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The solidi� cation process of disodium hydrogenphosphatedodecahydrate was investigated to develop long-term
latent heat storage that uses supercooling. Supercooled thermal energy storage (Super-TES) stores thermal energy
at temperatures lower than the melting point of the phase-change material (PCM), thus reducing the heat loss
from the storage system. During nucleation and solidi� cation, the temperature of PCM is not constant in Super-
TES. The solidi� cation process in Super-TES, therefore, in� uences the performance of the storage system because
thermal properties of PCM, strongly depend on the temperature and phase of the material. The results show that
the growth rate of the hydrate increased with increasing degree of supercooling and that this growth rate was slow
compared with that of metals. When the degree of supercooling was less than about 10 K, the crystal of the hydrate
grew like a single crystal, and the growth rate was approximately proportional to the third power of the degree of
supercooling. Because the viscosity of the hydrate in the liquid phase below the melting point increased drastically,
when the degree of supercooling exceeded about 10 K, the crystal grew like a dendritic crystal, and the increase
in the growth rate with increasing degree of supercooling decreased.

Nomenclature
a = lattice constant, m
h = Planck’s constant, J ¢ s/molecule
I = nucleation rate, 1/s ¢ m3

k = Boltzmann’s constant, J/K ¢ molecule
N = Avogadro’s number, molecules/mol
n = number of molecules
r ¤ = critical radius for homogeneous nucleation, m
Te = equilibrium temperature, K
Tn = nucleation temperature,K
VM = molar volume, m3/mol
v = growth rate, m/s
1Fa = free energy of activation for transporting a molecule

across the liquid–crystal interface, J/molecule
1H = heat of fusion, J/kg
1T = degree of supercooling,de� ned as Te ¡ Tn , K
± = thermal diffusion range, m
´ = viscosity, Pa ¢ s
¸ = thermal conductivity,W/m ¢ K
½ = density, kg/m3

¾SL = interfacial free energy, J/m2

Subscripts

l = liquid conditions
s = solid conditions
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Introduction

G LOBAL warming and depletion of fossil fuels are two prob-
lems that are caused by large-scale energy consumption. To

resolve these problems, the current practice of focusing on inex-
pensive energy use should be abandoned, and the focus should be
shifted to ef� cient energy use that does not adversely affect the
environment. Thermal energy storage is important for the ef� cient
generationanduseof energybecauseit canstore energyduringslack
demand times, for example, at night, and provideenergyduringhigh
demand times, for example,during the day. To meet a givenpeakde-
mand, energystoragepermits smaller power plants to be built, and it
also permits them to be run continuallyat peak operating ef� ciency.
Such energy storage devices are also important for smoothing out
power-generationcyclesfor solarand windpowergeneration,where
power can only be produced during daylight (solar power) or under
windy conditions (wind power).

Two types of thermal energy storage are now in use: sensible
heat thermal energy storage (SHTES) and latent heat thermal en-
ergy storage(LHTES). LHTES usesa phase-changematerial (PCM)
and is desirable because compared with SHTES, LHTES systems
transfer energy at constant temperature during a phase change, thus
permitting high-energy-storage density and stable output temper-
ature. Therefore, for applications where the space used by energy
storage systems must be minimized, LHTES is more suitable than
SHTES. Whereas most LHTES systems are developed for short-
term storage, in this work we considered the possibility of using
the supercooling behavior of PCMs to develop long-term LHTES
systems.

Figure 1 shows typical temporal temperature variation for the
solidi� cation of one type of PCM, disodium hydrogenphosphate
dodecahydrate (DHD), Na2HPO4 ¢ 12H2O, where this hydrate is
cooled from the liquid phase at a constant rate of 0.3±C/min in a test
tube submersed in a water bath. Although the melting point of the
hydrate is about 36±C, crystallizationdoes not start until the liquid
is supercooled to 23±C. After crystallizationstarts, the temperature
of the hydrate increasesto its melting point, and the hydratereleases
energy equal to its heat of fusion until solidi� cation is completed.

Supercooled thermal energy storage (Super-TES) uses this tem-
peraturehysteresisbetween fusionand solidi� cation to store energy.
A typical operating mode of Super-TES is as follows. The PCM is
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Fig. 1 Temporal temperature variation of DHD during constant-rate
cooling.

completely melted by using surplus heat in the summer and is left
at room temperature without thermal insulation until winter. In the
winter, the supercooledPCM is crystallizedon demand, and the heat
of fusion released from the PCM at a temperature higher than room
temperature is used as an energy source. Therefore, compared with
conventional storage systems, Super-TES systems can reduce heat
loss from the storage system because energy is stored at a tempera-
ture close to room temperature.

During nucleation and solidi� cation, the temperature of PCM is
constant in a conventional latent heat storage system, but not in
Super-TES. This means that the behaviorof PCM during solidi� ca-
tion in Super-TES in� uences the performanceof the storage system
because thermal properties of PCM, especially speci� c heat and
thermal conductivity, signi� cantly depend on the temperature and
phase of the material. Except for water and metals, however, there
is insuf� cient information in the open literatureon the solidi� cation
process of materials used in heat storage devices. The current study
evaluated the growth rate of crystallization and the critical radius
for nucleation in DHD as a function of degree of supercooling,1T ,
which is de� ned as the difference between the equilibrium temper-
ature Te and the nucleation temperature Tn , that is, 1T D Te ¡ Tn .
The results showed that the growth rate of the DHD increased with
increasing 1T and that this growth rate was slow compared with
that of metals. The estimated interfacialfree energy was on the order
of 10¡2 J/m2 .

Materials and Methods
DHD Sample

DHD is a promising PCM for Super-TES because it is less toxic
and cheaper than most other hydrates. The probability that nucleus
formation is initiated in the supercooled hydrate by physical vibra-
tionand the possibilitythatdisodiumhydrogenphosphatesegregates
from the hydrate are also lower than for most other hydrates. The
melting point of DHD also makes this hydrate suitable for space
heating. The sample used in this study conformed to the speci� -
cations for special reagent-grade DHD of the Japanese Industrial
Standard (JIS) K9019-1996.The chemical content of DHD is listed
in Table 1. The DHD is ef� orescent. In room air, the crystal water of
the hydrate gradually evaporates, and dodecahydrate changes into
heptahydrate or dihydrate. Therefore, the measurement was done
for DHD in a sealed test tube. One side effect of using a sealed tube
is a change in pressure caused by thermal expansion.The effect on
phase equilibrium, however, is negligible because change in pres-
sure was estimated to be less than 1% for the temperature range
studied here.

Melting point and heat of fusion are the most important thermo-
physicalpropertiesof PCMs. In this study, these two propertieswere
measured by using a differential scanning calorimeter (DSC). The
measuredmeltingpointwas 35.54±C. The probableerrorof the mea-
surement was §0:38±C, which is the sum of the calibrationerror of
the platinumresistance thermometerof DSC of §0:1±C and the pre-
cisionerror of each measurement,§0:28±C. The quoted error in this
paper is thismaximumerror limit, which consistsof calibrationerror
and precision error. The measured heat of fusion was 265.6 kJ/kg,
and the measurementerrorwas §3.7 kJ/kg.The purityof the hydrate

Table 1 Chemical composition of a sample
of disodium hydrogenphosphate
dodecahydrate (JIS K9019-1996)

Description Value

Purity Minimum 99.0%
pH (50 g/l, 25±C) 9.0–9.4
Chloride Maximum 0.001%
Sulfate Maximum 0.005%
Heavy metals (as Pb) Maximum 0.001%
Calcium Maximum 0.02%
Arsenic Maximum 1 ppm
Iron Maximum 5 ppm
Ammonium Maximum 0.001%

Fig. 2 Experimental apparatus for determining the growth rate of
crystallization.

used in this study was estimated to be 99.66% (C0:28=¡0:43%) by
� tting a portion of the DSC data to the Van’t Hoff relationship
(see Ref. 1). The density in the solid phase and in the liquid phase
at the melting point was 1:52£ 103 and 1:45 £ 103 kg/m3 , respec-
tively.The probablemeasurementerrorof thedensitywas §6 kg/m3.
The speci� c heat in the solid phase and in the liquid phase at 25±C
was 1:96 § 0:02 and 3:43 § 0:04 kJ/kg ¢ K, respectively.2

Experimental Procedure

The experimentalapparatusused to measurethegrowthofcrystal-
lization in DHD is shown in Fig. 2. The sample was poured into two
test tubes of different size made of heat-resistant glass to evaluate
the in� uence of the surface tensionof the DHD on the measurement
of growth rate. One test tube had a 5.6-mm inner diameter and an
8-mm outer diameter, and the other had a 3.6-mm inner diameter
and 6-mm outer diameter, and both were 900 mm long. Hereafter,
these test tubes are called the 5.6-mm test tube and 3.6-mm test
tube, respectively. The upper inlet of the test tube was sealed with
a silicone stopper. The level of the sample was 630 mm from the
bottom of the test tube. When the 5.6-mm test tube was quickly
turned upside down, the air in the test tube slowly traveled up the
tube, while the liquid DHD simultaneously traveled down the tube.
When the 3.6-mm test tube was quickly turned down, however, the
air and the hydrate in the test tube did not exchange their positions
because of the surface tension of the hydrate. This means that the
smaller test tube (3.6-mm test tube) can act as a capillary tube for
the DHD.

The crystal growth was measured by placing each test tube in the
axial center of a long cylindricalwater bath (Fig. 2). The water bath
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was partitioned into two sections by using thermal insulation; the
lower section(90 mm high)was for initiatingthe crystallization,and
the upper (600 mm high) was for observing the growth of crystals.
The test tube resided in both sections. The temperature of each sec-
tion was individually controlled.The vertical temperature distribu-
tion of the water circulatingthroughthe bath was measured by using
platinumresistancethermometers (RT in Fig. 2). The probableerror
of each temperature measurement was within C0:07=¡0:11±C.

The circulating water of the bath was cooled at a constant rate
until the temperature reached a set value, and then kept constant at
that temperature for more than half an hour to equilibrate the tem-
peraturesbetween the sample and the water. After the equilibration,
only the lower section was cooled again to initiate crystallization.
Because the sample is clear in the liquid phase, the crystals can be
observed growing from the bottom of the test tube to the top. The
growth rate of the crystal in the vertical direction was determined
by measuring the time for the tip of the crystal to grow past each of
two intervals (1 and 2) along the test tube, as shown in Fig. 2. The
nominal distance for each intervalwas 200 mm, with the actual dis-
tancemeasured with a vernier caliper accurate to within §0.03 mm.
In the temperature range studied here, the change in length of the
test tube caused by thermal expansion was negligible. The growth
rates at the two intervalswere measured using a stopwatch accurate
to within §0.0012%of the reading.The precisionerror for clocking
the growth was estimated to be less than 0.7%. Consequently, the
probable measurement error of the growth rate was within §0.8%.
After the measurement of growth rate, the sample in the test tube
was reheated and completely melted to use next trial.

Results
Growth Rate

Figure 3 shows the measured growth rates of the crystal in the
5.6-mm test tube, showing that the growth rate is independent of
the location in the vertical direction. The amount of the sample in
the upper section of the 5.6-mm test tube was about 19 g. If the
entire sample in the upper section solidi� es at the same time, that
is, simultaneously,the theoreticalestimated temperature increase in
the circulating water in the upper section is 0.03±C. In the experi-
ment, the vertical distribution of the water temperature was within
§0.03±C, and the time � uctuation of the temperature was within
§0.06±C. The theoretical maximum temperature increase due to
simultaneous solidi� cation, 0.03±C, is less than the vertical tem-
perature distribution and the temperature � uctuation of water with
time. Therefore, the in� uence of the released heat of fusion into
the circulatingwater on the observed growth rates was negligible in
this experiment. The growth rate in the 3.6-mm test tube was also
independent of the location along the test tube. Therefore, in the
following sections, the growth rate plotted in Figs. 4, 6, and 8 is the
average of the two growth rates for the two intervals.

Crystal Growth Process

Figure 4 shows the growth rates measured for the two test tubes
as a function of 1T . Although growth rate is related to interfacial
free energy, there is no signi� cant difference between the two re-

Fig. 3 Growth rate of the sample in the lower and the upper sections
of a test tube with a 5.6-mm inner diameter.

Fig. 4 Growth rate of the sample measured in two test tubes of differ-
ent diameter.

sults. The growth rate of the DHD sample was slow, ranging from
0 to 1 mm/s, compared with metals, whose growth rates range from
0 to 103 mm/s. The growth rate of DHD nonlinearly increased with
1T . Several models have been proposed to explain the mechanism
of crystallization of metals. For example, the following equations
describe the growth rate based on the heat balance between the melt
and crystal3:

v D 2¸l

1H½s±
1T (1)

v D ¸l

.±=r ¤/¾SL Te
.1T /2 (2)

Equation (1) shows that growth rate is proportional to thermal con-
ductivity in the liquid phase, ¸l times 1T . The thermal diffusion
range ± is assumed to be the distance from the solid–liquid interface
to the nearestpoint in the liquidwhere the temperature is considered
identical to the liquid temperature located far from the interface.
The estimated range of the thermal diffusion for the hydrate was
10¡5–10¡4 m depending on 1T . Equation (2) gives the maximum
growth rate of Eq. (1) when the curvature of the growing surface is
twice as large as the critical radius. Equation (2) shows that growth
rate is proportional to thermal conductivity times the square of 1T ,
that is, .1T /2 .

The thermal conductivity of the DHD sample was measured
by using the transient plane source technique described in detail
elsewhere.4¡7 This technique allows the thermal conductivity of
a small sample, about 50–100 g, from the solid phase to the liq-
uid phase to be measured with the same sensor. Small samples are
advantageous because they yield a larger 1T for DHD, as men-
tioned later, resulting in wider temperature range for the measure-
ment during supercooled conditions.The measurement error of the
thermal conductivity was determined by using distilled water and
clear quartz and found to be within §3.0%. The sample tempera-
ture was measured with a calibrated copper–constantanthermocou-
ple. The measurement error of the temperature was within §0.2±C.
Figure 5 shows the thermal conductivityof the sample as a function
of degree of supercooling.For comparison, the thermal conductiv-
ity of water is also shown (solid line).8 Figure 5 indicates that the
thermal conductivity of DHD in the liquid phase, ¸l , is similar to
the thermal conductivity of water and is relatively independent of
1T for the temperature range studied here. Equations (1) and (2),
therefore, show that the growth rate is either proportional to 1T or
to the square of 1T , respectively. Growth rates of metals are gen-
erally proportionalto 1T when 1T is low, <1 K. This relationship
observed for metals was not observed for DHD in our experiments
becausethe PCM is generallyalways cooled to supply heat, and 1T
is not low in the storage tank.

For most pure substances, especiallymetals, growth rates can be
expressed by Eq. (2). For example, the growth rate of pure tin is
proportional to the 1.8th power of 1T (Ref. 9). Figure 6 shows the
growth rate of the DHD sample as a function of 1T on a log scale.
For 4 < 1T < 10 K, the growth rate follows a straight line and can
be expressed as a least-squares approximation:
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Fig. 5 Temperature dependence of thermal conductivity of DHD.

Fig. 6 Dependence of growth rate on degree of supercooling.

v D 7:15 £ 10¡7.1T /2:85 (3)

This approximationcan not be used to express the measured growth
rate for 1T > 10 K.

Another model to explain the mechanism of crystallization of
metals has been proposed,10 based on screw dislocationon a coarse
surface as follows:

v D
VM ½2

s .1H /2

4¼ 2aN ¾SL T 2
e

¢ .1T /2

ĺ

(4)

The molar volume and the heat of fusion of some � nite weight of
the sample is consideredconstant, and the density in the solid phase
is considered constant in the temperature range studied here. The
latticeconstantof the sampleandAvogadro’s numberare considered
constant, and the equilibrium temperature is consideredconstant as
long as pressure is constant. Then, Eq. (4) shows that the growth
rate is proportional to the square of 1T , but also shows that the
growth rate is inversely proportional to the viscosity of the sample,
´l , times the interfacial free energy ¾SL between crystal nuclei and
the corresponding liquid.

In our experiments, the viscosity of the sample was measured by
usinga rotationalviscometer.Theprobablemeasurementerrorof the
viscosity was estimated to be within §0.5 mPa ¢ s for the viscosity
range studied here. The sample temperaturewas measured by using
a thermistor resistance thermometer accurate to within §0.07±C.
Figure 7 shows the measured viscosity (open circles) of the sample
as a function of 1T , and shows a least-squares approximation of
the measured values (solid line). The viscosities of the sample in
the supercooled state are plotted on the extrapolation curve of the
least-squares approximation for the viscosity in the normal liquid
phase. Figure 7 shows that the viscosity exponentially increased
with degree of supercooling.

Figure 8 shows the growth rate times the sample viscosity
as a function of degree of supercooling on a log scale. For
4 < 1T < 10 K, thegrowth rate times the viscosityfollowsa straight
line and can be expressed as a least-squares approximation:

v´l D 9:82 £ 10¡9.1T /3:25 (5)

When 1T > 10 K, the growth rate times the viscositydisagreeswith
Eq. (4) as shown in Fig. 8, just as the growth rate disagrees with

Fig. 7 Temperature dependence of viscosity of DHD.

Fig. 8 Dependence of growth rate times viscosity on degree of super-
cooling.

Eq. (2) when 1T > 10 K. However, the disagreement between the
measured values and the theoretical values with Eq. (4) is smaller
than that with Eq. (2). One reason why the increment in the growth
rate for high 1T (>10–11 K) becomes small is the signi� cant in-
crease in viscosity with 1T . The increase in viscosity suppresses
the absorption of the molecule of the liquid sample into the crystal
surface, which causes the discrepancy between actual behavior and
the assumptionsfor Eqs. (1), (2), and (4). Another possible reason is
the signi� cant increase in the interfacialfree energybetween crystal
and liquid. When 1T was less than about 10–11 K, in this study the
crystal of the sample grew like a single crystal. On the other hand,
when 1T was greater than about 10–11 K, the crystal grew like
a dendritic crystal. Interfacial free energy depends on grain sizes
and grain boundary character distributionsof crystals. Because the
interfacial free energy of a dendritic crystal is larger than that of a
single crystal, the interfacial free energy of the DHD sample when
1T exceeded about 10–11 K was larger than that when 1T was
less than about 10–11 K. Consequently,the increment in the growth
rate with 1T decreased as shown in Fig. 8 when the 1T exceeded
about 10–11 K.

Estimate of Critical Radius

The critical radius for homogeneousnucleation was evaluated in
this study. When a cluster size in a sample reaches a critical radius
r ¤, the freezing rate of the sample equilibrateswith the melting rate.
When a cluster size exceeds r¤, nucleation occurs in the sample,
and the nucleus promotes crystallization. This r¤ is expressed as
follows11:

r ¤ D
2¾SL Te

1H½s1T
(6)

The equilibriumtemperature Te is identical to the melting point un-
der atmospheric pressure. Because measuring the interfacial free
energy between the liquid and crystal is dif� cult, we used the fol-
lowing theoreticalequation to evaluate the interfacial free energy12:

¾SL D
»

3.1H /2½2
l .1T /2kTn

16¼T 2
e

µ
nkTn

I h
exp

³
¡1Fa

kT

´¶¼ 1
3

(7)
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where Tn represents the nucleation temperature of the sample and
dependson the conditionsof the sample, such as volumeandcooling
rate. The relationship between the sample weight and 1T was ex-
perimentally investigated.For sample weights from 0.82 to 62 mg,
1T was measured by using DSC accurate to within §0.38±C. The
cooling rate for DSC was 0.5 K/s. For sample weights from 0.11 to
30 g, 1T was measuredfor the DHD samples in the test tubesby us-
ing thermistor resistancethermometersaccurate to within §0.07±C.
The cooling rate for the test tubes was 0.1 K/s. A previous study
showed that the in� uence of the cooling rate of the sample on 1T
is considered negligible for a cooling rate from 0.01 to 1 K/min
(Ref. 13).

Figure 9 shows the effect of sample weight on 1T , indicatingthat
1T increasedas thevolumeof the sampledecreased.The nucleation
rate I is de� ned as the number of nuclei per second for 1 m3 of
melt. Turnbull assumed the number of nuclei generated at 1/s for a
50-¹m-diamdropletof melt.12 By extrapolationof the � tted curvein
Fig. 9, the estimated1T of a 50-¹m-diam dropletof DHD (95.7 ng)
is 51.8 K. For many metals, the ratio of 1T for a 50-¹m-diam
droplet to its absolute melting temperature is relatively constant,
from 0.13 to 0.25, and for water, this ratio is 0.143 (Ref. 12). For
the DHD sample, this ratio is 0.168, similar to that for water. For
a 50-¹m-diam droplet, the nucleation temperature Tn D .Te ¡ 1T );
for DHD, the calculatedTn is 256.9 K. The free energy of activation
for transportinga molecule across a liquid–crystal interface,1Fa , is
considered identical to the activation energy for self-diffusion.12;14

From the measured viscosity shown in Fig. 7, 1Fa for DHD is
estimated to be 7:8 £ 10¡20 J/molecule.Therefore, from Eq. (7), the
calculated interfacial free energy for DHD is 0.034 J/m2 .

By the use of Eq. (7), Turnbull showed that the interfacial free
energy is generally 0.45 times smaller than the heat of fusion for
most metals, such as iron, copper, and silver, and is 0.32 times
smaller than the heat of fusion for water and a few metals, such as
bismuth or germanium.12 When it is assumed that the sample shows
the same behavior as water, namely, that its interfacial energy is
0.32 times smaller than its heat of fusion, the estimated interfacial
free energy is 0.092 J/m2. One reason for the difference between
the two estimates is the ideal assumptions used to derive Eq. (7),
that the crystal nuclei are assumed to be spherical. Based on these

Fig. 9 Effect of sample weight on the degree of supercooling of DHD.

Fig. 10 Estimated critical radius for a sample of DHD.

two approaches to the estimation of the interfacial free energy, the
interfacial free energy is estimated to be on the order of 10¡2 J/m2.

Figure 10 shows an example of the critical radii calculated by
using Eq. (6) when the interfacial energy is assumed to be 0.034
or 0.092 J/m2 as estimated earlier. The critical radius is inversely
proportional to 1T . When 1T D 10 K, for example, the critical
radius for DHD is about 100 times larger than the O–H covalent-
bond length in water, 0.0957 nm, and the estimated number of the
molecules in a DHD cluster of this critical radius is on the order of
103–104 .

Conclusions
To develop long-term latent heat storage, Super-TES, the solid-

i� cation of DHD was investigated in detail by measuring related
thermophysicalproperties, thermal conductivity,and viscosity.The
results showed that the growth rate of the DHD sample increased
with increasingdegree of supercooling1T and was slow compared
with that of metals.When 1T was less than about10–11 K, the rela-
tionshipbetween the growth rate and 1T agreedwith the theoretical
equation that describesscrew dislocationon a coarse surface.When
1T was less than about 10–11 K, the crystal of the DHD sample
grew like a single crystal, and the growth rate was approximately
proportional to the third power of 1T . Under supercooling con-
ditions, the viscosity of the sample signi� cantly increased as 1T
decreased,which acts to suppress the absorptionof the molecule of
the liquid sample into the crystal surface.When 1T exceededabout
10–11 K, the crystal grew like a dendrite. Interfacial free energy de-
pends on grain sizes and grain boundary character distributions of
crystals,and the interfacialfree energyof a dendriticcrystal is larger
than that of a single crystal. Because of the signi� cant increase in
viscosity and change in grain size of the crystal, the increase in the
growth rate with increasing1T decreases when 1T exceeds about
10–11 K. The ratio of 1T for a small droplet (50 ¹m diam) of the
DHD sample to its absolute melting temperature is nearly equal to
that for water. The estimated interfacial free energy is on the order
of 10¡2 J/m2. Therefore, when 1T is 10 K, the critical radius for
homogeneous nucleation of DHD is roughly 10 nm.

When DHD is used for Super-TES, nucleus formation generally
starts in the lower part of the supercooled liquid because of ther-
mal strati� cation, so that crystals grow upward in the storage tank.
When a quick extraction of heat is required, Super-TES should be
controlled while the sample is being supercooled at a temperature
low enough for dendritic crystal growth because rapid growth of
crystals produces a large heat-exchangearea in the storage system.
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