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Abstrmret-This paper describes the occurrence and development of double-diffusive convection in the 
liquid phase during solidi~cation of NH&H20 system in a confined cavity with lateral cooling. ~uitiple 
point measurements of concentration show a step change in the vertical direction, and temperature 
visualizations reveal an S-shaped profile of isotherms, which indicate the existence of time-dependent 
horizontally-stacked roll cells separated by diffusive interfaces. The cells are generated in a sequential 
fashion, rather than simultaneously and the thickness of each cell increases with progression of solidi- 
fication. The concentration in each cell is found to remain nearly constant, except for the initial development 
of cells. Convection within each cell is largely controlled by the temperature field, and diffusion is dominant 
in the diffusive interface between two cells due to the solute field with a vertical concentration gradient. 
The fluid in the diffusive interface is initially stagnant, but the interface changes into a new cell under a 
certain condition. The criteria for cell generation are determined by the buoyancy ratio and the thermal 

Rayleigb number in the diffusive interface. 

1. INTRODUCTION 

NATURAL convective flows have been known for some 
time to have an important influence on solidification 
process. In recent years. experimental and numerical 
treatments of solidification in a binary system have 
been stimulated by materials processing such as 
semiconductor crystal growth and the casting of met- 
allic alloys. Although there are several important 
transport phenomena during sol~djfi~ation, as 
reviewed by Viskanta [I], we focus on double-diffusive 
convection which is naturally present in the melt of a 
binary system. As could be observed from a phase 
diagram of multicomponent substances, the com- 
position of the resulting solid is generally different 
from that of the melt when a melt of two or more 
component solidifies. Therefore, heat and mass trans- 
fer occurs simultaneously in the melt, which leads 
to a complex fluid motion called double-diffusive 
convection. 

The importance of double-diffusive convection dur- 
ing solidification has been first identified in geophysics 
and metaIlurgy, and the experimental studies have 
provided qualitative features based on flow visu- 
alizations such as shadowgraph and dyeing tech- 
niques (Chen and Turner [2], Szekely and Jassal [3]), 
e.g. salt fingers and sharp diffusive interfaces. More 
recently, multiple point measurements of temperature 

and concentration fields during solidification of aque- 
ous solutions have been performed by heat-transfer 
investigators (Beckermann and Viskanta (NH&%- 
H,O) [4], Christenson and Incropera (NH&i-H20) 
[5], Okada et al. (NaCl-H,O) [S] and Nishimura et 
al. (Na,CO,-H,O) 171). However, there is a fur&her 
need for detailed velocity, temperature and con- 
centration measurements to understand the role of 
double-diffusive convection in the solidification pro- 
cess. 

Numerical anafysis has also come to be used for 
prediction of solidification of a binary system due to 
the rapid development of computers. Most of the 
numerical computations are directed to the horizontal 
solidification, i.e. Beckermann and Viskanta (NH&l- 
H,O) [4], Thompson and Szekely (Na,CO,-H,O) [S], 
Christenson et al. (NH&l-H@) [9] and Okada et 
al. (NaCl-HzO) [6], because the solid-liquid interface 
changes remarkably in the vertical direction by dou- 
ble-diffusive convection, and therefore simple theor- 
etical modelling is difficult. However, the numerical 
results fail to achieve close quantitative agreement 
with experimental data for solidification with a mushy 
zone consisting of a mixed region of liquid and den- 
dritic crystals. Furthermore, the computations have 
been limited to the initial development of solidi- 
fication, and time evolution of double-diffusive con- 
vection is not evident. 
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NOMENCLATURE 

c concentration AT hori~on~il tempera~urc d~~ercnce 

c, concentration at the eutectic point I time 

G initial concentration .Y vertical coordinate 
AC vertical concentration difference J’ horizontal coordinate. 
N height of the enclosure 
L length of the enclosure Greek symbols 
N critical buoyancy ratio 
Rn, critical Rayleigh number defined by ;< 

thermal diffusiv~ty 
volumetric coefficient with concentration 

equation (4) Pr volumetric coefficient with temperature 
T temperature t? thickness of diffusive interface 

r, temperature at the cold wall ?” vertical scalelength 

K temperature at the eutectic point % critical thickness of diffusive interface 

r, initial temperature 1’ kinematic viscosity. 

- 

Thus, additional experimental and numerical works field in which double-diffusive convection occurs. In 
are required for proper modeil~ng of transport pro- 
cesses of heat and species during solidification. This 
lack motivated the present experimental investigation. 

In order to obtain the detailed information on the 
development of double-di~usive convection through 
the solidification process, we performed temperature 
and flow visuali~tions using liquid crystals during 
solidification of an aqueous solutian of NH&I-H20 
in a confined cavity with lateral cooling. Telnperature 
and concentration at several positions were also mea- 
sured by thermocouples and the sample extraction 
method using microsyringes, respectively. The visu- 
alizations and the measurelnents were conducted sim- 
ultaneously so that we exactly understand transport 
processes of time-dependent doubIe-diffusive con- 
vection. 

fact several investigators (Christenson and lncropera 
[5] and Okada PI ul. 161) attempted to obtain tem- 
perature fields by use of many the~ocouples for sol- 
idification of aqueous solutions, but the measure- 
ments did not necessarily provide useful infornlatjon 
on time dependent double-diffusive processes. We per- 
form tem~rature visualization using encapsulated 
liquid crystals suspended in an aqueous solution dur- 
ing solidification, together with multiple point 
measurements by thermocouples. The liquid crystals 
used here are a chiral nematic type manufactured by 
BDH Chemical Ltd. This simple technique has been 
confirmed to be helpful in interpreting time dependent 

2. EXPERIMENTAL APPARATUS AND 
Overfiow 

,, tube 
PROCEDURE 

Figure I shows a schematic diag~.al~ of the exper- 
imental apparatus. solidification of an aqueous 
ammonium chloride solution was performed in a rec- 
tangular test ceil with inner dimensions of 37 mm in 
length, 50 mm in height and 30 mm in width. The test 
cell was made of acrylic resin, except for the cold wall 
which consisted of a copper plate. An overftow tube 
was attached to the test cell in order to eliminate any 
volume changes in the test cell. A cooiing chamber 
was attached to the rear side of the cold wall, and 
the wall temperature was maintained at a given cold 
temperature by refrigeration unit I. Refrigeration unit 
2 was used to control the initial tem~rature of the 
aqueous solution. To minimize heat losses, the test 
cell was insulated with 60 mm of Styrofoam on all 
sides, and, furthermore, the experimental apparatus 
was placed in a temperature controlled room. 

Usually temperatures have been measured by ther- 
mocouples in heat transfer experiments, but it may be 
difficult to deduce the time dependent tem~rature 

8 I 

I. Test section L 2. Styrofoam insulation 
3. Copper plate 
4. Cooling chamber 
5. Refrigeration unit I 
6. Refrigeration unit 2 
H=50nlal,L=37mm 
f Position of tberfnoconples 

6 
I 

FIG. 1. Schematic diagram of ~~perin~ent~j apparatus. 
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natural convection and freezing of water (Nishimura 
et al. [lo]). Furthermore, this liquid crystal was found 
to be stable even in aqueous solutions of different 
types of salts and was used to examine double-diffusive 
convection (Nishimura et al. [l 1, 121). Also it should 
be noted that the flow field is observed by the motion 
of liquid crystals particles. The experimental pro- 
cedure is mentioned in these references. 

Although there are some techniques for species con- 
centration measurements in flowing aqueous 

solutions, time-dependent concentration measure- 
ments are very rare in the solidification process. In 
this experiment, the variation of concentration with 
time at several positions in the test cell was determined 

by the sample extraction method using microsyringes. 
For this purpose, eight holes of 0.5 mm in diameter 
in the vertical direction were made at the back wall of 
the test cell. Through the hole, the aqueous solution 

of 0.05 ml was extracted by a microsyringe and its 
refractive index was read through a refractometer at 
25-C. The liquid in the overflow tube supplies the 
reduction of the liquid in the test cell due to the con- 
centration measurement. This procedure was repeated 
at a position three times and each refractive index was 

averaged. The deviation from the average values was 
within f 5%. Since the needle of the microsyringe was 
inserted slowly and normal to the flow direction, the 
disturbance of the flow, temperature and con- 
centration fields due to sample extraction was neg- 
ligible. 

The equilibrium phase for aqueous ammonium 
chloride shown in Fig. 2 has an eutectic temperature 
and concentration (NH,Cl mass fraction) of 
T, = - 15.4”C and C, = 19.7 wt%, respectively. A 

solution with composition less than the eutectic value 
releases more dense fluid during solidification (sub- 
eutectic growth), while a solution with greater than the 
eutectic value releases less dense fluid (super-eutectic 
growth). 

3. RESULTS AND DISCUSSION 

Figure 3 shows temperature variation with time at 
the mid-height of the insulated wall opposite to the 

Liquid 

Te Ice + NHp 

-20 I I I 
0 5 10 15 20 25 

Weight (sb) 

FIG. 2. Equilibrium phase diagram for NH,CI-H20 system. 

cold wall for several initial concentrations. The cold 
wall temperature variation is also shown for C, = 25 

wt% for reference, since the cold wall temperatures for 
all experiments are the same. The initial temperature is 
25°C for any case. The insulated wall temperature 
for Ci = 19.7 wt% of the eutectic falls most rapidly, 
because heat transfer is the only transport process. 
On the contrary, for both sub-eutectic and super- 

eutectic cases, the temperature drop is retarded and a 
small peak appears. This behavior is due to double- 
diffusive effects as described below. In the following 

section we present the details of transport processes 
for super-eutectic growth of 25 wt%. 

Figure 4 shows schematic solidification mor- 

phology and flow patterns in the fluid region for super- 
eutectic growth, i.e. C, = 25 wt%, T, = 25°C and 
T, = - 14.4”C. Under this experimental condition, 

dendritic crystals of NH,CI are only formed and a 
mushy zone comprises a mixed region of liquid and 
crystals, since the cold wall is above the eutectic tem- 

perature T, = - 15.4”C. Direct photographs of sol- 
idification morphology and flow patterns in the liquid 
region are shown in Fig. 10. 

In the supercooling process, heat transfer is the 

only transport process and a large clockwise rotating 
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FIG. 3. Temperature histories during solidification at the 
insulated wall : effect of initial concentration. 
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FIG. 4. Time evolution of solidification morphology and flow patterns for a super-eutectic growth (C, = 25 

wt%. r, = 25‘C, r, = - 14.4 C). 

circulation is observed due to thermal convection. At 
the beginning of the crystal growth process, cry- 
stallization occurs at the several positions along the 
cold wall. A water-rich fluid is released and therefore 
rises along the crystal front, in spite of the fact that 
the fluid is cooled down. This is solutal convection. 

Namely, downward thermal boundary layer flow and 
upward solutal boundary layer flow coexist near the 
crystals. It should be also noted that some crystals 
detach from the cold wall and accumulate at the bot- 
tom of the cavity. 

As the cooling progresses, a cold water-rich fluid, 
released by the crystal formation, rises up through the 
mushy zone and accumulates at the top of the cavity, 
causing thermally unstable and solutally stable con- 
ditions. Therefore, there is a sharp density front 
between the dilute fluid layer and the initially homo- 
geneous fluid layer, marking the beginning of the 

filling-box process with double-diffusive effects, i.e. 
compositional stratification (see Fig. 4(a)). The fluid 
below the density front is dominated by thermal con- 
vection, but this is damped by the compositional 
stratification in the fluid above the density front, 

which was confirmed by the behavior of particle paths 
and isotherms revealed by liquid crystals suspended in 
the solution. When the upper layer above the density 
front reaches a certain thickness, a clockwise cir- 
culation is formed inside the layer, which is called cell 
A (see Fig. 4(b)). 

With progression of solidification, the position of 
the density front moves downwards and double- 
diffusive cells are formed above the density front (see 
Figs. 4(c)-(i)). They finally consist of three hori- 
zontally-stacked clockwise circulations in this exper- 
iment, i.e. cells A, B and C. Features of double-diffus- 
ive cells during solidification are described as follows. 
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FIG. 5. Visualization photo~aph of flow and temperature fields above the density front. 
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Double-diffusive 
convection 
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FIG. 6. Development of a multiple cell structure during 
solidification. 

A thin diffusive interface exists between cells and each 
cell behaves as a separate cell. These cells are gen- 
erated in a sequential fashion, rather than sim- 

ultaneously, along the boundaries between existing 
cells, i.e. diffusive interfaces. The diffusive interface 
which changes into a new cell is initially stagnant. As 
the thickness of the interface reaches a certain size, 
the fluid in the interface begins to rotate in the same 
direction as old cells. There thus exists a critical con- 
dition for the generation of cells. 

Figure 5 shows a representative photograph of the 
corresponding flow and temperature fields above the 
density front, which is revealed by liquid crystals. The 
particle paths of liquid crystals enable us to estimate 
the magnitude of velocity. For example, the horizontal 

velocity just below the density front in the thermal 
convection-dominated region is about 3.5 cm min- ‘, 
which is comparable with the result in the boundary 
layer regime for thermal convection [ 131 although the 
systems are different. The liquid crystals have a work- 
ing range of - 1 to - 3”C, and the green color approxi- 
mately indicates the -2°C isotherm. A diffusive inter- 
face and cell A exist above the density front. The fluid 
in the diffusive interface is stagnant and the isotherms 
revealed by liquid crystals are tilted downwards, while 
a strong clockwise circulation is observed in cell A 
and the isotherms are tilted upwards. The same trends 
are observed in other diffusive interfaces and cells 
formed with further progression of solidification. 
Thus it is found that the vertical temperature gradient 
in diffusive interfaces causes thermally unstable con- 

ditions and is opposite to that in cells. 
Figure 6 shows the position of the diffusive inter- 

faces at the insulated wall opposite to the cold wall 
given as a function of time. The density front moves 
downwards with time due to the release of a water- 
rich fluid. Each cell is generated from a diffusive inter- 
face and then grows up and moves downwards with 
progressing solidification. 

Figure 7 shows the corresponding temperature vari- 
ations with time at three different positions of the 
insulated wall. At the initial stages of solidification, 
temperature falls rapidly from the bottom of the cav- 

ity due to thermal convection. However, the trend is 
reversed and also the temperature drop becomes slow, 
as the solidification progresses. This behavior is due 
to the filling-box process with double-diffusive effects 
from the top of the cavity and is easily identified from 
the results shown in Figs. 5 and 6. After the density 

front passes each measuring point, the temperature 

drop occurs again. 
Figure 8 shows the corresponding concentration 

change with time for several positions in the fluid 
region. Figure 8(a) is the result in which the measuring 
point (.x/H = 0.89 and y/L = 0.93) is located in cell A 
through the solidification process. After the density 
front passes the measuring point, the concentration 
rapidly decreases and then becomes nearly constant, 
C > C,. Figure 8(b) is the result at the measuring 

point which cells A, B and C pass (x/H = 0.5 and 
y/L = 0.93). When the measuring point is located in 
each cell, the concentrations are constant, but differ- 
ent to each other. However, when the measuring point 
changes from one cell to other (or passes a diffusive 
interface), the concentration rapidly decreases. Figure 
8(c) shows the result of the measuring point at the 

lower part of the cavity (x/H = 0.32 and y/L = 0.59). 
When cells B and C pass this point, the concentration 
change is similar to the result of Fig. 8(b). Comparison 
of Figs. 8(a)-(c) also indicates that the concentration 
in each cell is nearly constant even if the measuring 
points are different, and that the compositional strati- 

w Cooling 
0 0.88 surface 
A 0.50 
0 0.12 
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FIG. 7. Temperature histories at different positions of the 
insulated wall. 
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fication occurs from the top of the cavity. These results 

reveal that, within each cell, the solute field is uniform, 
while solute levels vary quickly across the diffusive 
interface. 

In terms of solidification morphology, the double- 
diffusive convection patterns have a profound influ- 
ence (see Figs. 4(a)-(i)). In the early stages of sol- 
idification, the shape of the mushy zone is pre- 
dominantly affected by thermal convection. In the 
later stages of the experiment, the dendritic crystals 
are remelted in the upper portion of the cavity and 
then the solidification is completely terminated. This 
is because the concentration of the fluid decreases as 

1 Interface (stagnannt region) 
2 Cell (convective region) 

FIG. 9. Typical temperature and concentration profiles in the 
cells and diffusive interfaces. 

a result of solidification from the top of the cavity as 
shown in Fig. 8(a). Higher water concentration results 
in a lower liquidus temperature according to the phase 
diagram as shown in Fig. 2. Also the step changes in 

the horizontal extent of the mushy zone are due to the 
existence of the horizontally-stacked roll cells 
described above. 

On the basis of the above results, we deduce the 
structure of horizontally-stacked roll cells. Time- 
dependent concentration measurements show that, 

within each cell, the solute field is nearly uniform, 
while solute levels vary extensively across the inter- 
face. The temperature visualizations reveal that the 
vertical temperature gradient in the diffusive interhce 
causes a thermally unstable condition and is of 
opposite sign to that in the cell. Combining the profiles 
of both temperature and concentration. convection 
within each cell is largely controlled by the tem- 
perature field, and diffusion is dominant in the diffus- 
ive interface between two cells due to the solute field 
with a vertical concentration gradient as shown in Fig. 
9. There is a clear separation between the cell and the 
diffusive interface. 

Finally we examine the criteria for cell generation 

during solidification. Figure 10 shows the change from 
the diffusive interface above the density front to a new 
cell B, as an example. The cell generation is easily 
identified by the behavior of particle paths and iso- 
therms revealed by liquid crystals. The left-hand 
photograph indicates that the fluid in the diffusive 
interface is still stagnant, while the right-hand photo- 
graph shows the state of cell B, and the isotherms arc 
highly deformed by a clockwise rotating circulation. 
The middle photograph shows a critical state. The 
diffusive interface thickness gradually increases dur- 
ing the change from a diffusive interface to a new cell 
and thus is an important factor for the cell generation. 
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The diffusive interface thickness at the critical state is 

related to the interaction of the horizontal tem- 

perature difference with the vertical solute gradient in 
the diffusive interface. Because the horizontal tem- 

perature difference leads to the generation of cells, i.e. 
destabilizing force, while the vertical solute gradient 
maintains a stagnant region, i.e. stabilizing force. The 
vertical lengthscale corresponding to the diffusive 
interface thickness is given in terms of the temperature 
difference and the concentration gradient : 

v* = /kW(B,(-dCldx)h (1) 

This implies the distance in which a fluid element can 

rise in a given vertical solute gradient to neutrally 
buoyant. For example, the lengthscale increases as the 

vertical solute gradient decreases. On the basis of the 
above experimental results (see Fig. 9), the vertical 
solute gradient in the diffusive interface is approxi- 

mately represented as follows : 

dC/dx - AC/r/, (2) 

where AC is the concentration difference between two 
cells separated by an aimed diffusive interface. 

Equation (1) is thus transformed into equation (3) : 

v* = (1/W% (3) 

where N is the buoyancy ratio fi,AC//&AT. If the 
diffusive interface changes into a single cell rather than 
multiple cells, the lengthscale n* is considered to be 
equal to the diffusive interface thickness nc. Thus we 
deduce that the buoyancy ratio has the order of unity 
at the critical state for the generation of a single cell. 
Also there exists a critical thermal Rayleigh number 
beyond which viscous forces are overcome. We esti- 
mate experimentally the buoyancy ratio and the ther- 
mal Rayleigh number at the critical state. The Ray- 
leigh number is defined by the following equation : 

Ra, = gIJrATn,?/(vcL) (4) 

where AT is the horizontal temperature difference 
between the insulated wall and the front of the mushy 
zone in an aimed diffusive interface. The front tem- 
perature of the mushy zone was estimated by the 
isotherms revealed by liquid crystals (+ 0.3”C). 

Table 1 shows the buoyancy ratio and the thermal 

Table 1. Physical properties of NH&l-H20 system and criti- 
cal values of q<. N, and Ru, for cell generation 

T, 

;: 
v 
X 

4, 
(AT), 
(AC), 
N, 
Ra, 

- 14.4 [‘Cl -28.8 [‘Cl 

3.8321 x 1O-4 [‘C-l] 
2.5679x 10m3 [wt%-‘1 
1.3~ 10eh [m’s_‘] 
1.33x 10m7 [m’s_‘] 

5.17 x 1O-3 [m] 3.75 x IO-’ [m] 
9.59 [‘Cl 13.65 [-Cl 

2.40 [wt%] 2.34 [wt%] 
1.67 1.14 

2.88 x lo4 1.56 x 10” 

Rayleigh number at the critical state for two exper- 

iments which are different in the cold wall tempera- 

ture. The estimated buoyancy ratio is the order of 
unity for both theexperiments and agrees well with the 

value predicted by using equation (3). The Rayleigh 
number is on the order of lo4 and is near the critical 
Rayleigh number determined experimentally by Chen 
rt al. [14] (1.5x104f2500). They studied thermal 
convection in a salinity gradient due to lateral heating 
with no solidification. These results confirm that the 
system is governed by stability criteria analogous to 

those for double-diffusion between impermeable 
boundaries without phase change. 

4. CONCLUSIONS 

We performed temperature and flow visualizations 

during solidification for a NH 4C1-H >O system. Tem- 
perature and concentration at several positions were 
simultaneously measured. The structure of time- 
dependent horizontally-stacked roll cells due to 
double-diffusive effects were presented. 

The cells are generated in a sequential fashion, 

rather than simultaneously. Although the thickness of 
each cell increases with progression of solidification, 
the concentration in each cell remains nearly constant. 
Convection within each cell is largely controlled by 
the temperature field, and diffusion is dominant in the 
diffusive interface between cells due to the solute field 
with a vertical concentration gradient. 

The fluid in the diffusive interface is initially stag- 
nant, but begins to rotate in the same direction as old 
cells as the thickness of the diffusive interface reaches 
a certain value. The criteria for cell generation was 
determined by the buoyancy ratio on the order of 
unity and the thermal Rayleigh number on the order 
of lo4 in the diffusive interface. 
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