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To have an overall investigation of cold storage characteristics to help to promote the application, a novel
small scale of gas hydrate cold storage apparatus was designed. The amount of cold energy, growth rate,
Hydrate Packed Factor (HPF) and overall heat transfer coefficient during the cold storage process were
calculated and analyzed under different heat exchangers, sodium dodecyl benzene sulfonate (SDS) con-
centrations, hydration enhancement ways, inlet coolant temperatures and flow rates, etc. Results show
that the cold storage performance could be improved greatly by adding a heat exchanger with vertical
metal fins; SDS with concentration of 0.04 wt.% could help to improve the cold storage performance effec-
tively. In addition, decreasing of the coolant temperature or increasing of the coolant flow rate could also
make the amount of cold storage increased; it was found that mechanical blending for 5 min was the bet-
ter hydration enhancement way than others, which presents the perspective for practical application.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, with the onset of energy crisis, thermal energy stor-
age is a relatively new technology with growing interest for a large
number of thermal applications, including cooling in buildings for
air-conditioning system. Many new thermal energy storage sys-
tems [1–4], phase change materials [5], and new ways of optimiza-
tion [6–8] for storage systems have been proposed. Even though
lots of energy storage-relative work has been done by previous
researchers, cold storage technology, especially the gas hydrate
cold storage technology, is still need to pay more attention for its
great potential for application.

Gas hydrates, also called clathrate hydrates, are ice-like crystals,
which are composed of host lattice(cavities) formed by water mol-
ecules linking with each other through hydrogen bonding, and
other guest molecules. The guest molecules are firmly enclosed in-
side the host cavities under weak van de Waals force. A large vari-
ety of gases or volatile liquids can form clathrate hydrates with
water under certain conditions of temperature and pressure, such
as natural gases, CO2 and many kinds of freon refrigerants [9].
Some gas hydrates can be considered as one of the most promising
phase change materials for cold storage in air-conditioning sys-
tems for proper phase-change temperature range (4–20 �C), and
large fusion heat (270–430 kJ/kg). When compared with ice cold
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storage system, gas hydrate system can make the refrigeration effi-
ciency improved greatly with the help of chilled water as circula-
tion medium rather than antifreeze coolant or brine, and the
conventional water chillers instead of the expensive ice maker
for application. With a larger fusion heat than ice or eutectic salt,
the gas hydrate can also decrease the volume of cold storage tank
and the cost for the initial investment [10].

Special interest has spawned a wealth of ideas regarding their
significance in air-conditioning since this novel cold storage tech-
nology was first proposed by Tomlinson [11] in 1982. It is neces-
sary to mention that the following research institutes have done
great efforts and gained outstanding achievement in this area:
the Oak Ridge Laboratory, USA [12], the National Chemical Labora-
tory for Industry, Japan [13], and Dept. of Mechanical Engineering,
Keio University, Japan [14]. Several Chinese institutes also made
great contribution, such as the Guangzhou Institute of Energy Con-
version, the Chinese Academy of Sciences [15], and the Chemical
Engineering Institute, South China University of Technology [16].

While, the practical application of the new technology is ham-
pered by a serial of harsh conditions and one of the major problems
is the poor dissolubility for refrigerants in water, which decreases
the hydration formation rate. In fact, only a thin film of hydrates is
formed at the interface between water and hydrophobic guest
phases without mechanical stirring tested by many experiments.
Although the hydrate formation can be improved greatly by
mechanical stirring, it is at the expense of additional energy along
with the increased initial investment and maintenance costs. Fur-
thermore, the amount of free interstitial water in the formed gas
hydrates increased by the stirring can decrease the compact degree
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of the formed gas hydrates, which leads to the decrease of the
amount of unit cold energy [17].

Yutaka [18] found that CO2 gas hydrate can grow along the solid
surface of high polar surface free energy without stirring. Xie
[19,20] constructed a set of visual gas hydrate reaction apparatus
and researched the gas hydrate formation process outside a single
heat transfer tube in a quiescent reactor. It was found that gas hy-
drates can grow continuously along the heat transfer tube without
stirring, from which a novel way for gas hydrate steady formation
was presented—gas hydrate fast nucleation from melting ice and
quiescent growth along heat transfer tube [21]. In addition, Ohm-
ura et al. [22] studied the mechanism of hydrate crystals in liquid
water in contact with a hydrophobic hydrate-forming liquid, Sun
et al. [23] and Bi et al. [24] made a further research on influences
of additives for hydrate formation, and Bi et al. [25] also studied
the influence of volumetric-flow rate for the formation progress.

In order to have a more systematic and overall research on the
practical characteristics of gas hydrate cold storage to promote the
application better, a small scale of gas hydrate cold storage appara-
tus with inner heat exchanger and outer crystallization pump was
designed to conduct corresponding experimental study, as shown
in Fig. 1.

2. Experimental apparatus and procedure

2.1. Experimental apparatus

As shown in Fig. 1a, this gas hydrate cold storage system con-
sists of five main subsystems: a cold storage tank with interior heat
exchanger and exterior crystallization pump (Cold storage tank),
refrigeration system (Water chiller), cold release system (Fan coil
unit), and data measurement & acquisition system (Temperature
transducers, Flow meter), etc.

The diagram of the cold storage tank, which is made of stainless
steel, with the inner length, width, and height of 0.72 m, 0.31 m,
0.72 m respectively, is shown in Fig. 1b. Its cubage is about
0.16 m3. There is a flange equipped on one side of the cold storage
tank, which can be dismantled to make it possible that different
kinds of heat exchangers can be mounted into the tank to test
the cold storage performance. Two borosilicate glass vision win-
dows with the inner diameter of 0.15 m are mounted at the front
face and the back one of the tank respectively, through which
Co
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Fig. 1. Diagram of gas hydra
the cold storage process inside the tank can be observed. An oper-
ation valve is mounted on the top of the tank, through which
water, refrigerant and additives can be charged into the tank. Four
temperature measurement points and one pressure measurement
one are distributed on side and top faces of the tank. Red copper
heat exchanger (bare pipe type or vertical metal fins enhanced
type) in the tank has seven inlets and outlets respectively, and
the pipes are arranged in triangle, with the outer diameter of
10 mm and thickness of 1 mm respectively. The diameters of inlet
and outlet manifold are both 22 mm. The coolant flow directions in
two neighboring pipes are opposite to ensure the temperature of
the tank even. A discharge valve is equipped at the bottom of the
tank to facilitate the cleaning of tank and replace cold storage med-
ium. A crystallization pump (crystallizer) is mounted on the out-
side of the tank, which can accelerate the hydration process by
mechanically blending refrigerant and water from two connected
pipes: one pipe is inserted into the liquid refrigerant phase, and
the other into the liquid water phase.

The refrigeration unit is a set of water chiller with power of 3P,
which can chill coolant down to the lowest temperature of �5 �C.

The cold release system is composed of KF-23GW fan coil unit,
and BJZ-50 stainless flow injection pump. Air volume of the fan coil
unit is about 370 m3/h, and the cooled air is directly released to the
lab space. The delivery pressure and flow rate of the injection
pump are 15 mH2O and 30 L/min respectively.

The data measurement and acquisition system is composed of a
set of Agilent 34970A acquisition system, a set of PC, six Pt-100
resistance thermometers, LWGY-15B/TBS turbine flow sensor, a
set of pressure meter, a set of vacuum gauge, and a set of electric
steelyard, etc.

Main dates (temperature and flow rate) recorded in the pro-
gress of hydrate formation are listed as follows:

Inlet and outlet temperatures of the heat exchanger: Two Pt-100
resistance thermometers are mounted in inlet and outlet
respectively to get the difference of temperature between inlet
and outlet of the heat exchanger.
Temperatures in cold storage tank: Three Pt-100 resistance ther-
mometers are respectively fixed at the height of 63 mm,
112 mm, and 363 mm from the bottom of the tank to measure
the temperature of liquid refrigerant phase, water–refrigerant
interface, and superjacent waters phase respectively. By observ-
olant inlet

lant outlet

(b) Diagram of cold storage vessel
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ing the variation of these temperatures, judgment could be
made on whether the reaction process within the cold storage
tank had occurred or been completed.
Coolant flow rate in heat exchanger: During the process of cold
storage and cold release, coolant flow rate in heat exchanger
is measured by flow meter, and cold storage/cold release rate
and total amount of cold energy could be calculated in combi-
nation with the inlet and outlet temperatures of the heat
exchanger.

All dates for each group had been tested several times to ensure
the accuracy for better analysis.

2.2. Experiment materials and heat exchangers

In view of the pressure tolerance of cold storage tank, in this
study only the cold storage performance of low pressure HCFC-
141b hydrate was tested. Based on hydration reaction theory the
ideal mass ratio of HCFC-141b and water is 1:2.62 to make the
reaction rationally. In this study, the mass of refrigerant is 20 kg,
and water is 80 kg, which exceeded the above ratio a little to en-
sure the HCFC-141b could be reacted completely. HCFC-141b with
its purity of more than 99.5% is bought from French AlliedSignal
Corporation. Heat exchangers in the study are classified into two
types: bare pipe heat exchanger (with heat exchange area of about
5.4 m2) and heat exchanger enhanced by vertical aluminum fins
(the distance between fins is 1 cm, and the heat exchange area is
about 9 m2). To make hydrate cold storage technology more prac-
tical, all the sample of the water in this study is tap water.

2.3. Uncertainty analysis

Temperature values are the major parameters measured in this
research. All temperature sensors used in this research are in top
measurement accuracy (to allow error within ±0.15 �C), and they
transfer signal to data acquisition system using four-wire connec-
tion to minimize measurement errors caused by line resistance.
Before the formal experiment, all temperature sensors are cali-
brated by water bath (temperature accuracy is within ±0.1 �C)
and standard mercury thermometer in the temperature range of
�10 to 20 �C. Calibration results showed that each temperature
sensor’ max error is less than 0.2 �C.

2.4. Experimental procedure

The experimental procedure for hydrate reaction in this study
was listed as follows:

(1) Charging reaction substances: Cold storage tank was cleaned
by tap water before all tests, and then certain amounts of
tap water and liquid HCFC-141b was charged into the tank
through the valve at the top of tank.

(2) Cold storage process: Cold storage valves were opened along
with the water chiller turned on, coolant in water chiller flo-
wed through heat exchanger to cool the tank, and then the
cold storage process began. At the same time, the data mea-
surement & acquisition system was turned on to measure
the coolant flow rate, and record the temperatures inside
the tank and the temperatures at the inlet and outlet
of the heat exchanger.

(3) Cold release process: When cold storage tank temperature
decreased rapidly, which indicated that cold storage process
had been completed, it is time for cold release process. At
the same time, water chiller and cold storage valves were
shut off, cold release valves were opened, the fan coil unit
and injection pump were turned on to release cold energy,
and temperatures in cold storage tank and at the inlet and
outlet of heat exchanger during the cold release process
were recorded, as well as the coolant flow rate.

Six groups of experiments were listed in Table 1.

3. Theoretical analysis

3.1. Calculation of cold energy amount

Considering cold storage tank as a control volume, the energy
equation could be expressed as the following formula:

Qs ¼
Z s

0
Cf _mf ðTf ;out � Tf ;inÞds� Uk

Z s

0
ðTsur � TwÞds ð1Þ

Cf is the specific heat of coolant, and assumed to be constant value,
kJ/(kg K); Therefore

Qs ¼ Cf _mf

Z s

0
ðTf ;out � Tf ;inÞds� Uk

Z s

0
ðTsur � TwÞds ð2Þ

or

Qs ¼ Cf _mf

Xn

i¼1

ðTf ;out;i � Tf ;in;iÞDsi � Uk

Xn

i¼1

ðTsur;i � Tw;iÞDsi ð3Þ

where _mf is the average flow rate, kg/min; Tf ;out and Tf ;in are the out-
let and inlet temperature of the coolant, K; Uk is the heat transfer
coefficient from tank to the ambient; Tsui;i and Tw;i are the instant
temperature of ambient and tank respectively, K; Dsi is the mea-
surement time spacing, min.

3.2. Calculation of average gas hydrate growth velocity and HPF

Average hydrate growth velocity is defined as the mean hydra-
tion velocity during the hydration process, that is:

vh ¼
R sh

0 vhds
sh

¼ 1
344

Qh

sh
ð4Þ

where Qh is the total latent heat of hydration, kJ; sh is the total
hydration time, min.

Imitating a common parameter of IPF in ice cold storage system,
a new parameter Hydrate Packed Factor (HPF) is created here,
which is defined as the ratio of hydrate mass to total mass of
HCFC-141b and water before reaction:

HPF ¼ Mh

M0
� 100% ð5Þ

where Mh is the mass of formed hydrate, kg and M0 is the mass of
total reaction materials, kg.

To simple the results for better analysis, the unit changed for Qs

and Qh is MJ in all figures and tables.

3.3. Calculation of general heat transfer coefficient

General heat transfer equation on heat exchanger during cold
storage process is formulated as:

KsFDTlm ¼
Qs

ss
ð6Þ

So general heat transfer coefficient Ks (kW/(m2 K)) is:

Ks ¼
Q s

FDTlmss
ð7Þ

where ss is the time taken by hydration process, min; DTlm is loga-
rithm average temperature difference between inside and outside
of the heat exchanger, K; DTlm is an average value of DTlm during



Table 1
Experimental groups under different conditions.

Test
groups

Heat exchanger Hydration enhancement
ways

Coolant temperature
in cold storage
process (�C)

Coolant flow rate in
cold storage process
(L/h)

SDS
concentration
(wt.%)

Experiment objective

I Bare pipe heat
exchanger

Mechanical blending
continuously

2 1200 0 Acquire the fundamental
characteristics of cold storage process

II Heat exchanger
with vertical
metal fins

Mechanical blending
continuously

2 1200 0 Study characteristics of cold storage
process when vertical metal fins used

III Same as group II Mechanical blending
continuously

2 1200 0.01, 0.02, 0.04,
0.06

Study the effect of SDS on cold storage
process

IV Same as group II Mechanical blending for
5 min, fast hydration from
melting ice

2 1200 The optimum
value from
group III

Study the effect of different hydration
enhancement methods on cold storage
process

V Same as group II Mechanical blending for
5 min

2, 4, 6 1200 Same as group
IV

Study the effect of different coolant
temperatures on cold storage process

VI Same as group II Mechanical blending for
5 min

2 400, 600, 800, 1200 Same as group
IV

Study the effect of different coolant
flow rates on cold storage process
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the whole hydration process, K; and F is the area of the heat exchan-
ger, m2.
4. Experiment results and discussion

4.1. Fundamental cold storage characteristics (results of experimental
groups I and II)

When cold storage process started, crystallizer was turn on.
Two types of pipe heat exchanger were conduct, and it was found
that the curve shape of average temperature in the cold storage
tank were same. Typical curve of average temperature in tank
using bare pipe heat exchanger during the cold storage process
was showed in Fig. 2, in which curve AB represented growth pro-
cess of gas hydrate. The results of experimental groups I and II
were showed in Table 2. It could be observed that at the beginning
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Fig. 2. Typical average temperature in the tank using bare pipe heat exchanger
during cold storage process.

Table 2
Results of experimental groups I and II.

Experimental group Cold energy amount Qs (MJ)

Total cold storage
amount Qs

Latent heat storage
amount Qh

I 11.2 5.8
II 18.8 8.6
the dropping liquid drips were milky because of the mixture of
water and HCFC-141b for nucleation, and then the reaction pro-
ceeded rapidly: some muddy liquid drips dropped downward,
which expelled heat to upper coils and crystallized further, and
then solid into liquids below, or adhered to upper coils. With the
progress of hydration, liquid surface went down, and hydrate be-
came compact. When temperature in cold storage tank decreased
to point A as showed in Fig. 2, large scale hydration began, and
the solution became clear gradually. Over a period of time, large
pile of hydrates on coils could be observed clearly. During this pro-
cess hydrates formed quickly, and HCFC-141b was consumed rap-
idly. From the intense rise of temperature at point A, it can be
easily concluded that hydrates formed fiercely, releasing a great
deal of heat. When temperature in cold storage tank reached to
point B, the hydration process was almost completed. It was found
that the formed hydrate did not attach on coils surface as ice did,
the horizontal sides of coils appeared bald, and large quantities
of hydrates were in the clearance between upper and lower coils.

The analysis of experiment results indicated that the cold en-
ergy amount, hydrate growth velocity and general heat transfer
coefficient were higher in the type of heat exchanger with vertical
metal fins than that with bare pipe, so heat exchanger with vertical
metal fins was used in the rest experiments (from group III to
group VI).
4.2. Effect of SDS concentration (results of experimental group III)

The results for cold storage characteristics under different SDS
concentrations were shown in Table 3 and Fig. 3. The results show
that, the cold energy amount, growth speed, HPF and general heat
transfer coefficient increased sharply by adding SDS. The value of
each characteristic parameter increased along with the increase
of SDS concentration when SDS concentration was less than
0.04%; while it changed slightly with SDS concentration higher
than 0.04%. The general heat exchange coefficient varied abnor-
mally sometimes, which probably was caused by the calculation
error of hydration reaction time. Thereby, it is possible that when
Average hydrate growth
velocity vh (kg/min)

HPF (%) General heat transfer
coefficient Ks (kW/(m2 K))

0.2404 16.8 0.0656
0.3665 25.0 0.0858



Table 3
Results of experimental group III.

SDS concentration (%) Cold energy amount Qs (MJ) Average hydrate growth
velocity vh (kg/min)

HPF (%) General heat transfer
coefficient Ks (kW/(m2 k))

Total cold storage
amount Qs

Latent heat storage
amount Qh

0.01 20.6 10.8 0.4588 31.4 0.0896
0.02 26.7 16.2 0.5686 47.1 0.0912
0.04 27.2 17.1 0.5876 49.7 0.0846
0.06 26.8 16.9 0.5824 49.1 0.0853
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Fig. 3. Effect of SDS Concentration CSDS (%) on the cold storage characteristics.

Table 4
Results of experimental group IV.

Hydration enhancement way Cold storage amount Qs (MJ) Average hydrate growth
velocity vh (kg/min)

HPF (%) General heat transfer
coefficient Ks (kW/(m2 k))

Total cold storage
amount Qs

Latent heat storage
amount Qh

Continuous mechanical blending 27.2 17.1 0.5876 49.7 0.0846
Mechanical blending for 5 min 23.4 12.6 0.3052 36.6 0.0722
Fast hydration from melting ice 15.6 5.4 0.2863 15.7 0.0565
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SDS concentration was 0.04%, the system had best cold storage per-
formances, so the rest experiments were done (from group IV to
group VI) with 0.04% SDS concentration.

4.3. Effect of hydration enhancement methods (results of experimental
group IV)

The results for cold storage characteristics in different hydra-
tion enhancement ways were showed in Table 4. Explanations
may be given particularly: continuous mechanical blending
means that when temperature in cold storage tank falls to the
minimum value, crystallizer will be turned on until the finish of
cold storage process; mechanical blending for 5 min means that
when temperature in cold storage tank falls to the minimum va-
lue, crystallizer will be turned on for 5 min, and then stopped
again; fast nucleation from melting ice means that the coolant
will be cooled to �5 �C first, making water in cold storage tank
freezed, and then the coolant temperature was increased to
2 �C. So that gas hydrate would generate quickly under the
inducement of melting ice.



Table 5
Results of experimental group V.

Inlet coolant temperature (�C) Cold energy amount Qs (MJ) Average hydrate growth
velocity vh (kg/min)

HPF (%) General heat transfer
coefficient Ks (kW/(m2 k))

Total cold storage
amount Qs

Latent heat storage
amount Qh

2 23.4 12.6 0.3052 36.6 0.0722
4 16.6 6.8 0.2985 19.8 0.0567
6 8.2 3.5 0.1655 10.2 0.0325

Table 6
Results of experimental group VI.

Coolant flow rate (L/h) Cold energy amount Qs (MJ) Average hydrate growth
velocity vh (kg/min)

HPF (%) General heat transfer
coefficient Ks (kW/(m2 k))

Total cold storage
amount Qs

Latent heat storage
amount Qh

400 14.4 8.1 0.2263 23.5 0.0376
600 17.5 9.2 0.2367 26.7 0.0516
800 19.6 10.6 0.2644 30.8 0.0672

1200 23.4 12.6 0.3052 36.6 0.0722
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According to the analysis of Table 4, it can be found that all
characteristic parameter values were highest in cold storage pro-
cess in the way of continuous mechanic blending, middle in the
way of mechanic blending for 5 min, and lowest in the way of fast
nucleation from melting ice. Therefore, the way of continuous
mechanical blending had the best cold storage enhancement effect.
But, the most energy would be consumed under continuous
mechanical blending, and after a long time operation, all connect-
ing components in cold storage system trends to be loosen, which
can cause the leakage of cold storage medium. So mechanical
blending for 5 min was regarded as the most practical and valuable
method, and the rest experiments (the groups V and VI) would be
done in this hydration enhancement way. As to why the method of
fast nucleation from melting ice had the worst cold storage charac-
teristics, the main reason may be that the whole cold storage pro-
cess was carried out in quiescent state, which reduced the heat
transfer efficiency greater than other two ways. However, fast
nucleation from melting ice could avoid a series of problems such
as high cost, instability of the system, which were caused by the
movement of the crystallizer, so if some methods can be found
to improve its heat transfer efficiency more effectively in the fu-
ture, this way would have a great practical value.
4.4. Effect of inlet coolant temperature (results of experimental group
V)

The results for cold storage characteristics under different inlet
coolant temperatures (2, 4, and 6 �C respectively) were showed in
Table 5. Analysis indicated that all characteristic parameter values
increased with the decrease of inlet coolant temperature. When
the inlet coolant temperature was 6 �C, the cold storage amount
was only one-third of that when inlet coolant temperature was
2 �C. Therefore, in order to increase cold storage amount, coolant
temperature should be decreased as low as possible. However,
the lower the inlet coolant temperature, the lower the refrigeration
system running efficiency was. So the coolant temperature of 2 �C
was most appropriate, and the rest experiments (the group VI)
would be done under the coolant temperature of 2 �C.
4.5. Effect of coolant flow rate (results of experimental group VI)

The results for cold storage characteristics under different cool-
ant flow rate (400, 600, 800, 1200 L/h, respectively) were showed
in Table 6. Analysis indicated that all characteristic parameter val-
ues increased with the increase of coolant flow rate. The main rea-
son was that when coolant flow rate increased, the flow velocity of
coolant in heat exchanger would increase to make the heat transfer
coefficient improved. Therefore, in order to increase cold storage
amount, coolant flow rate should be increased as high as possible.

5. Conclusions

In this paper, the amount of cold storage, the hydrate growth
velocity, the HPF and the general heat transfer coefficient, etc. were
tested and calculated in a set of gas hydrate cold storage apparatus
with an inner heat exchanger and an outer crystallizer, in which
HCFC-141b hydrates was used as the cold storage medium. The ef-
fects of SDS concentration, the hydration enhancement ways (con-
tinuous mechanical blending, mechanical blending for 5 min, and
fast nucleation from melting ice), the inlet coolant temperature
and the flow rate on the characteristic parameters were discussed
and studied. The experiment results indicated that the using of the
heat exchanger with vertical metal fins instead of the bare pipe
heat exchanger could improve cold storage performance greatly,
and adding of SDS with concentration of 0.04 wt.% could improve
cold storage performance further. In addition, the decreasing of
the inlet coolant temperature or the increasing of the coolant flow
rate could also increase the cold energy. Researches on three
hydration enhancement ways showed that continuous mechanical
blending has the best cold storage effect, but would lead to extra
power consumption and apparatus malfunction; the method of
fast nucleation from melting ice has the worst effect, but did not
require the running of crystallizer, which is worth to be studied
further; the cold storage effect of mechanical blending for 5 min
ranked in a middle position, and it was the best practical hydration
enhancement method in this study, which is more valuable for
practical application at present.
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