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Abstract: Kinetic characteristics of thermal energy storage (TES) using tetrabutylammonium acrylate
(TBAAc) hydrate were experimentally evaluated for practical use as PCMs. Mechanical agitation
or ultrasonic vibration was added to detach the hydrate adhesion on the heat exchanger, which
could be a thermal resistance. The effect of the external forces also was evaluated by changing their
rotation rate and frequency. When the agitation rate was 600 rpm, the system achieved TES density
of 140 MJ/m3 in 2.9 h. This value is comparable to the ideal performance of ice TES when its solid
phase fraction is 45%. UA/V (U: thermal transfer coefficient, A: surface area of the heat exchange coil,
V: volume of the TES medium) is known as an index of the ease of heat transfer in a heat exchanger.
UA/V obtained in this study was comparable to that of other common heat exchangers, which
means the equivalent performance would be available by setting the similar UA/V. In this study, we
succeeded in obtaining practical data for heat storage by TBAAc hydrate. The data obtained in this
study will be a great help for the practical application of hydrate heat storage in the future.

Keywords: lathrate hydrate; thermal energy storage; tetrabutylammonium acrylate (TBAAc); crystal
growth; ultrasonic vibration

1. Introduction

The use of sustainable, renewable energy sources is becoming increasingly important
as global attention on environmental issues increases. However, the amount of electricity
generated by renewable energy sources such as wind and solar power fluctuates greatly
depending on the natural environment. In recent years, energy consumption has been
increasing. It is essential to have a technology to fill the gap between the amount of
electricity generated and the demand. These technologies would contribute to the load
leveling [1].

In particular, the recent development in information and communication technology
(ICT) (e.g., Internet of Things, 5G communications, cloud computing, big data) has pro-
duced a great demand for data centers (DCs). In 2020, the rapid spread of remote working
due to the pandemic also boosted demand for DCs. The industrial use of these technologies
is also driving this trend [2,3]. Masanet et al. [4] estimated that the electricity use in DCs
accounted for 1% of worldwide electricity use in 2020. This trend will make DCs even more
energy-intensive and will increase the cost of cooling the heat generated and the amount of
electricity used [5]. Considering the generalization of ICT and the widespread use of the
fifth-generation mobile communication system, the amount of communication will further
increase worldwide. The importance of data centers will increase to support the exchange
of huge amounts of data. A suitable cooling system will be able to keep the appropriate
temperature. In addition, such systems are significant to realize the zero-downtime of a
DC operation with low cost.
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DC cooling systems are classified into two types. One is an air-based cooling sys-
tem [6,7]. The other one is a liquid cooling system [8]. As for air-based system, the heat
emitted from the computer is removed by air flow. The main drawback of this system is
a low thermal conductivity, less than 0.03 W m−1 K−1 [9]. On the other hand, in a liquid
cooling system, the heat is removed by the thermal conduction and convection into the
liquid, mostly water. A liquid cooling system is inclined to be bigger and heavier because
that system utilizes only sensible heat, which has low energy density. Thermal energy
storage technology is used to store the heat energy with the heat capacity of substance.
When the demand of the electricity is low, the surplus electricity is stored as cold energy.
Then, the stored energy is changed to electricity when the demand increases, for example,
daytime peak in power usage [10,11].

Phase Change Materials (PCMs) can be a competitive system for thermal energy
storage because they can also utilize latent heat, which has a higher energy density [12–16].
Organic compounds and water are representative examples of PCMs for DC cooling. As
for organic PCMs, they often have problems in terms of safety. For example, paraffin is
known as an organic PCM, but it is not safe because of its flammability [17]. Water is not
suitable because its phase change point is outside the range of operation temperature in
DCs, 288 K to 305 K [18].

Utilizing clathrate hydrate for a thermal energy storage medium has been proposed
as a better idea than water or an ice-based medium [19–23]. Clathrate hydrates, ice-like
compounds, are formed when some gases have contact with water or ice under high
pressure and/or low temperature [24]. The gases encapsulated in clathrate hydrates are
called guest compounds. Clathrate hydrates have enormous potential for industrial usage
thanks to their thermodynamic properties [19,22,25–28]. Considering the application for
thermal energy storage medium, equilibrium temperature should be suitable for the DC
operation temperature. Favorable equilibrium temperature can be obtained appropriately
by selecting the guest compounds [29–31].

Until now, only tetrabutylammonium bromide (TBAB) hydrate has been commercially
applied as a hydrate PCM for air conditioning. The thermodynamic properties of TBAB
hydrate have been reported in the previous studies. TBAB hydrate has an equilibrium
temperature at an atmospheric pressure of 285.9 K [32], a dissociation heat of 193 kJ/kg [33],
and the thermal conductivity of 0.35 W m−1 K−1 [34]. As reported by ASHRAE Technical
Committee [18], the appropriate temperature range of DC cooling is 288 K to 305 K. This is
why TBAB hydrate is not favorable for DC cooling.

Sakamoto et al. [35] studied the thermodynamic properties of tetrabutylammonium
acrylate (TBAAc) hydrate. According to the study, TBAAc hydrate had the highest equilib-
rium temperature of 291.5 K at wTBAAc = 0.36, where wTBAAc is the mass fraction of TBAAc.
The greatest dissociation heat, a latent heat, of 195 kJ/kg was obtained at wTBAAc = 0.33
under ambient pressure. As for the thermal conductivity of ionic semiclathrate hydrates,
Fujiura et al. [34] studied the value of tetrabutylammonium bromide (TBAB) hydrate and
tetrabutylammonium chloride (TBAC) hydrate, which have similar characteristics with
TBAAc hydrate. They reported that TBAB hydrate and TBAC hydrate have thermal con-
ductivity of approximately 0.40 W m−1 K−1. According to the report by ASHRAE Technical
Committee [18], the cooling system for DCs is required to be set from 288 K to 305 K. From
the aspect of operation temperature in DCs, it can be said that TBAAc hydrates are suitable
for utilizing in DC cooling as PCMs. Also, the dissociation heat of the TBAAc is larger
than that of TBAB hydrate, which has been commercialized in the industrial area [33,35].
Given these advantages, TBAAc hydrates could be better PCMs for DC cooling. This is
why it has significant meaning to practically evaluate the performance of TBAAc hydrates
as PCMs. As a step for industrial use of TBAAc hydrate, we performed kinetic thermal
energy storage experiments with TBAAc hydrate.

Based on these results, we obtained the data of energy storage density and energy
storage rate during the experiments. During the experiments, we also found the adhesion
of the hydrate to the surface of the heat exchanger. As the adhered hydrate is the thermal
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resistance to the further hydrate formation, we used an agitator or an ultrasonic transducer
to break the adhesion. By comparing the data with and without external forces, such as the
agitation and ultrasonic waves, we obtained the practical data for a hydrate-based thermal
energy storage system in DC cooling.

2. Materials and Methods
2.1. Materials

The details on reagents used in this study were summarized in Table 1. Tetrabuty-
lammonium Acrylate (TBAAc) aqueous solution was obtained by neutralizing Tetra-
buthylammonium hydroxide (TBAOH) aqueous solution, 1.52 kg, (0.40 mass fraction,
Sigma Aldrich Xo. LLC, Saint Louis, MO, USA) and Acrylic acid, 0.17 kg, (0.99 mass frac-
tion in liquid reagent, Sigma Aldrich Xo. LLC, Saint Louis, State of MO, USA). Also, we
added laboratory-made H2O, 0.35 kg. The mass fraction of TBAAc (wTBAAc )) was 0.36.
The masses of all reagents were measured by an electronic balance (GF-600, A&D Co. Ltd.,
Tokyo, Japan) with an expanded uncertainty of ± 0.004 g (coverage factor, k = 2).

Table 1. Specification of the reagents used in this study.

Name Chemical Formula Supplier Purity

Tetrabuthylammonium
hydroxide (CH3CH2CH2CH2)4NOH Sigma-Aldrich Co. LLC 0.40 mass fraction in aqueous

solution

Acrylic acid CH2=CHCOOH Sigma-Aldrich Co. LLC 0.99 mass fraction in liquid
reagent

Tetrabuthylammonium
Acrylate (CH3CH2CH2CH2)4NOOCHC=CH2

Laboratory made from above
solution

0.36 mass fraction in aqueous
solution after the

neutralization process
The standard uncertainty of

mass fraction was ± 1.0×10−4

Water H2O Laboratory made Electrical conductivity was
less than 0.1 µS/cm

2.2. Apparatus

The schematic diagram of the experimental apparatus is illustrated in Figure 1. The
insulating container’s width, length and height are all 150 mm. Cooling water was circu-
lated inside a copper coil tube (inner diameter 6.35 mm, outer diameter 4.35 mm) for heat
exchange. This coil’s diameter, pitch and number of turns are 100 mm, 10 mm, and 7 times,
respectively. The temperature and flow rate in the coil was controlled by a chiller (CTP-3000
EYELA, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) and flowmeter with a precision needle
valve (RK 1250, KOFLOC Kyoto, Kyoto, Japan). As shown in Figure 1, the temperature
of cooling water and TBAAc were measured by three platinum resistance temperature
detectors (222-055, Electronic Temperature Instrument Ltd., West Sussex, UK) with an
uncertainty of ± 0.1 K (k = 2). The surface of the coil would be covered with hydrate during
the experiment. This hydrate prevents the heat exchange between the heat exchanger and
thermal energy storage medium. We used an ultrasonic transducer (HEC-45282, HONDA
Electronics Co. Ltd., Tokyo, Japan) or an agitator (SM-103D, Kenis Ltd., Osaka, Japan) to
prevent the hydrate deposition.

2.3. Procedures

We made 2.0 kg of TBAAc aqueous solution by mixing the above reagents and put
them in the container. The entire system was confirmed to be stationary at 298 K. Tin

(outlet of the chiller) and flow rate,
.

Vw, of the cooling water were controlled at 291 K and
5.0 × 10−4 m3/min. Then, we started the thermal energy storage with TBAAc hydrate. We
set t = 0 when we started the circulation of the cooling water. The time evolution of Tin,
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Tout (temperature at inlet of the chiller) and TPCM were measured every 10 s to evaluate
the kinetic aspect of TBAAc hydrate as a thermal energy storage medium.

We performed such experiments in three systems. First, we did not add any external
forces to the apparatus. Second, we used a rotating-impeller agitator to break adhesions
between the hydrate and the coil. Third, we used the ultrasonic wave instead of mechanical
agitation. In the system where the agitator was used, we also investigated the effect of
rotation rate of the agitator by changing the rate to 100 rpm, 300 rpm and 600 rpm. Similarly,
we investigated the effect of the frequency of ultrasonic waves on the system by changing
the frequency. The frequency was set at either 28 kHz or 56 kHz.

Figure 1. Schematic diagram of the apparatus.

3. Results and Discussion
3.1. The System without Any External Forces (Static System)

Initially, we reported the thermographs of Tetrabutylammonium Acrylate (TBAAc)
hydrate obtained by a differential scanning calorimeter (DSC). Figure 2 shows the thermo-
graphs, which were measured at wTBAAc = 0.33 and 0.36. A single peak was observed, and
the existence of ice was not identified at wTBAAc = 0.33.

As for the system without any external forces (static system), we performed thermal
energy storage experiments. We measured Tin, Tout, and TPCM. Figure 3 shows the time
evolution of each temperature. Time zero indicates the time at which the circulating water
is started to flow inside the coil. As shown in Figure 3, TPCM decreased until t = 1.5 h and
increased from t = 1.5 to t = 4 h. When TPCM is increasing, TBAAc hydrate formation would
occur because the TPCM was 10 K lower than its equilibrium temperature, 291.5 K [35].
After the hydrate formation, the heat generation from the hydrate formation occurred and
exceeded the endothermic of the heat exchanger. This was why TPCM rose from t = 1.5
to t = 4 h. TPCM moderately decreased again at t = 4 h when TPCM was 288 K. At this
moment, the formed TBAAc hydrate gradually grew around the heat exchanger as shown
in Figure 4d. This adhesion would be the thermal resistance between the heat exchanger
and thermal energy storage medium much lower than before. Then, the hydrate formation
rate decreased due to the increased thermal resistance, and TPCM decreased because the
endothermic of the heat exchanger exceeds the heat generation from hydrate formation.

Figure 4a–d illustrates the optical observation of the time evolution of the hydrate
formation. The hydrate was formed on the surface of the heat exchanger. Heat exchange
occurs on the heat exchanger surface, which leads to hydrate formation occurring there.
From t = 1.5 h to t = 2 h, the hydrate gradually grew and started covering the coil surface.
The surface of the coil was fully covered by the hydrate around t = 4 h. After t = 7 h,
optical changes could not be observed. In addition, we found that the TBAAc hydrate
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kept growing from the surface of the coil to the bulk of the solution. There was a 3 cm gap
between the surface of the coil and the wall of the container. This discovery of the hydrate
growth length can be a tip to design a static thermal energy storage system. Thermal energy
storage rate,

.
q, and density, q, were calculated by the formulas (1) and (2). What every

character stands for is written in Table 2. On the right-hand side of (2), the thermal energy
storage density due to sensible heat is subtracted from the thermal energy storage density,
which is obtained by integrating the thermal energy storage rate.

.
q= ρw

.
Vwcw(Tout − Tin)/VPCM (1)

q =
t

∑
t=0

.
qdt − ρPCMcPCM(TPCM, 0 − TPCM) (2)

Figure 2. The DSC heating curves measured at wTBAAc = 0.33 and 0.36. •: wTBAAc = 0.36,
u: wTBAAc = 0.33.

Figure 3. Time evolutions of the temperature at inlet of the chiller (Tin), outlet (Tout) of the chiller
and thermal energy storage medium (TPCM) in the static system.
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Figure 4. Crystal growth of TBAAc hydrate on the surface of the heat exchanger coil. (a–d) illustrate
the optical measurement of the hydrate formation at t = 2, t = 2.5, t = 4 and t = 7, respectively.

Table 2. The value of each parameter in the calculation.

Parameter

Density, ρw (Water) 999.8 kg/m3

Volumetric flow rate,
.

Vw (Water) 8.3 × 10−5 m3/s

Specific heat at constant pressure, cw (Water) 4.20 kJ/(kg K)

Density, ρPCM (PCM) 1.0 kg/m3

Specific heat at constant pressure, cPCM (PCM) 4.20 kJ/(kg K)

The obtained thermal energy storage density represents the heat storage density due
to heat of hydrate formation and decomposition. The density of the PCM is assumed to be
1.0 kg m−3. The value of each parameter used in the calculation is shown in Table 2. The
physical property of water was referred to REFPROP ver. 9.1 [36].

Figure 5a illustrates the time evolution of the thermal energy storage rate in the static
system. Since

.
q is proportional to the gap between Tin and Tout,

.
q varied the same way

with Tout. Immediately after the start of the experiment,
.
q decreased as Tout decreased, and

as Tout approached Tin,
.
q approached 0. After that,

.
q increased at t = 1.5 h and reached

around 9 kW/m3. This is due to the increase in Tout caused by the heat generation from
hydrate formation and growth, as described above. After t = 3 h, as Tout descended to
be tangent to Tin,

.
q descended to 0 with some fluctuations. Figure 5b illustrates the time

evolution of thermal energy storage density. Since q indicates the thermal energy density
by hydrate growth and decomposition, there is no change right after the experiments
start. As the hydrate grew, thermal energy storage density increased. The rate of increase
gradually became slower. The hydrate formation rate got slower due to the decreased heat
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conductivity around the heat exchanger coil. This is why the increasing rate of thermal
energy storage density decreased. Thermal energy density reached 96 MJ/m3 in 10 h.

Figure 5. Time evolution of thermal energy storage rate and density in static system. (a,b) depict the
thermal energy storage rate and density, respectively.

It is known that the solid phase fraction of ice thermal storage increases significantly
with time up to around 30%, but the increasing rate decreases after about 40–50%. There-
fore, it is favorable to design a thermal energy storage system that has a solid phase
fraction of 40–50% [37]. For example, when the solid phase fraction is 45% in an ice ther-
mal energy storage system, thermal energy storage density is approximately 140 MJ/m3.
Oyama et al. [33] reported that TBAB hydrate, which is the only commercially available
hydrate PCM, has the heat for formation and decomposition of approximately 200 MJ/m3.
Assuming the TBAAc hydrate has 200 MJ/m3 of heat in hydrate formation and decomposi-
tion, the thermal energy storage density corresponds to a solid phase fraction of 48%.

3.2. In the System with Mechanical Agitation

As written in 3.1., the surface of the heat exchanger coil was covered by hydrate. This
hydrate adhesion increased thermal resistance. To solve this problem, mechanical agitation
was used. In addition, to investigate the effect of the rotation rate, we changed the rate to
100 rpm, 300 rpm and 600 rpm. Figure 6a–c shows the time evolution of Tin, Tout and TPCM
in each rotation rate. Time zero was defined as the time at which the circulating water
is started to be flown. In every rotation rate, TPCM decreased twice after the experiment
started and temporarily increased. In the agitated system, TPCM increased earlier than
the static system. As the rotation rate became quicker, TPCM increased earlier. When
TPCM increased, the temperature was around 282 K, which is the same as the static system.
This result indicates that the forced convection generated by the agitation increased the
convective heat transfer coefficient, which resulted in faster cooling of the heat storage
medium and thus faster nucleation. TPCM increased rapidly more than the static system,
which was almost vertically to around 288 K. This would be due to the increase in heat and
mass transfer rates caused by the forced convection generated by the agitation, which led
to the increase in the hydrate growth rate.

TPCM changed from a rise to a fall around 288 K and then descended slowly. As
the hydrate grew, the viscosity of the heat storage medium increased and the forced
convection was weakened, which lowered the hydrate formation rate. TPCM decreased
because the hydrate growth rate became smaller, and the heat absorption by the heat
exchanger exceeded the heat generated from hydrate formation.

Figure 7a–c shows the pictures of crystal growth in the system when the mechanical
agitation rate was 300 rpm. At t = 0.6 h, numerous small crystals began to float in the
aqueous solution. After t = 0.7 h, hydrate was formed in the entire aqueous solution. The
hydrate nucleation occurred in the entire aqueous solution. This was because of the forced
convection generated by the agitation, which stripped the hydrate from the heat exchange
coil and suspended it in the aqueous solution. This convection increased the hydrate
growth rate as well. Within a few minutes, the heat exchange coil was only faintly visible
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by the hydrate, as shown in Figure 7b. The hydrate formation has progressed and the
viscosity increased as shown in Figure 7c, after which little change was observed.

Figure 6. Time evolutions of the temperature at inlet of the chiller (Tin), outlet (Tout) of the chiller
and thermal energy storage medium (TPCM) in the system with the mechanical agitation. (a–c) depict
each curve at the agitation rate of 100 rpm, 300 rpm and 600 rpm, respectively.

Figure 7. Optical observation changing in the container with mechanical agitation of 300 rpm.
(a–c) are the pictures at 0.6 h, 0.7 h and 1 h after cooling water started to be circulated, re-spectively.
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We visually observed that TBAAc hydrate formed and grew to the bulk of the solution.
The gap between the heat transfer surface and the corner of the container was about
5 cm. In other words, when the cooling temperature was 10 K lower than the equilibrium
temperature, TBAAc hydrate formed and grew at a distance of more than 5 cm from
the heat transfer surface in the agitated system. The same tendency was observed at the
rotation rate of 100 rpm and 600 rpm.

Figure 8a shows the time evolution of thermal energy storage density. To make a
comparison with the static system, the time evolution of the static system is also shown in
Figure 8a. Regarding the thermal energy storage rate,

.
q is proportional to the difference

between the inflow temperature Tin and the outflow temperature Tout. This was why
.
q had

almost the same trend as the Tout change in the static system. As Tout increased rapidly
more than the static system,

.
q increased rapidly more than the static system as well, rising

almost vertically. The maximum thermal energy storage rate at that time was about 6 to
8 times faster than that of the static system. The larger the rotation rate of the agitation
increased the value of

.
q. After a rapid increase, the change in

.
q suddenly turned into a

downward movement and gradually descended to 0. This was because the hydrate had
grown, and the viscosity had increased, which resulted in less convection.

Figure 8. Time evolution of thermal energy storage rate and density in the agitated system (a,b) depict
the thermal energy storage rate and density, respectively.

As shown in Figure 8b, q in the agitated system increased earlier than that in the
static system, and the higher rotation rate of the agitation increased q earlier. This was
because the temperature of the thermal energy storage medium was lowered quickly
by forced convection, and thus hydrate nucleation also occurred quickly. The thermal
energy storage density q was larger than that of the static system and increased by a higher
rotation rate. This was because the forced convection caused by the agitation allowed
hydrate to be formed in the entire bulk of the solution. In the agitated system with the
rotation rates of 100 rpm, 300 rpm and 600 rpm, thermal energy density reached 121 MJ/m3,
159 MJ/m3 and 183 MJ/m3 in 10 h, respectively. Similarly, assuming the TBAAc hydrate
has 200 MJ/m3 of heat in hydrate formation and decomposition, the thermal energy storage
density corresponds to a solid phase fraction of 61%, 80% and 92%, respectively.

3.3. In the System Using an Ultrasonic Transducer

In this section, we discuss the results in the system with ultrasonic vibration. The
inflow temperature Tin, outflow temperature Tout and thermal energy storage medium
temperature TPCM were measured. Figure 9a,b shows the time evolutions of Tin, Tout and
TPCM in the ultrasonic vibration system (28 kHz and 56 kHz). Time zero was defined as the
time at which the circulating water was started to flow.
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Figure 9. Time evolutions of the temperature at inlet of the chiller (Tin), outlet (Tout) of the chiller
and thermal energy storage medium (TPCM) in the system with ultrasonic vibration. (a,b) depict each
curve at the frequency of 28 kHz and 56 kHz, respectively.

The slope of the TPCM first decrease was similar to that of the static system. However,
when the slope changed from negative to positive, the TPCM was about 284 K, which was
higher than that of the static and agitated system. This is because the hydrate nucleation
occurred at a higher temperature than in the static system. In an ultrasonic vibration system,
hydrate nucleation would occur at a higher temperature due to the effects of cavitation or
acceleration of ultrasonic vibration.

The slope of the TPCM increase is not much different from that of the static system at
28 kHz and appears to be more gradual at 56 kHz. This was because of relatively high
TPCM, which results in a relatively slow hydrate growth rate and low heat of formation
during hydrate nucleation. The increase in TPCM changed from a rise to a fall at around
288 K, and then TPCM slowly decreased. This was because the slope of the TPCM change
turned from positive to negative because hydrate was generated and covered the heat
exchange coil surface as the static system.

Figure 10a–c shows the pictures of the crystal growth during this system. As shown
in Figure 10a–c, hydrate was formed on the heat transfer surface near the bottom of the
container. As time went by, the formed hydrate piled up on the bottom of the container.
Figure 11a shows time evolutions of thermal energy storage rate in the system using
the ultrasonic vibration, which depends on the frequency of 28 kHz and 56 kHz. The
thermal energy storage rate

.
q in the static system is also shown for comparison. Time

zero was defined as the time at which the circulating water is started to flow. Here,
.
q was

proportional to the difference between Tin and Tout and thus shows almost the same
trend as Tout change in the static system. In addition, the slope of change in the thermal
energy storage rate was similar to that of the static system. However, as for the 28 kHz
ultrasonic vibration, the maximum value of

.
q after the increase was about 1.5 times larger

than that of the static system. This was because the hydrate was detached from the heat
exchange coil by cavitation, which increased the growth rate of the hydrate. On the other
hand, the maximum value of

.
q at 56 kHz was almost the same as that of the stationary

system. Considering the size of hydrate adhesion, the cavitation effect is stronger at lower
frequencies. This was why the maximum value of

.
q at 56 kHz was larger than that of

.
q

at 28 kHz. After the peak of
.
q, the ultrasonic vibration system maintained a larger

.
q for a

relatively longer time than the static system. This was because the hydrate growth was
continued for a relatively long time after the hydrate covered the heat exchange coil due to
the effects of cavitation. Figure 11b shows the time evolution of the thermal energy storage
density. The result of the static system is also shown in Figure 11b. Time zero was defined
as the time at which the circulating water is started to flow. As shown in Figure 11b, q in the
ultrasonic vibrated system started increasing a bit earlier than the static system. This was
because the cavitation enabled the hydrate to be formed at a higher temperature. The slope
of q change in the ultrasonic vibration system is almost the same as with the static system.
However, the bigger slope could be kept longer than the static system. This was also
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because the hydrate growth could be kept by the effect of the cavitation. In the ultrasonic
vibration system with a frequency of 28 kHz and 56 kHz, thermal energy storage density
reached 126 MJ/m3, 111 MJ/m3 in 10 h, respectively. Similarly, assuming the TBAAc
hydrate has 200 MJ/m3 of heat in hydrate formation and decomposition, the thermal
energy storage density corresponds to a solid phase fraction of 63% and 55%, respectively.

Figure 10. Optical observation changing in the container with ultrasonic vibration of 28 kHz. (a–d) are
the pictures at 2 h, 2.5 h, 3 h and 5 h after cooling water started to be circulated, respectively.

Figure 11. Time evolutions of the thermal energy storage rate and density in the system using an
ultrasonic vibration. (a,b) depict the thermal energy storage rate and density, respectively.

3.4. Comparison in All Systems

Figure 12a shows a comparison in the time evolution of the thermal energy storage
rate in all systems. In the agitated system, the thermal energy storage rate,

.
q, increased

earlier than the other systems;
.
q increased at 1 h, 0.6 and 0.4 h for a rotation rate of 100 rpm,

300 rpm and 600 rpm, respectively. The forced convection generated by the agitation
increased the convective heat transfer coefficient. This was why the temperature of the
thermal energy storage medium dropped relatively earlier and hydrate formation occurred
earlier, resulting in the early increase of

.
q. In addition, this forced convection caused rapid

hydrate formation in the entire container, which released huge heat in a short period.
This was why

.
q increased vertically. As the rotation rate increased,

.
q increased more.
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The maximum values of
.
q after the vertical increase were 47 kW m−3, 54 kW m−3 and

69 kW m−3 for a rotation rate of 100 rpm, 300 rpm and 600 rpm, respectively. These values
are 5 to 8 times larger than that of a static system.

Figure 12. Time evolutions of thermal energy storage rate and density in all systems. (a,b) depict the
thermal energy storage rate and density, respectively.

In the ultrasonic vibration system, the maximum of
.
q was 14 kW m−3, which is about

1.5 times larger than that of the static system, when the frequency was 28 kHz. This was
because cavitation detached the adhesion between hydrate and heat exchanger coil, which
could be the thermal resistance. As for the system with 56 kHz frequency, the maximum
values of

.
q were almost the same as in the static system. This was because the effect of

the cavitation was not as big as 28 kHz [38]. In summary, the agitation increased the rate
of heat and mass transfer by creating forced convection, thereby shortening the hydrate
formation time and increasing the hydrate growth rate. On the other hand, ultrasonic
vibration kept the hydrate growth longer by the effect of cavitation.

Figure 12b shows a comparison in the time evolution of thermal energy storage
density, q, in all systems. In the agitated system, q increased earlier and quicker than
the other systems. This was because TPCM decreased quicker by the forced convection,
which caused the quicker hydrate formation and growth for the entire container. In the
ultrasonic vibration system, the q increase appeared to be relatively longer than the other
systems. This was because the cavitation enabled hydrate to grow after hydrate covered
the surface of the heat exchanger coil. The static system, the agitated system (rotation rate
of 100 rpm, 300 rpm and 600 rpm), and the ultrasonic vibrated system (frequency of 28 kHz
and 56 kHz) had the thermal energy storage density of 96 MJ/m3, 121 MJ/m3, 159 MJ/m3,
183 MJ/m3, 126 MJ/m3, and 111 MJ/m3, respectively. Assuming TBAAc hydrate has
the heat for formation and decomposition of approximately 200 MJ/m3, each solid phase
fraction is 48%, 61%, 80%, 92%, 63%, and 55%, respectively.

3.5. For Industrial Utilizing of TBAAc Hydrate as PCM

As written in Section 3.1., a range of the practical solid-phase fraction is from 40 to
50% [37]. The thermal energy storage density of ice is 140 MJ m−3 when the solid phase
fraction is 45%. As for TBAB hydrate, it has a thermal energy storage density of 100 MJ/m3

when the solid phase fraction is 50% [33]. We regarded these values as a target thermal
energy storage density. Given the thermal energy storage during nighttime of 10 h, the
required time for thermal energy storage should be shortened. This was why the time to
reach the target values was compared to each other system. In addition, the amount of the
used electric power was estimated for more practical evaluation.

Table 3 shows the time that was needed to achieve the target thermal energy storage
density. As for the target of 140 MJ/m3, it was achieved only when the rotation rates of
agitation were 300 rpm and 600 rpm. When the rotation rates were 300 rpm or 600 rpm,
it was 5.9 h or 2.9 h to achieve the target, respectively. Concerning the consumed electric
power to achieve the target, it was 58 MJ/m3 and 29 MJ/m3, respectively. As for the
target of 100 MJ/m3, it was achieved in all systems where an external force was applied.
When the rotation rates were 300 rpm and 600 rpm, it took about a third of the time of
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the ultrasonic vibration system. However, the consumed electric power by the external
force to achieve the target was 45 MJ/m3, 24 MJ/m3, 15 MJ/m3 for the agitation system
(100 rpm, 300 rpm, 600 rpm), and 5 MJ/m3 for the ultrasonic vibration system at both
frequencies (28 kHz, 56 kHz), respectively. Therefore, when the target of thermal energy
storage density is 100 MJ/m3, the agitation system (300 rpm, 600 rpm) is more suitable for
storing thermal energy in a short time, and the ultrasonic vibration system is more suitable
as an external force for reducing the amount of electricity used.

Table 3. The time to achieve the target thermal energy storage density.

Target Static
System

Agitated
System

Ultrasonic Vibrated
System

100 rpm 300 rpm 600 rpm 28 kHz 56 kHz

100 MJ/m3

Achieved time/h
- 5.1 2.4 1.5 5.8 5.8

140 MJ/m3

Achieved time/h
- - 5.9 2.9 - -

In this study, the thermal energy storage density in the agitated system was greatly
improved by adding agitation. On the other hand, the amount of electricity used for
agitation became larger than other systems. The agitation intensity was almost the same
as that in a general low-viscosity agitation. However, the agitation Reynolds number
was 25,000 at 600 rpm. This was due to the fact that the impeller power number of the
three propeller blades was 1, which was smaller than that of other agitation blades [39].
Therefore, even if the agitation intensity was a general value, the agitation Reynolds
number became larger, and energy consumption also became larger. It will be possible
to optimize the rotations and electric power consumption by selecting a more suitable
agitator at the similar experimental apparatus. The thermal energy storage density in the
ultrasonic vibration system was not as large as that in the agitation system. The reason
for this result is that it was difficult to resonate the ultrasonic transducer. To resonate the
ultrasonic transducer, it is necessary to provide a natural frequency, but this frequency
varies slightly depending on the environment in which the ultrasonic transducer is placed,
for example, the materials in contact. Also, the natural frequency is also expected to change
during the transformation of the aqueous solution into hydrate. Therefore, it is possible
that the ultrasonic transducer was not able to resonate properly in this experimental system.
A possible solution to solve this problem is to use a device that automatically follows
the resonant frequency and keeps giving the resonant frequency to the transducer. Since
the power consumption for ultrasonic vibration is about one-tenth of the power used for
agitation, it is thought that the ultrasonic vibration system could be the most favorable way
by solving the above problems.

3.6. The Evaluation of the Heat Exchanger

The thermal energy storage rate by the heat exchanger can be calculated as in Equation (3),
where U is the heat transfer coefficient, A is the surface area of the heat exchange coil, and
VPCM is the volume of the thermal energy storage medium. The logarithmic mean tem-
perature difference, ∆Tlm, is calculated by Equation (4). As can be seen from Equation (4),
the logarithmic mean temperature difference, ∆Tlm, is the average of the temperature
difference between the thermal energy storage medium and the cooling water using the
logarithm. This logarithmic mean temperature difference was substituted into Equation (3)
to calculate the heat transfer coefficient for the experiments under each condition. The
heat transfer coefficient was calculated to be about 104–105 W m−2 K. The A/VPCM in
this experiment was 15 m2/m3, and the UA/VPCM value was calculated to be around
103–104 W m−3 K. For instance, a plate heat exchanger has a UA/VPCM that is similar to
this value [40]. As the UA/V increases, the amount of heat exchange will also increase.
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It realizes a higher thermal energy storage density. In this study, the UA/V of the heat
exchanger was comparable to that of other common heat exchangers [40]. This result
demonstrates that the comparable thermal energy storage density in this study can be
obtained using other common heat exchangers.

For the practical use of thermal energy storage using TBAAc hydrate on a larger scale,
it is also expected that the comparable thermal energy storage density in this study would
be available by using a heat exchanger which has the same level UA/V.

.
q= UA∆Tlm/VPCM (3)

∆Tlm
Tout − Tin

ln TPCM−Tin
TPCM−Tout

(4)

4. Conclusions

Kinetic characteristics of thermal energy storage using tetrabutylammonium acrylate
(TBAAc) hydrate were practically and experimentally evaluated for practical use as Phase
Change Materials (PCMs). During the experiments, the adhesion of hydrate on the surface
of the heat exchanger coil was found, which increased the thermal resistance between the
heat exchanger and thermal energy storage medium. This was why, as the external forces,
we added a mechanical agitation (rotation rate of 100 rpm, 300 rpm, and 600 rpm) and
ultrasonic vibration (frequency of 28 kHz and 56 kHz) on each system. It was revealed that
the external forces improved the thermal energy storage kinetic characteristics. When the
agitation rate was 600 rpm, the system achieved thermal energy storage of 140 MJ/m3 in
2.9 h. This value is comparable to the ideal performance of ice thermal energy storage when
its solid phase fraction is 45%. The energy consumption for agitation was 28 MJ/m3 to
achieve this value. The thermal energy storage of 100 MJ/m3, which is a TBAAc solid phase
fraction of 50%, was achieved in 1.5 h and 5.8 h with mechanical agitation (600 rpm) and
ultrasonic vibration (28 kHz), respectively. The energy consumptions to achieve this target
value were 15 MJ/m3 and 5.2 MJ/m3, respectively. In summary, the agitation increased
the rate of heat and mass transfer by creating forced convection, thereby shortening
the hydrate formation time and increasing the growth rate of the hydrate. In addition,
ultrasonic vibration could keep the hydrate growth time longer by the effect of cavitation.

In this system, the UA/V (U: thermal transfer coefficient, A: surface area of the heat
exchange coil, V: volume of the thermal energy storage medium) was approximately
1.0 × 10−4–10−3 W m−3 K. This UA/V of the heat exchanger was comparable to that of
other common heat exchangers. Even if the system would be scaled up and different from
this study, the same level of thermal energy storage as this study could be obtained by
using a heat exchanger of which UA/V is comparable to this study. As for the ultrasonic
vibration system, thermal energy storage density was one-tenth of the agitated system. A
device that enables an oscillator to resonate and break the hydrate adhesion is necessary to
increase the thermal energy storage density. Then, that system would be most favorable in
terms of the storing performance and energy power consumption.
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