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ABSTRACT 

Experiments of directional solidification in a Hele-Shaw cell, 240 mm x 245 mm x 

1 mm, were carried out to study the effects of convective flows and the evolution of 

structure in the "mushy layer", consisting of fluid and crystallites. Three different con

centrations of ammonium chloride (NH4CI) solution, 26%, 27% and 28%, with a constant 

bottom cooling temperatiure ranging from 5°C to -20°C were used as an analogue model for 

metallic alloy systems. The experimental design included techniques using Peltier heat 

pumps along with PID feedback control for temperature regulation. A shadowgraphic 

visualization method made possible the simultaneous observation of the evolution of con

vection in the liquid region and the phenomena of chimney formation within the mushy 

layer. More than one hundred nms were carried out. Temperature information and simul

taneously acquired digital images were recorded automatically. The time evolution of the 

solidification process was traced by image processing technique from the digital images. 

Results show that the phenomenon of intermittent plumes frequently occurs. The nimaber 

of plumes near the liquid-mush interfax:e decreases from a larger number in the beginning 

to about the same mmiber of high pliunes in the liquid region or chimneys in the mush. 

The nimaber of chimneys is more static than that of plumes due to the relatively low speed 

of solidification or dissolution. The mush consists of three different layers. A thin layer 
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of generally upward oriented crystal forms rapidly in the beginning, followed by a second 

layer aggregate gradually covering it. Finally a third layer of dendritic crystals dominates 

the top of the growing mush. Preliminary experiments in a Hele-Shaw cell inclined at 21 

degrees caused the mush structures to develop differently than in the normal geometry. 

The significant differences include the dendritic crystal form, the lacimae of the mush, the 

shape of the chimneys, and the porosity changes of the structures. Directions for future 

research are suggested. 
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CHAPTER 1 

INTRODUCTION 

In physics, simplicity has always been considered as beauty. Today in many physics 

related researches, however, a striking trend stood out clearly: The degree of complexity 

is increasing as we want to really take stock of the natural world in more depth. Baf

fling complexities we continuously encounter in macroscopic classical physics since the 

beginning of this century axe by no means less demanding than those at the meiinstreEim 

frontiers of modem physics such as in quantimi mechanics or general relativity. Com

plexity has been a part of numerous fields in physics especially, for example, in chaos, 

nonlinear dynamics, and turbulence. The study of solidification processing, a relatively 

smaU subfield of material science related to but distinct from chaos or turbulence, and 

having strong roots in engineering, has been increasing in the focus of physics research 

ui recent years due to its own special opportimities (intellectual vitality and industrial 

prosperity) and difficulties — multiple, temporal, and complex. 

Compared to many complex processes, solidification is a conceptually simple example 

of the first order phase transition. However, due to the intricate interaction between 
\ 

fluid flow, heat transfer, eind growth process, the imderlying mechanisms of this dynamic 

system eire still not well understood. Ammonivun chloride (NH4CI) solution has long 
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been used to model directional solidification processes of various metal alloys. Even this 

simple analogue system challenges our ability to imderstand the progressive development 

from instability. The problem has been so challenging that one tends to forget that 

understanding the basic principles of this analogue system would be only a small step 

toward a better understanding of the most relevant solidification processes in industry. A 

dramatic phenomenon of directional solidification that many researchers have long sought 

to clarify, predict, or control is the occurrence of certain defects in the form of freckles 

which occxir in the resulting casting of metallic alloys. Most investigators in this field 

have agreed that freckles eire caused or at least significantly affected by buoyancy-driven 

convection of the melt during solidification. Unfortunately, both theory and experiment 

still fall short of providing a complete eind accurate picture for most solidification processes 

— even for the analogue system modeled by axnmoniimi-chloride solution. 

1.1 Phase Diagrams 

The dynamics of solidification is in a large extent based on the phase diagram, which 

specifies thermodynamically stable states of the heterogeneous system as a function of 

temperature, composition, pressure, or any other important physical quantities. A typical 

temperature-composition phase diagram is sketched in figure 1.1. It represents a system 

of two constituents A and B with features similar to those of the ammonium chloride 

system. 

The different regions of the phase diagram represent different phases. The boimdaries 

ae and eb are known as the liquidus and the curves ac and bd represent the solidus. The 
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liquid 

liquidi 

liquid + solid B 
liquid + solid 

solidus solidus iutectic line 

solid A + B 

A Composition C B 

Figure 1.1: Schematic phase diagram for a binary system comprising two constituents A 
and B. The features of this diagram are similar to the ammoniimi chloride system. The 
liquidus curves are represented by ae and eb, and the solidus curves are ac and bd. The 
eutectic point e is on the eutectic line cd with eutectic temperatiure Tg. If the system 
remains at equilibrium during cooling from oi to 05 then a liquid of composition ai begins 
to solidify when it is cooled to aa. As the temperature falls below the liquidus curve, at 
points such as 03, solution and solid B coexist. The system is completely solid when it is 
at 04 or below the eutectic temperature Tg such as 05. 
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point e which lies on the eutectic line cd is the eutectic point. It plays a role in liquid-

solid transition. The state of the system is represented by a point on the phase diagram. 

Solution and solid A may coexist at aJl temperatures and compositions represented by 

points in region ace while solution and solid B coexist in region bde. Below the eutectic 

line no liquid can exist and the system is completely solid. 

The phase diagram is constructed under the condition of thermodynamic equilibrium. 

In the study of solidification process, the phase diagram is used to judge the phase of 

mixtures for various physical conditions, but not to address or predict the evolution of 

the system. The spatial and temporal properties of the solidification process depend on 

the complex underlying mechanisms of the dynamic system. 

1.2 Objectives of the Present Study 

The objective of the present investigation is to extend previous experimental results 

concerning directional solidification of ammonium chloride solution in a Hele-Shaw cell. 

In order to place the work in context and to explain the significance of the measurements, 

after describing the phenomena, I begin by reviewing previous theoretical and experi

mental work related to the problems I am interested in and by raising questions that I 

would like to be able to address. Those questions led to the design of this study. Experi

mental considerations, procedures, and implementations on both hardware and software 

are described in detail. Data reduction and representation methods axe illustrated. Some 

conclusions cind a siunmary eu'e provided along with suggestions for the possible extension 

of the study. 
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CHAPTER 2 

BACKGROUND 

2.1 The Phenomena of Chimney Formation during Directioncil Solidi

fication 

Directional solidification, a process where the melt is solidified by cooling firom below, 

is a useful technique in casting alloy. Among the many defects formed in the casting of 

metallic alloys are those nearly vertical channels, known as fireckles, in which the lighter 

component is concentrated. Although the occurrence of such defects has been recorded 

and docmnented in some detail (see reviews by More and Shah, 1983), a rudimentary 

understanding of how they form was still very vague until ammonium-chloride solution 

was chosen as an analogue system for binary metallic alloys to investigate the origin of the 

fireckles, in the experiments of Jackson, Hunt, Uhlmann, cind Seward (1966), McDonaJd 

and Hunt (1969, 1970), and Copley, Giamei, Johnson, and Hombecker (1970). The major 

observation in the simple system was the formation of "chimneys" in the mushy layer. 

Those chimneys were proposed as a cause of fireckling after complete solidification of alloy 

castings. Since the ammonium chloride solution is transparent, and hence can be viewed 

directly, the fact that chimneys aire associated with convection in the mushy layer is widely 

accepted. 
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According to the majority of observations, it is generally recognized that the evolution 

of the directional solidification seems eilways to follow a similar progressive sequence. 

At the very beginning, a fairly fast liquid-solid transition occurs on the cooled bottom, 

forming a thin layer of crystal, releasing cooler but less concentrated depleted fluid, which 

rises upward to a certain height to form a layer of narrow double-diffusive convecting 

cells, called "salt-fingers" (Turner, 1973), just above the mushy-liquid interface. Some 

time later, as cooling continues and the mushy layer grows to a certain thickness, a few 

convective plumes emanate to reach much greater heights than the top of the double-

diffusive salt-fingers layer. Gradually, beneath the plimies, chimneys Ctin be identified in 

the mushy layer. The depleted fluid continuously flows upward through the chimneys into 

the liquid region; the chimneys greidually extend through the bottom of the base of mush. 

As the plumes become fully developed, the double-diffusive finger convection decreases and 

eventually fades away. Eventually the ascent of some of the plumes gradually decays with 

demise of the associated chimneys. Despite that fact that there is no unique theoretical 

model that encompasses all the events of the sequence, over the past two decades this 

model process guided much of thinking in theoretical development. It has provided what 

is apparently a fairly accurate guide in computation and simulation, and attracted a large 

share of attention in improving experiments. Our understanding has been substantially 

advanced in making significant predictions but fundamental challenges remain for both 

experiment and theory. 
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2.2 A Survey of Recent Development 

Clarifying the problem of solidification may well provide a paradigm for understanding 

a variety of complex systems in many science resezirch areas. There are main different 

approaches in the history of attempts to investigate solidification phenomena. One is 

to consider the growth of individual crystals focusing on the pattern-selection of the 

microstructure. The other is to consider the macroscopic growth of a field of crystals 

to predict the essential effects of instability. Just like the study of molecular physics in 

contrast to condensed matter physics, results for the growth of a single crystal by the 

first approach still cannot clearly explain the dynamic behavior of crystals in bulk. Since 

the phenomena of chimney formation have much to do with casting of metallic alloys, the 

studies of freckle problem during directional solidification are mostly based on the second 

approach. 

2.2.1 Theoretical models of directional solidification 

Although there is no consensus on what constitutes a "complete model", a number 

of theoretical investigations have recently put forth to develop quantitative models, de

scribing the growth process and exploring the parameters the system depends on. Fowler 

(1985) was one of the first to propose a linear instability model to couple convection with 

the porosity of the mushy layer. However, he studied a special limiting form of the gov

erning equations in which the mush was treated to behave as a non-reacting porous layer 

and so no interaction between convection and solidification was included. Nandapiurkar, 
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Poirier, Heinrich, and Felicelli (1989) solved the full set of transport equations numeri

cally for the mushy layer but did not allow any perturbations of the solid fraction in their 

stability ajialj^is, £ind again any interaction between convection flow and the growth of 

solid was not considered either. 

After the problem had teetered on the brink of the interaction across liquid-mush in-

terfaice for a few years, Worster (1992) took a decisive step to consider the mushy layer as 

a reacting porous mediiun whose permeability varies during the solidification-dissolution 

process within it. His normal-mode analysis identified two diSerent modes of convective 

instability — mushy-layer mode and boundary-layer mode — analogous to the two types of 

convection, plume convection with associated chimneys in the mush and finger convection 

occurred in the fluid region, observed by the experiments of Chen and Chen (1991). In the 

mushy-layer mode, convection is driven by the buo)rant residual fluid in the interior of the 

mushy layer and penetrates into the liquid region as well. It has a horizontal critical wave

length comparable to the thickness of the mushy layer. Such convection causes dissolution 

of the crystals within the mush along the flow path into the liquid region. By contrast, 

the boundary-layer mode, associated with a narrow compositional boimdaxy layer in the 

melt just above the mush-liquid interface, consists of many small fine-scale finger-like con

vection cells of dimensions comparable to the compositional-diEfusion length and hardly 

penetrates the mush. According to Worster's analysis, these two modes of convection 

have distinct characteristics and might barely interact with each other, though either one 

can be the first to occur depending on the parameters of the system. The mushy-layer 

mode causes perturbations to the solid fraction of the mushy layer indicating its primary 
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role for the development of the narrow vertical plumes and the associated chinmeys, The 

occurrence of the boundary-layer mode, which results in fine-scale convection in the liq

uid region, causes little disturbance to the underlying mushy layer. Under this theoretical 

framework, the scenario which Fowler (1985) had analysed is a special case of mushy-layer 

mode, whereas what Nandapurlar et al. (1989) had investigated is the boimdary-layer 

mode. Because under t3T)ical experimental conditions the boimdary-layer mode appears 

earlier and exists for quite a while before the occurrence of plumes and chimneys, the 

observed order of events leads one to suspect that the finger convection might affect the 

onset of convection within the mushy layer. In contrast to a motionless basic steady state 

in Worster's analysis, Emms and Fowler (1994) extended the linear stability analysis by 

introducing a basic time-dependent state, in an averaged way, to include the effect of 

fully developed double-diffusive finger convection in the boundary layer to determine the 

linear stability of the mushy layer convection. However, in their analysis the presence of 

finger convection in the boundairy layer, though enhancing somewhat the heat and mass 

fluxes from the liquid to the mushy region, was found to have little effect on the onset of 

convection in the mushy layer. 

In order to study chinmey formation in detail, one must analyze the intricate nonlinear 

mechanisms of the interaction between perturbations to the solid fraction and convection. 

In an attempt to investigate the bifurcation pattern, Amberg and Homsy (1993) proposed 

a model in which the mush is developed from the liquid and solid layers. They used a 

weakly nonlinear analysis to study nonlinear convection and phase evolution in the unsta

ble dendritic growth of a binary system close to the eutectic composition. Under a number 
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of plausible assumptions they foimd that the bifurcation to two-dimensional rolls could 

be either subcritical or supercriticcJ, depending on parameters of the systems, and the 

bifurcation to three-dimensional hexagonal convection was trainscritical. For the relation

ship to experiments, they predicted that onset of plimie convection, which is triggered by 

finite-amplitude perturbation in the boundary layer, is nearly sdways subcritical in most 

situations, but could be difficult to identify in two-dimensional Hele-Shaw geometries. 

Anderson and Worster (1995, 1996) extended the nonlinear analysis to study the non

linear development of mushy layer fiirther aiming at identifying the global stability boimd-

aries associated with the subcritical bifm-cation. They included additional physical effects 

and interactions in the mushy layer and formulated a set of coupled amplitude equations 

describing the evolution of small-but-finite-amplitude convecting state in the mushy layer. 

In terms of stability and pattern-selection criteria, the major finding of the analysis is a 

new oscillatory bifurcation besides the global stability limits. Although Chen, Lu, and 

Young (1994) have identified the possible oscillatory modes with the interaction between 

the finger convection and the mushy-layer modes, and predicted that the steady modes 

always become imstable before the oscillatory mode, this new oscillatory mode, by con

trast, is driven by a profound mechanism internal to the mushy layer and does not interact 

with the steady mode near onset. The mechanism which involves complex coupling be

tween convection, heat transfer, and solidification is still an important topic to pursue in 

understanding the subtle nonlinear structure and d3mamics of this problem. 
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2.2.2 Experimental studies of directional solidification using ammonium 

chloride solution 

Since the pioneering experimental studies of McDonald and Hunt (1969), McDonald 

£md Hunt (1970), and Copley et al. (1970) identified the convection having the major 

responsibility of freckles, many laboratory observations were made aiming the solidifica

tion from below of ammonium chloride solution. Sample and Hellawell (1984) carried out 

further experiments by using liquid nitrogen as a cooling agent to chill the system. They 

were able to induce the onset of plumes by withdrawing liquid in the vicinity of the growth 

front through a smedl pipette when a plimae first appears to rise above the front. This 

result suggested that the mushy-layer mode might be subcritical. The following revised 

experiments by Hellawell (1987) and Hellawell, Serazin, and Steube (1993) shown that the 

formation of chimneys could also be triggered by a pipette sucking fiuid through upwards 

vertically near the upper surface of mushy-liquid interface. With their observations, they 

conjectured that upward flow generated by a suflBcient finite-amplitude disturbsmce from 

double-difiiisive fingers above the interface could initiate the formation of chimneys. 

Instead of liquid nitrogen, Chen and Chen (1991) used constant temperature baths 

and circulators to achieve a much slower cooling rate. This slower solidification process 

allowed the sequence of events to be observed in more detail. A qualitative analysis of the 

physics of chinmey formation was provided along with the observation of a large range 

of fiuid experimental phenomena. Although the analysis is mainly descriptive, they all 

suggested that the onset of plume convections in the growing mush is governed by the 

instability within the mushy layer but independent of the instability of the boimdary layer 
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at the top of the mush. Their opinions again were aided greatly later by the instability 

analysis of Worster (1992) and by weakly nonlinear analysis of Amberg and Homsy (1993). 

To obtain quauititative information to compare with theories has long been difficult 

in many aspects. Besides the obstacles in experimental design, obtained results always 

suffered measturement uncertainty, insufficient information for parameters estimation, and 

unwarranted assumptions involved in relating important physical quantities. In spite of 

the difficxilties in quantitative measurements, new techniques and designs were introduced 

recently to provide more accurate information of mushy layer properties during chimney 

formation. The technique of X-ray tomography used by Chen and Chen (1991) to de

termine the porosity and therefore to estimate the permeability of the mush was further 

improved by Chen (1995) to investigate the temporal and spatial variation of the solid 

fraction in a growing mushy layer. Chen aJso reported the use of dye tracing technique 

to show that the upward flow associated with the mushy-layer mode was confined within 

chimneys whereas no upward flow through the mush. His measurements of downward 

velocity along with the compjirison of thermal diffusion time implied that the interstitial 

fluid within the mushy was in thermal equilibrium. This inference agrees with the ap

proach from the results of Chen et al. (1994) in which they measured the temperature 

and concentration at fixed positions in the mushy layer. This argument aJso supports 

the predictions from Worster's (1992) formulation in which the flow inside the mush is 

stagnant when boundary-layer mode is dominant and the inference of Emms and Fowler 

(1994) that vigorous convection in the liquid region has little effect to the mushy layer. 
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The experiments ui a Hele-Shaw geometry, a quasi-two-dimensionad cell, have the eid-

vantage of offering a better view of the sequence of significant events in a growing mush. 

In the experimental study of directional solidification, the first foray of Hele-Shaw cell de

sign aiming at the phenomena of chimney formation was made by the preliminary works 

of Chen (1992,1995). He saw crystals broken off firom the chimney wall due to the redisso-

luting and aJso noticed the movement of some tiny crystJils carried by the upward-flowing 

plumes along the chimneys. Solomon and Hartley (1994, 1996) further reported their 

experimental study of directional solidification in a Hele-Shaw cell, using thermochromic 

liquid crystal paints as a temperature indicator. Although the mushy layer has different 

permeability in Hele-Shaw cell th£in those of three-dimensional experiments, those obser

vation results still support the description of plume convection and chimney formation in 

a growing mush under the theoretical firamework proposed by Worster (1994), Amberg 

and Homsey (1993), and Emms and Fowler (1994). However, perhaps ammonium chlo

ride is not a good candidate, the verification of the oscillatory convection mode predicted 

by Chen et al. (1994), Anderson and Worster (1995, 1996) still need more experimental 

support and further insights in the future. 

2.2.3 Other Topics 

There are some other related topics worth mentioning here. Experiments concerning 

crystallization firom above, fi-om the sidewall, or on a slope were performed and discussed 

by Huppert (1990). Among these different environmental settings, cooling on a slope is 

particularly interesting. The concept that the slope affects the mixing of the fluid and 



28 

thus perturbs the interaction between the flow, the thermal, and the compositional gradi

ents appears in many natural phenomena and industricil applications. Another interesting 

setting for directional solidification might be to perform experiments under low gravity 

conditions. When gravity driven convection is reduced, surface tension driven convec

tion or other unknown factors may become significant and reveal their influence. More 

theoretical and experimental work is anticipated. 

Besides studying the effects of different environmental conditions, influences of the 

morphological effects of the local crystal forms is another challenge brought to the study 

of solidification. Tait & Jaupart (1989), Tait and Jaupart (1992), and Tait, Jahrling, 

and Jaupaxt (1992) carried out experiments with ammonium chloride solution plus smaU 

amoimts of hydroxyethylcellulose compoimd to allow the viscosity of the solution to be 

varied by several orders of magnitude without significant altering the chemical composi

tion and liquidus temperature. With high viscosity, chimney formation was not observed 

in their experiments, although continuous generation of new starting plumes was always 

seen. Huppert and Hallworth (1993) performed experiments of directional solidification in 

which a smaU amoimt of copper sulphate (CuS04-5H20) is added to the ammonivun chlo

ride solution. They foimd that the branched dendrites are suppressed and the formation 

of chinmeys in the mushy layer is delayed or inhibited. These results suggested that the 

macroscopic phenomena of the ammonitun chloride system are rather sensitive to the mi

croscopic detail of the crystal growth. Regarding the effects of the level of contamination, 

Worster and Kerr (1994) proposed a model to describe the mechanism. Although the 

model had a large discrepancy in predicting the mean solid firaction, it was an attempt to 
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investigate interactions between interfacial disequilibrium and compositional convection. 

It also estimated the variation of the kinetic coeflSdent assodated with the growth of a 

mushy layer due to the contamination of copper sulphate. 
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CHAPTER 3 

EXPERIMENTAL CONSIDERATIONS 

3.1 Problem Statement 

Although the solidification problem is not ostensibly new, theoretical investigations 

have been few so far due to the lack of required measurement to guide the development. 

Over the past two decjides, there has been a major advance in the use of numerical 

simulations in parallel to the development of theory. More specific information is still 

needed to lay out the theoretical foundations of the governing equations on which large 

scale computer simulations based. Besides the complexity of the problem itself, lack of 

useful quantitative measurement is a major factor of why the theoretical development was 

slow. Reliable experimental verification of numerical solutions or theoretical predictions 

is still far from satisfactory. 

Major observations of chimney formation in laboratory experiments have mostly been 

based on the analogue system of eimmonium chloride solution. Ammonium chloride is spe

cial because it is not hydrated, forms dendritic branches, and has low entropy of fusion, 

all similar to most metals (Copley et a/., 1970). The concentration range considered in 

the experiment is 26% to 28% with liquidus temperature range from 15°C to 23.7°C. The 
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eutectic temperature and concentration of ammonium chloride are -15.4''C and 19.7% re

spectively. For use in laboratory experiments, ammonium chloride also has the advantage 

that the eutectic and liquidus lines can be easily achieved and the transparent nature of 

liquid state allows direct observation. Especially, the phenomena of chimney formation 

have rarely been seen in laboratory experiments using other aqueous salt solutions. How

ever, experiments using ammonium chloride will require tradeoffs between convenience in 

laboratory on one hand and the restricted parameter ranges that can be investigated on 

the other. Several intrinsic difficulties are also hjird to conquer such as seeking a reason

able estimation of permeability of the mush. Moreover, most laboratory experiments can 

only approximately fulfill a smcdl portion of typical assimaptions included in theoretical 

models. 

Because of the difficulty of obtaining quantitative measurements on the opaque mushy 

layer properties during chimney formation in three-dimensional tanks, performing solidifi

cation experiments in a Hele-Shaw cell was proposed to gain a clearer view on both liquid 

euid mushy regions. Experiments in a Hele-Shaw cell might also provide the information 

of chimney distribution and evolution that experiments in there-dimensional tanks could 

not easily to offer. The goal for this study is to design a wide Hele-Shaw cell to reveal the 

structiure of the mushy layer. It is also highly desirable that facilities have a well controlled 

environment and the experimental procedures can be performed and repeated easily. A 

high priority should be the development of data acquisition and visualization techniques 

that wUl give spatio-temporal information of the evolution to study the dynamics further. 
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The following sections of the chapter will provide considerations on a variety of problems 

for designing the experiments in a Hele-Shaw cell. 

3.2 Material and Environment 

To make a Hele-Shaw cell for the experiment, I like to have high thermal conducting 

surface on the top and bottom for heat transferring with two clear surfaces of the front 

and back for viewing. Copper is an inexpensive metal with high heat conductivity used 

in many experiments when high heat transfer rate is required. Unfortunately, copper 

resicts with ammonium chloride, causing corrosion. To alleviate the problem, one can 

either protect with a coating on the copper surface or choose a noncorrosive material as 

a replacement. I chose the latter by using stainless steel 304 for the top and bottom 

plates of Hele-Shaw cell when the factors of anticorrosion, heat conduction, machinability 

rating (Bauccio, 1993), and cost were taken into considerations among those stainless 

steels available to me. 

Although other investigators have used plexiglas, a material easy to machine, to make 

their three dimensional tank for directional solidification experiments, I used P3Tex to 

make the Hele-Shaw cell. Because Hele-Shaw cell is thin, plexiglas is too soft to main

tain its original shape and is not easy to keep the cell inside clean without accidentally 

scratching the .surfaces. The possibility of cracking due to fast cooling also excludes the 

use of ordinary glass. 

Temperature regulation of the cell is provided by Peltier heat pumps which permit ad

justment and control by computer, a method more versatile than the traditional cooling 
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methods using liquid nitrogen or circulator. The Hele-Shaw cell is enclosed to prevent 

condensation and the whole apparatus is placed on an optical table to allow easy arrange

ment of optical components. 

3.3 Sensors 

A variety of temperature sensors available, such as thermocouples, thermistors, resis

tance temperature detector (RTD), can be chosen for temperature measvirements. Be

cause the Hele-Shaw cell is thin, the size of temperature sensors needs to be small to 

measure the temperature profile of the cell. I considered a thermocouple to be a suitable 

measuring device for this purpose. The thermocouple oflfers inexpensive, durable, and 

accurate measurements over the temperature range operated. Moreover, the response 

time is also fast enough for this application due to the small size of sensing junction. 

Although thermistors have higher sensitivity than thermocouples, small size thermistors, 

often sealed in glass packages, axe firagile and require more care to build into the cell and 

to handle before and after each experiment. Instead, thermistors in screw package can be 

used to measure the top and bottom of the Hele-Shaw cell, taking the advantage of their 

high sensitivity. 

Disadvantages of thermocouples axe low output voltage and a need for a reference 

junction. AD595, a dedicated instrumentation amplifier developed by Analog Device, 

which eliminates the need for a reference jimction, is a single-chip thermocouple amplifier 

(Analog Device, 1992b). The Analog Device AD595 monolithic cold jimction compen

sated thermocouple instrumentation eimplifier is used in the circuit to avoid the necessity 
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of setting up reference junctions for all the thermocouples. Since the reference junction is 

on the IC itself, only the two leads from the sensing junction are required to cormect to 

the IC. The AD595 is designed to interface directly to type K thermocouples and provides 

a low-impedcmce output voltage of ten millivolts per degree Celsius. It includes instru

mentation zimplifier front-ends which provide differential to single-ended transformation 

plus an on-chip thermocouple failure alarm detector for indicating thermocouple open 

circuit conditions. Circuitry is also included for configuration of the feedback resistor 

gain control and ofiset voltage input in applications involving narrow range temperature 

measiurements. 

3.4 Instrument Control 

Laboratory automation is one of the goals I would like to achieve. I used LabWindows 

from National Instnunents to simplify the system development. The instruments with 

standard GPIB or IlS-232 interfaces are easily controlled. Since LabWindows combines 

standard programming languages with a development enviromnent, it not only enables 

rapid application development but also maintains flexibility to control the custom devices 

and to embed the special routines. Moreover, I caxi easily create custom GUIs for data 

presentation with the LabWindows User Interface Editor interactively and generate source 

code with LabWindows Code Builder utility automatically. 

For temperature regtilation I adopted a Proportional-Integral-Derivative (PID) con

troller (Jacquot, 1981) in the control program since I do not need very fast system re

sponse. FID, edso called three-mode controller, is a control strategy which has been used 
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Figure 3.1: PED controller. 

extensively in the process industries because of their robust performajice and simplicity. 

The controller is a combination of three terms, as described by equation 3.1 and shown in 

figure 3.1, representing different correction actions considered to compensate the control 

system. 

uit) = Kpe{t) + Ki /"' eit)dt + (3.1) 
Jo dt 

where Kp, Ki, and are proportional, integral, and derivative parameters respectively, 

and e is the difference of C and R. Although implementing FDD algorithm on firmwares 

such as microcontroller or DSP, usually by assembly language, or even constructing hard

ware control such as bridge/servo circuits are not especially difficult, software control is 

fast enough for the ciurent control purpose. 
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3.5 Visualization 

The optical visualization methods are restricted by the space size and available optical 

components. As a result, I considered shadowgraph and schlieren methods (Holder ajid 

North, 1963; Vasil'ev, 1971) in the begiiming. Shadowgraph was the final choice. The 

main principle of both visualization methods is to detect light path deviation due to the 

small variations in the refractive index of transparent materials. To a first approximation 

classical theory shows that the schlieren method depends on the first derivative while the 

shadowgraph depends on the second derivative of the refractive index (Merzkirch, 1987). 

Consequently, the schlieren method is preferred in general when the refractive index varies 

relatively slowly while the shadowgraph method is most appropriate for visualizing the 

drastic chajage in the index of refraction. When crystaJs are solidified, because the contrast 

of the boundairy between the solution and crystals is very sharp, schlieren method is not a 

good choice to view the liquid-mush interface and the chimneys within the mush. Further, 

the optics I have for the schlieren method permit me to observe only a relatively small 

portion of the Hele-Shaw cell in the liquid region compared to the shadowgraph method. 

Since both methods are not suitable for quantitative measurement of the fluid density, 

shadowgraph is a convenient method for providing a quick survey of fluid density variation 

in the liquid region yet maintaining the information about chinmeys within the mush. 

The images are captured by a CCD video camera whose output is displayed on a 

monitor, recorded by a VCR, and digitized into the buffer of a frame grabber board. 

Because the raw images taJcen by CCD camera will require subsequent processing to 

extract desired information, I chose Khoros, a free software envirormient developed by 
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Khoral Research Inc., as a test bench to experiment image processing. Khoros contains 

an extensive base of image processing routines and uses cantata visual language as a tool 

for scientific visualization. Through the visual language, standard image processing and 

analysis techniques can be quickly implemented without too much programming. Each 

satisfactory implementation is then developed into a processing program built specially 

for the experiment. 

3.6 Data Processing and Analysis 

For data reporting and analysis, I used SAS System, which is a complex and versa

tile integrated system of statistical software providing data management, analysis, and 

presentation. In the preparation stage of the experiment, doing regression analysis for 

the task of sensor calibration is straightforward ajid simple by using SAS procedures. 

Furthermore, SAS can also provide other useful information along with the estimated re

gression parameters. To docvunent the data, SAS can easily handle the original raw data 

without modification and manage missing or imdefined data properly. Users often need 

to write their own data management programs before using graphic softwares. When the 

raw data are complex, managing the data files becomes a formidable and error prone job. 

By contrast, most statistical packages are built to deal with missing data in any situation. 

This feature permits me to handle the data in a very efficient way. Not only the ability 

to allow users to read and write data files in any conceivable fashion, in the post analysis 

stage, software package like SAS is a must to accomplish many complicated analysis tasks 

as gracefully and painlessly as possible. 
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CHAPTER 4 

EXPERIMENTAL SETUP 

4.1 The Apparatus 

To yield a controlled solidification process in a Hele-Shaw cell, the experimental ar-

remgement consists of four major components: the Hele-Shaw cell solidification assembly, 

the temperature measurement system, the automatic control system, and the optical sys

tem. Parts list, detail elements, and related information can be found in Appendix A. 

4.1.1 Hele-Shaw cell assembly 

Figure 4.1 shows the Hele-Shaw solidification cell and heat-exchange imit schematically. 

The Hele-Shaw cell is made of two Pyrex plates and two 1 mm thickness styrene sheets as 

spacing glued to a stainless steel plate on the bottom by KODAK Optical and Assembly 

Cement HE-104-2 and silicon rubber. The top of the cell is covered by another same 

size of stainless steel plate resulting a working area of 240 mm x 245 mm x 1 mm 

inside dimensions. A small hole is drilled on each stainless steel plate to acconamodate a 

thermistor. Sixteen small holes are drilled along one of the styrene side wall for sixteen 

thermocouples. Starting from the bottom, the spacing between these thermocouples are 

5 mm for the first eight, then 10 mm for the subsequent four, and 30 mm for the last 
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Figure 4.1: Schematic of Hele-Shaw solidification cell and heat-exchange imit. 

four. The temperature difierence applied across the Hele-Shaw cell is maintained by heat-

exchange unit below the bottom stainless steel plate. The heat-exchange unit contains 

a copper heat sink block and six thermoelectric Peltier heat pimips. Copper heat sink 

block is connected to a NESLAB refi-igerated circulator operating with antifireeze fluid 

for subzero temperature. Thermal compound is applied on all heat contact surfaces to 

enhance heat conduction. For thermal isolation and condensation prevention, the Hele-

Shaw cell is insulated from open air by placing the cell inside an aluminum box that sits 

on an optical table with four stands as indicated in figure 4.2. Outlets for electrical 

signals, power lines, gases, and liquids are all constructed on a removable side wall of 

the box while two Plexiglas windows mounted on both sides of the box are used for 

observations. 
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Figure 4.2: Schematic of Hele-Shaw cell assembly. 
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Figure 4.3; Block diagram of thermocouple selection multiplexing and amplifying module. 

4.1.2 Temperature measurement system 

The heart of the temperature measurement system is a thermocouple selection multi

plexing and amplifying module as indicated in the block diagram figure 4.3. 

Due to the space restriction, the module is constructed on a 10 cm x 6.5 cm printed 

circuit board (Axelson, 1993) so that it can be accommodated inside the aJvuninum box 

of the Hele-Shaw cell assembly. Since only one AD595 thermocouple junplifier is used, 

only one thermocouple measurement is possible at any one time. In order to achieve 

fiill automation, four Analog Device ADG509A dual 4-channel CMOS monolithic analog 

multiplexers (Analog Devices, 1992a) are used in selection circuit for the sixteen thermo

couples. Each one analog multiplexer switches one of four diflFerential inputs to a common 

diflFerential output by control of a 2-bit binary address and an enable input. A simple 
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digital interface to decode block of I/O ports, buffer data and address lines, and latch 

I/O ports is built to serve the requirement (Spencer, 1990). 

Since the temperature change is slow, a low-pass filter is used in the output of the 

thermocouple amplifier before feeding into a DMM. A personal computer acquires the 

measured values from the DMM via a GPIB interface, calculates the corresponding tem-

peratiu'e by a pre-calibrated formula, and displays them numerically and graphically on 

the computer monitor and logs on a hard disk. 

4.1.3 Automatic control system 

Temperature regulation of the Hele-Shaw cell is provided by the control system as 

illustrated in figure 4.4. A computer program controls the temperature regulation, 

data logging from the temperature measurement system, network commimication with a 

workstation, and information display during the process of the experiment. Labwindows 

libraries from National Instrument are used to interface all GPIB instruments and to 

design graphic user interface of the program. A PID control algorithm is adapted to 

implement the temperature regulation section. The personal computer accepts inputs via 

GPEB interfaces from two digital multimeters which read the resistance of the thermistors 

embedded in the top and bottom of the stainless steel plates of the cell by a four-wire 

ohms measurement and outputs necessary voltage signals to the power supply to maintain 

proper temperatures. Temperature values which axe measured by the two thermistors 

along with time are stored on a hard disk and display nimaerically and graphically on the 

computer monitor. Digital interface outputs control signEds to a simple D/A converter 
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Figure 4.5: Optical system for shadowgraphic visualization method. 

section to regulate the power supplies. Low-cost DAC0808 8-bit D/A converters together 

with proper voltage reference and operational amplifiers as suggested by the databook 

(National Semiconductor, 1995). are used to build the D/A converter section on a small 

circuit board. The accurjicy and speed are good enough for this control purpose. The 

personal computer also triggers the image taking programs running in the workstation 

via ethemet when the experiment starts. 

4.1.4 Optical system 

The shadowgraphic visuedization method is accomplished as shown in figure 4.5. Optical 

components are aU mounted on optical rails to permit the necessary adjustments. The 

light source consists of a Tungsten-Halogen lamp with lamphouse and two lens condensers, 
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7 cm focal length and 7.5 cm clear aperture. Power requirement of the halogen lamp is 

from a Hewlett-Packard 6282A DC Power Supply with output voltage monitored by a 

Fluke 8505A Digiteil Multimeter. The light source is placed at the focus of a convex lens 

(Li), 30 cm diameter and 75 cm focal length, so that the test section is illuminated by 

a parallel beam of light. A second convex lens (I/2)j 30 cm dieimeter and 133 cm focal 

length, placed beyond the test section, produces an image suitable for recording by the 

Cohu 4910 monochrome camera. The output of the CCD camera is displayed on a SONY 

PVM1342Q TRINITRON Color Video Monitor, taped by a PANASONIC AG-6750 Time 

Lapse Recorder, and digitized by a VideoPix SBus Video Frame Capture Ceird inside 

a SUN SPARCstation 1+ workstation. The SUN workstation receives control signals 

from the personal computer via ethemet, executes the designed processes according to 

a scheduling file, concatenates the images and related information into a single file, and 

stores the files on a hard disk. 

4.2 Interface and Software 

4.2.1 Construction of DIO and DAC 

Only output ports of the digital I/O modules are used for this experiment. The basic 

design is to obtain the 8-bit data and decode the address lines from PC expansion bus. 

Through an octal bus transceiver (74245), the data drive several octal D-type flip-flops 

(74373) for outputs. Address lines are decoded by 3- to 8- line decoders (74138) for 

grouping ciddresses and selecting output ports. Although the construction of the module 

is typical, the major reason to customize the module is to use the ±12 V and ±5 V power 
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lines from PC power supply for the thermocouple selection multiplexing and amplifying 

module, and D/A converters, eliminating the use of voltage converters to save the space 

of circuit board. 

For controlling power supply to drive Peltier heat pumps, low cost 8-bit DAC such 

as DAC0808 is good enough to do the job. The construction of DAC module modified 

from the example circuit of DAC0808 from data book is straightforward. The LF351 wide 

bandwidth JFET input operational amplifier is replaced by LF353 (can be considered as 

dual LF351) to save space. Voltage reference for DAC0808 is from LM329 precision 6.9 V 

zener reference with proper dropping resistor and clamping diode. 

4.2.2 Design of the temperature measurement and control program 

The framework of the temperature measurement and control program is designed as 

the structure diagram shown in figure 4.6. The objects in the diagram are converted into 

software objects when the program is implemented. To design a user-friendly interface 

for the program, the state diagram in figure 4.7 is outlined to reveal the sequence events 

and time dependencies. Each rectangular in the diagram represents a state and the 

eirrows show a trajisition from one state to another. The labels on the arrows describe an 

event which causes the state transition. The data flow diagram in figure 4.8 shows the 

data transfer and process of the overall flow in the system. Data sources and sinks axe 

represented as rectangles. Ovals show processes that transform one data representation 

into another. Data stores are shown within two horizontal lines such as writing data into 

files. 
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Figxire 4.6: Structure diagram of temperature measurement and control program. 
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Figure 4.7: State diagram of temperature measurement and control program. 
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4.2.3 Implementing the PID controller 

The computer code of the PID controller is revised on the base of the program segment 

from Ellis' (1991) book. The PED controller as described in equation 3.1 wiU then require 

to implement into digital form to interface with measuring equipment. The equation is 

then rewritten as an alternative expression 

where = uo — Ui, and the expression of the coefficients a, 6, and c depends on the 

approximation to the desired integral and derivation of equation 3.1. The alternative 

expression is shown schematically in figure 4.9. Based on the expression of equation 4.1, 

the program can be implemented to allow changing PID parameters, switching to manual 

control, or doing additional adjustments while the system is operating. 

n 
(4.1) 

t=0 



51 

delay At delay At 

aen + ben-i + ce„_2 

delay At 

Figure 4.9: Discrete form of PED controller. 
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CHAPTER 5 

EXPERIMENTAL APPROACH IN A HELE-SHAW 

CELL 

5.1 Preparation for the Experiments 

5.1.1 Thermocouples and thermistors calibration 

For accuracy, sensors should be calibrated. This involves recording the output signads 

by each sensor at known temperatures. A Fluke 2180 digital thermometer, which is a RTD 

thermometer, is first calibrated with the ice point and steam point of water. Then the 

RTD thermometer acts as a calibrated thermometer to calibrate the sensors. Figure 5.1 

shows the arrangement for calibrating the sensors. The two thermistors and the sixteen 

thermocouples are tied together with the RTD thermometer and inserted into the NES-

LAB circulator tank, which has been cooled to about -60° C by dry ice. The temperature 

of the tank gradually rises to about room temperature after 24 hours. A control program 

is written to acquire the calibration data. In each duty cycle, the program controls the 

thermocouple selection multiplexing and amplifying module, reads the amplified output 

of AD595 generated with each of the sixteen thermocouples and resistances of the two 

thermistors from DMMs via GPIB interface, and also reads the temperature vjdues of 
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Figure 5.1: Block diagram of sensors calibration. 

the in'D thermometer via RS-232 interface into the personal computer. Although the 

LabWindows RS-232 Library contains most general functions to taJce care data transfer, a 

suitable subprogram is still needed to handle this special case. Unlike those GPEB devices 

used in this experiment, the RS-232 interface implemented in the RTD thermometer can 

simply transmit ASCII data, so it does not have any data communication protocols, such 

as XModem (Campbell, 1993). Software handshaking is not allowed either due to the 

fixed ASCII data format of the RTD thennometer output. By contrast, based on the con

sideration of data format, baud rate, and buffer size (Labrosse, 1995), the LabWindows 

hardware handshake protocol can be used in the development program to achieve near 

reaJ time data zicquisition without adding additional hardware or firmware. Data then 
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can be received smoothly and converted into corresponding temperatures. Temperature 

values and related information are shown on the monitor of PC and stored on a hard disk. 

More than ten thousand data sets were obtained but only those within the temperature 

range from -20°C to 10°C were used for calibration. The calibration problem is an inverse 

prediction problem. Some statisticians have suggested that inverse regression ought to be 

appropriate (see comments on the book of Neter et al., 1996) The controversy among 

statisticians does not affect the implementation of the temperature measurements and 

control program but it does concern the philosophy of error estimation. Some books 

(such as the book of Rabinovich, 1993) simply use the calibration cxirve in the "reverse" 

direction. For convenience, I adopted inverse regression function 

T = bo + biV (5.1) 

rather than 

V = ao+aiT (5.2) 

where T is temperature, V is voltage, and bo, bi, oq, and ai are parameters. Data are sent 

to cin IBM RS/6000 computer to do regression analysis by SAS System. A plot of the 

ellipse shown in figure 5.2 is the 99% joint confidence region for bo and bi of equation 5.1 

for a typical thermocouple used. The Bonferroni joint confidence intervals are also 

shown by the horizontai and vertical lines as well. Figure 5.3 shows 99% prediction bands 

about the fitted regression line. According to the specifications of AD595, the stability 

versus temperature is ±0.025°C/°C and the gain error is ±0.75%. The errors within 

the temperature range are almost negligible after calibration. Thermocouples are then 



55 

Figure 5.2: 99% joint confidence region for bo and 6x of a typical thermocouple. 

-20 -
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Figure 5.3: 99% prediction bands for the regression line of a typical thermocouple. 
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installed into the Hele-Shaw cell and the regression parjimeters axe stored in a file as the 

defaiilt values for the program to rejid. 

5.1.2 Preliminary experiments 

Several preliminary experiments were performed for optical system adjustment, es

timations of PID parameters, and image processing. The intensity of the halogen light 

controlled by the HP 6282A power supply was adjusted to be suitable for the CCD camera 

setting and with a reasonable grey level range. A paxjiUel beam is obtained by adjusting 

the distance between the first lens and the light source. The fuU range of the view is 

adjusted to fit the width of the Hele-Shaw cell so that one pixel corresponds to a 0.375 

mm X 0.375 mm area. 

Once the hardware and software have been setup, it is necessary to set the three control 

parameters of the PID controller to achieve acceptable performance. Although fine timing 

is not crucial for the current system, some initial values are required as a starting point 

to nm the system. Rather than process by trial and error, one of the most famous and 

common methods was used here, the adjustment rules of Ziegler and Nichols (Min and 

Schrage, 1988). The "open-loop" Ziegler-Nichols method (Witting, 1988) is appropriate 

for use with the experiment to determine the initial estimated settings to start. 
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5.1.3 Image processing auid interpretation 

Viewing the liquid and the miishy region simultaneously is one of the major difficulties 

of the experiment. Although one can see the two regions at the same time in the Hele-

Shaw cell using shadowgraph method, post image processing is still required to reveal the 

important features and to extract needed information. In order to import images into 

Khoros, a progreun is written to transform the recorded image file into individual Sun 

Rasterfiles (Information on Sun Rasterfiles and other specification of graphic file formats 

can be found in Kay, 1995). Preliminary image processing methods are then tried out, 

using Khoros in a Convex madtiine. Figure 5.4 shows a brightness histogram obtained 

firom an image at 45 minutes of 28%, -14°C case. The histogram was obtained after 

the average backgroimd has been subtracted, and the image was linearly stretched. The 

distribution shows that most pixels in the liquid region concentrate within a short range 

on the bright side of grey scale while those pixels in mushy region concentrate on the dark 

side of brightness level. Although the plumes in the liquid region can be easily identified 

firom the path of the fluid flow, the variations of the mushy structure are not so obvious 

to elucidate firom grey scale images. A subprogram is implemented to do "piecewise 

stretch and squeeze" grey levels mapping to enhance the area of the mushy structure. A 

histogram of the same data as figure 5.4 after "piecewise stretch and squeeze" is shown 

in figiire 5.5. 

Figure 5.6 shows a typical vertical intensity plot scanning the same image of 28%, 

-14° C case at 45 minutes. If an image after background subtraction and ordinary 

linear stretch, is considered as a 640 by 480 matrix with each matrix element representing 



58 

120000-

100000-

80000-

"p 60000-

40000-

20000H 

0- ll 11.,. 1. r 
20 40 60 

GT  

T 
80 100 120 

Figure 5.4: Brightness histogram from the image in figure 6.2 (c). The horizontal scale 
Gr is brightness, from zero (white) to 127 (black). The vertical scale rip is the number 
of pixels in the image with that brightness value. The image shows two major peaJcs 
corresponding to the mushy region on the left and liquid region on the right, with few 
pixels having intermediate values. 
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Figure 5.5: Brightness histogram after "piecewise stretch Jind squeeze". The brightness 
values for the mushy region are reassigned to cover a larger range to reveal the structure. 
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Figure 5.6: Vertical intensity plots. Brightness changes abruptly across the liquid-mush 
interfeice. 

the grey level of a pixel, the liquid-mush interface is estimated by fitting the elements of 

individual column with a step function to obtain 640 values as the interface curve. Since, 

from experience, the liquid-mush interface is roughly a horizontal line, the median of these 

640 values is considered as a global representation of the liquid-mush interface height. To 

depict the evolution of the chimney in the mushy layer and flow in the boimdary and 

liquid region, grey levels averaged from a Smm (or 8 pixel) range in the three regions 

are used to make spacetime plots. Figure 5.7 shows typical horizontal intensity plots for 

the liquid and the mushy region from a 28%, -14°C case at 45 minutes after start of the 

run. As revealed in the intensity plots, since the shadowgraph method is used, simply 

averaging the grey levels for liquid and boundary region might not be able to clearly bring 

out a good display to show the evolution of plume and finger convections. After the mean 

is subtracted, the integrated values of the grey levels are used instead for spacetime plots. 
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Figure 5.7: Horizontal intensity plots. The bottom one is scanned within mushy layer and 
the top one is in liquid region. Each peak can be considered as the location of a chimney 
or a plume. Chimneys are relatively more obviotis them plumes. 

The average of integrated grey levels from 45mm to 48mm above the global liquid-mush 

interface is sampled in time to represent of the evolution of plumes in the liquid region. 

To represent the flow near the mushy boimdary, the average from 6mm to 9mm above 

the interface is used. For the evolution of the mushy layer, the average of grey levels from 

6mm to 9mm below the interface is used. 

To describe the changes of nimiber and separation of chimneys or plumes with time, 

bineuy unages are constructed first. Each row of pixels of an image is scanned to detect 

peaks (Wilmshurst, 1990). The magnitude of threshold for peak detection is the median 

plus twice of median absolute distance, MAD, which is defined as the median of the 

absolute deviations from the median (Jobson, 1991). 

MAD = median{| Xj — X M  |} (5.3) 
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where X M  is the median of a variable x. Peaks are assigned to be zeros, the minimnm 

grey scale and the rest pixels are to the maximum grey level. Number and separation 

of rhi'mnftys or plumes for these regions are then determined on the base of the binary 

images. Plume nimaber and separation are then estimated by the median of peak numbers 

or their separation of each row for the sample range from 45mm to 90mm above the height 

for the liquid region and 6mm to 21mm for boimdary region. For mushy region, since the 

mush is growing with time, only the interval 6mm below the height and 6nmi above the 

bottom are used to estimate chimney niunber and separation. Depending on the height of 

the mush, at most 36mm sample range are chosen from the upper bound of the interval. 

An application program with easy-to-use graphic user interfaces (GUIs) is then devel

oped and run on a SUN Sparcl-t- workstation imder Open Windows Manager to integrate 

those subprograms for image processing and understanding in an X Windows environ

ment. The approach to construct the graphic user interfaces (GUIs) for the program, 

although in an extremely simplified and not very direct way, employs the X Windows 

libraries. This enables the portability of the program to different platforms. With very 

small amount of modification, the program is ported to IBM RS/6000 machine under 

Motif Windows Manager to interface to SAS System as an integrated program. 

5.2 Experimental Procedures 

5.2.1 Shadowgraphic visualization method 

Each experiment begins with cooling the temperature of the circulator tank to 5°C 

above the target bottom temperature. With all instnmients ready jmd chemicals prepared. 
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76 ml of ammoniiim chloride solution is measured and injected smoothly into the Hele-

Shaw cell through a very fine tubing. The top is covered with a plate after the solution 

has been filled. Then am insulating foam is put on the top of the cell and the box is seaJed. 

The apparatus is left to stand for an hour before starting the experiment. Vacuum pump 

and dry air are used to flush the box if the relative humidity is greater than 21% to avoid 

condensation on the cell. 

Since most things are controlled by computers, starting a test is straightforwaxd. The 

CCD camera is programmed to take a picture at one-minute intervals for the first hour 

and two-minute intervals for the second hour. Control program simply sets the taxget 

temperature and waits to start if no other parameters are to be adjusted. As the ex

periment starts, the PC sends a signal to the SUN workstation to synchronize the CCD 

camera control. VCR recording is started and the ball valve of the circulator is switched 

on. The PC controls the process with PED scheme, displays the acquired data on the 

monitor, and stores the data on the hard disk of the PC and the SUN workstation. Thus, 

the information is aJso shown graphically on SUN workstation. As the two-hour test 

period ends, the PC sends a signal to the SUN workstation to stop the execution of the 

CCD camera control and also stops and resets instrument control as well. Images and 

data are then compressed and trajisfered to optical storage media. 

The Hele-Shaw cell is cleaned one hour after the experiment is stopped. Again a 

fine tubing is used to suck the solution out after the box is opened and the top plate is 

removed. Fresh water is put in to rinse and clean the cell. A vacuvun pump is used to 

dry the cell before next experiment. 
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Figure 5.8: Optical system for direct observation. 

5.2.2 Direct observation and other experiments 

Several experiments are performed to view crystal growth directly. Compared with 

figure 4.5, the aixEuigement shown in figure 5.8 does not include the two lenses and the 

halogen light source, but instead a MINOLTA X-700 camera, an Auto Winder G, a 105 

mm f2.5 Mcicro, a 50 mm f3.5 Macro. Two lamps are used for this technique. The 

dist2uice between CCD camera and the test section, and the distance between the test 

section and the MINOLTA camera are eidjustable to allow variation in areas of view. The 



64 

control program is the same as before except a designed schedule is added to direct PC 

to send signads to control the MINOLTA camera. 

Additional experiments were carried out using different volumes of ammonitun chlo

ride solution and therefore also different mushy layer thickness. Solutions with 50%, 40%, 

30%, 20%, cuid 10% of the toteil volume of the Hele-Shaw cell were used in the experi

ments of this test. The experimental setup was the same as in the experiments using the 

shadowgraph method. 

Huppert's (1990) experiments achieved crystallization on a slope by putting a cooling 

plate at an angle into a three dimensional tank. He observed the fluid motion in the two 

regions separated by the plate using the shadowgraph method. To extend the present 

study in that direction, experiments with a special arrangement in which the Hele-Shaw 

cell is tilted by 21° were also performed, to investigate the effect of a slope in both liquid 

region and mushy layer. Both shadowgraphic visualization method and direct observation 

were used to explore the phenomena. 
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CHAPTER 6 

TIME EVALUATION OF THE SOLIDIFICATION 

PROCESS 

6.1 Experiments with Shadowgraph Method 

Ammonium chloride solutions of three concentration, 26%, 27%, and 28% by weight 

were used in these experiments. The temperatures of the bottom plate were -20°C, -14°C, 

-10°C, -5°C, 0°C, and 5°C. At least six nms were carried out for each combination of con

centration and bottom temperature, with more than 108 sets of images and temperatiure 

data obtained and recorded. 

The temperature of the bottom plate was measured by a thermistor. Figure 6.1 illus

trates typical temperature measurements. These experiments used 28% NH4CI solution 

with six different target bottom temperatures reached in the first ten minutes. As can 

be seen from the figure, Peltier heat pumps and PED feedback control scheme used for 

temperature regulation was able to lower the temperature of the bottom plate rapidly 

from the room temperature, about 24° C to the target value, and was able to stably main

tain the desired temperature level. The cooling cturves for the 26% and 27% show no 

significant difference from the curves shown in figure 6.1 for the 28% case. 
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Figure 6.1: Temperature of the bottom plate during the first ten minutes of cooling for 
six different target bottom temperatures with 28% ammonium chloride solution. 

6.1.1 General observation of flow processes and mushy structures 

A time sequence of six shadowgraph images obtained fi-om the case of 28% and -

14°C bottom temperature are shown in figure 6.2. These images are obtained by first 

subtracting the average background and then performing "piecewise stretch and squeeze" 

to illustrate the fluid motion and chimney formation at different stages of solidification. 

Figures 6.3, and 6.4 show the cases of 28%, -5°C and 26%, -14°C respectively. 

At the very beginning, when crystals begin to appear, many fine scale finger convection 

pltmies are visible above the mushy-liquid interface during the first 30 minutes (figure 6.2 

a and b). They are am indication of boimdary-layer convection. Some plumes go higher 

when the mush grows to a certain high. These salt finger plvunes fade after about 30 

minutes and some high plumes gradually carve the mush to form chimneys. About 6 

chimineys appear approximately 45 minutes after the start of the nm (figure 6.2 c). Some 
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Figure 6.2: Sequence of shadowgraph images showing the structiure of growing mushy 
layer and pliunes of 28% ammonium chloride solution with target bottom temperatxure 
-14°C. The width of the images is 240 mm. Time after start of experunent for images: 
(a) 15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; (f) 100 min. The dark 
strip at the bottom of the images is the mushy layer. 
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Figure 6.3: Sequence of shadowgraph images showing the structure of growing mushy 
layer and pliunes of 28% ammoniima chloride solution with target bottom temperature 
-5°C. The width of the images is 240 mm. Time after start of experiment for images: (a) 
15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; (f) 100 min. The dark strip at 
the bottom of the images is the mushy layer. 



69 

Figure 6.4: Sequence of shadowgraph images showing the structure of growing mushy 
layer and plumes of 26% ammonium chloride solution with target bottom temperature 
-14°C. The width of the images is 240 mm. Time after steirt of experiment for images: 
(a) 15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; (f) 100 min. The dark 
strip at the bottom of the images is the mushy layer. 
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high plumes gradually decay following the slow demise of the accompanying chimney, 

after its exit is blocked by crystallization. The chimney numbers gradually decline to 

about a half, approximately one hour after the start of the nm, when the increase of the 

thickness of the mushy layer becomes slower. The flow is completely dominated by the 

remaining three active plumes. The chimneys corresponding to them gradually penetrate 

aU the way to the bottom of the mushy layer. For the cases of 28% concentration, most 

experiments resulted in the formation of 3 or 4 fairly regularly-speiced chimneys, at the 

temperature explored here. It can be seen that some chimneys are not very straight. 

Oblique chimneys occurred very often especially Lq the higher concentration group, like 

28%. The structure of local crystallization apparently has an effect on the direction of 

chimney formation. The crystal structtire in the region near the middle of two chimneys 

or the region where a chimney decayed has a tendency to have sparse dendrite growth. 

The crystal in the top portion of the mush is less dense than the bottom portion. 

The sequence of the finger convection and the formation of chimneys is about 10 

minutes later in the 26% cases than those of 28%. Clean chimneys are not easy to identify 

for cases of 26% with target temperature above -5°C or for the cases with concentration 

below 25% although some weak but moderately high plvunes can still be identified. Mush 

structure of those cases has a sparse distribution of dendrites, which is possibly the reason 

of why no obvious chimneys are formed. 
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6.1.2 Time evolution of chimneys and plumes 

The evolution of chimney in the mushy layer and plumes in the boundary and liquid 

region is displayed by contour spacetime plots in figures 6.5, 6.7, and 6.9, and surface 

spacetime plots in figures 6.6, 6.8, and 6.10. The contour plot figure 6.7 and the surface 

plot figure 6.8 along with the sequence of images in figure 6.3 are used to explain the 

evolution of plvime activities. The first plume from the left at x = 72 pixels (27 mm) 

disappeared at about 60 minutes and became active again after about 10 minutes. The 

second plume at x = 208 pixels (78 mm) was not active firom 30 minutes to 50 minutes, 

was £u:tive again, and disappeared at 70 minutes. The third plimie at x = 328 pixels (123 

mm) had 4 minutes intermittent period firom 80 to 84 minutes while the fourth one at 

X = 416 pixels (156 mm) extinguishing at 53 minutes with the demise of its corresponding 

chinmey later never came up again. Two plumes, one at x = 532 pixels (198 mm) and 

the other one at x = 564 pixels (210 mm) were competing before 34 minutes. The later 

one demised and the former one gradually dominated the activity until it vanished at 

108 minutes. Chimneys are more static than plumes, since plumes come first before the 

formation of chimneys. The demise of a chimney occurs when crystallization gradually 

blocks the exit while its plume shortly loses activity. Of all the experiments I did, more 

than half of them had at least one plume intermittently for longer or shorter periods, then 

becoming eictive again later. Generally speaking, plumes activity represents the dynamic 

of convection while chinmeys preserve the trace of the history for some time and perturb 

the later plume dynamics. 



72 

(b) -

Figure 6.5: Spacetime contour plots of light intensity for the run shown in figure 6.2; 28% 
ammonium chloride solution with target bottom temperature -14°C. (a) Liquid region; 
(b) Boundary region; (c) Mushy region. 



73 

Figure 6.6: Spacetime surface plots of light intensity for the run shown in figiure 6.2; 28% 
ammonium chloride solution with target bottom temperature -14°C. (a) Liquid region; 
(b) Boimdary region; (c) Mushy region. 
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Figure 6.7: Spacetime contour plots of light intensity for the nm shown in figure 6.3; 28% 
anmioniimi chloride solution with target bottom temperature -5°C. (a) Liquid region; (b) 
Boundary region; (c) Mushy region. 
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Figure 6.8: Spacetime surface plots of light intensity for the nm shown in figure 6.3; 28% 
ammonium chloride solution with target bottom temperature -5°C. (a) Liquid region; (b) 
Boundary region; (c) Mushy region. 
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Figure 6.9: Spacetime contour plots of light intensity for the run shown in figure 6.4; 26% 
ammonivmi chloride solution with target bottom temperature -14° C. (a) Liquid region; 
(b) Boimdary region; (c) Mushy region. 
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Figure 6.10: Spacetime surface plots of light intensity for the run shown in figure 6.4; 26% 
ammonium chloride solution with target bottom temperature -14°C. (a) Liquid region; 
(b) Boundary region; (c) Mushy region. 
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Figure 6.11: Temperature distributions along the wall of the Hele-Shaw cell near the cell 
bottom for 28% ammonium chloride solution with target temperature -14°C at 2, 3, 15, 
30, 60, and 120 minutes along with their corresponding mush height indicated by the 
arrows and nvunber in millimeter. 

6.1.3 Temperature distribution £Lnd mush height 

Temperature distribution along the side wall of the Hele-Shaw ceU measured by ther

mocouple was recorded by the PC during the experiments. A typical distribution in the 

bottom 70 mm of the cells shown in figure 6.11 for 28% solution with target temperature 

-14°C at 2, 4, 15, 30, 60, and 120 minutes along with their corresponding mush height 

indicated by the arrows. Temperatures above 70 mm do not decrease much firom the 

initial temperature. The temperature profile did not alter too much after 45 minutes. 

However, the temperature gradients in the mush are smaller. Figures 6.12, 6.13, and 

6.14 show tjrpical median mush height of the six different target temperatiures versus time 

for three different concentrations. Their corresponding log-log plots are also shown in 
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Figiire 6.12: Median mush height of the six different target bottom temperature versus 
time for 28% ammonium chloride solution. The height contains a solid layer for the case 
of Tb = —20°C which is less than the eutectic temperature Tg = — 15.4°C. 

figures 6.15, 6.16, and 6.17 to compare with the law predicted by conduction theory 

without convection (Hupper and Worster, 1985; Worster, 1986). 

6.1.4 Number and separation of chimneys £md plumes 

In figures 6.18, 6.19, and 6.20 are a series of binary images obtained firom figures 6.2, 

6.3, and 6.4 to illustrate the fluid motion and chimney formation at different stages of 

the solidification process. The liquid-mush interface and median height of the ammonium 

chloride mush are also plotted into the binary images. The evolution of plimie number, 

chinmey nimiber, and their separations judged by the program are based on those binary 

images. Figiires 6.21, 6.22, and 6.23 reveal the changes of plimie or chimney number 

versus time for the three cases. Their separations are shown in figures 6.24, 6.25, and 

6.26. Since a clear definition of chimney or plume is not available, the results of the 
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Figure 6.13: Median mush height of the six different target bottom temperature versus 
time for 27% ammonium chloride solution. The height contains a solid layer for the case 
of Tb = —20°C which is less than the eutectic temperature Tg = — 15.4°C. 
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Figure 6.14: Median mush height of the six different target bottom temperature versus 
time for 26% Jimmoniimi chloride solution. The height contains a solid layer for the case 
of Tb = —20°C which is less than the eutectic temperature Tg = — 15.4°C. 
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Figure 6.15: Median mush height of the six diflFerent target bottom temperature versus 
time for 28% ammonium chloride solution in log scale. The reference line with slope equcil 
to 0.5 is shown on the bottom. 
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Figure 6.16: Median mush height of the six different target bottom temperature versus 
time for 27% ammonium chloride solution in log scale. The reference line with slope equal 
to 0.5 is shown on the bottom. 
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Figure 6.17: Median mush height of the six different target bottom temperatiore versus 
time for 26% ammonium chloride solution in log scale. The reference line with slope equal 
to 0.5 is shown on the bottom. 

program "judgment", based on the light intensity, can only be used to illustrate the 

trend of the evolution to some degree. The number of high plimies in the liquid region 

decreases to about a hsdf of its values in the second hour. The nimaber of plumes near the 

liquid-mush interface decreases from a larger number in the beginning to about the same 

number of high plumes in the liquid region. As can been seen, the number of chimneys 

is more static than that of plimies because the speed of crystallization or redissoluting is 

relatively slow. The cases of higher concentration tend to form chimneys earlier because 

the mush attains a certain thickness earlier than lower concentration ones do. However, 

the effects of target bottom temperature are not obvious. To do a conceivable ansilysis 

of variances might not be easy due to the uncertainty of the data from the judgment of 

the program. The difficulties might also come from the the narrow ranges of temperature 

and concentration which were explored. 
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Figure 6.18: Sequence of corresponding binary images for the run shown in figure 6.2; 
28% ammonium chloride solution with target bottom temperature -14°C. 
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Figiire 6.19: Sequence of corresponding binaxy images for the run shown in figiure 6.3; 
28% ammonium chloride solution with target bottom temperature -5°C. 
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Figure 6.20: Sequence of corresponding binary images for the run shown in figure 6.3; 
26% ajmnonium chloride solution with target bottom temperature -14°C. 
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Figure 6.21: Number of plumes or chimneys for the nm shown in figure 6.2; 28% am
monium chloride solution with target bottom temperature -14°C. (a) Liquid region; (b) 
Boundary region; (c) Mushy region. 



87 
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(c) 

Figure 6.22: Number of plumes or chimneys for the run shown in figure 6.3; 28% am-
moniiun chloride solution with target bottom temperature -5°C. (a) Liquid region; (b) 
Boundary region; (c) Mushy region. 
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Figiire 6.23: Number of plumes or chimneys for the nm shown in figure 6.4; 26% am-
monixmi chloride solution with target bottom temperature -14°C. (a) Liquid region; (b) 
Boimdary region; (c) Mushy region. 
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(b) 

Figure 6.24: Separation of plume or chimney for the nm shown in figure 6.2; 28% am-
moniiun chloride solution with target bottom temperature -14°C. (a) Liqmd region; (b) 
Boundary region; (c) Mushy region. 
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Figure 6.25: Separation of plume or chimney for the run shown in figure 6.3; 28% am
monium chloride solution with target bottom temperature -5°C. (a) Liquid region; (b) 
Boundary region; (c) Mushy region. 
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Figure 6.26: Separation of plume or chimney for the run shown in figure 6.4; 26% am
monium chloride solution with target bottom temperature -14°C. (a) Liquid region; (b) 
Boundary region; (c) Mushy region. 
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6.2 Direct Observation 

Direct observations were used to obtain a clear view of the detziiled aystal structure 

of the ammonium chloride mush. Figure 6.27 shows a sequence of close-up images in 

a case of 27% solution with target bottom temperature -5°C. The images are further 

sharpened (Russ, 1995) after background subtraction cind linear stretch. A very regular 

and compact first layer grows on the bottom after the sudden temperature decrease of the 

bottom plate. Accompanied with regular small salt-finger convection, the first layer forms 

fast in one to two minutes with thickness two to three millimeters. After the growth of the 

first layer, some tiny crystals which appear about 4 to 8 mm above the growing interfcice 

begin to sink down and deposit on the growing interfcice. At the same time some tiny 

crystals are being carried up by the upward flow of the depleted solution at some other 

spots of the interface. The crystals deposited in the downflow region produce a dense 

aggregate layer with no apparent pattern of crystal orientation. Later, the third layer, 

which builds a dendritic crystal pattern, gradually develops with the deposition process 

as the second layer decays. Since the first layer is composed of a fairly imidirectional 

crystal dendrite and the second layer has no crystal orientation at all, it is fairly easy 

to demcircate between these two layers. By contrast, the boimdary between the second 

and the third layers, not like the smooth horizontal interface of the first and second, is a 

fuzzy zigzag pattern. The complicated structures are composed of both dendritic crystal 

patterns and the aggregate patterns. 

This sequence of close-up images also shows the development of a chimney. The posi

tion where the chimney starts to develop is marked by a small exit, formed by the plume 
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Figure 6.27: Sequence of close-up images showing the formation of chimney in a case of 
27% ammnniiim chloride solution with target bottom temperature -5°C. Time after start 
of experiment for images: (a) 15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; 
(f) 100 min. 
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of less concentrated solution resulting from crj^tallization in the mush. The crystals un

der the exit are gradually being depleted by the convection current due to redissolving. 

Tiny crystzds are carried upward, while larger ones are either caught by the dendrite or 

sink down to the bottom. As crystallization proceeds, the chimney gradually extends to 

the bottom of the mush with a very strongly focused plume emanating upward into the 

liquid region. Because of the relatively larger buoyancy of the plume, it remains a coher

ent plimie to the top of the cell. Later, the concentration of the bulk fluid is depleted 

and the crystallization slows. As a result the flow becomes weaker, as seen from the 

shadowgraphic images, and the chimney is likely to be blocked by crystal growth into the 

chimney. A chimney will either decay or be active again later depending on the dynamics 

of the plume. If the plume becomes active after an intermittent period, it may be able to 

produce a chimney again. 

Observations by eye while the experiment is in progress or by examining the photos 

taken by the MINOLTA camera under a Leica Zoom 2000 Stereo Microscope, the crystal 

dendrites near the liquid-mush interface are found to be more sparse than those formed 

in the earlier time, containing few small branches of crystals. This may explain that 

when the growth of the mush height slows down, which implies that the concentration 

of the solution in the hquid region has decreased to a certain level, the porosity of the 

mush beneath the liquid-mush interface in the downflow region changes due to relatively 

less concentrated fluid dffiising into the mush and redissolving some crystal branches. 

Crystallization may occur near the cold bottom again and release the less concentrated 

fluid through a chimney to the liquid region. This process, occurring in the later time 
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when the growing of crystals becomes slow, may alter the the structure of the mush to 

some degree and cause changes of permeability of the mushy layer, thus perturbing the 

dynamic system. 

6.3 Experiments with Inclined Hele-Shaw Cell and Reduced Volume 

The Hele-Shaw cell was filled with a half the normal volume of solution and tilted by 21 

degrees. Figiires 6.28, 6.29 ajid 6.30 show shadowgraph images of three different cases. 

In general, the sequence of events is similar to that observed when there is no tilt. Also, 

the number and separation of chimneys ajid pliunes do not show significant difference firom 

the normal geometry. However, there are some noteworthy differences. When the cooling 

starts, the finger convection is mixed with the flow driven by the density gradients of 

the environment producing complicated mixing along the slope. The tiny crystal clusters 

forming above the interface exhibit vigorous movement. They migrate down the slope and 

aggregate on the interface. The second layer is not as compact as the one before. A few 

small lacunae can be seen within the mush. Intermittency of the plumes were observed 

as well. Figure 6.33 shows a sequence of close-up images The chimney walls are not 

smooth. As time goes on, some chimneys will change their root systems or gradually shift 

3 to 4 mm up the slope. The secondary dendrites are much longer than the untilted ones. 

The mushy heights versus time for 50% to 10% voliunes of ammonium chloride solution 

in case of 28% concentration with -14°C target temperature is shown in figiire 6.32. It 

is obvious that the final mushy heights are not reduced in linear proportion to the volume 

chaages. Figiure 6.33 shows shadowgraph images for six different volimies of ammonium 
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Figvire 6.28: Sequence of shadowgraph images showing the structure of growing mushy 
layer and plumes of 28% ammonivim chloride solution with target bottom temperature 
-20° C. The width of the images is 240 mm. Time after start of experiment for images: 
(a) 15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; (f) 100 min. 
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Figure 6.29: Sequence of shadowgraph images showing the structure of growing mushy 
layer and plumes of 28% ammonium chloride solution with target bottom temperature 
-10°C. The width of the image is 240 mm. Time after start of experiment for images: (a) 
15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; (f) 100 min. 
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Figure 6.30: Sequence of shadowgraph images showing the structure of growing mushy 
layer and plmnes of 26% ammoniimi chloride solution with target bottom temperature 
-14°C. The width of the image is 240 mm. Time after start of experiment for images: (a) 
15 min.; (b) 30 min.; (c) 45 min.; (d) 60 min.; (e) 80 min.; (f) 100 min. 
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Figure 6.31: Sequence of magnified images showing the formation of chimneys. Tilted 
cell, for the case of 26% ammonimn chloride solution and target bottom temperature 
-20°C. Time after start of experiment for images: (a) 15 min.; (b) 30 min.; (c) 45 min.; 
(d) 60 min.; (e) 80 min.; (f) 100 min. 
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Figure 6.32: Mushy heights versus time for five different volumes of ammoniimi chloride 
solution in cases of 28% concentration, -14°C target temperature. 

chloride solution in cases of 28% concentration with -14°C target temperature at 60 

minutes after the start of the runs. Chimneys cannot be easily identified for the cases 

of 10% volume. Although the plume patterns are always seen, their strength cannot be 

compared using the shadowgraph images. 
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Figure 6.33: Shadowgraph images for six different volumes of ammonium chloride solution 
in cases of 28% concentration, -14° C target temperature at 60 minutes after the start of 
the runs. The width of the unages is 240 mm. (a) 100%; (b) 50% (c) 40%; (d) 30%; (e) 
20%; (f) 10%. 
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CHAPTER 7 

DISCUSSION AND CONCLUSION 

This section discusses and summarizes what has been adiieved and learned from these 

experiments. In general, a series of elaborately designed solidification experiments in a 

Hele-Shaw cell has been performed. Experimental conditions are precisely adjusted by 

automatic control and experimental procedures allowed easily repeated measm-ements. 

Moreover, all the experimental results were systematically recorded in computers to per

mit further analysis and exploration. The experiments were performed in a Hele-Shaw 

cell, designed to yield a better view of the mush structures. The shadowgraph method 

was used to visualize convection in the liquid region. 

From the results reported here and those of earlier experiments in a similar geometry 

(Chen, 1995; Solomon, 1994, 1996), the sequence of significant events of the directional 

solidification process in a Hele-Shaw cell is as follows. At the beginning, when the cell 

bottom is suddenly cooled, very fast crystallization occiurs to form a generally upwaxd 

oriented thin layer of dendrites, without secondary branches. The less concentrated liquid 

thus generated is released as a layer of narrow convecting cells, i.e. salt fingers. As the 

cooling continues, some tiny crystal seeds and small crystal clusters start to appear just 

above the growing interface. Most of them sink down and deposit on the growing interface 
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while some of them are carried up with the upward convective flow. While the growth and 

deposit processes of the crystal continue, a second la)^r of patterned aggregate, apparently 

different from the first one without direction preference, greidually increases the thickness. 

As time goes on, the growth rate of the aggregate pattern slowly decreases, correlated 

with a continuously decreasing finger convection. Dendritic crystals begin to be seen in 

the top region of the aggregate layer, while some upward plumes ascend to greater heights. 

When the dendritic crystals cover the entire aggregate layer to a certain thickness, the 

growth rate of the interface slows down further. At this time a few isolated plimies appear 

which maintain their identity to great heights. Underneath each plume, a channel within 

the mush is growing downward gradually from the interface due to redissolving caused by 

the flow of less concentrated solution. About six to eight, sometimes up to ten, somewhat 

regularly spaced chimneys can be identified. Chimney can form even as near as three 

millimeters to the walls of the cell. Most chimneys are short at this stage. The growth 

rate of the height of interface then decreases and shows very little further increase in 

thickness. During this period, about half of the pliunes gradually lose their strength. The 

formation of the associated chimneys declines, but the strength of the remaining active 

ones increases. Finally, they develop into narrowly focused plumes, transporting fluid 

upward to the top of the cell. As these plumes dominate the convection activity, the 

small salt fingers along the interface located in between the plumes fade away. At the 

same time, the associated chimneys of these strong plimaes gradually extend their roots 

to the bottom of the mush. Through a process whose underlying mechanism is still not 
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understood, the structures of the mush are slightly modified by the ongoing redissolving 

and crystallization process. 

Where shall we go from here? Since very few solidification experiments in a Hele-Shaw 

cell have been done and reported, there are no theories developed, particularly for the 

solidification phenomena in a Hele-shaw geometry. Although, by and large, the sequence 

of events of the solidification process in a Hele-Shaw cell is similar to the observations 

reported by earlier investigators from the experiments in three dimensional tanks, some 

of the complex phenomena observed in this study still need further investigation in both 

theory and experiment. Furthermore, it has been found that the walls of a chimney often 

have high solid fraction. Some small third or fourth branches of the crystal dendrites 

near the liquid-mush interface redissolve when the growth of the mush thickness is about 

to saturate. This could be due to the downfiowing fluid, induced by the active plumes, 

depleting the mush and suppressing both further crystallization near the interface and 

the accompany salt fingers as well. However, the structural changes associated with the 

dyneimic modification of the mush is still elusive. This perhaps is the most challenging 

question for the future research. 

It has been also found that chimneys are not cilways nearly straight, especially when 

highly concentrated solutions were investigated. Is this phenomenon due to the wave

length selection that is proposed by most theories, perturbed by the local crystal form, or 

is it interference efiects? Moreover, although the intermittency of the plimies is not rare 

in this study, the connection of this observation to the oscillation mode that was proposed 

by some recent theories (Chen et ai, 1994; Anderson and Worster, 1995, 1996) is still 
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tenuous. Further experimentation will be required to verify or validate their speculations, 

arguments, and predictions. 

Cr3^talli2ation in an inclined Hele-Shaw cell is a new challenge. With the cell tilted 

by 21 degrees, the numbers and separations of chimneys and plumes do not appear too 

different from the horizontal ones. However, the development of the plumes and mush 

structures do exhibit significant differences from those of the untilted experiments. These 

include the dendritic crystal form, the lacimae of the mush, the shape of the chimneys, the 

gradual shift of the chimneys, ajid the porosity changes of the structures. These complex 

issues also require further research. 

Improving experiments is an endless task and the experiments done in this study are 

not an exception. Although the design, the control, the electronics, and the procedures 

can all be refined further, it is hoped that new technology will be employed to explore 

new physics. The image processing, interpretation, and data reduction should be refined 

as well to allow further statistical work. Clearly, more complete analyses with more 

careful experiments are needed to resolve many of the issues which have or have not been 

addressed here. 



106 

APPENDIX A 

RELATED HARDWARE AND SOFTWARE 

Major experimental parts are categorized into four elements: the Hele-Shaw cell as

sembly, the temperature measurement and automatic control system, the optical system, 

and the others. Parts for pre- and postprocessing along with related information axe given 

also. 

A.l Parts List of Hele Shaw Cell Assembly 

1. Hele-Shaw cell 

2. Foam 

3. Six MELCOR thermoelectric heat pumps 

4. Copper heat sink box 

5. Aluminum box 

6. NESLAB Instruments refrigerated bath RTE-220 

7. Fluke 2180 digital thermometer 

8. CENCO HYVAC 2 vacumn pump 
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9. Dry air barrel 

.2 Parts List of Temperature Measurement and Automatic Control 

System 

1. Intel 80386 Microcomputer (33 MHz) with 80387 math coprocessor and 8 Mb RAM 

2. Softwares: 

• National Instruments LabWindows for DOS version 2.2 

• Microsoft Visual C++ professional edition version 1.0 

• SUN Microsystem PC-NFS version 3.5 

3. Computer interface: 

• 3Com EtherLink II 3C503 

• National Instruments GPIB-PC-II Mode and NI-488.2 for MS-DOS/Windows 

• Digital I/O module 

4. Two Fluke 8842A digital multimeters 

5. Keithley Model 199 System DMM Scanner 

6. Kepco power supply ATE 55-20M 

7. Thermocouple selection multiplexing and amplifying module 

8. OMEGA teflon insiilated fine gage thermocouple wires 

9. Two Thermometries thermoprobes P60DB103M 



10. D/A converter section 

A.3 Parts List of Optical System 

1. Light source section 

• Tungsten-Halogen lamp with lamphouse and two condensers 

• Convex lens, 3 cm diameter, 1 cm focal length 

• Diaphragm 

• Hewlett-Packard 6282A DC power supply 

• Fluke 8505A Digital Multimeter 

2. Camera assembly 

• COHU 4915-2000/000 monochrome CCD Camera 

• National CCTV 12.5-75 mm fl.8 Zoom lens 

• SONY PVM1342Q TRINITRON Color Video Monitor 

• PANASONIC AG-6750 Time Lapse Recorder 

• VideoPix SBus Video Frame Capture Card 

• SUN SPARCstation H- workstation 

• Digital Alpha Station 200 (4/233) 

3. Lenses 

• Convex lens, 30 cm diameter, 75 cm focal length 

• Convex lens, 30 cm diameter, 133 cm focal length 
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A.4 Others 

1. Parts for direction observation 

• MINOLTA X-700 camera and Auto Winder G 

• Camera controller 

• MINOLTA 50 mm f3.5 Macro 

• Vivitar 105 mm £2.5 Macro 

• Leica Zoom 2000 Stereo Microscope 

2. Data processing 

• Convex C240 and Khoros 

• IBM RS/6000 model 590 and SAS System for ADC release 6.11 

• SiliconGraphics Indy R5000 and X Windows libraries 
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APPENDIX B 

NOMENCLATURE 

C Concentration 

Gr Grey level 

h Mushy height 

Kp Proportional parameter 

Ki Integral parameter 

Ka Derivative parameter 

Ix Horizontal pixel scale 

ly Vertical pixel scale 

Tip Number of pixels 

T Temperature 

Tb Temperature of the bottom plate 

Te Eutectic temperature 

t Time 
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APPENDIX C 

ACRONYMS 

Acronyms used in the text are listed below, along with a brief description of their 

meaning. 

AMP Amplifier 

DAC Digital-to-analogue converter 

DIO Digital input and output 

DMM Digital multimeter 

DSP Digital signal processor 

GUI Graphic user interfaces 

MAD Median absolute distance 

MUX Multiplexer 

PC Personal computer 

PID Proportional-Integral-Derivative controller 

KTD Resistance temperature detector 
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