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The temperature dependence of thermophysical properties was evaluated for disodium hydrogenphosphate
dodecahydrate, which is used in long-term, supercooled thermal energy storage (Super-TES). Super-TES stores
thermal energy at temperatures lower than the melting point of the phase-changematerial, which reduces heat loss
from the storage system. Although the degree of supercooling depends not only on the intensivematerial properties,
such as phase-change temperatures, but also on extensive properties, such as the total material volume, except for
distilled water and metals there is insuf� cient information in the open literature on supercooling phenomena to
develop heat storage devices. A promising material for Super-TES applications is disodium hydrogenphosphate
dodecahydrate. The thermophysical properties of disodium hydrogenphosphatedodecahydrateare evaluated, and
its suitability for Super-TES applications is clari� ed. We found that in the liquid phase the hydrate density and
viscosity decrease monotonically with increasing temperature. We also found that the speci� c heat in the liquid
phase (3.45 kJ/kg¢ K) and the thermal conductivity in the solid phase (1.01 W/m ¢ K near the melting point) were
twice as large as reported in the open literature. This indicates that this hydrate is useful for storing both latent and
sensible heat, for reducing heat loss from energy storage systems, and for ef� ciently exchanging energy between
heat sources and the hydrate.

Nomenclature
cp = speci� c heat at constant pressure, kJ/kg ¢ K
T = temperature, ±C
´ = viscosity, Pa ¢ s
¸ = thermal conductivity,W/m ¢ K
½ = density, kg/m3

Subscripts

l = liquid phase
s = solid phase

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 nature.
Thermal energy storage is important for the ef� cient generationand
use of energybecauseit can storeenergyduringslackdemand times,
for example, at night, and provideenergyduringhigh demand times,
for example, during the day. To meet a given peak demand, energy
storage permits smaller power plants to be built, and it also per-
mits them to be run continually at peak operating ef� ciency. Such
energy storagedevices are also important for smoothing out power-
generationcycles for solar and wind power generation,where power
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can only be produced during daylight (solar power) or under windy
(wind power) conditions.

Two types of thermal energy storage are now in use: sensibleheat
thermalenergystorage(SHTES)and latentheat thermalenergystor-
age (LHTES). LHTES uses a phase-change material (PCM) and is
desirablebecause,comparedwith SHTES, LHTES systems transfer
energy at constant temperature during a phase change, permitting
high-energy storage density and stable output temperature. There-
fore, for applications where the space used by such 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 possibilityof using the supercoolingbehavior of
PCMs to develop long-term LHTES systems.

Figure 1 shows typical temporal temperature variations for the
solidi� cation of one type of PCM, disodium hydrogenphosphate
dodecahydrate(Na2HPO4 ¢ 12H2O). From the liquid phase, this hy-
drate is cooled at a constant rate of 0.3±C/min in a test tube sub-
mersed in a water bath. Although the melting point of the hydrate
is about 36±C, crystallizationdoes not start until the liquid is super-
cooled to 23±C. Once crystallization starts, the temperature of the
hydrate rises to its melting point, and the hydrate releases 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
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.

Because the degree of supercoolingstrongly dependson both the
intensive and extensive material properties,1 the material properties
must be known to design properly thermal energy storage systems.
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Fig. 1 Temporal temperature variation of Na2HPO4 ¢ 12H2O during
constant-rate cooling; increase near 60 s corresponds to supercooled
liquid freezing.

However, except for distilled water and metals, there is insuf� cient
information on the thermophysical properties of hydrates. There-
fore, in this work we studied the thermophysical properties of dis-
odium hydrogenphosphatedodecahydrate.

Materials and Methods
Overview

Disodium hydrogenphosphatedodecahydrateis a promising ma-
terial for Super-TES because it is less toxic and cheaper than most
other hydrates. The probability that nucleus formation is initiated
in the supercooledhydrate by physical vibration and the possibility
that disodium hydrogenphosphatesegregates from the hydrate are
also lower than for most other hydrates. The melting point of the
hydrate also makes it suitable for space heating.

To optimize the operating temperature and size of thermal en-
ergy storage systems, the melting point and heat of fusion are the
two most important thermophysical properties of PCMs. The solid
and liquid densities are also useful for estimating thermal expan-
sion of PCMs and nuclei formation conditions. The speci� c heat
also required to optimize the size of storage systems. Large speci� c
heat permits the use of sensible heat of PCMs in addition to la-
tent heat. Thermal conductivityis useful for evaluatingheat transfer
rate among PCMs, surroundings,and working � uids for storing and
restoring thermal energy. Viscosity is useful for evaluatingconvec-
tion intensityand growth rate of crystals in PCMs. Therefore, in this
work we measured these thermophysical properties of the hydrate
within the temperature range most likely to be used for Super-TES
systems.

Materials

We used special reagent-grade disodium hydrogenphosphate
dodecahydrate conforming to Japanese Industrial Standard (JIS)
K9019-1996. The chemical content is listed in Table 1. Except for
the speci� c heat measurements, all measurements were made with
the hydrate of the same product lot. Only for the measurementof the
speci� c heat, hydrate made by another manufacturer was also used
to verify the measurement.The additionalhydrate also conforms to
JIS K9019-1996.

Disodium hydrogenphosphate dodecahydrate is ef� orescent,
which means that in air the water of the hydrate evaporates and
dodecahydratechanges into heptahydrateor dihydrate.The hydrate
must, therefore, be isolated from room air. Except for measurement
of the hydrateviscosity,all measurementswere done in a sealedves-
sel of � xed capacity. One side effect of this is that pressure changes
caused by phase changes and thermal expansion were included in
the measured speci� c heat. Therefore,we also determined the effect
of containment of the hydrate on the evaluationof the speci� c heat.

Melting Point and Heat of Fusion

The melting point and heat of fusion of seven samples were mea-
sured with a power compensation differential scanning calorimeter

Table 1 Chemical composition of Na2HPO4 ¢ 12H2O
(JIS K9019-1996)

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%

(DSC). The DSC was calibrated with indium before the measure-
ment. Each sample weighed 7 mg. These samples were encapsu-
lated by using aluminumsample pans.The capsuleshad an effective
volumeof 20 ¹l and couldwithstandan internalpressureof 0.2 MPa
(gauge). The heating rate of the sample was 5.0±C/min, which is a
typical scanning rate for DSCs.

To test if reactions occurred between the hydrate and the con-
tainer, we compared measurements made with and without a poly-
tetra� uoroethylene liner, which prevents the hydrate from reacting
with the container.

Density

We measured the sample densitywith a 20-ml graduatedcylinder
and an electronic balance. We used an average density calculated
from four measurements. Before the measurements, we calibrated
the graduatedcylinderby � lling it with distilledwaterof known den-
sity (the temperature dependenceof the density and the uncertainty
are given in Refs. 2 and 3), weighing it, and back calculating the
equivalent volume. The cylinders were immersed in a water bath,
and the water temperature was measured with a platinum resistance
thermometer accurate to within §0.11±C.

We measured the solid-phasedensity by using samples that were
crystallized very slowly from the bottom up, which results in com-
pact crystals. Because crystallization progressed near the melting
point, the measured values were considered to be the solid density
at the melting point.

Speci� c Heat

To measure cp , we calibrated the DSC with synthetic sapphire,
whose cp is given in Ref. 4, and then used the calibrated DSC to
measure cp of the hydrate. The weight of the hydrate sample used
for the measurement was the same as the weight of the reference
sapphire used for calibration. The samples were encapsulated by
using O-ring-sealed stainless-steel sample pans. The capsules had
aneffectivevolumeof 60¹l andcouldwithstandan internalpressure
of 2.4 MPa (gauge).

To check the accuracy of our method for measuring cp , we mea-
sured cpl of distilled water and compared it with the referencevalue
given in Ref. 5.

Thermal Conductivity

The thermal conductivity of the sample was measured by using
the transientplane source(TPS) technique.Using the TPS technique
with a single sensor, the thermal conductivityof both the solid and
liquid phases can be measured. The sensor was made of nickel foil
with a diameter of 6.6 mm and a thickness of 10 ¹m. Both sides of
the sensor were coated with a 30-¹m-thick polyimide � lm.

When the thermal conductivity of the sample in the solid phase
was measured,the sensorwas sandwichedbetween two blocksof the
sample,and theblockswere boundwith rubberbands to compensate
for thermal shrinkage of the sample. When the thermal conductiv-
ity of the sample in the liquid phase was measured, the sensor was
immersed vertically into the sample.6 The measurement was made
in an environmentallycontrolled chamber. With the TPS technique,
the changeof electricalresistanceof the nickel sensorwas measured
while a constant electric current was supplied to the sensor for a de-
� ned period of time. The thermal conductivitywas calculated from
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the input power to the sensor and the temperature rise of the sensor.
The details of the TPS technique are described elsewhere.7 9 The
temperature of the sample was measured with a copper–constantan
thermocouple accurate to §0.2±C.

We used heating periods of 2.5 s for the liquid phase and 20 s
for the solid phase. The temperature rise of the sensor was about
1.0±C during this period. This short heating period suppresses the
measurement error caused by natural convection in liquid samples.
The small temperaturerise suppressesthe measurementerrorcaused
by heterogeneousheat transfer along edges of the solid samples. To
calibrateour TPS system,we measured the thermal conductivitiesof
distilled water and clear quartz and compared the measured values
with reference values.

Viscosity

The viscosityof the sample in the liquidphasewas measuredwith
a rotational viscometer. The cylindrical spindle of the viscometer
was 25.2 mm in diameter, the effective length was 92.4 mm, and
the sample size was 16 ml. The wire that suspends the spindle from
the electric motor was 1 mm in diameter. The rotational speed for
measuring the viscosity was varied from 10 to 60 rpm. The result-
ing shear rate ranged from 12.23 to 73.38 1/s. The temperature of
the sample was measured with a thermistor resistance thermometer
accurate to §0.07±C.

To prevent evaporation of the sample, 1.5 ml of silicone oil was
carefully placed on the surface of the sample by using a syringe.
Because the density of silicone is about 930 kg/m3 at 25±C and the
hydrateis insolublein silicone,the siliconeformeda thin layeron the
sample. The resulting thickness of the silicone layer was 2.5 mm.
We also measured the viscosities of water with and without the
silicone layer to clarify the in� uence of the silicone on the viscosity
measurements.

Results and Discussion
Melting Point and Heat of Fusion

The measured mean melting point was 35.54±C. The probable
error of the measurement was §0.38±C, which is the sum of the
calibration error of the platinum resistance thermometer of DSC of
§0.1±C and the precision error of each measurement of §0.28±C.
The quoted error in this paper is this maximum error limit. The mea-
suredheat of fusionwas 265.6kJ/kg, and the measurementerrorwas
§3.7 kJ/kg. The purity of the hydrate used in this measurementwas
estimated to be 99.66% (C0:28= 0:43%) by � tting a portion of the
DSC data to the Van’t Hoff relationship.Because no signi� cant dif-
ference was observed between the melting points or heat of fusions
measured with and without the polytetra�uoroethylene liner in the
sample pan, we concluded that reactions between the hydrate and
the aluminumsamplepan werenegligibleduringourmeasurements.

Table 2 shows a comparison of our results with reference
values.10 13 There is no information on the measurement methods
used in Refs. 10 and 11. The speci� c heat of the hydrate in Ref. 12
originated from Ref. 13, which gives the heat of solidi� cation of
the hydrate instead of the heat of fusion. This heat of solidi� cation
was calculated from the heat released from the material during a
temperature change that included solidi� cation. The heat of solid-
i� cation is sometimes less than the heat of fusion.12 Because this

Table 2 Measured melting points and heats of fusion

Melting point, Heat of fusion,
Reference ±C kJ/kg

Na2HPO4 ¢ 12H2O
This work 35.54 265.6
10 36 264
11 35 281
12, 13 36.1 280a

H2O
This work 0.04 331.6
12 0 333.6
aHeat of solidi� cation.

Fig. 2 Temperature dependence of liquid density of Na2HPO4 ¢
12H2O.

method uses the speci� c heats in the liquid and the solid phase to
calculate the heat of solidi� cation, the value given in Ref. 13 de-
pends on the values of the two speci� c heats. However, it is dif� cult
to measure directly speci� c heats near the melting point because the
measurement of speci� c heat requires a temperature change. How-
ever, for materials with impurities, the temperature change causes
a phase change. Therefore, the speci� c heats used in Ref. 13 for
evaluating the heat of solidi� cation were not measured at tempera-
tures close to the melting point, but were measured over a relatively
wide temperature range of 21–2±C for cps and 40–80±C for cpl .
The average speci� c heats given in Ref. 13 are cps D 1:71 kJ/kg ¢ K
and cpl D 3:13 kJ/kg ¢ K. This cpl is 9.3% smaller than our measured
value. The resulting effect is that when the calculated speci� c heat
in the liquid phase is smaller than its true value, the calculatedheat
of solidi� cation is larger than its true value. Table 2 shows that the
melting point and the heat of fusion of this sample agree with the
values from Ref. 10.

The heat of fusion of water given in Table 2 was measured with
the same instrument used for the measurement of the hydrate. The
measured heat of fusion of water agrees with that given in Ref. 12
and given in all other references we searched.14 18

Density

Figure 2 shows the average liquid density of the sample we mea-
sured as a function of temperature. The solid curve in Fig. 2 repre-
sents the least-squares approximation, expressed as

½l D 3:289 £ 10 3T 2 2:93 £ 10 1T C 1461 (1)

for 25 · T · 90±C. Measuredvalues below the melting point, 36±C,
are the densities of the supercooled state.

Because the temporal temperature � uctuationof the bath was less
than §0.05±C, the temperature � uctuation in the cylinders was also
less than §0.05±C. The resulting measurement error of the density
was §6 kg/m3 including the calibration error. Figure 2 shows that
with increasing temperature, the liquid density decreases monoton-
ically from the supercooled to normal liquid conditions.References
10 and 11 report a hydrate liquid density of 1:45 £ 103 kg/m3 and
1:44 £ 103 kg/m3 , respectively.Although there is no informationon
measurementmethods and conditionsused in Refs. 10 and 11, their
reported liquid densities are equivalent to our densities measured
near the melting point (Fig. 2).

The solid density that we measured was 1:52 £ 103 kg/m3, which
also agree with the values from Refs. 10 and 11. This indicates that
the solid density listed in Refs. 10 and 11 is the density near the
melting point of 36±C.

Speci� c Heat

Figure 3 shows our measured values of cp . The measured spe-
ci� c heat of the liquid hydrate was about the same as cp of water
and increased 3.2% for a temperature increase from 15 to 100±C.
We found that cps ¼ 0:6cpl near the melting point, and that cps was
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Fig. 3 Temperature dependence of speci� c heat of Na2HPO4 ¢ 12H2O.

more temperature sensitive than cpl . This property enhances the
availability of the hydrate for PCMs because both the sensible and
latent heat can be effectivelyused for thermal energy storage. From
a polynomial � t to our data, we can express cps and cpl as

cps D 1:739 £ 10 5T 2 C 5:736 £ 10 3T C 1:803 (2)

for 20 · T · 34±C and

cpl D 3:23 £ 10 7T 3 6:68 £ 10 5T 2 C 5:17 £ 10 3T C 3:34
(3)

for 15 · T · 100±C.
For T · 60±C, the difference between our measured values for

distilled water and that given in Ref. 5 was within 1%, and for
T > 60±C the difference was within 2%. The uncertainty in cp of
the reference sapphire was §0.1% (Ref. 4) and the uncertainty in
cp of water was §0.2% (Ref. 3). In the solid phase, the probable
measurement error of cp was §1.1%, and in the liquid phase, the
probable measurement error of cp was §1.3% for T · 60±C and
§2.3% for T > 60±C.

The effect of the pressurechange in the sample pan caused by the
phase change and by thermal expansion of the material was con-
sidered in the calculation of cp . The sample was in the solid state
when it was encapsulated at T D 25±C and atmospheric pressure
of 0.101 MPa. At the same temperature, when the sample was in
the liquid state, the internal pressure inside the capsule rose to 2%
above atmospheric pressure because the solid density was higher
than the liquid density. When water is encapsulated in the same
sample pan, the pressure increase of 2% causes a speci� c heat de-
crease of 2 £ 10 4% (Ref. 19), which is lower than the probable
error of §1.3% for this measurement. Because the boiling temper-
ature of the hydrate was greater than or equal to that of water, the
in� uence of the pressure change in the sample pan was negligible.

Table 3 shows a comparison of our results with reference values
(Refs. 10, 11, 13, and 20–26). In Refs. 10 and 11, no information
on the method for measuring the speci� c heat is given. Compared
with Refs. 10 and 11, our measured cps were 6% higher at T D 0±C
and 28% higher at the melting point of the hydrate, and cpl was 82%
larger at the melting point. The values listed in Ref. 13 were mea-
suredwith a copper calorimeter.The data in Ref. 20 originatedfrom
Ref. 21, which was a provisional report of Ref. 13. Compared with
the values given in Ref. 13, the average value of our measured cpl

for 40· T · 80±C was 9.3% higher. The data in Ref. 22 originated
from Refs. 23 and 24. The values listed in the Refs. 23 and 24 were
measured with a copper calorimeter in a vacuum tube. The reason
for the differences in our speci� c heats with the reference values
is unclear. One reason may be that the data given in Reference 22
are overextrapolated data from Refs. 23 and 24, because Refs. 23
and 24 report only the values listed in Table 3, and all of the data in
Refs. 22–24 can be � tted with a single straight line. To determine
liquid-state speci� c heats, Refs. 10 and 11 seem to use solid-state
speci� c heats extrapolated past the melting point to 50±C, that is,
liquid state.

Table 3 Comparison of speci� c heats measured in this work
with values available in the open literature

Speci� c heat, kJ/kg ¢ K

Reference Temperature, ±C Solid Liquid

Na2HPO4 ¢ 12H2O
This work 35.54 2.03a 3.45
10 —— 1.6 1.9
11 —— 1.7 1.9
13 21–2 1.71b ——

40–80 —— 3.13b

20, 21 20–2 1.90b ——
44–79 —— 3.17b

22 0 1.69 ——
50 1.94 ——

23 190 0.61 ——
75 1.25 ——

24 75–0 1.48b ——
33.5 1.56c ——

H2O
25 5 2.06 4.25

CH3COONa ¢ 3H2O
26 58 2.10a 3.46

aExtrapolated. bAverage for the listed temperature range. cFor undecahydrate.

Fig. 4 Temperature dependence of thermal conductivity of
Na2HPO4 ¢ 12H2O.

Because60 wt % of the hydrate is water, the thermophysicalprop-
erties of water affect the thermophysical properties of the hydrate.
As shown in Table 3, for water cps ¼ 0:5cpl near its melting point.
The speci� c heat for sodiumacetate trihydratenear itsmeltingpoint,
58±C, listed in Ref. 26 is cps ¼ 0:6cpl , similar to our measuredvalues
for the hydrate of phosphate.

The measured speci� c heat for disodium hydrogenphosphatedo-
decahydratemade by a different manufacturer was nearly the same
as shown in Fig. 3. The differences of the speci� c heats of the two
different samples were within 1.5% over the temperature range of

20 · T · 100±C. This close agreement between these two differ-
ent sample hydrates indicates that the difference between the prop-
erties measured in this work and values reported elsewhere was not
caused by differences in the samples.

Thermal Conductivity

Figure 4 shows our measured thermal conductivities of the hy-
drate. For comparison, the solid line shows the reference values of
the thermal conductivityof water.27 Figure 4 shows that the thermal
conductivity in the liquid phase is nearly identical to the thermal
conductivity of water. The thermal conductivities of the sample in
the supercooled state lie in the extrapolated region from the nor-
mal liquid phase. The thermal conductivitiesin the solid and liquid
phases can be expressed as

¸s D 1:973 £ 10 3T C 1:079 (4)
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for 20 · T · 32±C and

¸l D 1:37 £ 10 3T C 5:64 £ 10 1 (5)

for 20 · T · 95±C.
For distilled water and for 7 < T < 80±C, our measured thermal

conductivitieswere §1.5% of the values given in Ref. 27. Because
the measurement error for the thermal conductivity of water was
§1.5% (Ref. 28), the probablemeasurementerror of the liquid ther-
mal conductivitywas §3.0%. For quartz and for 10 < T < 40±C,
ourmeasuredthermalconductivitieswere§2.0%of thevaluesgiven
in Ref. 29. Reference 29 does not specify the measurement error
for the thermal conductivity of clear quartz, and so we could not
determine a probable measurement error for the solid thermal con-
ductivity measured with the TPS technique.

Table 4 shows a comparison of the results of this work with the
values listed in Refs. 10, 11, 30, and 31. The data in Ref. 30 are
referenced in other sources, such as Refs. 11 and 31. Our measured
thermal conductivities for the solid phase, ¸s D 1:03 W/m ¢ K, are
twice as large as the values given in Ref. 30. The measured ¸s are in
the middle of the range of values given in Refs. 10 and 30, ¸s D 1:6
and0.514W/m ¢ K. Our measuredthermalconductivityfor theliquid
phases,¸l D 0:598 W/m ¢ K, are in the middle of the range of values
given in Refs. 10 and 30, ¸l D 1:0 and 0.476 W/m ¢ K. One possible
reason for this difference of solid conductivities is the roughness
of the solid samples used to measure thermal conductivity. Either
a rough contact surface between the sample and the sensor or a
porous sample will yield smaller apparent thermal conductivities
than the actual thermal conductivity of the material. To prevent
formation of either porous or rough surfaces, we solidi� ed blocks
of material near their melting point, very slowly onto a smooth glass
plate.Therefore,we believe that the contactbetween the TPS sensor
plates and our sample materials was suf� cient to measure the true
thermal conductivityof the material.

Table 5 shows a comparisonof our estimated thermal conductivi-
ties with reference values, for various substancesnear their melting
point. The data (Refs. 26 and 30–33) in Table 5 were estimated by
extrapolationfrom the least-squaresapproximationof their original

Table 4 Comparison of thermal conductivities
of Na2HPO4 ¢ 12H2O measured in this work
with values available in the open literature

Thermal conductivity,
W/m ¢ K

Reference Temperature, ±C Solid Liquid

This work 25 1.03 0.598
10 —— 1.6 1.0
11 —— 0.514 0.476
30, 31 32 0.514 ——

49 —— 0.477

Table 5 Comparison of estimated thermal conductivities
at the melting point from this work with values available

in the open literature

Thermal
conductivity,

W/m ¢ KMelting
point, Solid Liquid Ratio

Substance Reference ±C (S) (L) (S)/(L)

Na2HPO4 ¢ 12H2O This work 35.54 1.01 0.613 1.64
H2O 27, 32 0.00 2.09 0.565 3.70
(C6H5/2O 33 27 0.264 0.125 2.10
CH3COO(CH2/17CH3 33 30 0.315 0.177 1.78
C6H5C6H4OH 33 58 0.306 0.154 1.98
C6H5C6H5 33 70 0.267 0.139 1.93
Na2HPO4 ¢ 12H2O 30 36 0.497 0.510 0.98
C10H7NH2 30 50 0.137 0.117 1.17
CH3C6H4NH2 30 44 0.125 0.126 1.00
CH3COONa ¢ 3H2O 26 58 0.514 0.446 1.15

Table 6 Comparison of thermal conductivity
of water measured in this work with values

available in the open literature

Temperature, ±C

Description Reference 25 45

Thermal 28 (§1.5%) 0.610 0.637
conductivity,
W/m ¢ K This work 0.607 0.636

30 0.569 0.506
Difference This work 0.49 0:16

from Ref. 28, % 30 6.7 21:6

Fig. 5 Temperature dependence of viscosity of Na2HPO4 ¢ 12H2O.

data. The top six materials shown in Table 5 indicate changes of
up to a factor of 3, of their thermal conductivitynear their melting
points. On the other hand, the bottom four materials did not show a
signi� cant change of thermal conductivitynear their melting points.
The data from Ref. 33 were measured by using a hot-wire method
for the liquid phase and by using a modi� ed hot-wire method for
the solid phase. The data of the Ref. 30 were measured by using a
steady-statemethodwith a disk sample.Table6 shows a comparison
of the thermal conductivities of water measured in this work with
values from Refs. 28 and 30. Reference 28 contains internationally
accepted values. As shown in Table 6, the measurement error of the
data given in Ref. 30 was more than 21%. The data given in Ref. 26
were measured by using a hot-wire method. For the measurements
done in both Refs. 30 and 26, the sample was solidi� ed in a vessel
around a temperature sensor. However, it seems to be dif� cult for
a rigid sensor block or a � ne wire sensor to stay in good contact
with the sample because of the in� uence of thermal shrinkage of
the sample. Therefore, the data in both Refs. 26 and 30 may contain
signi� cant measurement errors.

Viscosity

Figure 5 shows our measuredviscosities.The solid curve in Fig. 5
represents a least-squares approximation to the data, which is

´ D 1:15048 £ 10 12T 6 4:87823 £ 10 10T 5 C 8:60708

£ 10 8T 4 8:16676 £ 10 6T 3 C 4:47244 £ 10 4T 2

1:38456 £ 10 2T C 2:02476 £ 10 1 (6)

for 23 · T · 95±C.
Figure 5 indicatesthat theviscositydecreasesmonotonicallywith

increasing temperature. The hydrate viscosity in the supercooled
state lies in the extension of the curve from the liquid-phaseregion.
With increasing degree of supercooling, the rate of increase of vis-
cosity increases. Under supercooled conditions, the resulting high
viscosity suppressesnatural convection in the hydrate, causing heat
loss from the hydrate to the surroundings to decrease. Therefore,
for long-term energy storage applications,a supercooled hydrate is
more effective than higher temperature hydrates.

To estimate the effect of the silicon oil on the viscosity mea-
surement, we made the following comparison of the forces in the



HIRANO ET AL. 345

Table 7 Comparison between the measured viscosity of water with
and without silicon layer (measurement error: § 0:10 mPa¢ s)

Viscosity of water, mPa ¢ s

Measured
Without With

Ref. 34 silicon silicon
Temperature, ±C (§1%) (A) (B) (B) (A)

1.0 1.733 1.815 1.815 0
5.0 1.522 1.595 1.573 0:022
10.0 1.306 1.368 1.395 0.027
15.0 1.137 1.225 1.230 0.005
20.0 1.002 1.098 1.085 0.013

Table 8 Relationship between sample temperature
and measurement error of viscosity

Temperature Rotational Measurement
range, ±C speed, rpm error § mPa ¢ s

23 · T < 30 12 0.5
30 · T < 38 20 0.3
38 · T < 50 30 0.2
50 · T < 55 50 0.12
55 · T · 95 60 0.10

viscometer caused by the silicon oil and by the hydrate sample. Our
measured coef� cient of viscosity of the silicone was 48.6 mPa ¢ s
at 25±C, 26.3 mPa ¢ s at 60±C, and 16.5 mPa ¢ s at 95±C. The slip
area between the hydrate and the spindle was 930 times wider than
that between the silicon and the wire. The radius of gyration of
the slip surface of the spindle in the hydrate was 25 times longer
than that of the wire in the silicone. For the temperature range of
our measurements,and assuming both the hydrate and the silicon to
be Newtonian � uids, the torque for rotatingthe spindle in the sample
ranged from 28,600 to 105,000times larger than that for rotating the
suspendingwire in the silicon layer. Therefore, the in� uence of the
silicon on the measurement of the viscosity was less than 0.003%.

Table 7 (see Ref. 34) shows a comparison of the viscosities of
water measured with and without the silicon layer. For the measure-
ments with water, the temperature was lower than for the measure-
ments with the hydrate,so that the viscosityof the siliconwas higher
than for the measurementwith the hydrate. In addition,the viscosity
of water was lower than that of the hydrate. Although the resulting
in� uence of the silicon layer on the measurement of the viscosity
of water was, therefore, stronger than for the measurement of vis-
cosity of the hydrate, no signi� cant in� uence of the silicon on the
measurement of the water viscosity was observed, indicating that
there also was no signi� cant in� uence for the measurement of the
hydrate viscosity.

Becauseof the limited torque range of the motor driving the spin-
dle, the accuracy of the viscosity measurementdependson the rota-
tional speed of the spindle. The measurement accuracy depends on
the temperature of the hydrate because, as shown in Fig. 5, the vis-
cosity is temperature dependent.The relationshipbetween the tem-
peratureof the hydrate, the maximum rotationalspeed, and the mea-
surement error is listed in Table 8. For example, the measurement
error of the viscosity is §0.5 mPa ¢ s over a range from 23 to 30±C.

Conclusions
To develop long-term latent energy-storage systems, Super-

TES systems may use materials like disodium hydrogenphosphate
dodecahydrate,which have a largeheat of fusion, large degreeof su-
percooling,and suitablemeltingpoint for applicationssuch as space
heating. Therefore, we measured the density, speci� c heat, thermal
conductivity, and coef� cient of viscosity of the hydrate within the
temperature range most likely to be used for Super-TES systems.
All of these properties of the hydrate are in the supercooled state,
which can be extrapolated from the thermal properties in the non-
supercooled liquid phase. The heat of fusion was smaller than most
values reported in the open literature. The reason is that the origi-

nal data are the heat of solidi� cation calculated from smaller liquid
speci� c heats than that measured by us. The density and the vis-
cosity of the hydrate in the liquid phase decreased monotonically
with increasing hydrate temperature.When the hydrate is used as a
phase-change material, this indicates that it can be easily strati� ed
in temperature.

The speci� c heat in the liquid phase and the thermal conductivity
in the solid phase were twice as large as most values reported in the
open literature.The reason may be that most speci� c heats reported
in the open literature are overextrapolatedvalues from the speci� c
heat in the solid phase, and that the original data for the thermal
conductivitiesreportedin the open literaturewere measured with an
instrument with large measurement error and without good contact
of the sensor with the sample.

The large liquid speci� c heats that we measured indicate that the
hydrate is useful for storing both latent and sensible heat. Under
supercooled conditions, the viscosity increased signi� cantly with
decreasingtemperature.This indicates that, under supercooledcon-
ditions, the increased viscosity decreases the strength of natural
convection, which in turn decreases heat loss to the surroundings.
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