ume in the tve prodes
loczted at 2 cm. dem. 2 om. L1 em. and LD cm acove the
cotom. Conceatrations o in2se {ve uOSlllQn: conunuousiy
diminisned. Tne concentratoa near the ‘co of the chamber
dimimisaed much faster than :t the locztions aear the
toticm, 2nd tne concentrzucn racient 2icng the ceateriine
conunuousiy increased. In 30 munutes. the <onceatsation
difference betwesn the top ind the tottom reached 3%.
After that, the conceatration gradieat 2long the cencer
decreased. and sventually the conceatrations in ail jositons
reaciied 3 sutaclic vaiue.

Figure 9 iilustrates the evolution of the mushy zone and
the solid freat with a 25% initai concgatration solution.
Obsersation indicatad that 1 few munutes afiar siarung the
test, deadites aogearsd ca the cooling walls. Al the same
tirme. many equiaxed dendrites appeared in the liguid pooi.
These tiny solic particies grew and ccalesced as they
descended. Afer about 10 minutes, the dendrtes coversd
ail the cooling wails and the totiom piate, s sesa in Fig.
9a. The mushy zone increased sicwiy afier that, and ihe
sotid zone grew under the mushy zoae, 1s seen in Fig. 9b,
=30 minutes. In this figure, the bright region indicates the
mushy zoae, whers the dark region under the mushy zone
indicates the solid ice. At 1=120 minutes. the solid and the
mushy zone grew mainly near the bottom, Fig. 9¢. The
mushy and solid zones grew continuously, but their growtd
was at a much slower pace compared to the beginning of
the test. Figure 9d shows the musny/sohd fronts after thres
hours. As the solidification process coatinued. the solid
region grew farther {rom the cooling wall. The thickness of
the loose mushy zone was further reduced as the solidifica-
tion continued, as seen in Fig. 9. Figure 9f illustrates the
solidification process in detail.  For the hypersutectic
concentration solution (30% initial solute concmcrauon).‘
Charistenson and Incropera (1983) found that a set ot
double-ditfusive intecfaces (two to four, depeading ca the
+®itial conceatration and cooling temperature) formed just




2 few minutes after the start of the solidification process. [n
thewr study, the doubie-diffusive recircuiation region was
mainly near the oo of the soiution surface. and a double-
difusive interface grew in the downward direction. As a
resuit, the soiidification anear the top was significantly
retarded, Fig. 9g. However, in our experimentai test, the
demble igugye integace did not form. As se=n o Fig. 9¢.
the solidified region along the side cooling wails grew
equaily i the horizental direction . our test.

Figure 10 shows the temperature listory in Test Run III.
Figure 10a flustrates the temperature distriouticn iiong the
vertical ceateriine. It is interesting 1o see that the ‘empera-
ture had a higher vaiue near the :0p and 1 lower value near
the bottom of the ast caamber at the beginning of the test.
As time elapsed, the iemmreraturs gear the op Jecreaseqd
much {aster than that near the dottcm. and sventuaily the
leqperature distnbuuon Zye®ac after 6 munutes; that s, the
temperature was lighier 3t :ne Sotom and gradually de-
crzased as the ampiitude incrsased.  This pnesomencn
indicates that ihe temperziure distioutions begcre and afer
& minutes were controiled dy different mechanisms. Befors
the dendrites appearsd. wne Jow in the liquic ool was

antroiled by thermaily dnven saturzi convec:ion, in which
‘he liquid rose aicng the c=ntesiine and Jowed owawarc
near the soiid ssoiing walls. After Zzadntes 2oceared. the
¢oid water-nich ticuid was 2jeciad Tam e Jengnic regien.
Sincs this cold licuid was ligntar nan ne scivtion in the
liquid pooi, it flcwea upwarc near ine wal regicn. When
the solute dnven force surpasses (ne drven torce,
the tlow dirsction was invessed. which resultsc in the
temperature distrouticn inverse v Fig. iCa. Tne temcera-
ture gradient reached its highest velue 2t arcund @ = 20
minutes. and thea siightly cecreased. Afer ¢ = 90 minutes,
all temperatures in the verticai ceateriine ichieved zutectic
temperature. Figures 10bthrougn iCa snow the temperature
vanauonsin the ihres honzenzi iccaticas. Uniike the cases
of the eutestic and avpoeutestic solutions, a temperature
differencs =xisted along he honzentai direction. From the
very beginning, the :emperatures of the thermecoucies near
the cooling wall were {ar ceiow the iemperaturss in ihe
center region. Tais can 2asiy De expiained since thick
dendrites coversd thece thermocourie iccations during the
earfier time of the soiidification precess. It is interesting to
compare the temperature ajong the symmetric cenaterdine in
our test and the temperaturs aicng the nsuiated wall in the
case ot Christenscn and Incrovera (1989). Christenson and
Incropera (1989) showed that the wail temperaturss at thres
different ievels (45 mm, 65 mm, and 90 mm above the
bottom) were almost the same at the same instant. Figure
10a indicates the temperature was significantly varied along
the vertical centerline. and the temperature gradieat even
changed direction during the sclidification process. The
difference in the temperature distrioution wiil significantiy
change the flow pattern asweil as the solidification behavior.
Therefore, the test resuits from a test with one cold wall and
one insulated wall cannoct simulate the situation of solidifica-
tion with a symmetric cooling wall.
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SUMMARY

An experimencal study of the solidificatiop for a Stnary
miXTUre in a recianguiar cavity with svmmmetnic cooiing wails
has desn conducted. AgQueous immonium ciionde was
chosea as the pnase change matermial. By changing the
mitial component of the solution, the resuits indicate that
the soiidification beaavior of the dinary soiution was entireiy
differsat. [0 the eutectic soiution. solidification was
characterized is smooth discrete interracss. which wers
almost paralle! to the cooling surfaces and uniformly grew
horizomtally. In the hypoeutesuc sciuton (5% miai
nar growth of the dendritic interface. [n the avpersutess
soiution, eguiaxed soiidification was importan¢ at the

utes of the soidification process. ecuiaxed dendrites
aopeared in the 2aure soiution and then grew and coaiescad
as thev descende< and {ctmed 1 .oose musay tone. Afer
that. soiidificztion orogress mainiy 2iong 'he mushy inter-
face. 2nd the soiid region then grew under the musav zone.
Tae resuits of thus study 2iso indicate that the evoiution of
the mushv zone ront and the temperaturs

distmcution
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IN A BINARY SOLUTION

R. Burton, F. Desir, G. Hoo, G. Martin, G. Yang,
Z. F. Dong, and M. A. Ebadian
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ABSTRACT

The effecss of Houndary zoncitions an e dousie-1iFusive
flow 'mside a ficuc zoo! durng he soiidificzucn
a bwnary solucon 1re sxpemmendaily stucied. Four fes: sumes
are Jwit i s sy
invesugate he 2!

Two recanguiar sumes 202 uiil o
5 of zomom :doiing in
sidewvail cooling on the low nsids a rzea

accion 0
2 recianguiar Savicy, waien
is used [0 simuiate the solicification process during a ingot
siauc casung. The owmer two V-shaoed sumps are designez
and buiit o simulate the zffecss of bomom angies on
convective flow during conunuous casting. The emgerature
disiricution in the licwd gooi is used 0 anaivze the ow
patems dnvea by botn thermal and conceawrauon buovanc:
forczs.  The results (ndicate that in a recianguiar cavicy,
adding bowom <cooiing wiil reducs the thermaily anivea
convecuve flow Doetore the solidificaton sans.  Agter
dendrites appezr. the cavicy with the bomom cooiing will
d0proach a uniicAm temperature insice the licuid ool much
taster than thac in a cavity without somom cooling. - The
resuits also indicate that the bottom angle of 2 V-shaped sumo
can significantly change the heat transfer mechanism and flow
conditions inside the liquid pool. At an angle of |6 degress,
the thermally driven convective heat transfer controls the fluid
flow and heat transfer before solidification sars.
deadrites appear, a major portion of the domain is controlied
by conduction heat transter. At a small angle. 4 degress.
conduction is the dominant heat transfer mechanism before
and after dendrites appear.
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INTROOUCTION
Solidification
eacountered

of non-sutecuc Zmary quNivres s
in many 2nginesning apolicatiens. such 1S e
growth of single crvsiails for the microeizcironics inqusi.
thermal 2nergy sworage devices. and the casung of allovs.
Unlike that of the sciidification process of a sure subsancs.
the solidification of a binarv soiution can generate both the
temgerature and conceatrauon 3radienss in a ligwd pooi.
These two buoyancy forces can either 2rhance or suppress the
fluid flow and heat transfer pacems in the liquid pool. and
further affect the growth of deadrites in the two-phase region,
or mushy zone. Previous researchers have indicated that the
major cause of structural defecis and innomogeneity
(macrosegregation and microsegregation) during solidification
is aanbuted to an imgroper convection flow pactem in the

widsiv




major cause of suwucmural derecs and  innomogene:y
(macrosegragation and microsegregauon) dunng solidificauon
'S acmbuted (0 an improper comvesuon clow jadem in the
liquid pool ana the musay zone (Filemings. 1974, and Fisher.

{981). Therefore. knowledge or tie Tansport snenomena of

thermally and soluaily dnven conveston in a1 cavity s
essentiai  for mamntaining sansraciory conmol over the
solidificaton process.

Due w0 the compiexity of double-jiffusive convecton
durnng the soiidification process. tieoredcai sudy on this tooic
is stiil in the developing swage ([ncropera and Viskanta. i997).
Therefore. experimental swuay is sull te most powertul means
0 undersiand ‘his dasic cnenomena. Most of :fie inuai
stuaies on double-diffusive convecion wers cerformed by
ocsanographers, whers the ‘emperaure and concsawadon
gradienls exist in 2 verncal direction - Tumer, 1979, Osmach.
1983).  Receatly, manv stugies iave Hesn conducted on
solidificaion  where 1 Ronzonw@l ‘emoerzture 2radient s
oresent (0 simuiate ‘he zasung 2rocess (Hu and Si-Wakil
1974, Benard et ai.. 1989, Kamownr 2¢ ai.. {983, L2z 20 2.
1988, Beckermann. 1987 Chrisienson ina incroperz. 1989
An axiensive survey naicztes nat the Joucie-niffusive tlow
1nd feat Fans{er in 2 IIVICY 1S YerY sensiiive 0 inanges n the
Iy laaguion at nz ounc..u
220omedv and cooling oncitions. T a¢ man Sursose of s
Siucy 18 10 expenmeniaily
ccaditons on the doucie-diff:

T cases wiil Te st

sourdary Ionciuons—:

2rfecs of doundary
; insid2 e daud scol.
3t 2cuitiona so0Cm

_QOHﬂ"’ NSl

solidification *roc“; i sauc ngc( a5 .
of ine bowom angie >f 3 V-snage2 sump. waieh s used 0
simuiate the soitdificzuion proc2ss durng conrauous casiing

Tae doubple-diffusive :low :n 2 caviy juring soiidification

a binary solution s very weax. e velocity of which is on
L‘u: oragr of less than | mmyses. Tae lecaniqus jor accurateiy
measuning  us low  vewocity s suil Aot avauagcie  for
enginezring  apchicIuons. On  the other hand.  flow
visualization requires 20 injecton ) ve or luminous matenal
with close densuy in the tesie2 soluuon.  Howewer, Jdunng
the solidification procses. e 501LLON CONCITURLOA. aS weil
as the density, conunuousiv Ihang=
may sull manain ther mtal gensity Fallowing tne loci of
the dve parucles mayv preseat an evoncous ilow parem due ©
the fact that the 'luid flow is too siow Fumnermore. dye
injection may significandy change the flow patem in the
liquid pool since the veiocity of the dve injection is much
greater than that of the convectuve velocity. [n this study,
many thecmocouples were insialled in the test caviey and the
temperature chaages inside the test sump wers continuously
monitored. Due to the low operation lemperacure, T omsen <
300K, the radiative heat transfer can be neglected. The
temperature disiribution in the test sump s coatroiled by both
thermal conduction and thermal/solutal convectuon. Since the
sump is cooled through sidewalls, pure conductive heat
transfer wiil gencrate a smooth changs temperature field, with
a positive temperature gradieat from the wall to the ceater
region. Any sudden discontinuity of temperaturs  or

wihntie he dve saruciz

remperature gradients in che fiquid gooi cz2n de znriputed o
e convecuve ddow. [n tis swdy, the changes n the
temperature disTibution wiil be used 0 quaiiauvely anaiyz
:he convecuve low pamems inside the sump.

.
TEST FACILITY AND INSTRUMENTATION

Figure | is a schematic view of the test Gciiities
used in this investigation. Thev ccasist of the test
sumo, the cooling svsiem, and the associartad
insqumentation. Four test sumps were built for this
study, and share the same cooling svstem. The cogjjag
system inciudes thres reTrigerators. cenrroi vaives, and
piping. Two 4ZS-wan digitai remrigerated circulator
batns (Remgerators | and (1) were 2ppiied (0 maintain
the cooling wails at 1 desired ‘emperature Juring ihe
test. A [73-wam digital remigerated circulator dath
{Refrigeracor [II) was used 0 set rhe imitai t2mperature
of the test soluton in e sumo. Tne {irst siec of e
@St was 10 sef UD 1 umfCrm [nital emoerature. T, i
the iiquid zooi. Refrigeracor 111 s <cnnecieg (o the
cocling tline o provice 3 Jesire2 :emgeriture ihrough
e two  sidewalls. Thermocouctes wers ciosely
moniored 0 <hecx the (emcerztur2 o(‘ 2 sofution.

Z=eore siaring ne 2xzeriment

5

:  maximum
temperature Zifference Of the solution i in2 licuid pool
was fess :han 0.5°C. Since o axes ume 0 3@t up the

inial ::=r::\er:1ture. Rargeraors +ond D wers

disconnecied n

sstaolish tne requirec ccoling temperaturs, T After
thermai umiformicy was reaciec n the hauid pool
Rafrigerztors i and (I were conns2cizz to the cooling
line ancd Refrigeratar ([1 was Zisconnectad. after which
the sxgeriment bezaa.

Agueous sodium carbonate. Na,CO.. was chosen as
the test solution in s siudv dJue 0 s semi-
transgarency. As sesn n Fiz. 1. e sutecic
temperature and the comcentrauion of the  Na.CO;
soiution are T, = -2.1°C ang C, =197, rzsgecuvely.
To simulate the metal casiing
conceatration  of 0% s chosen 35 the iniual
conceatration. The inital solution temperawre, T,, and
the cooling wail temperature, T,, are chosen as 15°C
and -15°C, respectively. DCuring the solidification
process, the gas originally absorbed in the solution was
released. These air bubbles drove the surrounding
liquid to form an upward flow observed in our aarlier
test, whicn can significantly affect the flow pattern in
the liquid poel. [n order to easure that the solution was
fre= from gas, the new soiution was toiled in a beaker
before being piaced into the test clamber. The test
chamber was then kegt in a vacuum (o prevent the
solution from re=vsording the air.
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o
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Thermocouples ‘were installed inside the test sumos
10 monitor the temperature dismibution during the
experiment. The bead of the thermocouple is around
0.8 mm. These thermocouples are mounted on a
piexiglas frame. Thres of which were made to fit the
geomexy of each test sump. The frame was then
artached to the middle of the test sump. Details of the
locations of the thermocounies for each test sump are
given in the Resuits and Discussion seczion. After ail
the thermocoupies were mounted on the frame, the
frame was then placed into a bath (chiller) to
individuaily calibrate the thermocounies. The
thermocouples are connected to an HP data accuisition
system (Mode! #3852A) and are monitored by a
personal computer. During the iest. the temperature
was continuously recorded it every one minute intervai
for the first hour and at {lve minute intervais after that.
Tne uncertainty of the lemperature measursmen

s =
0.25°C, and tne uncemtaimty of :he thermocouple
focation is less than = | mm.

RESULTS AND CISCUSSION
Eifect of Bottom Cooiing

xgenmental esis vers concucied on two reclanguiar est
SUMps. Doth having e same geometwr 1nd dimensions (Fig
3. 19%em X fem X othem iheiznt X owidth X dzzin. So:
Sumos nave two <ocger sidewalls. [roat ana back siexigics
WInCows. and 1 piexizias 0o cover. Tne somom wail of sumo
A [Fig. 3a) s consirucied of 2 piexiglas olate 0 simuiate aa
adiabauc bounaarv conditon. The bocom wail of sump 3
(Fig. 3b), is made of a cogoer piate. Channeis |2mm wide ov
IZmm desp were macnined into the back surfaces of the
copper sidetvails and sonom wall to serve as gucers for the
coolant. thermocounies insulles inside 2ach
coofing wail to mezsure the wail emperarure.  The cooiing
wall was assumed (0 nave 1 uniform temceracure since e
temperature difference berween these thermocoupies is less
than [°C for the cooiing wails. The tesi sumo was then
covered with a svpnon 0ox (o insulate it from the ambrent
The front and rezr chambers were k2ptin 2 vacuum during the
tesi. and the front of the sypaon box was kept open for
recording by the video camera. Due to is length, the test
seciion was assumed 10 te a two-dimensional chamber.
Figure 4 shows that forty thermocouples were egually
distributed in <eight horizontal lines, whers y indicates the
vertical location in relatuon to the bottom surface of the test
sump. The distance betwesa the two thermocouples is 1.2 cm
in a2 horizontal direction and 2.1 c¢m in the verical direction.
The thermocouples near the wall are 0.6cm away from the
solid wall.

Figure S5a shows the temperature distnioution aiong the
centeriine of test sump A. Thermocoupte #3 (only numbers
wiil be used present thermocouple locations in this paper)
is 0.65 cm from the botom wall, and #38 is 13.33 ¢m from
the bottom. For the first fourninutes, the temperawures of all

Five were
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thermocoupies continuousty decreased. Berwesn 4 o [0
minutes. the majority of the thermocoupies increased in
temperanure and ten decreased agan. The large amounts of
2qwiaxed dendrites that appearsd were 1ssociated with this nse
in temperaure. Since different mechanisms for coriroiling the
flow parterns in the liquid pool before and aster solidification
are invoived, separate discussions are given for the period
before and after the 4 minues. [n the first four minutes. the
temperature of #13 (4.85 cm above the bowom) reduced by
almost 16°C. At higner leveis, the iemperamre reduction was
lessened: for exampie. the temperature of #33 reducsd oaly
4°C during this ame period.

Figure 3b shows the horizoneai temperature disTipuncns at
two heignes. This {igure indicates thar ar v=¢ 35 cm. the thres
thermocoupies (#11 througn #13) nad the same -empemwre in
ihe drst four minutes. wnich indicates 1 sxong honaontal
direczion flow around ‘his area. At y=9.035 cm. the honzonai
lemperature  dismbuton was much different from thar of
y=435 cm. The temperaure of 1 thermocounie near :he
cooling wall. #21, was far Selow the temcerarures of the
thermocoupies i the c2nter region (212 anc #23) dunng the
same ume pertod.  Sinc: e soiution was weil mixed derore
e rest the cooling wails wvers oarailel 0 the =
70 ofase changs occurres. e only DossibHiLy
e lemeerzture d

ateriine, and
{or obeaining
' dxe in Fig. ¥ was fom
thermaily driven convetuive fiow 2s snown :n Siz ja. Figurs

he

pa shows that e flwid lowed down aicng the ccotng wall
iien dowed rom dhe wai t2gi0n 0 e
2round 3em rom e 20GOM. Jdowed ugwarc s
i warmed. A smail tlow loop 2iso 2xisies in the dotom
region delow this large low [cog. 1s se=a in Fig. fa.
After 4 minutes. Fig. 3a snows that the remperzcurss of ail
the thermocoupies along the csatesting increased. excugt for
238. Figure 3b shows nat 20 v=9.0%cm. the emperaqures of
thermocoupies 222 ana #15 increzsed arounc 3°C and then
drooped after that whiie the thermocoupies near the’ wail
continuously decreased with ame. At v=433 cm. the
temgerature increased even the thermocougle aear the wail
=11. The temperature changss in Figs. Ja and 3b indicace that
the fluid flow changed s direstion during tus gertod of
tme—:hat is. the lwid Jowed downward aiong the canteriine
and upward near the soiid wall regron. Thus downward dow
Srought the warm fluid from the (0o region @ warm the
thermocougles below it. This inverse flow loop was driven by
the conceatration gradients generated by solidification.
During solidification of a hypereutectic solution. the solute
will be solidified first. while the water will be ¢jected from
the dendritic region. Since the water was lighter thaa the
solution, it generated an ugward buoyancy force nzar the wall
rezion. This buovancy force was eveatuaily overcome by the
thermal buovancy forcs. and changed the direction of the
flow. [t is interesting to ses that the temperature of 213
reduced much siower than that at other locadons. [t had a
negative temperature gradieat in all directions after 10
minutes. as seen in Figs. 5a and 3b. This suggests that the
fluid heac transfer around themmocouple #13 was mainly
controlled by conduction. The fluid flow inside the liquid
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Pooi can be iilusaated as in Fig. &b, whica saows Hhat the
Jotom region is coversg by loose aguiaxed deadrues. onyy
one {low iocp is formeg during :his period of time.

Figure ~ :lusTates the temperature distibutions aiong the
csateriine in est sump 3. Before e dendntes 2ooeared. a
negauve empenamure gradienc existed Tom the 0o © the
botom aiong the cententine. wnich indicites oniy one
thermally driven {low {oop in each haif-domain. The thermal
convecuve flow in sump B was 120t 35 sTONg 3S in sump A
due (0 the small lemperature gradient becwesn the csnrer and
wail region. After dendrites appeared at around the fourth
munute, :ne jottom region was raoidly coversd with deadrites.
wnich is svideac:d Yy the fac: that e iempemare of
thermocoupte 33 droopea  repidly beiow the z2utec:ic
tfemperature.  The concsawrauon driven convecuve low
overcame the thermaily dnven dlow acer 10 minuess. Uniike
what occurred in sumo AL 10 significznt tempertnurs incrause
was ooserved n sumo 3. Comearauvely, e lemperawures
of the fiquia ool in sume 3 rezcnea uniformicy much faser
than tnat o sumpg A, Cuning sictic :ngot sotiaificzuon. s

NOt 3000 :n sUMD A Mav resuit .o '0c¢ai swuemural 222 ang
:npomoge:n
tus drawoack.
Eifect of the Angie of the Sumo

Jurng ne saunuols IIstng Irocess. die micited matenal

oy

ATHE somom Joolng <In erfeciivery imgrove

IS goures [ALO 3 Waler—:Zowes meig anc s e moid rem

e boaem. The m

|

Tovement spezd. Senveza th2

casuing material. Thg surpose of s siuay is 10 delermune e
2{Tect of the sumc fcrust) angie on the doubie-diffusive low
cacem.

Two test sumps were swit 10 sucy e =i

221 of the 2ngic
on the flow pauems. Zow sumos 3ave 3 dimeasion o 2% ¢m
in he:ght and 15 <@ in heignt

e 3 1S 2 schematc view
of the V-sagged iesi sump. The 'est SUMD COASISS Of two
cooiing sidetvails. {ront ang Back vacuum clamozts and a
piexigias cover The angwe. @. of sumps C and D was 16
dugress  and 4 Jegress.  cusoecuvely Five €

e
thermocoupics were instatled inside 22ch swzwvail 0 measure
the wall tempemature.  The {foat and rear vacuum ciameoess
were made with grexigias so that ine salicificauion process
could be observed and recorced Dy a vided camera. The two
cooiing walls were amached on the front and rear vacuum
‘chambers (0 form a V-shaped sump. Thne sidewalls were
insufated 9y a sypnon plate. Forty-one  and  thirty
thermocouples were installed inside the liguid pool of sumps
C and D to monitor the temperaure change during the test.
Ceuwils of :he locations of zach thermocoupie are given in
Figs. 9a and 9b.

Figure 10a depicis the temperature distribution in sump C
along the ceatestine.  This figure indicates that before the
dendrites apoeared, which hapgened around 3 minutes afier
the iest started, the heat transfer in the liquid pool was
controlled by thermal convective flaw.  According (o the
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iemperaturs disTibunion 2iong the ssnteriine. awo dow looos
2xisieq n he liquid ool Cne was Seqwesn :hermocouples
#24 10 239, and anower one was in the region bem}e:n
thermocoupies #4 0 219, [n the region beiow thermocoupie
2. the Jomunant =22C Iunsfer mesianism was conducsion.
Figure (0b shows ne emperature disitfioution aiong two
honzonwi fines. At v=iZ ¢m. Fig. 10b shows that the {luid
temperature  increased  Tom  the wall 0 the ceateriine
(thermocsupies #1213, and #14) in the :irst four minutes.
However, at y=17 <m. the ‘emperature of thermocoupie 524
(at the centerntine) was lower ten te temperamre of £22 and
723 at the same heignt wnich ingicates 1 swong uoward
convecuve tlow aear ine center region. v soiigification
occurred. e concenganon Jmven Suovancy force tafanced
ne mermal converion. ind e 2mperature clanged smoomiy
in 1il direczions—nat 's. e near iranster aunng tus penod
was Jominares Jv Inermal <snauciion.

Figure !lasnows e vemical ©emoerature diswioution diong
the centeriine ' osump O Thus fest sump has a very large
Aerzavwidil |00, Wwch s arouna (2 sased on e maximum
WICIR Of g sumo e MANGMUM 2isance 2etweszn the iwo

ccoiing wails s .zss tnan o Souditication sared around

=3 Tunues. L me2 n sumo wuh [6°. this
:acTzased SMOOthiY as ihe

senernites aopeared. {Uoshoudd Te

Jonguciive Neal ransier was
amsm durng s pentod.
tia and o iilustrate that
couctes were ¢lose (0 ealh

Cilxane TIT s
the dominate Azl
Afer soucificztion
other, s les wre sull increzsed smoothly from the
cooiing wail w0 e «zawernne 3nd trom the boutom <o
0p—inat 5. <onducuon was suil (e dominant mechamism for
Seal reasizr nsice e uguid gool.

SUMMARY
The effecss of soundar fondiuons on the doudie-diifusive
Jow nsige 2 licuic pooi during the sotidificzuon procuss in
3 9nary solution has Sexn expenmenaily swdied.  Many
thermocoucies were insialied 1 the <ross secion (0 measure
temperature  change dumng the experimenl test The
temgerature diswribution was then used w0 analyze the flow
pattemns inside the liguid pool. The major resuits indicate that
1) in a rectanguiar cavity, the addition of bottom
addition of botom cooling will reduce the thermally
driven coavecuve flow before solidification  swacs.
ARer the dendrites appear. the cavity with botom
cooiing wiil reach a umiform temperature much
faster than a cavity without boom cooling. During
saatic ingot soiidification, the cavity with bocom
cooling can heip to reduce local structurat delects
and inhomcgenetry.



=) te %Homom angie of a V-shaped sump can
significanty change the heat manster mechanism and
the flow conditions inside the liguid pool. At a
large angie. 16 degress. the thermally  drivea
convectve hear Tanster contois e fluid Jow ang
heat wranster before solidification starts. After the
dendrites appear, conduciion becomes the major
mechanism for hear gansfer. At a small angle, 4
degress, conduction is the dominant heat Tanster
mechanism oefore and arter the dendrites appear,
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Scriemanc of the test fciiides.

Phase diagram of Na,CO,.

Recungular sumos.

Thermocoupie diszibution. .
Verncal and forizonwml tempesiture historv, 10%
Na,CO;.

The flow pamems in the recanguiar test
sump.

Verucal and honzonwml temperature
aistory, 10% NaCQO,.

V-shaved sumg.

T'nerr:iocoumc ‘ocauon for 16° and 4° V-
snaped sump.

Verncal and  honzoatal  temperamrs
aistory, !6° V-shaped suma.

Verucar  ind  honzonmi  emperature
aistorv, 4° V-spapea sump.
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Abstract—An sxpenmentai study of binary muxture soiidification in 2 V-shaped sume (s conduczed. NH,Cl-

H,0 s useq is tne pnase caange matenal. The varigaons of :emperature. toncsatranon. as weil as tne
location of the mrerrace Toat, ire measured ind reported n ius investgation. Thae cesuits indicate that
the sodaificauon procsss exaubits (otaly diferear senavior vnea the :mual componeat of he soiuuon is
vaned. For a hypoeurectic soiution. the coiumnar solidificauon n the deaanuc inerfacs is the domunant

mecaanism. Cor e Aypersucecic sounoa. 3
sotigificztion starts as ine 29

2ocn ¢ofumnar and squaxeq solidificzuon are meortant

‘ _ Quaxed dendrites Zrow ind coaiescs in ‘fe 2zure sowwtoa. Taey then descen
angd sectie 1t the Jottom of Qe sump 0 {orm & locse. musay oae

. Tae

. Tae sotid regron grows underneach the

musay zene.

1. INTRCOUCTICN

Soudificaiion s 2 _:'r: :
s accompanied v he iners 3%
common

‘eature of 2 svsiem '.mce:gomg soig—iquia
onase cnange s Ine 2xisigace of 2 MOoving Joundury
nat separzles ine Two paases df
Zifferent 1N2CTRODAYSICIE Jroperues.
CommMercial Tietal proauess ar
WO Or TOCE Tonsittuent stem
manv espects {rom the solic structure 3¢
substance 1. 21 Durmng the scildificzuien 2f inacy
Tuxiurss. e 22asicy e( the icuia

ine solutica wun
Tae majcnty of
2 zomposed of iovs of

=1

vanes Mg ocln
l2mperaturs 2ad concentration. T aus. natural con-
;ecuon c2n se caused v oot thermaily 2na sowtally
ncucsd zensity zracdients. Previous fesearchers inai-
cate that i@ major cause of siruciural Zefecis inc
naomogene:tv (Macrosegralica And miCTosegraiion;
duning sougirfication s aunoued {0 a1 improges <on-
vection ow pattern in the meil sump 2nc ¢
zone (1. Taersfore. Knowiec
snenomena of Joucie diffusive coavection in the met
sump is sssentizl {or maintaining satisfaciory controi
over ifie zasiing orocess. Due (0 the compiexity of
double diffusive convecuon dunng the solicification
orocess. thecredcal study on [‘1;5 :opic is sull in the
deveioring siage (3} and expenimental study is sull the
most poweriul means for um:ersw.ndmg this pasic
phezomezon. Many experimental studies on this opic
have pe=n conducted using difersnc xinds of soiu-
uons. Liquid metals have besn 2ppited to study the
solidification procsss by some researchers (Al-Cu
alloy) {41 and (Pb—Sa ailoy) {3]. Since the liuid metal
is opague. it is very difficult to determine the fow
pattern and the moving solid {roat interface dunng

ine musny
ge of ine ransgoct

+ Author to winom correspondencs siouid be addressed.

the axztenmment. T zersiore, iransparent solutions irs
asuaily apouec (0 anatogue allov solidificaucn. The
NF.C-7.0 sciwuacn was used
scury and emoeraurs

inc 23

10 measure boch vei-

aisirioucioqs (o 3e soivuon &
n 2st was conduciad ov usIng 2a
Na,Cl.-5.0 sownon 3. 3 Receatlv. the souai-
dccuon Zrocess n 2 reclanguiar vy was aiso studied
SV ousing : :

a2 1poove
1ne literacure ncdicates inat ihe
.axasung  :xgermmental  results
%€ r2cI2nguiar Sross Sec1on st SUMmp.
AMicn :‘ocuse: oniv oa sialc (ngot solicificzuon.

~H,0 svstem (10, UL
Tenucnes survey 20
naonw o0

Jotaineg

Were
Tomt
uuf-
TZ 12 IDRLTUCUS SSSUng srocess. meited matenal s
2x1ts :he moid
neat s (0st 1o e moid wall.
ot sooied moic s soiidified drst
10 Jorm 2 zrusc wia che lcwd matenal in the ssatar
Tails ot s conunuousiv withdrawn [rom ine
Sottom. .ae matemal in ine ceacer usually aesds
aaditonal ume o soiigify. ~nich results :n 2 V-snapea
‘ieuid sump. The angie of the V-siape s adbout =167,
wnich usuaily degencs oa the cTust movement velocity
and e tmermal procerties of the casting matenal.
What is she =fect of tne obiigue walls of the V-shapec
boundarv on :ne soiidification procsss of the dinary
soiution? The surveys indicate that 20 such infor-
maucn s 1vatiabie :n the opea literaturs. As a Irst
step for studying the V-shaped solidification process

in conunuous casiing, this paper presents the poimary

sxpenmental cesuits of {emperature, concentration.

2nd :he moving soiid froat interface during the solici- -
fication process in a fixed V-shaped sump.

‘no 2 wvatar-1001es molé and

2. TEST FACILITY AND INSTRUMENTATION

A test faciiity, which includes a test sump and cooi-
ing system, was consiruciea (0 modei the two-dimen-
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NOMENCLATURE

- concsatration Subscaipts
T temperature c cooling
¢ ume e sutectic
x vertical location 0 ininal.
y aorizontai location.

sional solidification procsss in a V-shaved sump. Figure
| is 2 schematc of the V-shaped test sump. The test
Sump consists of (wo aluminum side wails. front and
back giass windows. and a 0o cover. The dimeansions
¢ the test sump arz 28 cm x 3 ¢cm x 29 cm {length x
W1Gth x height), respectivety. Toe zalleries, which
were 3 mm wde x |2 mm des=p. wers maciined into
the back surracss of “he aluminum side walls to serve
as a channet {or the cootant. Five J-ivpe thermo-
coupies were :nstalled inside 2aca side wail to measurs
the wail temperature. Four tnanguiar ziass plates were
mounted becwesn the two side walls o divide the rest
SUMD 1O thres chameers. A fectanguiar grass siate
cover was placed at ihe (00 of ille sump (o 2asure that
:hese thres chamoers vere airugnt. {n ocder 20 oravent
Japor condeasation o0 ihe Tont aad s22r vindows,
ihe froat and cear thamoers (1.5 ¢m ieagrth on =2ach
side; ‘were Kegtin 2 vaClLUM JUrAE The est. | ae muddle
cnamoer of ine iest sumpo is 13 om in tengtl. wnica
was diled wicth the NH,Ci~H,0 soiuton. 1nd was also
£2p0in 2 vacuum dunag ifie fest 10 2xiract the gas
{rom :he soiution. Thae iest sump was coversd by a
svpaon box {0 imsulate 1L {Tom e amoent.

Figure 2 spows ihe cooling svsiem and the instra-
menes used n fhIs invesiigaton. Tae cooling svsiam
inciudes thres rerrigaracors and tne associated <ontrol

Satlery

vaives and piping. Two 425 wait Mode! N012568 digi-
@l retrigerated circuiator baths (Refrigsrators [ and
II) were applied to kesp the side wails 2t a desired
‘emperature during a normal @st. A (75 W Modet
NO1267 digiea refrigerated circulator sath {Refriger-
ator [1I) was used (0 set the initiai ‘emperature.

Seventesn thermocouples were :nstailed i moaitor
the temperature disinbuuon of ke soiution. These
thermocoubies wers mounted oa 2 siexigias rame 20
ensure thac they remained in siace dunng the soiidi-
ficauon procsss. Tae thermocoupies wers 2rranged in
four honzoaal lines, with :ae oo iine located | ¢m
befow tne soiution. The locauons of :aca thermo-
coupie are listee 1n detzul in Taoie |, wners the ongin
pownes iz =10 and » = ) 1re zedined it e sotom
cormer o the iest chamoer, as se=n o fig 20 Al
thermocoupies wers caiiorated naividuaily ater they
were msiatlec. Ths thermocouptes “verz tonnscad 0
n =P daqa icquisiton sysiem i Model No. 33314
and moanitored ov 1 gersonai somoputar, Tae uncer-
lainey of the iemopecature measurement s —=0.2°C.
The unceriainty of the themmocoupie locauon is less
than =1 mm.

Aquecus ammonium chioride NHC-4,0) was
chosen as fne test soluuon due [0 s simiiar Solidi-
fication benavior as the liquwid metai. ana {or s semu-

w

PR

View

Fig. [. Schermatic representation of the test section.
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transparency. Tne sutecuc temperature and com-
position of the NH,C\-H,0 are T, = —15.4°C and
C.=19.7%. respecuvely. The concsatration
measurement was conducted by extractng the sofu-
tion through a set of synnges (test probes). Nine
synnges were used (o measure the liquid concsn-
tration. During soiidification, the tips of these syringes
were located in differeat x and y positions. However,

30 min after the start of the test the majority of the.
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SRQUC reoresaniaLon of (ne csouny

HY¥SiET.

CC2LORS 3r e UCs O iie 3Vrnges wers sither cou-
Jte2 Sy .cs oc werz musay Oniv two syringss {prooes

Z 210G T} couid 2roviae s witn ‘nformacon durmng
ine 2ntre process. 30th orooes C zna T wers iocaced
diong ‘ne senceriine Of ine sums. witn the ups iocated
1 4 oe:0W he suriacs of the .dguid
.1 omfrom the botiom zorner). Aa
A3BE 1WA refraciometer was used o measure “he
refracuve inaex of the sxiracied solution. The refrac-
ive index was then iransierrsd 10 :ie conceatration
tirough a cnari. which was sreatec ov mezsuring a
10wn concentrations. Uncsrmamnty in ihe place-
ment of the groee was itout = ! mm. Since oniv 2
very small amount of liquid was ¢xtracted during the
test, the 2 2( :1e concenlration gradient near :ne
prode up was minor. The ssumated uncertainty of the
concentratlion measurement ~as about —0.5%.

A video camera was used to capeure the movement
of the solid-liquid fronts during the tes:. The video
tapes were then processed 9v in image processing
packagez (DATA Translauoa DT 2355) to determine
the location of the solia~musay-iiquid fronts and to
calcuiate the soiidification rate. Basically, the test
chamober is long enough to oe considersd a two-dimen-
sionai chamber (2D). Sincs the solid-mushy~tiquid
fronts produced difersat lignt rerdections, the image
captured by the video camera could 2asily distinguish
these thres zones. Figure 5 shows the thres images at
hypoeutectic, sutectic and hypersutectic conditions.
The light areas in the pictures indicate the mushy

13
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o
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Tig. 3. Vigeo umags of he incerface fronc

Tabie 1. Summary of :he :xpenmezcal conditions

Tast -un Z, [%%] C T.°C
! 9.7 -20

z 39 3 —-i0
{59 : -3

2 23 s -20

rdendritic zones. it s wortwiiie 0 ooint dut that in
the 2utecuc conditon (G, = 19.7%), the baght lines
recresent the liguia-soiic intertace.

3. EXPERIMENTAL PROCZDURE

During the sciidification procsss. the gas originaily
aosoroed n the soiutton was ceieased. These air
bubdbies can dnve the surrounding ucuid (0 form an
upward dow. [n ocrder to make the soluuca ires (rom
2as wanen a aew solution was poursd nto the test
chamber, the solution was solidified and meited at
least thres tmes. Thae test chamber was also kzptina
vacuum to prevent the solution {rom reabsocbing the
gas. The resuits of four test runs were selected and are
presented in theezaper. Each test was repeated four
to five times. Table 2 provides the information regard-
ing the initial temperature, coacentration. and the
cooling temperature in each test run. Test Run | rep-
resents the case 3T the eutectic solidification process.
Test Runs 2 and 3 indicate the case of hypoeutectic
solidification, whiie Test Run 4 is hypereutec:ic solidi-
ficauoa.

The frst step of the test was to set up a uniform
initial temperacure. 7, foc the test solution. Refrger-
ator {11 was coannected to the cooiing line to provide

130

1 l@sired femoperature througn ine two side walls.
Thermmocoupies werz zioseiv monttored 10 check the
‘emgeraturz of (e soiuuon. The maxmum tem-
cerature iifierance :nside the solution was less than

: he 2xperiment. Duriag the ume
10 32t uT ine mual lemperaturs, Reimigeracoes [ ang
([ wers Zisconnested from the cooiing line and run @0

2staoush the reguirad cooling temoperaqure. 7 After
giformity was cezched n the sallioA.

gerators [ and [[ were zonnectad (0 the cooling
line and Refrnigerator (Il was disconnecte
‘¥QICh the 2xperiment 2ezan. .

after

Ouring the fest. the "2mperaturs was Sonunuousiy
monitored at 2very | mua :aterval Joc he Arsi nour
aad at 3 mun intervais arter inat. Tne video camera
coatnuousiv recorded so that ine :iages couid oe
viewed later. The concsatraucn measursments wers
cencucted 30 mun. Althougn :the test rack
inttiaily inciuded nire ast prooes (svringes), due <o
solidification, only two probes couid provide the con-
cealration information (iroughout the t2si. The {est
times {or s2ch run were significantly differeat degena-
ing on the ininal conceatratoa. which varted from 2
to 38 h.

2uery

4. RESULTS AND OISCUSSION

The simplest case of solidification of a binary mix-
ture s the case of sutecuc composition. [n eutectic
composition, the soiution exhidits the phase changs
behavior of a pure substance, and the convective flow
is driven solely by the thermal buovancy focce. Figure
4 shows the histocy of the soiid-liquid intecfaces in
Test Run [. A halt-hour after starting, Fig. 4(a) shows
that the solid interface appeared oa the side walls. The
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the solure wiil be sia@sed during :he soiidification oro-
¢ess and :he iwo-onase nterrace s claracienzed as
the mushy zome. As a reswit. chers xists 3 aigh con-
C2TLration reion in and aear the interceadritic Zone.
Since the solute was denser than the solution, a downe
ward flow was generated along the interracs oy the
solute driven aatural convection, which was in the
same direction is ihat of the thermal by driven son-

vecuon. Figures 3 and 5 show ihe varation of :he
<) 2 hours temperarure contours during the solidificanon orocess

in 2 lypoeurectic composition soluticn (Test Rua 2).
In this test. a 3% NH.C compeosition solution was
used with initai and cooling temperarures of T,=3¥C
and 7, = —10°C. respecuvely. Figure I shows the
mperature varaton of thermocouries. Nos 3. 9 and
0. These thrae thermocouies are located about 3.3
ST delow the soluuon suriace. where thermocounie
No. 35 I mm awav rom the side wail. and therme-
ccuote No. 10 s :n the csater chamber. Tais dgure

‘naicates :hat the rezaings of ‘hermocoupies Nos 3
1 acurs 2, ¢ mours 53 scurs ana 0 wers zioser 0 2ach other. and shat af No. 3

+. Inerfacs froncn e C, = {9.7% sownon. was Uwavs ‘ar selow that of the dther two. 1L 's aiso

(AeTIsung 10 10te that msieng T Itaunuousiv raduc-
‘g e Imceriture o olocauons Nos 9 and 10, ihe

‘NIRTTACSS a3pearss vers smooth ang wars f2acing of No. 3 zispiaves 2 sucdden increzse in ihe
veilaisioutsd along 2064 surfacss. Since the soivuon

In the drst 20 min. ine sotuion em-

‘STDETAUrE in (he center O the test cnamoer was  Deraiure aenc ‘ne sige vails 1 Mo. 3) stezcily droooed
aigner than that aear the incesiace. 3 thermaily doven 0 =53 i S .ower ‘han iie T227ng tem-

aacurai comvection was zeaerztec. The duid o )

2IUrz {00 nis Ionceniration. Tais overcooling

ocling intertace dowez lown 1nd :hea moves 4o n 2ncures 2 zw Tunutes unui the drst dencrites

Ne Cneer r22:0n0 0 Jorm two recirculation looos. As  1ooearea. Visual ceserszuon indicaced that the den-

e
e 2iapseq. nowever, ine solicifed razicn incraases.  druc 722100 spraag verv [asi 1o cover the 2atre side

=

and ihe .dquid region iiwavs cemained in a V-snage.  wall suriacss in fess than . Tun. wile it the same

issesnn -

o
Tor e soluton With 2 ypoeutectic sempositon.  —1.3°C.

g. Lb)=if). ume igrmocoupie fzaging of No. 3 jumped o0

5 shows the temperature vagzauon

YEMPERAYLIRE (C)

10 20 25 0 40 50 80 120 180
TIME (minutas)
]
T 18 —C— 39 ———— 10 |
J

Fig. 5. Temperature history {or the horizontal thermocoupies (C, = 5%, T. = - 10°C. T, = 5°C.
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TEMPERATURE (G)
Iy

40 3Q 30 120 180

TIME (minumf)

{
—
i

—

s — 0

#HE

Fig. 5. Temperature aistocy for (e vertcal inermocouotes | C, = 3%, T, = —0°C. T = °C).

ajong the szateriine of the st chamber. The vertcat
loczuons of :hermocoupies. Nos 1. 3, 5, 10 ana (2.
are 22,50 T L3093 ana LT cm. raspectively. Tus
dgure incdicates that femoperaturas :a 2il dve locadons
sieaaiiv Iropoed as ume 2:apsed. anc he lemope
in iile upper potnt ¥as alwavs 1gner thaa that:n ne
lower pownt. Figurz 7 shows the movement of the
soilg-liquid interface fronts. Av¢ = 30 mun. Tig. T(a;.
‘nsual nbservation indicated that ine soiidifed rezion
was composed of mainiy iong 1ad coarse dendrita
intertacss. As ame siapsec. the dendnice secame shorter

L __7,/ Lquia

{
jf/‘ Musny Zsne

d) 30 min.

¢c) 60 min.

Fig. 7. (nterface froat in the C, = 3% solution.
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and Angr. and the solid region apoearad. Fig. 7(bM
Since :he sotute-nica dwid contnuousiv fowed down
2iong tne :nesiace cegion. ihe concentrauon in the
J0tIom [2210n Of ine fest chamoer siendily incraased.
;2q ne soilaifving orecsss .o tius regron.
“iz:oapa d) snow tnac the interiace {roats
moved ciose 10 =aca other, znd :eft 2:0ng AarTow 220
Setwesn them. Sigure 3 shows that :he concentration
shangsd wun umen this case. Tae proees, C and
7. are ‘ocated seiow the solution surface. The dgurs
indicates -hat :ne concsawrauon increased as ume
zizpsed. After 90 mun. the coaceatrauon it goint C
aimosi rzacheg (0%.

Figure 9 shows another case of solidification in 2
hypoeutecuc comoosition of 13% (Test Run 3}, The
deacrites 200eared 13 min after tne iest. Columnar
deadrites occurr2d on che wails of the top naif of the
champer. Some of the icose columnar deadrites el
whiie joined with e squiaxed dendnites to pack 1t
the So(lom cocner, [orming a mushy zoas. Figure 9(a)
illustrates the interfaces of the liquid—mushy-soiid
froat at ¢ = 30 min. [t can be sesn that a very thin
solid buiit up along the wall, with a thick layer of the
musny zone betwesa the solid aad the soluticn. Both
the mushy and soiid regions increased after that, as
seea in Fig. § (¢ = 60 min.). After one hour, the inter-
face betwesn the mushy zone and the solutionchanged
slowly, uniike the soiid region's rapid incrzase (Fig.
9(c) and {d)). At ¢ = 3 h, the mushy zone aear the
Sottom cocner became solid and at (=43 h, the
mushy zone aimost disappeared. Figure |0 indicates
that the conceatration at points C and F coatinuousiy
increased unal reaching eutectic coacsatration,
around ¢ =3 2. then remained constant, which can
expiain "vh¥ $he mushy zone disappearsd later on.

g.
4
c
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= 5= L-=9
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Fig. 9. [nterfacs fronc:n ke C, = (3% soluuoa.

Figure [ ! shows tae temperacure nistory {or thermo-
couples Nos 3, 9 and 0. Thus figure indicates that the
horizontal temperature in this case was much more
uniform than in the case of the 3% composinoa (Fig.
5). Also, no overcooiing phenomenon was observed
in this case. Figure 12 shows the vertical temperature
distioutions 2long the ceateriine. Thais fgure indicates
that the temperaturs in the upper point was always
higaer than that in the lower point, whici is consistent
with the resuit for the case of the 3% compositoa.
[n coatrast to the hypoeutectic composition, the
ejection of water-aichl interdendriuc fuid will inducs
an upward Jow in the hypereutectic composition solu-

tg. 3. Coneentration vanauon i e C, = 3% soiuton.

200, ¥0ICT S J00O0sie 10 ile thermaliv anven low.
Thersfoce. rotally difereac solidification seaavior can
Se :xpectad :n Inese two <ases. Cigurs 13 snows that
‘PO Moved W iime i 1 YDoRULAtus

‘he ngerta

component solution. wners the iniual sompeneat 3

3T =

(3 Coana .= = 10°C. Visua! stservation

L2 mInulgs 2IT3r sls

12

neicaes : @St ne
arizs 1ocearsS 1l (g J0UIomM TOormes
arst men . o
saruicies zraw 1nG Toaiesced is thev descanged. Alter
1o0ut anowier I mun. the dendntes sectied down 0
form A musav Ione 1t e Jotiom. as sesn in
3{a). The musay zoae :ncreased sjowly after that
and <he soild zoae yrew under.ine musay zone, s seen
1m Fig. 13{9)1=d). Aty =1 1. 10 solid zone zould Se
1t (e oo of the sump. Tae soiid zone apgearsa

the 100 of ifie sumo at ¢ = 2 . and ine surfzcs of
ine solia zone was aimost smooth. The solid 23100
conunued o grow and :ne locse musny zone was
: The interiace of ie scluton and the soid at
the top of :he sump remained smooth. Figure [=shows
:hat ine conceacrauon at poats C and F or2ached a
sutectic vafue after around 2 b and remaned inatway.
The resuits of the honzontai temperature measurs-
ments are preseated (n Fig. |3, Thus dgure indicates
that the temperature near the wall at thermocoupie
No. $ was much lower than the inside solutions (Nos
9 and 10) in the first 2 h. However, the temperature
difference petwesn :hermocouples Nos 9 and 10 was
very minocr. [t is interesung to ses ife differsnce
betwesa Figs. {3 and 3, or 11. Instead of 2 smooth
variauon of the temperature, Fig. 13 shows the fuc-
tuation of the temperature with time. Tais represeats
the existencs of squiaxed soiidification. Figure 1%
shows the temperature distripution aiong the verucal
direczion. Like that in Fig. 15, the temperacure fuc-
tuated with time befoce the solution near this point

2ouanea
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TEMPERATURE (G)

-1d
b} <0 0 2 w ES) 20 '20 ‘30
TIME {minutas)
—_—— —— B ————— ;40 —— S
:. T = < - Bl <
Lo =27h .= — 2.0 = -
S R
c e suriacs
'
v
! !
2y 17 e S0 meur St eaus cnznge temperaturs in e 23 Concenrzticn soiu-
Loa. ¥Ruch is wiy the sgwaxac Jencrices appeared s
T ‘ -~ the 2nure soivtion. ' the $2% ang 3% mial sSe-
~— . csarraticn  soluiions. 2 SO@SIC2rafie lemiTeriiur:
: o/ -
- s

nours s) 4 Aours a3 Acurs

= 139/,

Fig. 3. [nterface froat in the £, = 13% soiuton.

solidified. [t can be sesa that the temcgeraturs n
thermocoupie No. |0 was aigher than that in thermo-
couple No. 13, between 10 and 120 min. That is. the
temperature near the :0p {res surface was lower than
that in the liquid ceater. This tlemperature aistribution
redects the effect of the soiute-dnven dow. As the

135

5 ~av ine dendnigs ana he

Cii2rence 2xXisi2d. wWnich

solidification mainiv ocTurrsq on (ne 5ige walls.

5. SUMMARY

An expedmentai study of the solidificanon for 2
binary mixturs ;0 a V-shaped test chambper 1as Se:n
conductad. Agueous ammonium <hlonde was chosen
as the pnase change materal. 1ne 2fects of the NH.Cl
coacsatration on solidification have desn 2xamined
by changng the imual component of the soluuon. in
the sutecic soiution. the soiidificauon characienzed
as a smooth discrate interface aiways maintaineg a V-
shaped configuration. [n the hypoeutectic soluuoa.
the solidification mainiy depeaded on e columnar
growth on the dendritic interTace. However. depena-
ing on the initiai concsatrauon, the shape of the inal
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