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Abstract 

The convective flows in the directional solidification of ammonium chloride solution cooling from below, categorized 
as the salt-finger convection, the plume convection and the bulk convection, have been found to be influential on the 
structure of resultant casting. Under some circumstances, as will be shown in the present study, the bulk convection will 
be replaced by the double diffusive convection in horizontally stratified layers; which will also cause a deleterious effect 
on the mechanical properties of the casting. The formation of the horizontal double diffusive layers (DDLs) turns out to 
be a result of the interaction between the vertical concentration gradient and the horizontal temperature gradient, both 
induced by the plume convection. The vertical concentration gradient is established due to the less concentrated fluid 
brought by the plumes to the top boundary and the horizontal temperature gradient is built-up due to the local cooling 
resulting from the plumes. Consequently, the DDL generates in the upper half of the bulk fluid region and then moves 
steadily downwards. As it reaches the melt/mush interface, the DDL structure breaks down, causing a slight remelting of 
the crystal of the mush. Results also show that the critical condition for the onset of DDL determined previously applies 
well for the present system. The DDL configuration can be closely related to the zonation in the magma chamber and the 
segregation of alloy casting. 

1. In trod uc t ion  

Since Copley et al. [1] conducted the experiment 
of directional solidification of aqueous ammonium 
chloride solution cooling from below, similar ex- 
periments have been carried out based on various 
points of view [2-10]. Theoretical analyses have 
also been performed to gain physical insights into 
the phenomena observed in the experiments 
[11-15]. In all these investigations, emphasis has 
been placed on the characteristics of the convective 

flOWS occurring during the solidification process, 
especially the salt-finger and the plume convection, 
the two major flows predominate the system. Un- 
der some circumstances, nevertheless, another ma- 
jor  flow, the horizontal double-diffusive layers 
(DDLs) similar to those observed by, for example, 
Thorpe et al. [16] and Chen et al. [17], may also 
occur in the system and eventually predominate the 
convection of the system. Like the plume convec- 
tion, the D D L  has significant influence on the com- 
position and structure of the resultant casting. 
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Interestingly enough, the occurrence of DDL in 
the directional solidification of ammonium chlo- 
ride solution has only been reported qualitatively 
by Magirl and Incropera [5], who conducted the 
experiments in a box of medium height. Otherwise, 
relevant report has been absent from most of the 
investigations. In the present study, we conducted 
a series of experiments to investigate the formation 
of DDL. Based on both qualitative observation and 
quantitative measurement, we are able to identify 
the physical mechanism driving the formation of 
DDL and to explain why the DDL was not ob- 
served by most of the previous experiments. 

This paper is organized as follows. The experi- 
mental equipment and procedure is described in 
Section 2. A general observation of the convective 
flow concerning the formation of DDL is given 
in Section 3. A typical case study, which to some 
extent can be representative in terms of the charac- 
teristics of the formation of DDL for all the cases 
considered in the present study, is discussed in 
Section 4. The influences due to the bottom tem- 
perature and the height of the box on the formation 
of DDL are discussed in Sections 5 and 6, respec- 
tively. Finally, several concluding remarks are 
given in Section 7. 

made, ranging from 8 to 20 cm in height. A hole of 
0.8 cm in diameter was drilled at the center of the 
top plate, through which the microscale conductiv- 
ity-temperature (MSCT) probe [18] could move 
vertically. 

The experiments started with a quiescent fluid of 
bulk temperature about 30°C and bulk concentra- 
tion 28 wt%. The temperature of the top boundary 
TT was fixed at about 30°C for all the experiments 
and the temperature of the bottom boundary 
TB could vary from about -30-10°C. During the 
experiment, the flow was visualized by either the 
shadowgraph or the schlieren technique. The time 
evolutions of the height of the mush, the height of 
the eutectic solid, the number of plumes, the height 
of the salt-fingers, and the position of each interface 
between DDLs were recorded. The Tx and TB were 
monitored by the two thermocouples buried at the 
center of the boundaries. The MSCT probe was 
mounted on a three-axis stage controller to scan 
the vertical distributions of temperature and con- 
centration at the horizontal center of the box. On 
a side wall, several thermocouples were inserted to 
monitor the vertical temperature distribution of the 
wall. 

2. Experimental equipment and procedure 

The experiments were performed in a test box 
similar to the one used in Chen et al. [8] except the 
revisions made as follows. The horizontal dimen- 
sions of the present box was 10.5 x 10.5 cm 2. The 
side walls were made of 2 cm thick plexiglass to 
enhance the insulation on the walls. Since during 
the experiment the side walls were also insulated 
with Styrofoam, the possible heat transfer from the 
side walls should accordingly be excluded. The top 
plate was made of brass and was provided with 
passages, through which the fluid from constant- 
temperature Lauda water-bath could circulate. The 
height of the box could be adjusted by changing the 
stand-set of the top plate. Each set of stand consists 
of four Plexiglass square columns of cross section 
area of 0.5 x 0.5 cm 2, which was placed inside the 
box (at corners) so that the top plate can be rested 
on the columns. Totally, seven sets of stand were 

3. General observation of formation of DDL 

Fig. 1 illustrates the flow activities of a 28 wt% 
NH,CI solution cooling from below. The flow was 
visualized with a schlieren system. The TB was 
--18.7°C, the TT was 29.6°C and the height of the 

box H was 10 cm. Each picture is of 4 cm width, 
showing the central portion of the front view. The 
bottom of the picture is the bottom of the box. 

As the experiment began, crystallization started 
to form at the bottom of the box, accompanied by 
the occurrence of the salt-finger convection. Fig. la 
shows the salt-finger convection and the mushy 
zone (dark region at bottom) when the experiment 
had been running for about five minutes (t = 5 min) 
and the thickness of the mush was about 0.4 cm. At 
t = 37 min (Fig. lb) the salt-finger convection be- 
came more vigorous and the plume convection also 
prevailed, the thickness of mush had increased to 
about 2 cm. At t = 88 min (Fig. lc) the thickness of 
mush was about 3.1 cm, the salt-finger convection 
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Fig. 1. Shadows of the convective flows visualized with the schlieren technique. The experimental conditions are T~ = 29.6°C, 
TB = -- 18.7°C and H = 10 cm. Each picture shows the 4 cm wide central portion of the test section from the front view and the bottom 
of the picture is exactly the bottom of the box: (a) t = 5min; (b) t = 37 min; (c) t = 88 min; (d) t = l l0min;  (e) t = 121 min; 
(f) t = 1 5 9 m i n .  

disappeared, the prevailing of the plume convection 
remained, and several horizontal DDLs existed si- 
multaneously. At t = 110 min (Fig. ld) the number 
of plumes obviously decreased whereas the DDL 
structure became more organized. At t = 121 min 
(Fig. le) the DDL still prevailed and the number of 
plumes decreased further. At t = 159 min (Fig. l f )  
some of the DDLs disappeared and the plume 
convection decayed continuously. 

From observations of the above case and other 
cases considered in the present study, several lea- 

tures concerning the D D L formation can be delin- 
eated in the following. In general, the first layer 
interface between DDLs was usually observed in 
the upper half of the bulk fluid. Then the layer 
interface moved downwards continuously and new 
DDL generated from above. The D D L broke down 
as it reached the melt/mush interface. The convec- 
tion within the D D L was generally three-dimen- 
sional, the fluid circulated like a helix from below. 
The flow pattern of the plume was not interfered 
with the presence of the D D L as it penetrated 
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through the layer-interface. The configuration of 
DDL, similarly, was not influenced by the penetra- 
tion of the plume either. The DDL had never for- 
med in the salt-finger region. 

4. C a s e  s tudy:  Te = - 9 .8°C,  T~ = 2 9 . 6 ° C ,  

H = 10  c m  

The flow characteristics concerned with the 
formation of D D L  of this case is to some extent 
representative for all the cases considered in the 
present study. We give in this section the details of 
the experimental results of the present case, with 
which a thorough understanding about the forma- 
tion of DDL in connection with the solidification 
can be obtained. 

4.1. Flow characteristics 

Fig. 2 gives a complete picture of the time evolu- 
tions of the position of the melt/mush interface 
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S e c t i o n  4 .2  

(blank circles), the top of the salt-finger (squares), 
and the positions of the layer interfaces (solid 
circles). At the beginning of the experiment the 
mush grew continuously, the salt-finger increased 
its vertical extent, reached the maximum at 
t ,,~ 19 min and then decreased. At t ,~ 50 min, the 
salt finger virtually vanished and, a couple of min- 
utes later, the first layer interface was observed 
at h ~ 7.4 cm. Afterwards, the first layer interface 
moved downwards continuously, and two new 
layer interfaces appeared at h ~ 6.8 and 6.2 cm 
when t ~ 70 rain. At the same time the first layer 
interface reached at h ~ 5.5 cm. New layer inter- 
faces generated continuously from the top and the 
existing layer interfaces moved downwards to the 
melt/mush interface. At t = 100 min, for example, 
there were seven layer interfaces in the system and 
the layer thickness was about 0.7 cm in average. At 
t = 150 rain, for another example, there were eight 
layer interfaces in the system and the averaged 
layer thickness was about 0.8 cm. 

It is noteworthy that at t ~ 125 min the lowest 
layer interface coalesced with the melt/mush inter- 
face and then disappeared. About 15 min later an- 
other layer interface reached and disappeared. The 
collapse of D D L led to  the remelting of the mush; 
the reason causing the remelting will be discussed 
in Section 4.2. The propagating speed of the layer 
interface in different time domains can also be esti- 
mated from Fig. 2. By and large, the averaged 
propagating speed was about 0.075 cm/min in 
50 min < t < 100 min, about 0.064 cm/min in 
100 min < t < 150 min and about 0.043 cm/min in 
150 min < t < 200 min. Qualitatively, the layer in- 
terface moved steadily downwards at the beginning 
of its formation. As time went on, the propagating 
speed decreased slightly until it disappeared. On 
the other hand, the layer thickness (or the distance 
between two layer interfaces) did not change signifi- 
cantly with time although a small temporal in- 
crement was still visible. 

It is also found as a general rule that the onset of 
D D L occurs approximately when the number of 
plumes reaches the maximum. This can be seen 
from Fig. 3 that the number of plumes reached the 
maximum at t ~ 55 min, about the same time with 
the onset of D D L (Fig. 2). This general rule implies 
that the vigor of plume convection has a close 
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Fig. 3. Time evolutions of the thickness of mush  (black squares) 
and the number  of plume (blank squares) for the case of 
Section 4. 

relation with the onset of DDL,  which will be 
discussed in Section 4.3. The growth and the re- 
melting of the mush can be more clearly seen from 
Fig. 3. In about  100 min after the first layer inter- 
face coalesced with the melt/mush interface, the 
mush remelted about  0.15 cm in thickness. 

tively, at different times. These measurements were 
made with the MSCT probe fixed on a computer-  
controlled XYZ-positioner. The probe was pro- 
grammed to move along the vertical axis at the 
horizontal center of the box. The moving speed of 
the probe was about  0.05 cm/s, so that it took 
about  3 min or less to finish a scan. The scan was 
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4.2. Vertical distributions of temperature 
and concentration 

Fig. 4a and Fig. 4b illustrate the vertical distri- 
butions of temperature and concentration, respec- 

} 

Fig. 4. The vertical temperature  distr ibution (a) and the vertical 
concentrat ion distr ibution (b) at different times for the case of 
Section 4. The curves are divided into the bulk fluid region and 
the D D L  region by a coarse curve, which is determined by 
observing the corresponding flow pictures taken during the 
experiment. The salt-finger region appears  only as a small region 
sitting below the solid circle of curve No.  1. The time for each 
curve is shown in the following: curve Nos. (1) t ,~ 40 min; (2) 
t ~ 51 min; (3) t ~ 62min;  (4) t ~ 73 rain; (5) t ~ 83 min; (6) 
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circles of curves Nos. 6 and 10 cor respond with the generat ion 
and the break down of the fifth layer-interface shown in Fig. 2. 
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carried out approximately every ten minutes, start- 
ing from the top of the box and ending at the 
vicinity of the melt/mush interface. There are 15 
curves shown in each figure and the scan started 
from t ,,~ 40 min (curve No. 1) when the onset of 
DDL was about to occur. With the aids from the 
observation of the flow evolution, we were able to 
divide these curves into the bulk fluid region and 
the layer region. Note that the salt-finger region in 
the figure only appeared as a small region sitting 
below the solid circle of the curve No. 1. 

It is seen from Fig. 4a that the temperature 
decreased vertically from TT ,~ 29°C to a value 
decreasing with time. The vertical temperature 
gradient VvT was invariably positive in both re- 
gions and increased with time monotonically. Ac- 
cordingly, the VvT stabilized the flow in both 
regions. For the vertical concentration distribution 
(Fig. 4b), curve No. 1 showed that VvC near the top 
was negative while the concentration in the bulk 
fluid region was relatively more uniform. The nega- 
tive VvC was a result of the less-concentrated fluid 
brought by the plumes into the upper region, lead- 
ing to the decrease of concentration from the top. 
The value of VvC became more negative with time 
since the number of plumes increased with time. At 
t ~ 51 min (curve No. 2) the first layer interface 
appeared in the upper part of the bulk fluid. The 
V~C became more negative with further time; until 
at t ~> 83 min (curves No. 5 and others) it turned 
into less negative. Note that the MSCT measure- 
ments of both temperature and concentration 
showed some small fluctuations, which might be 
due to the disturbance caused by the convective 
flow on the probe. However, the concentration 
stratification of the DDL was clearly reflected by 
the measurements shown in curves No. 7-15. 

Regarding the remelting of the mush as the DDL 
breaks down at the melt/mush interface, the phys- 
ical explanation is provided in the following. As the 
DDL formed in the upper part of the bulk fluid, the 
concentration of the fluid within the layer was low 
and remained vitually unchanged during its propa- 
gating downwards because of the small concentra- 
tion diffusivity across the layer interface. As the 
lowest layer interface broke down, the less-concen- 
trated fluid of the DDL interacted with the mushy 
zone, resulting in the remelting of the crystal of the 

mush and thus the decrease of the thickness of 
mush. To explain this, we focus on the fifth layer 
interface of Fig. 2 (pointed out with an arrow), 
which showed that the layer interface generated 
at t ~ 8 5 m i n  and h ~ 7 . 3 c m  and reached the 
melt/mush interface at t ~ 125 min and h ~ 3.6 cm, 
corresponding with the blank circles of curve No. 
6 at h ~ 7.3 cm and of curve No. 10 at h ~ 3.6 cm of 
Fig. 4b. At the blank circle of curve No. 6, the layer 
interface generated; at the blank circle of curve No. 
10, the layer interface broke down. On both blank 
circles, the concentration remained virtually the 
same, approximately 24.3 wt%, supporting well the 
above scenario. 

4.3. Onset of double-diffusive layer 

After the plumes emerged from the interior of the 
mush, the vertical concentration gradient gradually 
became more negative due to the less concentrated 
fluid brought by the plumes into the top of the bulk 
fluid region. The vertical temperature gradient, 
instead of being influenced by the cold plumes, 
became more positive due to the enforced high 
temperature at the top boundary (Tr ~ 30°C) and 
the upward moving melt/mush interface on which 
supercooling occurred. Consequently, both the 
positive temperature and negative concentration 
vertical gradients intended to stabilize the flow in 
the bulk fluid, which was randomly driven by the 
disturbance of the entraining plumes. Under such 
a well-stabilized environment, the onset of the 
DDL was made possible by the horizontal temper- 
ature gradient VhT due to cold plumes. The follow- 
ing quantitative evidences support this scenario. 

Fig. 5 illustrates the time evolutions of the wall 
temperature (solid curve) and the solution temper- 
ature at the horizontal center of the box (curve with 
markers) at three positions: h = 6.5, 5.5 and 4.5 cm. 
Note that the horizontal distribution of the plumes 
usually is uniform and the thickness of layer is also 
uniform in the horizontal sense, the VhT of the 
system can be accounted for by the temperature 
difference between the wall and the horizontal 
center of the box (A Th). The onset of layer occurred 
at t ~ 50 min and h ~ 7 cm. At h = 6.5 cm (the first 
couple of curves from the top), the temperatures at 
the wall and the center were virtually the same at 
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the beginning of the experiment and both decreased 
with time. Their difference, however, became larger 
as time went on, lying within I°C < ATh < 2°C 
before the onset, and virtually vanished after the 
onset because the convection in the D D L  homo- 
genized the temperature horizontally. A similar 
case applies for the temperatures at h = 5.5 cm 
where the onset of D D L  occurred at t ~ 60 min 
and at h = 4.5 cm the onset occurred at t ,~ 70 min. 

Thorpe et al. [16] examined experimentally the 
onset of D D L  in a narrow tank and concluded that 
the critical condition for the onset of DDL in terms 
of thermal and solutal Rayleigh numbers, R t and 
Rs, are of the following relation 

R t  = 0 . 0 6 ( R s )  5/6, (1)  

where 

g f l ( A C v / A z ) D  4 g~ ATh D3 
R s -  , R , =  (2) 

VK s V/~ t 

in which 9 is the gravitational acceleration, ~ and 
fl the expansion coefficients due to temperature and 
concentration, respectively, v the kinematic viscos- 
ity, D the characteristic horizontal length, and 

Kt and K~ the thermal and solutal diffusivities, re- 
spectively. The ACv was measured across the region 
6 cm ~< h ~< 8 cm for the layer region in which the 
onset of layer usually occurred and the ATh was the 
temperature difference in the horizontal direction 
between the horizontal center of the box and the 
wall. In the present case, the R~ is approximately 
4 x 109 when D = 5 cm (the distance between the 
wall and the horizontal center) were considered. As 
a result, the critical value of R t w a s  about 5.9 x 106; 
or equivalently the critical ATh was 2.02°C, which 
was in very good agreement with the present result. 
A similar conclusion can also be reached when the 
critical condition for a wide tank [17] in terms of 
the critical thermal Rayleigh number 

Rtw - g ° t A T h d ~ 3  = 4 2 0 L  2 (3) 

"¢K t 

is considered, where L is the width of the tank (here 
is 5 cm, center to wall) normalized with respect to 
the layer thickness d (here is about 0.7 cm). 

Another comparison can be made from the data 
shown in Fig. 4b. It has been shown that at the 
onset of D D L we have Rs ~ 4 x 109 ,  giving A C v /  

Az ~, 0.48 wt% cm-  1. This value agrees very well 
with the measurement shown in Fig. 4b that, before 
the onset of DDL, curve No. 2 gives A C v /  

Az ~ 0.41 wt% cm -1, and after the onset, curve 
No. 3 gives ACv/Az ~ 0.5 wt% cm-  1. The physical 
properties of the solution can be obtained from, for 
example, Chen et al. [19]. We noted that in Fig. 4a 
and Fig. 4b the scan of each curve took roughly 
3 min, while in the mean time the overall values of 
both ATv and ACv are changing. The above values 
of ACv accordingly can be underestimated. We 
therefore examined the curves No. 5-7, on which 
the changes of ATv and ACv are the largest, and 
found that the time-lag due to scanning leads to 
approximately a 2% error in ATv and a 7% error in 
ACv, which indeed do not influence the present 
conclusion. 

5. Influence of TB 

Experiments with various Ta, ranging from ap- 
proximately - 3 0  to 9.5°C, have been carried out 
when TT ~ 30°C and H = 10 cm. Although the top 
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boundary and H are different from the experi- 
mental setup of Chen et al. [19], the time evolutions 
of both the growth of mush and the number of 
plumes in both studies are quite similar. Generally, 
the growth of mush (see Fig. 6 of Chen et al. [19]) 
depends heavily upon the value of T~ and the 
largest growth rate occurs when T~ close to the 
temperature of the eutectic solid Ts ~ - 16°C, and 
is larger for Ta < Ts than for Ta > Ts. The time 
evolution of plume number (see Fig. 7 ofChen et al. 
[19]) is also influenced significantly by T~. The 
time for the number of plumes reaching the max- 
imum is shorter for lower Ta. Since the onset 
of DDL occurs when the number of plume reaches 
the maximum, the time for the onset of DDL 
is accordingly shorter for lower Ta. The layer 
thickness (Fig. 6), however, is relatively insensitive 
to the variation of Ta; which generally fluctuates 
between 0.6 and 1 cm all the time. According 
to Chen et al. [17], for a ATh = 2°C and VvC = 
0.43 wt% cm-1, the larger thickness should be of 
the order of 0.62 cm, which agrees with the present 
result dicely. 

6. Influence of the height of the box H 

In all the previous experiments, only Magirl and 
Incropera [5] had observed the formation of DDL, 
who conducted the experiments in a finite box of 
H ~ 10 cm, being lower than the test boxes used in 
other studies. We therefore suspect that the forma- 
tion of DDL can be influenced by the height of the 
box. To examine this, a series of experiments were 
conducted for T~ ~ -30°C, TT ~ --30°C and 
8 cm d H ~< 20 cm. We present in Fig. 7 the time 
evolution of the number of plumes for the four 
cases H = 8, 10, 12 and 14 cm, showing that the 
time evolution of the plume number is essentially 
insignificantly influenced by H. 

Nevertheless, we found that the influence of H on 
the DDL formad0fi becomes effective by way of the 
stability of the plume. Since the cold and less con- 
centrated plume rose through a bulk fluid of posi- 
tive VvT and negative VvC, the plume lost the 
stability and eventually broke down in the bulk 
fluid [20]. As we observed in all the experiments 
considered, the plumes reached the top boundary 
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Fig. 6. Time evolutions of the averaged thickness of layer for 
T ,  = 0.5°C (blank squares), Ta = - 9.8°C (solid squares), and 
TB = -- 19.1°C (blank diamonds) when TT ~ 29.5°C and 
H = 10cm. 
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Fig. 7. Time evolutions of the number of plume for 
T~ ~. - 29°C, TT ~ 30°C and H = 14 cm (solid squares), 12 cm 
(blank squares), 10 em (solid diamonds) and 8 cm (blank dia- 
monds). 
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without significantly mixing with the ambient fluid 
when H ~< 18 cm. If the plume rached the top be- 
fore it collapsed, the negative VvC was built up, as 
shown in curve No. 2 of Fig. 4b; which turned out 
to be a necessary condition for the formation of 
DDL. Nevertheless, if the plume collapsed before it 
reached the top, the less concentrated fluid of the 
plume mixed up with the solute-rich bulk fluid and 
the negative VvC was never been established. This 
explains why the DDL has never been observed 
in the present study when H = 20 cm, and in other 
experiments with even larger H. 

7. Concluding remarks 

A systematic investigation has been implemented 
for studying the formation of double diffusive 
layers during the directional solidification of aque- 
ous ammonium chloride solution cooling from be- 
low. From the above results and discussion, several 
conclusive remarks can be made. 

1. The formation of DDL is a result of the inter- 
action between the negative vertical concentration 
gradient and the horizontal temperature gradient, 
both resulting from the plume convection. 

2. A new DDL generates in the upper part of the 
bulk fluid. After its formation, it moves steadily 
downwards to the melt/mush interface; on which, 
it breaks down and the less-concentrated fluid 
within it induces the remelting of the crystal of the 
mush. 

3. The formation of DDL occurs when the num- 
ber of plumes reaches the maximum. Both the criti- 
cal conditions of the onset of D D L  developed for 
a narrow tank and for a wide tank apply well for 
the present system. 

4. The value of TB is influential on the evolution 
of number of plumes and thus on the onset-time of 
DDL, but is insignificant to the thickness of DDL. 

5. The condition H < 20 cm is necessary for the 
formation of DDL. Because under this condition 
the plume reaches the top before it collapses and 
a negative vertical concentration gradient can be 
established. 

6. The DDL is never formed in the salt-finger 
region because the two gradients mentioned in re- 
mark No. 1 do not exist. 

7. The value of H does not seem to affect the 
evolution of the number of plumes. 

Finally, it is noted that the formation of D D L 
will cause deleterious effects on the mechanical 
strength of the resultant casting because the inter- 
face between the density-stratified zones (or the 
DDLs) is perpendicular to the grain boundaries of 
the casting, which are in the same direction of 
solidification as well as the applied centrifugal force 
on the casting (such as a turbine blade). As a result, 
like the occurrence of plumes which corresponds 
with the formation of freckles, the occurrence of 
DDL will result in the horizontal zonations of the 
casting and in turn greatly diminishes the superior- 
ity in terms of the increased creep rupture strain 
and the improved thermal fatigue behavior of the 
casting resulting from the directional solidification 
process. Fotunately, since the formation of DDL 
has been proved to be merely a consequence of the 
plume convection, one needs only to prohibit the 
occurrence of plume then the formation of D D L 
can be also prevented. The critical condition for the 
onset of plume convection has been determined by 
Chen et al. [8]. 
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