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Abstract In order to study the thermal properties of new
type environment-friendly binary hydrate for cold storage
in air-conditioning system, tests have been carried out by
DSC comprehensively on the phase-change temperature
and fusion heat of TBAB hydrate, THF hydrate, and
TBAB-THF hydrate mixture. The results show a good
trend that TBAB-THF hydrate has the superiority for more
proper phase-change temperature and increased fusion
heat. A broader and more developed view is that adding
appropriate amount of hydrate with lower phase-change
temperature to hydrate with higher one can make the
hydrate mixture more suitable for cold storage (especially
for 278-281 K); some hydrates with lower phase-change
temperature can even make the fusion heat of mixture
hydrate increased greatly. Several new environmental
working pairs for binary gas hydrates have been listed to
help to promote the application.

Keywords TBAB-THF hydrate mixture - DSC -
Cold storage - Fusion heat

Introduction

Recently, the increasing demand of electric power for
residential air conditioning has been more urgent in many
countries [1-3]. The hydrate cold storage system, which
can shift the demand to off-peak period and contribute to
the load leveling of power generation, has been developed

G.Li (X)) - D. Liu - Y. Xie

School of Energy & Power Engineering, University of Shanghai
for Science and Technology, No. 516 Jun Gong RD,

Shanghai 200093, People’s Republic of China

e-mail: ganglil66@gmail.com

commonly as the suitable new-type energy-saving system
for its larger cold storage density and higher chiller effi-
ciency compared to other storage systems (i.e., water, ice,
eutectic salt storage system, etc.) [4, 5]. The refrigerant’s
gas hydrates, usually formed above 273.15 K and under
moderate pressure, formation heat of which is comparable
to the fusion heat of ice, can be considered as promising
energy storage materials in air-conditioning systems
[6-12]. Gas hydrates, also called gas clathrates, which are
ice-like structures composed by a host lattice consisting of
hydrogen-bounded water molecules that host small gaseous
molecules [13, 14], have also widely been applied in
storage and transportation of natural gas [15-17], separa-
tion of gas mixtures [18], CO, sequestration [19-22], sea
water desalinization [23], etc.

The thermal properties for hydrates, mainly about
phase-change temperature and fusion heat (i.e., enthalpy of
dissociation), which can be obtained by the innovative,
rapid, and sensitive technology—differential scanning
calorimetry (DSC) [24-28], are essentially important for
cold storage system for air conditioning both with suitable
temperature (278-281 K) and higher latent heat. However,
still few new-type effective environment-friendly gas
hydrates have been studied to repair the ozone shield and
halt the greenhouse effect in air-conditioning cold storage
system according to the Montreal Protocol on Substances
that Deplete the Ozone Layer 2007 [29]. To the single
hydrate, xenon, krypton, ethylene oxide, CH,, C;Hjg
hydrates, etc., were tested by DSC by early researchers
[30-33] and have been summarized reasonably and thor-
oughly by Sloan and Carolyn [14] later. However, they are
hampered in air conditioning for cold storage by their harsh
high-pressure conditions. HCFC-141b hydrate has been
studied with DSC [34] and proved to be potential for cold
storage these years, but it has been destined to be
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eliminated for its damage to the ozone layer. With regard to
the mixture, TBAB hydrates with N,, CO,, N, + CO,,
CH,4 + CO,, etc. have been studied [35, 36], but the phase-
change temperatures are beyond the range for air-condi-
tioning system. In addition, more attention has been paid to
natural gas hydrates in the system containing salt [37—40],
which are not for the field of cold storage. Obviously, still
not much interest has been spawned to provide a wealth of
ideas regarding their significance in air conditioning.

In this study, alternative refrigerants tetra-n-butyl
ammonium bromide (TBAB) hydrate, tetrahydrofuran
(THF) hydrate, and their mixture TBAB-THF hydrate have
been selected for cold storage materials. Recently,
researchers have merely studied the TBAB hydrates from
the aspects of structure [41], phase equilibrium [42],
interfacial kinetics [43], and flow behavior [44]; even
though heats of fusion of TBAB have been tested by the
relatively new DSC [45], much work still has to be carried
out for mixture hydrate, which has more potential and
superiority for practical applications. In this study, the
phase-change temperature and fusion heat of TBAB
hydrate, THF hydrate, and TBAB-THF hydrate mixture
have been investigated by DSC and analyzed reasonably to
provide several perspectives for application for cold stor-
age in air-conditioning system.

Experimental procedure
Sample preparation

Hydrate samples were all made under 273.6 K and atmo-
spheric pressure. In these cases, TBAB hydrate were pre-
pared by mixing TBAB and water in the mole ratio 1/17,
and THF hydrate also in the ratio 1/17. With regard to
TBAB-THF hydrate mixture, TBAB, THF, and water were
in the mole ratio 0.1/0.9/15, 0.3/0.7/15 for two samples. All
the samples were prepared in a stirred vessel under labo-
ratory conditions and preserved in refrigerator under proper
low temperatures about 263 K; after all, the high-quality of
samples were hard to obtain even at 273 K proved by
plentiful tests for the disturbance of higher and unstable
room temperature and other factors [36]. Also due to the
hydrate poor stability at room conditions, the exact mass
determination of the hydrate samples had to be made as
soon as possible; in fact, both weighing and transferring
them to DSC instrument took a longer time, which may
make part of the samples for dehydrate [36]. Accordingly,
samples must be prepared carefully and quickly. HCFC-
141b hydrate, with HCFC-141b and water in the mole ratio
1/17, had also been made as the cold storage material for
reliability verification of experimental apparatus. Freshly
distilled and degassed water was offered to prepare all the
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solutions. The mass of the sample used was determined
with an electronic mass comparator—TG332a with a pre-
cision of £0.01 mg and range of 0-20 g.

DSC device and procedure

As can been seen from Figs. 1 and 2, all tests were per-
formed on a DSC-Pyris Diamond type with advanced
thermal analysis software-Pyris Software 5.0, which was
produced by the company of Perkin—Elmer from the United
States. Precision for thermal analysis is +0.1%, precision
for recorded temperature is + 0.01%, and the dynamic
range for thermal analysis is 0.2 pW—-800 mW.

With respect to the sample, crystallization in DSC
experiments always requires that a certain subcooling
should be needed and reached to compensate for the
absence of agitation, and a refrigerating cooling system
was used with a flow rate of 20 mL min~" of nitrogen with
purity of 99.99%. The instrument was calibrated for the
temperature at cooling and heating scanning rates of 2 and
1 K min~', respectively. The range of room temperature
was 281-288 K. By the setting of proper programed tem-
perature and heating power, the thermal properties of
samples could be investigated and analyzed reasonably by
Pyris Software 5.0 of DSC.

The procedure for DSC is listed as follows:

(1) Sensitivity calibration, temperature calibration, and
furnace calibration were needed to ensure the tem-
perature accuracy for tests.

(2) Then, the preliminarily reliability for the apparatus
was verified with materials (ice, indium).

(3) HCFC-141b hydrate was tested by DSC for further
reliability verification of apparatus for other new
hydrates.

(4) Samples—TBAB hydrate, THF hydrate, and TBAB—
THF hydrate were tested and analyzed for confirming
their feasibility for cold storage in air-conditioning
system.

[]
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Fig. 1 Schematic diagram of the experimental apparatus of DSC.
1 Differential thermal analysis—Pyris Diamond; 2 micro-computer
control and data acquisition system; and 3 high-purity nitrogen bottle
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The DSC curves of pure ice and indium are shown in
Figs. 3 and 4. Only one melting endothermic peak in the
reversing heat flow curve for only the single substance (ice
or indium) under the process of melting by DSC.
According to the thermal analysis software, phase-change
temperature (f,,) is the corresponding point (onset), which
is the intersection of the tangent of endothermic curve and
standard baseline connecting two endpoints for the endo-
thermic peak. The fusion heat (AH) is shown in figures.

The thermal properties (phase-change temperature,
fusion heat) of ice investigated and analyzed by DSC are
(272.98 K, 338.80 kJ kg~ "). Compared with the standard
value (273.15 K, 335 kJ kg_l) [46] of ice, the deviation for
temperature is only 0.17 K, and the deviation rate for
fusion heat is 1.1%; obviously, the apparatus is reliable
with DSC for thermal analysis.
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Fig. 3 DSC melting curve of ice, m;.. = 12.54 mg

Fig. 4 DSC melting curve of indium, m;,gjum = 5.74 mg

Similarly, the thermal properties of indium are
(429.65 K, 28.29 kJ kg~ ". Compared with the standard
value (429.81 K, 28.41 kJ kgfl) [46], the deviation for
temperature is only 0.16 K, and the deviation rate for
fusion heat is 0.4%; the same conclusion can be drawn
based on the thermal analysis.

DSC curves of HCFC-141b hydrate, TBAB hydrate,
and THF hydrate

The DSC curves of HCFC-141b hydrate, TBAB hydrate,
and THF hydrate are given in Figs. 5, 6, 7, and 8. Differ-
ently, two melting endothermic peaks in the reversing heat
flow curve in these figures since there are two substances
(ice and HCFC-141b, or TBAB, or THF). With regard to
the first, the ice made with the help of super cooling occurs
first, at a temperature which is slightly decreasing with
pressure raise, according to the usual water melting point
versus pressure law. Then, a second peak occurs, at a
temperature which is strongly pressure-dependent. We
attributed this peak to hydrate dissociation and took the
second-onset temperature as phase-change temperature for
hydrates (#,,). It should be noticed that, because of the
existence of ice, the fusion heat AH,,; shown in the figures
are not the real value —AH,,; in order to get AHy,, the
part of fusion heat made by ice must be removed.
The AH,,, is calculated using the equation:

APIgas = AHgasl X mtotal/(mtotal - APIicel X mtotal/AHice)
- AHgasl/(l - AI'Iicel/Aliice)a

(1)

where mo/mg is mass of total hydrate sample; AHg,q1/
kJ kg~', nominal fusion heat for hydrate shown in the
figures; AH,, /k] kg™, real fusion heat for hydrate; AHic.,/
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Fig. 5 DSC melting curve of HCFC-141b hydrate (1)
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Fig. 6 DSC melting curve of HCFC-141b hydrate (2)
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Fig. 7 DSC melting curve of TBAB hydrate
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Fig. 8 DSC melting curve of THF hydrate

Table 1 Analysis of the thermal property of single gas hydrate

Sample HCFC-141b HCFC-141b TBAB THF
hydrate (1) hydrate (2) hydrate  hydrate
Myora/ME 10.10 9.58 15.93 10.28
tn/K 281.2 281.5 278.8 275.8
AH;oe /KJ kg™ 190.09 189.74 106.38 81.12
AH,../kJ kg™ 335 335 335 335
AH,,51/K] kg™' 13045 128.41 93.78 123.36
AH g, /KT kg™ 301.57 296.14 137.42 162.77

kJ kg_l, fusion heat shown for ice in the figures; and
AH; /K] kg_l, standard value of fusion heat, 335.

Table 1 shows the thermal property of single gas
hydrate.

With regard to the HCFC-141b hydrate, the thermal
properties are (281.2 K, 301.57 kJ kgfl) and (281.5 K,
296.14 kJ kg~ ') for two samples; the standard value of
thermal property for HCFC-141b hydrate is (281.48 K,
344 kJ kg~ ') [47]. That is to say, the deviation for tem-
perature is only 0.28 and 0.02 K, and the recorded tem-
perature is more close to the standard value than another
tested temperature (279.65 K) with DSC by previous
researcher [34]. Also, the deviation rate for fusion heat is
about 13%; obviously, the apparatus is reliable for thermal
analysis with DSC for hydrates. Also, we can see, with
regard to this DSC device, that it is more accurate for
temperature than heat tests in the melting process for
sample.

With regard to the TBAB hydrate, the thermal property
is (278.8 K, 137.42 kJ kg_l). Since TBAB and water are
soluble with each other in the hydrate formation different
from HCFC-141b and water, different thermal properties
(i.e., temperature and fusion heat) have been shown based



TBAB-THF hydrate mixture for cold storage by DSC

823

on phase-change temperature which is lower than the
critical decomposition temperature point (285.15 K) in the
standard phase equilibrium diagram [48].

With regard to the THF hydrate (275.8 K,
162.77 kJ kg™ "), since THF and water are also mutually
soluble, it is also easily explained by the fact that the
phase-change temperature is lower than the critical
decomposition temperature point (277.55 K) in the stan-
dard phase equilibrium diagram [47].

The thermal properties of TBAB hydrate and THF
hydrate provide the basis for the potential application in air
conditioning for cold storage. It can also be seen that
TBAB hydrate usually has the superiority in phase-change
temperature while THF hydrate usually has more advan-
tage in fusion heat for cold storage when compared with
each other.

DSC curves of TBAB-THF hydrate

The DSC curves of TBAB-THF mixture hydrate are shown
in Figs. 9 and 10. Three melting endothermic peaks in the
reversing heat flow curve can be observed in these figures
for three substances (ice, TBAB, and THF). The first is for
ice, second for THF hydrate, and third is for TBAB
hydrate.

The average phase-change temperature (¢,,) for TBAB—
THF mixture hydrate is deduced as follows:

tm = (trur X mrur + treaB X MreaB)/ (MTHF + MTBAB)
= [trur X (mrur/mreaB) + treas]/ (MmrHE/MTBAB + 1)
(2)

where #rye/K is phase-change temperature for THF
hydrate; t1pap/K, phase-change temperature for TBAB
hydrate; mrtygr/g, mass for THF hydrate; and mrgap/g,
mass for TBAB hydrate.
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Fig. 9 DSC melting curve of TBAB-THF hydrates (1)
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Fig. 10 DSC melting curve of TBAB-THF hydrates (2)

mrur/meaB = (ntHE X Mrar)/(nteaB X MTBAB)
= 0.6017nryr/nreAB (3)

From Figs. 9 and 10, it can be seen that excessive ice
existed in the sample, since TBAB hydrate and THF
hydrate have both types of hydrate structures [14]; their
molecular formula usually are TBAB-17H,O and
THF-17H,0, respectively. Thus, Mryg/g mol~! is molar
mass for THF hydrate, 378.1 and Mtgap/g mol ™! is molar
mass for TBAB hydrate, 628.37. To ntye/nitgas, the mole
ratios of THF hydrate and TBAB hydrate can be easily
drawn from the part of sample preparation in this article
that the values for TBAB-THF hydrate are 9.00 and 2.33
for samples (1) and (2), respectively.

From Egs. 4 and 5, t,,, can be easily induced as follows:

tm = [0.6017¢rur X (nTHE/NTBAB)
+ trpag]/(0.6017ntyr/nTBAB + 1). (4)

The nominal fusion heat for TBAB-THF hydrate
AH1gas_tur: 18 induced as follows:

AHtpag-ThF1 = (AHrtHr1 X mrur + AHTAB1 X MTBAB)/
(mTHF + mTBAB)

= [0.6017AHryr; % (ntar/nrBAB) + AHTBABI]/
(0.6017n1yHr /nTBAR + 1) (5)

Further, the real fusion heat for TBAB-THF hydrate
AHtgas_tur 1S deduced as follows:

AHrgag—thF = AHreAB—THF1 /(1 — AHice1 / AHice) (6)

Table 2 shows the analysis of the thermal property of
hydrate mixture. The thermal properties for hydrate
mixture are (277.3 K, 81.40 kI kg™") and (279.1 K,
21.98 kJ kg™"). The value of AHtgaptur Was much
lower since lots of ice were produced in the sample; after
all, the high-quality of hydrate, especially for hydrate,
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Table 2 Analysis of the thermal property of binary gas hydrates

Table 3 New environmental working pairs for binary gas hydrates

Sample TBAB-THF TBAB-THF
hydrate (1) hydrate (2)
Myota/ME 22.73 13.94
trur/K 276.4 2715
treap/K 282.3 281.3
nTHE/NTBAB 9.00 2.33
/K 2773 279.1
AHige1/K) kg™ 87.53 98.87
AH; /K] kg™! 335 335
AHpyp/KJ kg™ 67.14 15.95
AHrpapi/k) kg™ 22.16 14.84
AHrpag_trei/kJ kg™! 60.13 15.49
AHTBAB—Tl—lF/kag_1 81.40 21.98

mixture is not easily obtained since both weighing and
transferring them to DSC instrument took a longer time,
which may make part of the samples for dehydrate. As a
result, the real part of hydrate in the sample is not a large
part, which may not make very desirable results.

In spite of this, more importantly, the results shows that,
with the increased component of THF in hydrate mixture,
the phase-change temperature for hydrate mixture has been
lower, while the fusion heat has increased; which presents a
good trend for cold storage in air-conditioning system.
Also, the temperatures (277.3 K and 279.1 K) are very
close to the range of ideal temperature (278-281 K) for
cold storage in air-conditioning system.

It reveals the principle of superiority of binary hydrates
to that of singular one from a broader view: adding
appropriate amount of hydrate with lower phase-change
temperature to hydrate with higher one can make the
hydrate mixture more suitable for cold storage; some
hydrates with lower phase-change temperature can even
make the fusion heat of hydrate mixture increase greatly.
Also, the principle has been verified extensively from the
view of the growth kinetics and phase-equilibrium prop-
erties, such as shorter induction time for hydrate, acceler-
ated formation rate, etc. [49-52]. That is to say, the hydrate
mixture has the advantages of both kinds of single
hydrates.

In reality, for a cold storage system, the preparation for
hydrate is easier than that for DSC (the mass of sample is
very small, and it is easy to dehydrate when weighing and
transferring, also more ice has been produced during DSC
experiment). More seriously, hampered by the deficiencies
of higher phase temperature of single hydrate beyond the
range for cold storage in air-conditioning system (278—
281 K), many potential single hydrates are not very suit-
able considering the economical feasibility. On the basis of
the principle of superiority of binary hydrates, and the
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Working pairs for binary gas hydrates

HFC-152a/HFC-
365mfc

HFC-152a/THF
HFC-152a/i-C,H,
HFC-134a/CsH,
HFC-134a/THF

HFC-125/HFC-
365mfc

HFC-227ca/HFC-
245fa

HFC-134a/HFC-
365mfc

HFC-227ea/HFC-
365mfc

HFC-227ea/HFC-236ea

HFC-134a/HFC-
236ea

HFC-152a/HFC-
245fa

HFC-125/THF
HFC-125/i-C4H,
TBAB/HC-290
TBAB/i-C4H,o
HFC-125 HFC-
245fa
HFC-227ca/HFC-
245ca
HFC-134a/HFC-
245fa
HFC-227ea/HFC-
245fa
HFC-227ea/HC-
631

HFC-134a/HC-
631

HFC-152a/HFC-
245ca

HFC-134a/i-C,H,,
HFC-152a/CsH,
TBAB/CsH,,
TBAB/THF

HFC-125/HFC-
245ca

HFC-227ca/FC-
236¢ca

HFC-134a/HFC-
245ca

HFC-227ea/HFC-
245ca

HFC-227ca/HFC-
365mfc

HFC-152a/HFC-
236ea

HFC-152a/HC-
631

HFC-125/HFC-236ea HFC-125/HC-631

properties [47] of single working medium for hydrate
formation, possible new environmental-friendly medium
pairs for binary hydrates are listed in Table 3.

Conclusions

This study demonstrates the preliminary feasibility of
thermodynamics analysis by DSC for mixture hydrate (e.g.,
TBAB-THF hydrate) for cold storage in air-conditioning
system, which presents the perspective that TBAB-THF
hydrates are more suitable than single hydrate (TBAB
hydrate, THF hydrate) for proper phase-change tempera-
ture and increased fusion heat, despite certain discrepancies
that have been caused during the process of hydrate for-
mation and DSC experiment.

In this study, one important conclusion is that the binary
hydrates have the principle of superiority of to that of
singular one from broader view: appropriate amount of
hydrate with lower phase-change temperature adding to
hydrate with higher one can make the mixture hydrate
more suitable for cold storage; some hydrates with lower
phase-change temperature can even make the fusion heat of
hydrate mixture increase greatly.

The principle has been verified by researchers closely
and extensively. In the face of difficulty of limited kinds of
hydrate for cold storage in air-conditioning, several new
environmental-friendly working pairs for binary gas
hydrates have been listed to help to promote the
application.
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It should be noted that the high-quality of dense sample

of hydrate with less ice for DSC is not easy to obtain. More
preparation work should be done to ensure the accuracy for
DSC tests. In addition, further study is also needed to
determine the feasibility of new environmental-friendly
binary hydrates in a more broad range of different kinds for
cold storage in air-conditioning system by DSC for ther-
modynamics study.
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