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Abstract-Flow and solidification characteristics of paraffin oil droplets (tetradecane with the melting 
point of 5.8’C, the latent heat of fusion of 229.1 kJ/kg and the density of 770 kg/m3 at 6’C) ascending in 
a cold water solution are experimentally investigated. The tetradecane oil is injected from a cylindrical 
single hole nozzle into the cold water solution and it disperses and forms tiny oil droplets. The oil droplets 
ascend in the water solution by buoyancy and freeze by direct-contact heat exchange with the cold water 
solution. Finally, they are completely or partially frozen. The partially frozen oil droplet is composed of a 
frozen outer shell and unfrozen central core. As a result, it was found that the solidification fraction of the 
frozen oil droplets, defined as mass ratio of the solidified parts to the whole, increases with a decrease in 
injection oil temperature and water solution temperature. However, under a lower temperature condition, 
the injected oil freezes at the outlet of the nozzle, and the solidification fraction reduces with a decrease in 
injection oil temperature and water solution temperature. A method of data reduction for the solidification 
fraction is proposed and non-dimensional empirical equations to predict the solidification fraction are 

proposed in this study. 8 1997 Elsevier Science Ltd. 

INTRODUCTION 

In recent years, a large difference between an electric 
power demand in the daytime and in the nighttime is 
one of most important issues for energy saving, which 
occurs due to excessive use of air conditioners during 
daytime, especially in summer. In order to overcome 
this problem, studies of latent-heat cold energy stor- 
age systems using cheaper electric power at night have 
been carried out. The latent-heat cold energy storage 
systems can store a large amount of cold energy in a 
relatively small heat storage vessel by using phase 
change material (PCM). Furthermore, outlet tem- 
perature of a heat exchange fluid through a heat stor- 
age vessel can be almost constant and be almost the 
same as the melting point of the PCM. Therefore, a 
desired outlet temperature of the heat exchange fluid 
can be obtained by a proper selection of PCM. Typical 
PCM will be ice or paraffin. Latent-heat cold energy 
storage systems for air conditioning use mainly ice 
because of its low melting point of 0°C and low cost. 
The systems using a paraffin wax can apply wide tem- 
perature range because we can choose various melting 
points by changing its component. Coefficient of oper- 
ation performance (COP) of a refrigerator in a latent- 
heat cold energy storage system increases with an 
increase in the melting point of PCM. Therefore, an 
appropriate paraffin PCM, whose melting point is 
higher than that of ice, has been desired instead of ice. 
Another important point in a latent-heat cold energy 
storage system is of heat transfer during freezing of 

PCM. In a capsule type heat exchanger often used, 
PCM is packed in a number of capsules immersed in 
a heat exchange fluid. The heat is transferred from the 
heat exchange fluid to PCM through the capsule wall. 
Therefore, the capsule type heat exchanger has some 
demerits that it takes longer to complete latent-heat 
energy storage and the size of the heat energy storage 
vessel becomes larger, since the capsule wall acts as a 
thermal resistance. A direct-contact heat exchanger 
can overcome these problems. Some studies on the 
direct-contact heat exchanger for a latent-heat cold 
energy storage are reported [ 11. 

The present study proposes a new kind of latent 
cold heat energy storage system using a tetradecane 
as PCM instead of ice and using a spray-tower type 
direct-contact heat exchange composed of PCM oil 
droplets and a heat exchanger fluid. As indicated in 
Table 1 [2], tetradecane has a higher melting point of 
5.8”C compared with that of ice, however, it is still 
appropriate for air conditioning. Therefore, a higher 
value of COP is expected. In the heat exchanger dealt 
with in this study, the PCM oil droplets behave as a 
dispersed phase and the cold heat transfer fluid 
behaves as a contmuous phase. 

A large number of excellent literatures about spray 
tower heat exchangers have been seen today, which 
concern heat and mass transfer characteristics 
between dispersed and continuous phases [3-61. In 
addition, the studies on the dispersion of a liquid jet 
injected into immiscible liquid and the drop formation 
characteristics [7-91 and the correlation between 
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NOMENCLATURE 

(“I\ specific heat of solid phase tetradecane 

d,, nozzle diameter 

(Ip diameter of dispersed phase droplet 

dp arithmetic mean diameter of dispersed 
phase droplet 

F cross-sectional area of the group of 
ascending dispersed phase droplets 

h,. h, liquid levels in the glass tube of the 
volumeter 

A/I. Ait” liquid level displacements in the 
glass tube of the volumeter 

L latent heat of tetradecane 
n1,. 1??,1 mass of sampled frozen oil droplet 
N the number of dispersed phase droplets 

in a test volume for visualization 
R 
R* 

Ren,, 

Str 
TC 

solidification of frozen oil droplets 
modified solidification fraction 
characteristic Reynolds number of 
dispersed phase droplets 
Stefan number 
temperature of water solution 

c;,, characteristic ascending velocity of the 
formed droplets 

u,, injection velocity of the tetradecane oil 
( = V,,:‘b(d,,l’Wl) 

Vd volumetric flow rate of the tetradecane 
oil 

.I. modified non-dimensional 
temperature ratio 

Y vertical distance from the nozzle outlet 
to droplet 

Y,, vertical distance from the nozzle outlet 
to the top surface of the water 
solution 

AY height of test volume for visualization. 

Greek symbols 
i: volumetric packing ratio of formed 

droplets 
0 nondimensional temperature ratio 

“i kinematic viscosity of water solution. 

T”, melting point of tetradecane (= 5.8’ C) 

T,, injection temperature of tetradecane Subscripts 

oil C water solution 

U ‘ velocity of water solution in the test d tctradecane oil 

section n nozzle, injection 

L’ P ascending velocity of formed droplets P dispersed phase droplet. 

Table 1. Physical properties of tetrddecane [2] The previous researches have studied fundamental 

Melting point ( C) : 5.X 
Latent heat (kJ:kg) : 229.1 

(Liq. (6 (3) (Sol. (5 C)) 
Specific heat (kJ;kgK) : 2.0 I.8 
Density (kg/m’) : 770 810 

diameter and velocity of a drop rising or falling in a 
continuous phase [ 10, 1 I] are available for spray tower 
heat exchanger. Some studies on direct-contact heat 
exchange with a phase-change have been carried out 
mainly about a direct-contact evaporation and con- 
densation [12-141. However, there have been fewer 
studies about direct-contact heat exchange in which a 
liquid drop of the dispersed phase causes solidification 
[15, 161. For example, in the previous works, there 
have been theoretical studies on solidification of a 
drop, a plane or spherical thin melted film [ 177191. 
Especially, Petrescu and Fetecau [20] performed a 
theoretical study on a temperature profile and a 
cooling duration of a drop falling freely in a fluid. 
Some experimental studies have been also seen about 
peal granulation in a liquid or gaseous media [2 1, 221. 

heat transfer characteristics between formed droplet 
and continuous phase liquid under a certain 
condition. However. the target of the present study is 
to investigate the overall performance of a direct- 
contact type heat exchanger in which the formed drop- 
lets freeze, with a view to apply this phenomenon to 
latent cold energy storage systems. A few studies have 
been conducted in this field [23, 241. In this paper, the 
dispersion of PCM liquid and the solidification of 
PCM droplets in a heat exchange fluid with a low 
temperature are experimentally investigated. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Tetradecane and ethylene glycol water solution of 
30 mass percent are used as PCM and a heat exchange 
fluid, respectively. Physical properties of both 
materials are indicated in Table 1 [2]. As shown in 
Fig. 1. an experimental apparatus consists mainly of 
a cold water solution circulating loop, tetradecane oil 
injection system and a test section. The temperature 
of the water solution is controlled by a constant tem- 
perature bath (2) (a minimum controllable tem- 
perature is 0.1 C) and it flows into the upper part of 
the test section (4) through an overflow tank (1). The 
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Fig. 1. Schematic diagram of experimental apparatus 

water solution flows downward in the test section 
with very slow velocity (U, = -7.0 x IO-’ m/s) and it 
returns to a constant temperature bath after passing 
through a flow rate control valve and a float-type 
flow-meter (the measuring range is 0.5 - 5.0 x 10m6 
m’js, the measuring precision is 9.0 x 10e8 m’/s). The 
tetradecane oil is pressed out from an oil tank (9) by 
a diaphragm pump (8) (the maximum flow rate is 
4.0 x lo-’ m3/s, the maximum head is 392 kPa). It 
passes through a pressure pulse damping tank (7), 
two float-type flow-meters (the one has the measuring 
range of 0.16771.67 x 10mh m3/s and the measuring 
precision of 3.0 x IO-” m’js, the other has the mea- 
suring range of 0.2-2.0 x lo-’ m’js and the measuring 
precision of 3.5 x lo-’ m’/s), a needle valve for con- 
trolling flow rate, temperature regulator (6) (the mini- 
mum controllable temperature is 0.1 ‘C). A double 
pipe is used between the nozzle and a temperature 
regulator (6). The tetradecane oil flowing in the inner 
pipe of a double pipe is thermally insulated by a high 
temperature brine, flowing in an outer clearance in 
the double pipe, which is extracted from a temperature 
regulator (6). The tetradecane oil injected from the 
nozzle splits into many tiny oil droplets (see Fig. 2). 
The oil droplets ascend in the water solution by buoy- 
ancy. During ascending, the oil droplets start to sol- 
idify by a direct-contact cooling with the cold water 
solution surrounding them. The solidification pro- 

gresses from the surface of the oil droplets toward the 
center of them. When they arrive at the top surface 
of the water solution layer, they are completely or 
partially frozen. The partially frozen droplets are com- 
posed of the outer shells of the solidified tetradecane 
oil and central cores of the unsolidified oil as illus- 
trated in Fig. 2. In this study, the oil droplet which 
has not started to solidify is referred to as an “oil 
droplet”, the one which has started to solidify as a 
“frozen oil droplet” and as “partially frozen droplet”. 
As illustrated in Fig. 1, the frozen oil droplets, which 
arrived at the surface of the water solution layer, were 
sampled and the amount of the frozen parts among 
them as the solidification fraction was measured by 
using a volumeter (10). Detail of measurement with 
the volumeter will be mentioned later. After the 
measurement of the solidification fraction, the melted 
tetradecane oil, removed from the volumeter, is 
returned to the oil tank. Some photographs were taken 
by using a camera (3) mounted above and near the 
side wall of the test section to observe the flow pattern 
and solidification characteristics of the dispersed 
phase droplets in the water solution layer. 

Figure 2 shows a detail of the test section and nozzle 
used in this experiment. The test section is a vertical 
rectangle duct made of transparent acrylic resin plate 
of 10 mm in thickness and it has 100 mm square cross- 
section. The injection nozzle is fixed at the lower part 
of the test section. The vertical distance between the 
outlet of the nozzle and the top surface of water solu- 
tion layer is fixed at 1.6 mf 3 mm. Four thermo- 
couples (T-type with 0.32 mm in diameter and with 
the measuring precision of & 0.1 “C) are set in the test 
section, the two are set around the nozzle outlet and 
the others are in the upper part of the test section. All 
of the thermocouples used in this experiment were 
calibrated by a standard thermometer with the mini- 
mum temperature scale of 0.05”C and the measuring 
precision of temperature results in 0.1 ‘C. Whole of 
the test section is covered with the Styrofoam thermal 
insulation with 50 mm thickness when visualization is 
not performed. As illustrated in Fig. 2, a nozzle is 
made of a fine stainless steel tube with a polyvinyl 
chloride (PVC) protector. It has dimensions of 1.0 
mm in inner diameter, 2.0 mm in outer diameter and 
64 mm in length. The inner diameter of the nozzle d, 
was decided with consideration of the dimension and 
freezing behavior of the oil droplet. The injecting oil 
temperature T, is measured by a thermocouple (T- 
type, 0.32 mm in diameter, the measuring precision is 
k 0.1 “C) fixed at the bottom of the nozzle. Essentially, 
the injection temperature of tetradecane oil should be 
defined at the outlet of the nozzle. However, since little 
difference was observed between the temperatures of 
the tetradecane oil at the bottom of the nozzle and 
that at the outlet of it (within O.l”C), the injection 
temperature of the tetradecane oil T, was obtained 
from the thermocouple fixed at the bottom of the 
nozzle. 

The specific volume of tetradecane increases about 
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Fig. 2. Detail of test section and nozzle 

5.2% in a melting process. Therefore, the amount of 
frozen parts among the frozen oil droplets can be 
determined by measuring volume variation in the 
droplets by completely melting themselves. Figure 3 
illustrates the volumeter which was used to measure 
the volume variation of the sampled frozen oil drop- 
lets. As shown in Fig. 3, it is constructed of a PVC 
airtight vessel with the inner volume of about 200 cm’, 
the wire-mesh container of 40 x 40 x 20 mm inside, 
and a glass tube with inner diameter of 5 f 0.02 mm. 
A thermocouple (K-type, 0.32 mm in diameter, the 
measuring precision is 0.1’ C) is inserted in the vessel 
to measure its inside temperature. The volume vari- 
ation in the frozen oil droplets, packed in the vessel, 
can be measured as a displacement of a liquid level in 

a glass tube. The frozen oil droplets arrived at the 
water solution layer were successively transported to 
a water bath set at 5.8”Ck O.l”C (melting point of 
tetradecane) and were stored in the same temperature 
condition that they were sampled. The storing time of 
the droplets in the water bath is about 2 or 3 min. It 
was confirmed that there was no variation in the final 
quantity of the solidification with the storing time 
within 2 to 3 min. When enough sample droplets were 
accumulated in the water bath, they were packed in a 
wire-mesh container. Subsequently, the container is 
inserted into the volumeter containing a liquid phase 
tetradecane oil. The wire-mesh container and the vol- 
umeter and the liquid phase oil inside it are set at 
5.8’C & 0. I C beforehand by storing them in the water 
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Fig. 3. Volumeter. 

bath set at 5.8”C f 0.1 ‘C in order to prevent an extra 
phase-change in sampled oil droplets and then, the 
volumeter is immersed into the water bath set at 5.8”C 
and the liquid level in the glass tube h, is read, immedi- 
ately. About 50-100 dispersed phase droplets were 
sampled in one run. The measurements were per- 
formed for 2 or 3 times in the same condition and an 
average of all runs were employed as a solidification 
rate. After measurement of h,, the volumeter is heated 
to melt the sampled droplets inside it. When all the 
droplets were melted, the volumeter is transferred to 
another water bath set at 7.O”C f 0.1 “C and the liquid 
level in the glass tube h2 is read when temperature of 
entire measuring device becomes constant. The vol- 
umeter itself expands or shrinks due to temperature 
variation. Hence, the measurements of hi and hz were 
performed under the same temperature conditions of 
5.8”C and 7.O”C, respectively. The solidification frac- 
tion of the frozen oil droplets R is defined as a mass 
fraction of solidified parts to the whole of the droplets. 
It is obtained by using the following equation 

R = m,Jm, x 100 = Ah/Ah0 x 100 (1) 

where the parameter m,, is total mass of the solidified 
parts in all sampled droplets, m, is mass of whole of 
sampled droplets, Ah is liquid level displacement in 
the glass tube measured at experiment (= h, - h,) and 
Ah, is that when the solid phase tetradecane of mass 
m, is melted. The value of Ah, was obtained from a 
preliminary experiment. Figure 4 shows the cor- 
relations between m, and Ah,. As shown in Fig. 4, the 
two volumeters were used in this experiment. The 
plotted marks in Fig. 4 represent the measured data 
and the lines show the calibration curves obtained by 
a least square fit for the obtained data. To check the 
measuring precision of this measuring device, some 
mixtures composed of liquid and solid phase tetra- 
decanes with arbitrary mixing ratio were measured 
and the measuring precision was estimated within 
_C 3.5%. In an actual experiment, the uncertainty of 
the entire measuring process of the solidification rate 
(from the sampling of the frozen oil droplets on the 

250 . . . . . . . . . . ..*...... 

: *Volumeter 1 
. Aho = 15.33 + 738m, #S /‘_ 

200 - 
. ---*--- Volumeter 2 

.’ - *. 

0 5 10 15 20 

&I 
Fig. 4. Calibration results of the volumeter 

top surface of the water solution layer to the end of 
the measurement with the volumeter) is estimated to 
be within f&2%. It is seen that Ah,, is proportional 
to m, on each device. The calibration lines and the 
measured data coincide within f 1.8. 

RESULTS AND DISCUSSION 

Flow and solid$cation characteristics of the dispersed 
phase droplets 

Figure 5(a) shows dispersion characteristics of 
tetradecane oil injected into the water solution, and 
solidification characteristics of oil droplets created by 
injection for three injection velocities; U, = 0.307, 
0.686 and 1.120 m/s. Tetradecane is transparent in a 
liquid phase and is white or opaque in a solid phase. 
Hence, photographs in Fig. 5(a) are taken by sil- 
houetting the formed droplets against a sheet light 
source equipped behind the test section. In Fig. 5(a), 
transparent objects are oil droplets, and black ones 
are frozen oil droplets. From Fig. 5(a), it is seen that 
the tetradecane oil forms oil droplets and the droplets 
start to solidify during ascending and become the 
frozen oil droplets. It is observed that, with increasing 
U,, the diameter of formed droplets reduces, and the 
number of droplets increases. It is noticed that there 
appears the difference of the height of water solution 
where the oil droplets start to solidify in the cases of 
U, = 0.686 and 1.120 m/s in Fig. 5(a). It is considered 
that this variation occurs due to each distribution of 
droplet diameter, packing ratio and temperature of 
the water solution adjacent to the droplet and an 
existence of a super-cooling phenomenon in an oil 
droplet. As to the super-cooling phenomenon, 
however, since the water solution is repeatedly used, 
there exist some fine frozen oil droplets and impurities 
in the water solution layer (seen as fine black objects 
in the picture of Fig. 5(a)). Since these fine droplets 
and impurities act as nucleus for solidification, the oil 
droplets start to solidify with very small super-cooling 
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Fig. 5. Behavior of the formed droplets in the water solution 
(r,, = 12’C, T, = 0’ C) : (a) dispersion and solidification 
characteristics of tetradecane oil droplets; (b) frozen oil 
droplets accumulated on the top surface of the water solu- 

tion. 

degree in this experiment. Therefore, it was observed When injection temperature of tetradecane oil T,, 
that all of the oil droplets start to solidify before they and/or the water solution temperature T, are relatively 
reach the surface of the water solution. A volumetric low. tetradecane oil freezes immediately at the outlet 
packing ratio of the formed droplets against the vol- of the nozzle. Figure 6(a) shows a freezing of the 

D 
(b) 

Fig. 6. Behavior of frozen oil column (U,, = 0.686 
m/s. r,, = 19 C, r, = -3’C): (a) creation and breaking oh 
of the frozen oil column ; (b) frozen oil column and diameter- 
enlarged frozen oil droplets accumulated on the surface of 

the water solution. 

ume in which the droplets actually exist is less than 
10% in the vicinity of an outlet of the nozzle and it is 
less than about 1% in the higher part of the test 
section. In this experiment. the volumetric packing 
ratio of the formed droplets is significantly low com- 
pared with that of the common spray tower [6]. There- 
fore, they can be treated as a single droplet. Figure 
5(b) is a photograph of frozen oil droplets accumu- 
lated on the top surface of the water solution in the 
test section. 
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tetradecane oil near the outlet of the nozzle. As is 
seen in the figure, the frozen tetradecane oil forms a 
column-like shape. This object is referred to as the 
“frozen oil column” and the condition, that the frozen 
oil column is created, is referred to as the “frozen oil 
column formation condition”, while, the condition 
that the frozen oil column is not created is referred 
to as the “normal injection condition”. A frozen oil 
column repeats growing and breaking off from a 
nozzle as time elapses. The length and diameter of the 
column increase as it grows. In this condition, as seen 
in Fig. 6(a), the oil droplets are created from the tip 
hole of the frozen oil column and their diameters 
are enlarged, as compared with those in the normal 
injection condition. The frozen oil column is com- 
posed of the tube-like solidified outer shell and liquid 
phase oil flowing inside it. The frozen oil column 
leaves from the nozzle and ascends in the water solu- 
tion with the liquid phase oil inside it. Figure 6(b) 
shows the frozen oil column and diameter-enlarged 
oil droplets accumulated on the top surface of the 
water solution. 

Mean diameter of the formed droplet 
Figure 7 indicates the relationship between an arith- 

metic mean diameter of the formed droplets & and 
an injection velocity of tetradecane oil U,, when the 
normal injection is performed. The value of c&, was 
determined by measuring the size of the droplets on 
the photographs by using a vernier calliper. Since the 
shape of frozen oil droplets is changed from a sphere 
to an ellipsoid when the size of them is relatively large, 
the diameter of the frozen oil droplet was determined 
as the diameter of an equivalent sphere which has the 
same volume as that of the real droplet. The volume 
of a formed droplet was determined by regarding it as 
a spheroid. The tetradecane droplet shrinks about 
1.7% in diameter by solidification. Therefore, the 
diameter variation in the dispersed phase droplet can 
be neglected in the present study. As indicated in the 

Fig. 7. 

0 0.5 1 1.5 

u,[mlsl 
Mean droplet diameter of the formed droplets 9 vs 

injection velocity of tetradecane oil U.. 

Table 2. Mean droplet diameters for 
each injection oil velocity 

Z/s, 
4 

[mm1 

0.307 5.40 
0.686 2.76 
I.120 3.05 

figure, the value of Jr reduces sharply and becomes a 
minimum with increasing U,. Then it slightly increases 
and becomes maximum and decreases again with an 
increase in U”. The uncertainty in the measuring 
results of 4 is within k 1 .S!!. The solidification exper- 
iments were performed for three injection velocities of 
(i, = 0.307, 0.686 and 1.120 m/s, as indicated in the 
figure. The values of ~?r under each condition of U,, 
are indicated in Table 2. 

SolidiJication fraction of the oil droplets 
Figures 8(a))(c) show the relationship between the 

solidification fraction R of the frozen oil droplets and 
injection temperature of tetradecane oil T, for three 
injection velocity U, = 0.307, 0.686 and 1.120 m/s, 
respectively. The oil droplets were sampled on the 
surface of the water solution. The solid lines in the 
figures show the results under the normal injection 
condition and the dotted lines under the frozen oil 
column formation condition. As shown in the figures, 
the value of R increases with a decrease in T, under 
the normal injection condition (solid lines) and R 
decreases with a decrease in T, in the frozen oil column 
formation condition (dotted lines). R becomes 
maximum at the boundary injection temperature of 
tetradecane oil between normal injection condition 
and the frozen oil column formation one. In the nor- 
mal injection condition, a decrease in T, leads to a 
reduction of sensible heat of the oil droplet, therefore, 
the starting position of solidification of the oil droplet 
shifts to the lower one in the test section. As a result, 
the value of R increases since the ascending duration 
of the frozen oil droplet increases. In the frozen oil 
column formation condition, a decrease in T, makes 
the frozen oil column larger. The sizes of the frozen 
oil column formed from the nozzle and of the oil 
droplet created from the tip hole of the column are 
enlarged, as the T, decreases. Since the frozen oil 
column contains a liquid phase oil inside it, the column 
takes longer time to freeze completely as it becomes 
larger. The thermal resistance of the solidified part in 
the column increases with an increase in the column 
size. Therefore, the solidification fraction of the frozen 
oil column decreases with a decrease in 7’“. 

Referring to T,, as shown in Fig. 8, the value of R 
increases with a decrease in T, since the decrease in T, 
promotes the freezing of the frozen oil droplets and 
frozen oil column. However, the thermal resistance of 
the solidified part in the frozen oil droplet increases 
with an increase in R. Therefore, it is seen that the 
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Fig. 8. Solidification fraction R for injecting tetradecane oil temperature T,,: (a) U,‘,, = 0.307 mis; (b) 

U,, = 0.686 m/s; (c) 0;. = 1.120 m/s. 

increasing rate of R against T, becomes smaller as 
T, decreases. However, it is understood that the R 
decreases with a decrease in T, in the frozen oil column 
formation condition at lower temperatures of T, 
(T, = -3.2-10.3”C in Fig. S(a), T, = -6.O- 
- 10.4”C in Fig. 8(b) and T, = - 5.9 - - 10.1 “C in 
Fig. 8(c)). In this condition, a decrease in T, makes 
the frozen oil column and droplet larger considerably, 
therefore, it is difficult for them to freeze completely 
due to the high thermal resistance of solidified layer. 
As a result, the R decreases with a decrease in T, under 
the frozen oil column formation condition for lower 
T,. 

From Fig. 8(a)-(c), it is noticed that the value of R 

at U;, = 0.307 m/s (Fig. 8(a)) is the lowest, the R at 
I/, = 1.120 m/s (Fig. 8(c)) is the second and R at 
I/,, = 0.686 m/s (Fig. 8(b)) is the highest, as comparing 
them in the same ranges of T,, and T,. These variations 
occur due to the difference in the droplet diameter at 
each condition of U,, as indicated in Table 2. It is 
understood that the solidification fraction increases 
with a decrease in droplet diameter. It is difficult for 
an oil droplet to freeze completely as the diameter 
increases. Furthermore, the ascending velocities of the 
oil droplet and the frozen oil droplet increase with an 
increase in the droplet diameter. Therefore, an 
increase in the droplet diameter causes a reduction in 
an ascending period, which results in the reduction of 
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the solidification fraction. An increase in an ascending 
velocity also leads an increase in heat transfer 
coefficient on the surface of the droplet, however, it 
has less effect on solidification due to a reduction of 
an ascending period of the droplet. 

Non-dimensional data reduction qf the solidljkation 
fraction 

The data reduction of the solidification fraction was 
performed. The relating experimental parameters are 
the injection oil temperature T,, water solution tem- 
perature T, and ascending velocity of the dispersed 
phase oil droplets. In this study, the T, is expressed as 
nondimensional temperature ratio 8 defined as fol- 
lows : 

0 = Vn - TnJ/(Tm - Tch (2) 

The numerator of the equation (2) expresses the sens- 
ible heat variation of the oil droplet between the injec- 
tion and the beginning of the solidification. The 
denominator of the equation (2) means the cooling 
capacity of the water solution against the oil droplet. 
Therefore, equation (2) expresses the relative cooling 
ratio of the water solution to the oil droplet before a 
solidification. The water solution temperature T, is 
expressed as Stefan number Ste defined as follows : 

Ste = c,,( T,,, - T,)/L (3) 

where cds is the specific heat of solid phase tetradecane 
and L is the latent heat of tetradecane. This parameter 
expresses the relative cooling capacity of the water 
solution to proceed the solidification of a frozen oil 
droplet. The characteristics of the ascending velocity 
are mentioned in the next section. 

Ascending aelocity of the formed droplets 
Figure 9(a)-(c) show the relationship between the 

absolute velocity of the formed droplet UP and the 
vertical location Y for three injection oil velocity; 
r/, = 0.307, 0.686 and 1.120 m/s, respectively. The U, 
is given by following equation : 

up = Vci/(E’F) (4) 

where V, is volumetric flow rate of tetradecane oil and 
F is the sectional area of the group of ascending the 
formed droplets. In equation (4), the E is the local 
packing ratio of the formed droplets defined as fol- 
lowing expression : 

c = N *(4/3)i+?J2)‘/(F* A r) (5) 

where F-A Y is a quantity of the test volume at height 
Y and N is the number of formed droplets included in 
the test volume F* AY. N was obtained by a visual 
observation by using a video camera The uncertainty 
in U, associated with the visual observation is esti- 
mated to be within + 3%. In Figs. 9(a)-(c), the value 
of UP at Y = 0 means the injection velocity of oil U, 
at the nozzle outlet. As seen in the figures, the value 
of UP reduces sharply after that the droplet leaves 

from the outlet of the nozzle, and approaches to the 
terminal velocity of the oil droplet. Then the oil drop- 
let freezes and its outer surface changes to a solid 
phase. Therefore, it behaves such like a rigid sphere. 
A rigid sphere has a higher drag coefficient as com- 
pared with a liquid droplet, therefore, the value of 
UP decreases sharply again and approaches to the 
terminal velocity of the frozen oil droplet. 

It is convenient to define the characteristic ascend- 
ing velocity of the formed droplet in order to define 
the non-dimensional parameter which expresses the 
droplet motion during the ascending. In this study, as 
indicated in Fig. 9(a)-(c), the ascending velocity at 
the starting position of solidification U,, which is 
graphically decided in the figures, was used as the 
characteristic velocity. Then, the non-dimensional 
parameter which expresses the ascending velocity of 
the dispersed phase droplet is defined as Reynolds 
number Re, as follows : 

Re,, = (UP, - UC) * dp/vc (6) 

Nondimensional data reduction of the solidification 
fraction 

Figure 10(a) and (b) represent the relationship 
between the modified solidification fraction R* and 
the modified temperature ratio x. As mentioned in 
Fig. 8(a)-(c), the dependency of R on the water solu- 
tion temperature T, is different in the range of T,. 
Therefore, the Ste number, which includes T,, is classi- 
fied into two ranges indicated in Fig. 10(a) and (b). 
In Fig. 10(a) and (b), the R* is determined by gen- 
eralizing R in dependency of the maximum R value in 
each condition (see Fig. 8(a)-(c)) on Ste and Re,,. 
The x is determined by generalizing B in dependency 
of Q at the maximum R value on Ste and Re,,. Since 
the maximum R value in the condition of Fig. 10(b) 
is almost constant for Ste, the ordinate in this figure 
does not contain the Ste. As shown in the figures, 
there is a maximum R* on the distribution of the data, 
which represent the maximum value of R. The left 
side region of the maximum R* corresponds to the 
frozen oil column formation condition and the right 
side region corresponds to the normal injection 
condition. 

The empirical equations of the solidification frac- 
tion for each condition are also drawn in the figures 
(equations (7)-(lo)), which are derived by the least 
square method to each data group. The equations (7)- 
(10) and the applicable range of them and the relative 
errors between the measured data and the equations 
are summarized in Table 3. Equations (7)-(10) are 
arranged for R and they are derived in terms of Ste, 
Re,, and 0. The boundary conditions of the applicable 
range for equations (7) and (8) and of equations (9) 
and (10) are determined as the intersections of equa- 
tions (7) and (8) and of equations (9) and (lo), respec- 
tively. These intersections also correspond to the con- 
ditions that show the maximum value of R. The Ste 
has the positive exponent in the empirical equations 
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Fig. 9, Variation of ascendins velocity of the formed droplets C’[, for the drop height Y: (a) c’,, = 0.307 

m:s: (b) C’,, = 0.686 m/s: (c) C:,, = 1.120 m:s. 

for the lower Ste condition in equations (7) and (8) (which means the reduction in r,) in the lower Ste 
and in the normal injection condition for higher Sle condition due to the increase of cooling capacity of 
condition in equation (10). This positive exponent the water solution. On the other hand. the S/e has a 
represents that the R increases with an increase in Stc negative exponent in the equation (9) for the frozen oil 

Table 3. Empirical equations of solidification rate of frozen oil droplets 

Condition Equation 
Equation 

no. Deviation 

0.043 < Sre < 0.081 
Frozen oil column formed H/(SW”~“. Re;” ““) < 164 R = 4, 3Ste”‘“’ . Re,,” 0547 . (+I lo: (7) + 6.2% 
Normal injection 164 < H,.(Ste”“X~ R~J,,” ‘“‘) R = 188&‘j,<,” ‘W . RL,;() 1 hi . (, (1 1’1’ (8) &- 7.3% 
0.081 < Sir < 0.13 
Frozen oil column formed O/(Ste”h”‘. Re;” ’ Ii) < 17.5 (9) k7.3”/” 
Normal injection 17.5 < oi(st,~w . Re,” I”) (10) + 3. I % 
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Fig. IO. Modified solidification fraction R* of the frozen oil 
droplets versus modified temperature ratio x: (a) 

0.043 < Ste < 0.081 ; (b) 0.081 < S/r < 0.13. 

column formation condition in higher Ste condition, 
since the R decreases with increasing of Ste due to the 
enlargement of the frozen oil column. The 0 has the 
negative exponent in the empirical equations for the 
normal injection condition in equations (8) and (lo), 
and it has the positive exponent in equations (7) and 
(9) for the frozen oil column formation condition. The 
0 represents T, indirectly, therefore the R increases 
with a decrease in Q in the normal injection condition 
due to the reduction of a sensible heat of an oil droplet 
and the R decreases with a decrease in r, in the frozen 
oil column formation condition due to the enlarge- 
ment of the frozen oil column and droplet. The Re,, 
has the negative exponent in all equations of equations 
(7)-(10). The increase in Re,, means an increase of 

ascending velocity of the droplet. As a result, the heat 
transfer coefficient between droplet and water solution 
increases. However, the ascending duration of the 
droplet in the water solution decreases. Since the 
ascending duration of the droplet in the water solution 
layer has a higher influence on the amount of total 
transferred heat, the increase in ascending velocity 
(Re,,) causes a reduction in the solidification fraction 
R. The uncertainty in the value of R is estimated 
to be within k&2%. The uncertainties in 0 and Ste 
associated with the temperature measurement are esti- 
mated to be within f2.2 and k 1.5%, respectively. 
The uncertainty in Re,, due to the measuring errors 
of UPC and C$ is within _t4.5%. Hence, the uncertainty 
in the value of applicable range-boundary of equa- 
tions (7)-( 10) in Table 3 is estimated to be in the range 
of f3.1-f7.3%. 

CONCLUSION 

The study of the solidification characteristics of the 
oil droplet ascending in a low temperature water solu- 
tion layer was performed. The results obtained in this 
research are summarized as follows. 

The solidification fraction of the frozen oil droplets 
R is expressed as functions of Stefhn number Ste, drop- 
let Reynolds number Re,, and nondimensional tem- 
perature ratio 8. They have different characteristics in 
the condition of 0.043 < Ste < 0.081 and 0.081 d 
Ste < 0.13 and in the normal injection condition and 
frozen oil column formation one. The optimum opera- 
ting condition in which the maximum R value can be 
obtained, is given as the boundary point between the 
normal injection condition and the frozen oil column 
formation one. At any condition, the value of R 
decreases with an increase in the droplet Reynolds 
number Re,,, since a decrease in ascending duration 
of the formed droplets in the water solution layer 
overcomes the effect of the heat transfer coefficient 
between the droplets and the water solution on pro- 

motion of oil droplet solidification. 
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