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Abstract. This article presents a simple technique for temperature 
visualization using liquid crystals in an aqueous solution during the 
process of cooling and solidification. This method provides a clear 
picture of the role of double-diffusive convection in producing verti- 
cal compositional and density stratification in an initially homoge- 
neous liquid during solidification. 

1 Introduction 

Natural convective flows have been known for some time to 
have an important influence on solidification processes in- 
volving both pure and multicomponent substances. In 
recent years, experimental and numerical treatments of 
solidification in binary systems have been stimulated by en- 
gineering applications such as crystal growth, thermal ener- 
gy storage devices and the casting of metals (Beckermann 
and Viskanta 1988; Christenson et at. 1989, Thompson and 
Szekely 1989). However, numerical results have failed to 
achieve close quantitative agreement with experimental data 
for horizontal growth, unlike the solidification of a pure 
substance. Additional experimental and theoretical work is 
required for proper modelling of the transport processes of 
heat and species during solidification. Previous experimental 
studies have shown qualitative features of double-diffusive 
convection during solidification for various aqueous solu- 
tions (e.g., Chen and Turner 1980, Turner 1980; Turner and 
Gustafson 1981), but there have been few studies providing 
time-dependent temperature and concentration field data to 
test and refine mathematical modelling. This lack motivated 
the present investigation. 

We attempt temperature visualizations of aqueous solu- 
tions during solidification along a vertical wall. The usual 
methods of temperature visualization, such as Mach-Zehn- 
der and holographic interferometry, provide information 
about temperature variations, but they cannot be used for 
direct temperature measurement of aqueous solutions, be- 
cause the refractive index distributions to be measured vary 
with both temperature and concentration. 

In recent years, thermochromic liquid crystals have been 
adopted as a temperature-measuring probe to indicate tem- 
perature variations in several systems, particularly those in- 
volving thermal convection. Rhee et al. (1984) visualized a 
three-dimensional lid-driven cavity flow to study the behav- 
ior of longitudinal Taylor-Grrtler-like vortices for both 
isothermal and naturally buoyant flows. Liquid crystal pho- 
tographs gave both pathlines and temperature distribution 
on any lighted plane. Bergman and Ungan (1988) investigat- 
ed double-diffusive convection in a two-layer, salt-stratified 
solution destabilized by lateral heating and cooling. Flow 
visualization and qualitative temperature measurements 
were performed with encapsulated liquid crystals. Hiller and 
Kowalewski (1987) and Shiina et al. (1990) also used liquid 
crystals to visualize flow and temperature fields of three-di- 
mensional natural convection. A historical review of liquid 
crystals in heat transfer research has been presented by 
Moffat (1990). However, to the knowledge of the authors, no 
one has performed any work which uses liquid crystals to 
visualize flow and temperature fields during a solidification 
process. 

Accordingly, the aim of this study is to present a simple 
technique of temperature visualization using encapsulated 
liquid crystals suspended in an aqueous solution during so- 
lidification. 

2 Experimental apparatus and procedure 

In the present experiment, we consider crystal growth in a 
super-eutectic aqueous sodium carbonate (Na2CO3) solu- 
tion. Initially, the aqueous solution contained in a small 
cavity was kept at a uniform temperature (T~ = 25 ~ and at 
constant concentration (Ci = 10 wt%) in excess of the eutec- 
tic, and then one side wall of the cavity was cooled to the 
desired temperature, T~, of --14.6 ~ The other walls were 
insulated. The height, length and width of the cavity used 
were H = 50 ram, L = 37 mm and W = 30 mm, respectively. 

Liquid crystals change color according to the environ- 
mental temperature, the change being reversible and repeat- 
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Fig. 1. Micrograph of chiral nematic liquid crystals 

able as long as the crystals are not physically damaged. The 
liquid crystals used here were of the chiral nematics type 
manufactured by BDH Chemical Ltd. (Poole, England) and 
which were found in preliminary experiments to be stable in 
aqueous solutions of a number of salts. To represent two 
different event temperatures, we used two-event narrow- 
band liquid crystals, which can be made simply by physically 
mixing liquid crystals of the desired event temperatures. 
Each liquid crystal covered a temperature range of 2.5 ~ 
and the colors in the range from the highest to the lowest 
temperature included blue, green, yellow and red. The densi- 
ty of the encapsulated liquid crystals was about 1.02 x 
103 kg/m 3, and their diameters ranged from 10 to 15 tam as 
shown in Fig. 1. A small amount of liquid crystals (0.004% 
by volume) was suspended in the aqueous solution for good 
visualization just before the experiment. Although the liquid 
crystals settled out slightly due to coagulation after being in 
solution, to the naked eye they appeared to be uniformly 
dispersed in solution 3 h after the start of the experiment. 
The time constant for temperature variation of the liquid 
crystals is about 0.2 s, and the delay in their response to 
temperature changes is therefore probably negligibly small 
for the flow fields of laminar natural convection considered 
here. A light beam was introduced through a slit in front of 
a projector lamp. Color photographs of time-dependent 
temperature fields were taken with an exposure time of 1 s at 
an angle of 90 ~ to the plane of the incident light sheet. The 
temperatures were also measured with thermocouples. 

3 Results and discussion 

Figure 2 shows temperature variations with time at two 
positions, i.e., the mid-heights of the cold wall and the oppo- 
site insulated wall. The cold wall temperature falls abruptly, 
since the heat exchanger is suddenly exposed to the cold 
circulation fluid. When the temperature falls below the 
liquidus temperature for the initial concentration, the 
aqueous solution in the vicinity of the cold wall is super- 
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Fig. 2. Temperature histories during solidification (The points 
marked �9 on the horizontal axis denote times corresponding to 
photographs in Fig. 3) 

cooled until, at 7 min, several spike-shaped crystals of 
Na2CO 3 �9 10H20 appear on the cold wall. At 11 min t8 s, 
the solid of the eutectic component is formed in the inter- 
stices among crystals near the cold wall, and the temperature 
jumps from T,=--10.4~ up to T~=--8.4~ due to the 
liberation of a large amount of latent heat. In the supercool- 
ing process, there is a marked decrease in temperature at the 
insulated wall. However, in the subsequent crystal growth 
process, the temperature increases once and decreases again. 
This behavior is due to double-diffusive effects as described 
below. 

Figure 3 shows photographs of the corresponding time- 
dependent temperature fields revealed by two-event narrow- 
band liquid crystals. One liquid crystal has a working range 
of 2.5-5 ~ and the green color approximately indicates the 
4~ isotherm. The other has a working range of 6.5-9 ~ 
and the green color is approximately the 8~ isotherm. 
These photographs demonstrate that the liquid crystals can 
be used not only to indicate temperature but also to trace 
fluid motion. 

In the supercooling process (Fig. 3 a and b), heat transfer 
is the only transport process. A downflow is observed in a 
thin cooled boundary layer and density stratification devel- 
ops in the interior of the cavity. The behavior of isotherms 
shows that the density gradient varies smoothly, so that 
there is no density front between the stratified fluid and the 
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Fig. 3a- l .  Time evolution of the temperature field (C~= 10 wt%, T~=25 ~ 
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Fig. 4. Temperature field of an experiment for small initial superheating (Cz= 12.5 
wt%, 7~= 15~ 
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initially homogeneous fluid. This phenomenon has been 
known as the laminar filling-box process (Worster and 
Leitch 1985). 

At the beginning of the crystal growth process (Fig. 3 b -  
d), the crystals formed are spiky and crystallization occurs at 
several positions along the cold wall. Because the concentra- 
tion of the initially homogeneous solution is in excess of the 
eutectic, the growth of crystals of Na2CO 3 �9 10HzO leaves 
behind a more dilute fluid, less than that in the interior. The 
dilute fluid therefore rises along the crystal front and a vigor- 
ous upflow from each crystal is established in plumes. Note 
that this is solutal convection, which is upwards in spite of 
the fact that the fluid is cooled, thereby contrasting with the 
thermal convection observed in the supercooling process. 
Thermal convection also occurs near the crystal, and thus 
there is a strong interaction between the two flows, which 
leads to rapid variations in temperature near the crystal, as 
shown by the distortion of isotherms. Thus, the formation of 
spiky crystals leads to the initiation of the double-diffusive 
process. 

Spiky crystals gradually cover the cold wall, and a mushy 
zone comprising a mixed region of liquid and crystals is 
formed. As the cooling progresses (Fig. 3 e and f), the liquid 
in the interstices of the mushy zone solidifies near the cold 
wall, thus separating the solid zone from the mushy zone. 
The mush solid interface was perceptible to the eye, but poor 
contrast prevented its appearance on the photographs. The 
dotted lines were therefore inserted in the photographs to 
indicate its position. Now a cold dilute fluid, released by the 
formation of crystals, rises up through the mushy zone and 
accumulates at the top of the cavity, causing thermally un- 
stable and solutally stable conditions. Therefore, there is a 
density front between the dilute fluid and the initially homo- 
geneous fluid, marking the beginning of the filling-box pro- 
cess with double-diffusive effects (i.e., compositional stratifi- 
cation). It  should be noted that the density front is not 
horizontal but tilted downwards. The behavior of the iso- 
therms indicates that the fluid below the density front is 
dominated by thermal convection, but that this is damped 
by the compositional stratification in the fluid above the 
density front. Just below the density front a vigorous fluid 
motion is found, directed from the insulated wall towards 
the crystal front due to the thermal convection, which leads 
to a slight retardation of crystat growth in the mushy zone. 

With progressing solidification, the position of the densi- 
ty front moves downwards and simultaneously the iso- 
therms above the density front meander in the vertical direc- 
tion, showing S-shaped temperature profiles (Fig. 3g-k) .  
These prot~es above the density front are driven by the 
horizontally-stacked clockwise circulations which form dou- 
ble-diffusive layers, and which are referred to as double- 
diffusive convection. The clockwise circulations are easily 
identified by the motion of liquid crystal particles in the 
magnified photographs, but are not shown here. The devel- 
opment of double-diffusive layers is governed by the interac- 
tion of the horizontal thermal gradient with the vertical 

solute stratification, although the time-dependent behavior 
of the system is somewhat complex. Turner (1980) was the 
first to visualize double-diffusive layers using a shadowgraph 
for a similar system, but he provided no information about 
temperature fields. 

The photographs also reveal, firstly, that the vertical tem- 
perature gradient is reversed between the supercooling and 
solidifying processes, which leads to an increase of tempera- 
ture as shown in Fig. 2. Secondly, the temperature at the 
crystal front varies with both height and time, unlike solidi- 
fication of a pure substance (Fig. 3g-k) .  Thirdly, the fluid 
flow within the mushy zone is not negligible, since the shape 
of the mush solid interface reflects the solutal convection. 

Figure 4 shows photographs of a similar experiment in 
which the initial superheating was small. The difference 
between initial and liquidus temperature is 2.6~ in this 
experiment, compared with 17.4~ in the previous one. The 
double-diffusive layers observed in the previous experiment 
are now missing. Dilute fluid continues to accumulate at the 
top of the cavity, creating a stable vertical solute gradient, 
but the horizontal thermal gradient is insufficiently conspic- 
uous to indicate double-diffusive convection. As a result, a 
nearly stagnant, density-stratified region develops as solidifi- 
cation progresses. Thus, the development of the vertical den- 
sity stratification in the interior of the cavity leads to the 
establishment of either a stagnant region in the liquid or 
double-diffusive layers. The condition under which double- 
diffusive convection is important is probably controlled by 
both the initial superheating and the initial concentration 
which represent the strength of the thermal effect and of the 
solutal effect, respectively. This will be investigated in the 
future. 

4 Summary 

A simple technique for temperature measurement by use 
of liquid crystals is much more helpful in interpreting the 
double-diffusive process during solidification of a binary sys- 
tem than such conventional techniques as thermocouples, 
although the temperature range for measurements is limited. 
Moreover, it seems worth comparing the experimental re- 
suits obtained here with the isotherms obtained by numeri- 
cal calculation, to evaluate the mathematical modelling of 
the solidification of binary systems. 
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