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List of symbols

A Area, m2

a Lattice constant in Eq.(4.5)

A
′

Coefficient in Eq.(3.2)

B Guest molecule

cp Specific heat, J kg−1 K−1

cr Circulation ratio

d Diameter, m

Dc Coil diameter, m

D Diffusion coefficient, m2 s−1

dh Hydraulic diameter, m

f Friction factor

Ġ Mass flux, kg m−2 s−1

G Growth rate, kg s−1

g Gravity constant, m s−2

Glin Linear growth rate, m s−1

H Height, m

h Enthalpy, J kg−1

K Loss coefficient

k Mass transfer coefficient, m s−1

K
′

Coefficient in Eq. (2.22)
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L Length, m

M Molecular weight, kg kmol−1

m Mass, kg

ṁ Mass flow rate, kg s−1

N Number of molecules

n Exponent in Eq. (2.22)

Ncp Number of passes

N0 Avogadro constant in Eq. (4.5)

Nr Number of tubes in air flow direction

Nt Number of tubes perpendicular to air flow direction

P Pressure, Pa

p Pitch

pfin Fin pitch, m

Q̇ Heat flow, J s−1

q̇ Heat flux, J s−1 m−2

Q Energy, J

q Vapor quality

R Thermal Resistance, m2 K W−1

Rp Roughness, µm

sfin Fin spacing, m

T Temperature, °C

t Time, s

U Overall heat transfer coefficient, W m−2 K−1

u Velocity, m s−1

V̇ Volume flow, m3 s−1
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3

V Volume, m3

W Power, kW

w Mass fraction

Wfin Fin thickness, m

x Molar fraction, kmol kmol−1

z Axial coordinate

Dimensionless Number

Ar Archimedes number, = g L3ρL (ρv−ρL )
µL

2

Bo Boiling number = Q̇/A
Ġeq∆hl at

De Dean number = Re
√

di
Dc

Nu Nusselt number = αdi
λ

Pr Prandtl number = cpµ

λ

RaH Rayleigh number = gβ∆T H 3Pr(µρ )−2

Reh Hydraulic Reynolds number, = ρudps(µ(1−ε))−1

Re Reynolds number, = ρdu
µ

ReM Modified Reynolds number, = d n
i u2−nρs

8n−1K ′

Sc Schmidt number, = µ
ρD

Sh Sherwood number, = kL
D

Ste Stefan number,
cps q̇di

w∆hλs

Greek

α Heat transfer coefficient, W m−2 K−1

β Thermal expansion coefficient, 1/°C
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∆ Difference

δ Thickness, m

ε Bed porosity

η Efficiency

λ Thermal conductivity, W m−1 K−1

µ Viscosity, Pa s−1

φ Volume fraction

ρ Density, kg m−3

Subscripts

av Average

b Bulk

c Coil

comp Compressor

crit Critical

elec Electric

eq Equilibrium/Equivalent

evap Evaporation

exp Experimental

fb Fluidized bed

H Hydrate

h Hydraulic

hex Heat exchanger

i Internal

in Inlet

int Interface
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is Isentropic

L Liquid

lam Laminar

lat Latent

lin Linear

log Logarithmic

m Melting

max Maximum

mech Mechanical

o Outside

out Outlet

p Crystal particle

pb Packed bed

phe Plate heat exchanger

pred Predicted

ps Stainless steel particle

r Rows

rat Ratio

ref Refrigerant

s Slurry

sat Saturation

solid Solid

sol Solution

sp Single phase

str Straight
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sup Superheating

sv Storage Vessel

t Tube

tot Total

turb Turbulent

v Vapor

vol Volumetric

w Wall

Superscript

∗ Equilibrium

a
′

Coefficient in Eq.(3.2)

b
′

Coefficient in Eq.(3.2)

j Control volume number

t Time, s

Abbreviations

AFPs Antifreeze proteins

CFCs Chlorofluorocarbons

CHS Clathrate hydrate slurry

COP Coefficient of performance

DHW Domestic hot water

EIA Energy information administration

FBHE Fluidized bed heat exchanger

GDP Gross domestic product

HCFCs Hydrochlorofluorocarbons

HVAC Heating, ventilation, air-conditioning
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KHI Kinetic hydrate inhibitor

LHTS Latent heat thermal storage

PCMs Phase change materials

PHE Plate heat exchanger

poly(VP/VC) N-Vinyl pyrrolidone-co-N-Vinyl caprolactam

PVCap Polyvinyl Caprolactam

PVP Polyvinyl Pyrrolidone

Py14-Br N-butyl-N-methylpyrrolidinium

SHS Sensible heat storage

SV Storage vessel
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1
INTRODUCTION

This chapter introduces the background of this work, including the importance
of applying cold storage systems in refrigeration and air-conditioning systems, the
fundamentals of hydrate slurry as well as a review of hydrate slurry generation
technology. In the end, the objectives and scope of this thesis are given.

11
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1.1. IMPORTANCE OF COLD STORAGE
The world energy use has been raising concerns due to its rapid growth. Fig.
1.1 shows the energy growth from the year 1971 to the year of 2014. It indicates
the total primary energy supply (TPES) of the 34 members of the organization
for Economic Co-operation and development increased about 58% during the
period of 1971 - 2014. The reason for the concerns about the energy growth
includes supply difficulties, exhaustion of energy resources and heavy environ-
mental impacts [82] (global warming, climate change, etc). The CO2 emissions
caused by the growth of energy consumption have increased by 51% from the
year of 1990 to the year of 2012, according to the data gathered by the Interna-
tional Energy Agency (Fig.1.2). It shows the increase of CO2 emission is driven by
four factors: population, GDP (Gross domestic product)/population, TPES/GDP
and CO2 emission/TPES. Current predictions from the two figures show that the
global energy demand and CO2 emission growing trends will continue.

Figure 1.1: Primary energy supply increase from the year 1971 to 2014. The energy production
and net imports are also shown in the figure. *TPES: total primary energy supply. Data taken from

the International Energy Agency (IEA) [44]

The building sector contributes immensely to the total energy consumption,
particularly for its space conditioning and domestic hot water [73]. Energy use
and emissions result from both direct sources, such as fossil fuels, and indirect
sources (heating, cooling, electricity and energy embodied in different construc-
tion materials [77]). It has been reported by the International Energy Agency
(IEA) [44] that the energy consumption in the building sector in developed coun-
tries is consuming over 40% of the global energy with 24% of greenhouse gas
emissions. For instance, the building consumption in Europe was 40% of the
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Figure 1.2: CO2 emission driven by four factors. Data taken from the International Energy Agency
(IEA) [44]

total energy consumption according to the Energy Information Administration
(EIA) in the year of 2012. Within the energy consumption of the buildings, HVAC
(Heating, Ventilation and Air-conditioning) is the major consumer among others
(Domestic hot water (DHW); Lighting and appliances). It has now become espe-
cially essential due to the demand for thermal comfort. It is the largest energy
end use both in residential and non-residential sectors ([82]). The increasing de-
mand of energy has prompted the need for a reduction on CO2 emissions via sig-
nificant increase in energy efficiency of buildings. Renewable energy resources
have massive energy potential but are not always fully accessible. To sustain eco-
nomic growth, issues relating to the supply and efficient use of energy must be
addressed in the design of low energy buildings and sustainable cities. Central to
the problem is the need to store excess energy that would otherwise be wasted
and also to bridge the gap between energy generation and consumption as well
as shifting peak power demand. In this study, air-conditioning systems are in-
vestigated for what concerns the possibility of energy savings.

Air-conditioning is the control of air conditions in, for example, buildings,
cars and trains. This is also, called ’climate control’. An air-conditioning system is
used to set the temperature and humidity of air in a space to a comfortable level.
Especially in high environmental temperature periods the demand of cooled air
is high. Air-conditioning systems are used all over the world and have a direct
impact on the global energy demand.

Many alternative refrigerants have been commercially introduced to substi-
tute CFCs and HCFCs etc., because of ozone depletion problems. However, there



1

14 1. INTRODUCTION

are some defects of the alternative refrigerants including flammability, toxicity,
potential metal corrosion and compatibility with oil, which restrict their use [98].
The combination of primary refrigerants with secondary-loop refrigeration is re-
garded as a solution to overcome the problems aforementioned which have been
reported among others by Shi and Zhang (2013) [98]. In the secondary-loop dis-
tribution system, environment-friendly working fluids can be employed to store
low temperature energy and to distribute it to the different application sites. In
this way the amount of primary refrigerant charged to the system is significantly
reduced in comparison to conventional distributed direct expansion systems re-
sulting in much smaller leakage risk. Also, the primary refrigerant can be main-
tained in restricted spaces, again limiting the risk to the environment. Low tem-
perature energy storage can be easily included in secondary-loop refrigeration
and air-conditioning systems and is an effective method to shift peak electric
load to off-peak time as part of the strategy for energy management in build-
ings. It also contributes to a reduction of installed power and allows for night
time operation when lower heat rejection temperatures are available for the pri-
mary refrigeration cycle. High energy storage density and high power capacity
for charging and discharging are desirable properties of any storage system [80].
There are three methods of thermal energy storage (TES) in general: sensible,
latent and thermal chemical energy storage.

Sensible heat storage (SHS) involves storing thermal energy by raising the
temperature of a solid or liquid. The principle is based on temperature change
during the process of charging and discharging [58]. The amount of heat storage,
is a function of the specific heat of the medium, the temperature change and the
mass of the storage medium [58]. In Eq. (1.1), the specific heat of the medium is
assumed to be temperature independent.

Q =
∫ T2

T1

mcp dT = mcp (T2 −T1) (1.1)

Latent heat thermal storage (LHTS) relies on the storage material absorbing
or releasing heat as it undergoes a solid to solid, solid to liquid or liquid to gas
phase change or vice versa [58]. The storage capacity can be given by Eq. 1.2
from Lane (1985) [58].

Q =
∫ Tm

T1

mcpsol i d dT +mwm∆hm +
∫ T2

Tm

mcpL dT (1.2)

Latent heat thermal storage (LHTS) is a particularly attractive technique be-
cause it provides a high energy storage density. When compared to a conven-
tional sensible heat energy storage system, latent heat energy storage requires a
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smaller mass and volume of material for a given amount of energy [4]. Thermo-
chemical materials store and release heat by a reversible endothermic / exother-
mic reaction process. This technology has to overcome important barriers such
as corrosion, poor heat and mass transfer performance and materials develop-
ment [16]. Nowadays, the need for the thermal energy storage in industrial and
residential buildings is growing steadily with the increase of energy consumption
[7]. Thermal storage systems appear to be the only solution to correct the mis-
match between supply and demand of energy [20]. Fig. 1.3 shows the process of
a thermal storage system in comparison with a conventional system. In the con-
ventional system, the chiller operates only when the building occupants require
cold air. In TES systems, the chiller also operates at times other than when the
cooling is need [21]. The utilization of thermal energy storage (TES) ranges from
heating to cooling, especially in buildings. Combined with solar heating, hot wa-
ter and cooling applications in buildings, TES systems have attracted much inter-
est in recent years [19], especially for the regions where there is a large difference
between day and night temperature.

Figure 1.3: Components of cooling for conventional system and TES system: The chiller is the
component where the solution is cooled down. −→ denotes the flow direction.

The majority of the thermal storage installations makes use of chilled water
and ice storage systems. The applications of TES begun to appear in Asia, Aus-
tralia, Europe and South America since mid-1990s. The advantage of applying
TES can be seen from an example in the Netherlands: a ground water aquifer
TES system was installed as a innovative space conditioning unit in an office of
ANOVA Verzekering Co. [19] in the Netherlands. The energy saving and emis-
sions reductions are shown in Table 1.1.
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Table 1.1: The savings and reductions of natural gas, electricity, primary energy, and CO2 for a
ground water aquifer TES system in comparison with a conventional system in the Netherlands

[19].

Annual consumptions Conventional system TES system Reduction
and emissions
Natural gas (m3) 215800 95500 120300 (56%)
Electricity (kWh) 395550 511500 -84000 (-21%)
Primary energy (m3) 322000 179000 143000 (44%)
CO2 (kg) 608000 346000 262000 (43%)

*The primary energy is calculated as the equivalent amount of natural gas on the basis
of the assumption that 0.25 m3 gas is used in the generation of 1 kWh of electricity.

1.2. PHASE CHANGE MATERIALS AS COLD STORAGE MEDIA
Water is commonly used as low temperature heat storage and distribution fluid
as a secondary-loop refrigerant between chiller and the application site. In wa-
ter systems, water is cooled down from 12 °C to 7 °C in the evaporator of the
chiller with an evaporation temperature of around 2 °C. In the application heat
exchangers, water is then heated up from 7 to 12 °C while air is cooled from, for
example, 30 °C to 18 °C, as shown in Fig. 1.4. Evaporating at temperature of 2 °C
for the production of air of 18°C can be improved. In addition, the use of water
as storage medium leads to large storage volumes because in the water systems
only sensible heat is used. Additionally, the pumping power of the chilled water
consumes large amounts of energy.

The interest in using phase change ice slurry coolants has grown significantly
in the past twenty years. The utilization of ice slurry has been widely investigated
over the world from the fundamental thermal properties to the practical appli-
cations [129]. Ice slurry, composed of ice and water, has a high energy storage
density because of the latent heat of fusion of its ice crystals. During the cool-
ing process, the ice slurry maintains a constant low temperature level, and pro-
vides a higher heat transfer coefficient than water or other single-phase liquids
[30]. It has been widely used as a medium for latent heat cold storage due to the
properties mentioned above. However, due to the freezing point depression by
additives, the cold storage air-conditioning systems using ice slurry require tem-
peratures below 0 °C for ice generation. Consequently, the cold charging process
is very energy-consuming due to the required low evaporation temperature, re-
sulting in a low energy efficiency of the system [54].

Phase change materials (PCMs) are promising cold storage media for air con-
ditioning systems, heating and cooling applications due to the high energy stor-
age density and capacity to store energy at constant or near constant temper-
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Figure 1.4: a) Principle of water cooling air-conditioning system: In order to cool down the room
air temperature from 30 °C to 18 °C, water is heated from 7 °C to 12 °C, with an evaporation

temperature of 2 °C; b) Principle of air-conditioning system making use of slurry: TBAB slurry
maintains a constant temperature of 12 °C to cool down the same room temperature with an

evaporation temperature of 5 °C.

ature. Many authors have carried out investigation into a wide range of PCMs,
subdividing them into different groups depending on the material nature: or-
ganic, inorganic and eutectic PCMs. The ideal PCM should meet a number of
criteria related to the desired thermophysical, kinetic and chemical properties
summarized in Table 1.2 [83].

The application of PCMs with a solid-gas or liquid-gas phase transition is lim-
ited in thermal storage systems because of the large volume changes associated
with the transition-even if they possess a high phase transition latent heat [1].
Solid-solid and solid-liquid transformations have a significantly smaller volume
change, which makes PCMs economically and practically attractive as materials
for thermal storage systems. Compared with solid-liquid transformations, solid-
solid transformations are typically slow and have a rather low heat of fusion. Hy-
drates are considered one of the most promising phase change materials for cold
storage in air-conditioning systems due to the appropriate phase change tem-
perature range (4-20 °C) and large heat of fusion (270-430 kJ kg−1)[118]. Com-
pared with ice cold storage systems, hydrate systems can improve the refrigera-
tion efficiency greatly with the hydrate slurries as circulation media rather than
antifreeze coolants or brines as illustrated in Fig. 1.4. With the larger heat of
fusion than ice or eutectic salt, the hydrate can also decrease the volume of the
cold storage tank and the cost for the initial investment [118]. Table 1.3 gives a
summary of the performance of different cold storage media. It indicates that
in comparison with the system which makes use of water as cold medium, the
system which makes use of clathrate hydrate slurry has a higher COP with night
mode generation and also a superior heat transfer performance.
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Table 1.2: Criteria to select cold storage media [96].

Thermal properties

Melting temperature in the desired operating range;

High phase transition latent heat per unit volume;

High specific heat to provide significant additional sensible heat;

High thermal conductivity of both phases;

Physical properties

Small volume change on phase transformation;

Low vapour pressure at the operating temperature;

Favourable phase equilibrium;

Congruent melting of the PCM;

High density to reduce the volume of storage tank;

Kinetic properties

No supercooling;

High nucleation;

Adequate rate of crystallization;

Chemical properties

Long term chemical stability;

Completely reversible freeze/melt cycle;

No corrosion influence of the construction materials;

Non-toxic, non-flammable and non-explosive to ensure safety;

In this thesis, two different kinds of hydrate slurry (TBAB hydrate slurry and
CO2 hydrate slurry) are investigated to illustrate the advantage of hydrate slurry
when applied for air conditioning systems. This work includes both experimen-
tal and model investigations. A coil heat exchanger and a fluidized bed heat ex-
changer are used to produce hydrate slurry. In this first part, a brief introduction
of hydrate slurry will be given in section 1.3. Different designs of generators for
hydrate production are also presented in this chapter.

1.3. FUNDAMENTALS OF HYDRATE SLURRY

Hydrate slurry is a mixture of hydrate crystals and water. If the crystals concen-
tration is lower than a certain value, the hydrate slurry is pumpable, and can
be applied as a secondary refrigerant in air-conditioning systems. The hydrate
structures are introduced in this section as well as an overview of hydrate forma-
tion kinetics, including nucleation and growth.

Clathrate hydrates (or gas hydrates) are crystalline water-based solids phys-
ically resembling ice, in which small guest molecules, such as methane, ethane,
propane, carbon dioxide, and hydrogen-sulfides, are trapped inside cages of hy-
drogen bonded, frozen water molecules. Most low molecular weight gases will
form hydrates at suitable temperatures and pressures. Eq. 1.3 reflects the for-
mation process of hydrate. In this equation, B stands for the guest molecules
trapped in the cages. The reaction mostly occurs under low temperature and
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Table 1.3: Performance and economical features of different cold storage media.

Cold storage medium water ice Eutectic salt Clathrate hydrates

day/night

Phase change temperature (°C) - 0 8-12 5-12

Evaporating temperature (°C) 2 -10 -4 5

Condensation temperature ((°C)) 40 40 40 40/35

COP of primary cycle 5.88 4.03 4.82 6.54/7.89

Heat transfer performance Superior Medium Inferior Superior

Investment < 0.6 1 1.3-2 1.2-1.5

(In comparison with Ice)

high pressure conditions.

B +N H2O�B ·N H2O (1.3)

Clathrates were firstly discovered by Joseph Priestley (1778), but first docu-
mented by Sir Humphrey Davy (1811) in the Bakerian lecture to Royal Society in
1810.

Most of the structures known nowadays were synthesized in the nineteenth
century. There are mainly three crystallographic structures of hydrates: sI, sII
and sH, which differ by the cavity size and shape shown in Table 1.4. Defini-
tive x-ray diffraction data on structure I was obtained by McMullan and Jeffrey
(1965) [70], indicating the number of cavities in structure I shown in Table 1.4.
In addition, structure I is formed with guest molecules having diameters be-

tween 4.2 and 6
◦
A, such as methane, ethane, carbon dioxide and hydrogen sul-

fide [102]. Mak and McMullan (1965) [68] have undertaken a definitive x-ray
diffraction study of structure II hydrate crystals, illustrating how a crystal may
be completely defined by the cavities. Nitrogen and small molecules including

hydrogen (d < 4.2
◦
A) form structure II as single guests. Larger (6

◦
A <d <7

◦
A)

single guest molecules such as propane or isobutane will form structure II. Still

larger molecules (typically 7
◦
A<d < 9

◦
A) such as iso-pentane or neohexane can

form structure H when accompanied by smaller molecules such as methane, hy-
drogen sulfide or nitrogen [102]. The early studies focused on the identification
of the molecules forming hydrates, and their formation conditions. Later on in
1930, hydrocarbon clathrate hydrates invoked considerable amount of applied
research. In this occasion, the studies were the consequence of a major prob-
lem faced by the oil and gas industry, the plugging of transportation pipelines by
gas hydrates. Investigations on hydrate formation thermodynamics followed, in
addition, thermodynamic inhibitors and promoters were identified.
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Table 1.4: Geometry of cavities that assemble the three hydrate crystal structures.

Hydrate
crystal
structure

I II H

Cavity small large small large small medium large
Description 512 512 62 512 512 64 512 43 56 63 512 68

Number of
cavities

2 6 16 8 3 2 1

Number of
water
molecules

20 24 20 28 20 20 36

*Data taken from [102]

In middle 60’s, the first natural gas hydrate deposits were identified, which
triggered the interest on the kinetics of clathrate hydrates. Clathrate hydrates
have been found to occur naturally in large quantities. Around 6.4 trillion (6.4
× 1012) tonnes of methane are trapped in deposits of methane clathrate on the
deep ocean floor. Such deposits can be found on the Norwegian continental shelf
in the northern headwall flank of the Storage Slide. Clathrates can also exist as
permafrost, as at the Mallik gas hydrate site in the Mackenzie Delta of north-
western Canadian Arctic. These natural gas hydrates are seen as a potentially
vast energy resource, but an economical extraction method has so far not been
identified. (https://en.wikipedia.org/wiki/Clathrate hydrate)

Hydrate slurries recently have been found to be good candidates for sec-
ondary refrigerants in air conditioning systems to operate as cold storage medium
and distribution. Thermal properties of hydrates are important factors for the
application of hydrates slurry on cold energy storage. The thermal conductivity
of solid hydrate is mostly in the range of 0.5-0.8 W m −1 K−1, which more closely
resembles that of liquid water (0.605 W m −1 K−1). Other properties, like latent
heat, are quite different from the guest molecules that are trapped inside the cage
of hydrate.

Hydrate formation is a stochastic phase change considered a crystallization
process, which requires a supersaturated environment to take place [111]. Usu-
ally the crystallization can be divided into two consecutive processes: nucleation
and growth. In the nucleation process, small clusters of water and gas or other
guest molecules, which are known as hydrate nuclei, emerge and grow until they
reach a critical size (around 25-170 Å). The formation of hydrate nuclei usually
occurs at the interface of fluid-solid, gas-liquid or liquid-liquid, not only due to
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the higher concentration of water and guest molecules but also because the in-
terface lowers the Gibbs’ free energy of nucleation. The main driving force of
hydrate nucleation is the chemical potential difference (converted to the temper-
ature difference in this thesis) between the initial phase and the new phase. The
magnitude of the driving force depends on the temperature, pressure and con-
centration difference between the operating and equilibrium conditions [111].
For the second process of hydrate growth, the stable hydrate nuclei grow to solid
hydrates. During this period a significant amount of hydrate forms by incorpo-
rating large amounts of gas or other guest molecules, therefore, mass and heat
transfer play a great role in this process.

1.4. GENERATION METHODS OF SLURRY
Generation of slurry has been widely investigated because it represents an es-
sential part for the application of slurries as secondary cooling fluids. Tube ex-
changers are the most general generators for hydrate slurry as they are easy to
build and the investment is low. However, the production of hydrate slurry in
tube exchangers is difficult to control and the blockage of tubes may occur, re-
stricting the use of this economical generator. Fig. 1.5 gives a representation of
supersaturation of hydrate formation in generators without agitation. It shows
that if a fluid is cooled down slowly without agitation it is possible to supersatu-
rate the solution. In Fig. 1.5 the solid line stands for the solubility curve, while the
dashed line is the metastable limit of solubility. On point ’a’, the solution is under
saturated and all the crystals will dissolve. On point ’b’, there is an equilibrium
between hydrates and solution. On point ’c’, the solution is supersaturated. On
point ’d’, where there is a metastable limit, spontaneous nucleation can occur.
The difference in temperature between point ’d’ and ’f’ is the supersaturation
temperature difference.

Apart from tube generators, there are mainly three kinds of hydrate genera-
tors which have been discussed, for instance, by Pronk (2006) [84], including: 1)
Scraped surface generator - the scraper inside the tube promotes the heat trans-
fer performance of the exchanger, while the tight contact of the plastic scraper
blade on the tube wall causes strong friction [129]. After a certain time interval of
utilization the blades need to be replaced. The initial investment and the energy
consumption are high. 2) Orbital rod generator: it’s proven that the overall heat
transfer coefficient of the orbital rod ice slurry generator is higher. The whip rod
is metallic and has no direct contact with the tube, therefore it survives longer
time than that of the plastic scraper blade [129]. However, the drive mechanism
of whip rods is complicated and there are many associated problems [129]. 3)
Fluidized bed generator -The research of the application of fluidized bed heat
exchangers dates back to the early 1970s. It was first proposed for slurry pro-
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Figure 1.5: Graphical representation of supersaturation (Adapted from [94]).

duction in the early 1990s (Klaren and van der Meer, 1991 [53]). The principle of
stationary fluidized bed heat exchangers is based on the movement of inert par-
ticles inside a tube which remove away the deposits from the walls. This disturbs
the thermal boundary layer and therefore increases the heat and mass transfer
coefficients. In addition, periodical cleanings are not necessary for this type of
heat exchangers. According to these advantages, fluidized bed heat exchangers
have been used in several fields. Ramon et al. (2013) [86] used a fluidized bed to
produce research catalysts and found that the stability of the catalysts was higher
than when conventional generation methods would be used. This because the
fluidized bed reactor behaved better in removing deposits from their surface.
Raj et al. (2013) [85] optimized the process parameters of a fluidized bed reac-
tor which was used to transform waste tyres to liquid and gaseous fuel. Klaren
and van der Meer (1991) [53] applied a fluidized bed as a chiller to make slush
ice. Pronk (2006) [84] generated ice slurry using fluidized bed heat exchangers
and proved that fluidized bed heat exchangers can prevent crystal fouling under
certain operating conditions. The fluidized bed heat exchanger is expected to
reduce investment costs considerably while increasing the heat transfer perfor-
mance. Also stable operation over longer periods is expected, as well as benefits
from large scale operations.

Plate heat exchangers (PHE) have also proved to be suitable for the produc-
tion of some kinds of hydrate slurry. The operational conditions are limited to 20
bar and 150 °C [2], indicating no limitation for the application investigated in this
study. The main advantages of PHE includes excellent heat transfer characteris-
tics, large surface area in a small volume and can be modified for different re-
quirements simply by increasing or decreasing the number of plates needed. For
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instance, Ma and Zhang (2011) [64] have produced TBAB hydrate slurry making
use of a plate heat exchanger.

1.5. RESEARCH OBJECTIVES
The use of small primary refrigerant loops in combination with secondary loop
distribution of cold is considered a solution to overcome the problems asso-
ciated with the use of toxic, flammable and even high global warming poten-
tial refrigerants. Applying secondary-loop distribution systems, environmental-
friendly working fluids can be employed to store low temperature energy and
to distribute it to the different application sites. In this way the amount of pri-
mary refrigerant charged to the system is significantly reduced in comparison to
the conventional distributed direct expansion systems resulting in much smaller
leakage risk. Also the primary refrigerant can be maintained in restricted spaces,
again limiting the risk to the environment. Low temperature energy storage can
be easily included in secondary-loop refrigeration and air-conditioning systems
and is an effective method to shift peak electric load to off-peak time as part of
the strategy for energy management in buildings. It also contributes to a reduc-
tion of installed power and allows for night time operation when lower heat re-
jection temperatures are available for the primary refrigeration cycle. Hydrate
slurry has been reported to be a good candidate secondary fluid due to its high
latent heat and high phase change temperature.

The main objective of this work is to confirm the advantages of applying hy-
drate slurry as secondary fluid in air-conditioning systems. Due to the high la-
tent heat and high phase change temperatures of hydrate slurries, the evapora-
tion temperature can be increased. The condensing temperature can be lowered
when the generation of hydrate slurry is moved to the night. In this case, the en-
ergy efficiency of space cooling can be substantially improved, as illustrated in
Fig. 1.6. It indicates that if the evaporating temperature increases from 2 °C to
5 °C, the COP increases 11.2%; if the condensing temperature is then decreased
from 40 °C to 35 °C, the COP increases significantly from 6.54 to 7.89.

A second objective of this thesis is to compare the performance of two dif-
ferent types of hydrate slurry: TBAB hydrate slurry and CO2 hydrate slurry, when
applied in air-conditioning systems. The production of TBAB hydrate slurry and
CO2 hydrate slurry are both investigated experimentally and numerically. New
correlations are developed for further understanding of the heat transfer charac-
teristics of hydrate slurry and the hydrate growth process.

A third objective of this research is to study the thermodynamic and kinetic
influence of a hydrate formation limiter in order to produce hydrate slurry con-
tinuously while keeping the investment low. The inhibitor introduced in this
work has been reported to be more efficient than other inhibitors and is envi-
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Figure 1.6: Impacts of operating conditions: evaporation and condensing temperature, on the
performance of coefficient (COP) in refrigeration systems. a) refrigeration cycles in P −h

diagram; b) COP of refrigeration system under different conditions.

ronmental friendly. The growth mechanisms of CO2 hydrate with the addition of
the hydrate formation limiter have been investigated.

1.6. SCOPE AND OUTLINE OF THE THESIS
The overall aim of this thesis is to identify the advantages of applying hydrate
slurries in air-conditioning systems. The flow behavior and production of hy-
drate slurries are both investigated experimentally and numerically. The hydrate
growth models are developed for two kinds of hydrate slurries which are pro-
duced in different hydrate generators. The application of hydrate slurries has
been investigated in a real slurry air conditioning system installation.

Chapter 2 studies the formation of TBAB hydrate slurries in a coil heat ex-
changer. In this chapter, the flow behavior of TBAB CHS has been investigated
with solid concentrations up to 40 wt%. This concentration corresponds to a
large latent heat of the slurry and so gives advantages when applied in air con-
ditioning systems. The formation of a crystal layer on the tube wall is discussed
in this chapter, as it has great influence on the pressure drop and heat trans-
fer performance between slurries and refrigerant. A heat transfer correlation is
developed to predict the heat transfer characteristics during the crystallization
process of hydrates.

Chapter 3 studies the application of TBAB hydrate slurries for the air condi-
tioning system of a small space. A plate heat exchanger is utilized for the pro-
duction of TBAB hydrate slurries in order to meet the heat transfer area require-
ment. TBAB hydrate slurry behaves as a secondary-loop fluid which stores and
distributes cold energy. The performance of this system is compared with the
performance of a conventional air-conditioning system in which water is applied
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as the cooling medium.
Chapter 4 studies the production of CO2 hydrate slurries in a Fluidized Bed

heat exchanger as this type of generator is reported to be suitable for continuous
production of (ice) slurries. A crystal growth model is developed to describe the
CO2 hydrate growth rate on the wall of the fluidized bed heat exchanger. The
combination of this hydrate generator with a latent heat thermal storage system
applied to an air-conditioning system for a specific office building is introduced
to quantify the improvement of energy efficiency.

The fluidized bed heat exchanger used in Chapter 4 requires a large invest-
ment, in order to use the simpler generator mentioned in Chapters 2 and 3, the
utilization of a hydrate formation limiter to slow down the CO2 hydrate forma-
tion rate in the coil heat exchanger is investigated in Chapter 5. A general crystal
growth equation is applied to identify the influence of the additive on CO2 hy-
drate formation.

Finally, Chapter 6 summarizes the conclusions from the different chapters
and some recommendations are present.
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2
TBAB HYDRATE SLURRY

PRODUCTION IN A COIL HEAT

EXCHANGER

The selection of PCMs is extremely important for the application as secondary
coolant as discussed in Chapter 1. TBAB hydrate slurry is discussed in this chapter.
A coil generator is utilized for the production of TBAB hydrate slurry. The flow and
heat transfer performance of TBAB hydrate slurry are investigated for the purpose
of further application in refrigeration and air-conditioning systems.

Parts of this chapter have been published in the International Journal of Refrigeration, 64, 130-142
(2016) [135].
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2.1. INTRODUCTION
Air conditioning systems are generally operated making use of chilled water that
is heated from 7 to 12 °C with evaporation temperature just above zero °C. The
evaporation temperature can be increased as discussed in Chapter 1. Hydrate
slurries have been discussed in Chapter 1 to be good candidates phase change
materials (PCM) for air-conditioning systems. An aqueous solution of 36.5%
tetra-n-butyl ammonium bromide (TBAB) undergoes a liquid/solid phase change
at 12 °C. In this way aqueous TBAB hydrate slurries, which allow for evaporating
temperatures of +5 °C or even higher, are very promising secondary-loop work-
ing fluids. They allow for latent low temperature heat storage at temperatures
close to the application temperature (and so for reduced energy consumption),
can operate at atmospheric pressure and require reduced storage and distribu-
tion line sizes.

TBAB is a quaternary salt that crystallizes in small solid particles, called hy-
drates, at operating conditions suitable for air conditioning applications (atmo-
spheric pressure and temperatures in the range of 0-12 °C). TBAB hydrate slurry
is a phase change material which is pumpable and can be used for cold storage
purposes. The utilization of TBAB hydrate slurry as cold storage medium can
save energy and significantly reduce the peak electricity demand of air condi-
tioning systems in the day time especially during summer time. TBAB can form
two types of hydrates with different hydration numbers. Type A has a columnar
shape (Shimada et al., 2005 [100]) and a latent heat of 193 kJ kg−1, while type B
has an irregular form of thin crystals and has a latent heat of 200 kJ kg−1 (Oyama
et al., 2005 [81]). The phase diagram for aqueous TBAB solutions presented by
Ma et al. (2010) [67] is reproduced in Fig. 2.1. It shows that, at 36.5 wt% initial
aqueous solution concentration, the phase change temperature of type A TBAB
hydrate is 12.5 °C. Notice that type B hydrate forms only at a 3-4 °C lower tem-
perature. In this study an initial aqueous solution concentration of 36.5 wt% has
been selected so that type A TBAB hydrate crystals start forming at around 12.5
°C. As already mentioned above, this temperature is closer to the application
temperature so that higher energetic efficiency can be attained in the primary
refrigerant loop.

The fluid flow and heat transfer characteristics of aqueous TBAB hydrate slur-
ries in pipe and heat exchangers are required in order to make its wide use possi-
ble. In the past years the Institute of Refrigeration and Cryogenics of the Shang-
hai Jiao Tong University has intensively studied several aspects related to the uti-
lization of aqueous TBAB hydrate slurries. One of the advantages of aqueous
TBAB hydrate slurry systems is that the crystals can be generated continuously
in heat exchangers of common design and so this heat exchanger does not sig-
nificantly increase the costs of the secondary-loop system. Shi and Zhang (2013)
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Figure 2.1: T -w diagram of the liquid-solid phase equilibrium of the two types of TBAB hydrate
(Data taken from [67]).

[98] have studied four hydrate slurry generation methods and have concluded
that continuous cooling causes adhesion of crystals to the surface of the heat
exchanger. In their set-up the surface temperature of the heat exchanger was
very low (ca.4 °C). The adhered crystal layer formed a thermal resistance layer
which increased with time and significantly deteriorated the heat transfer be-
tween refrigerant and TBAB. They reversed discontinuously the primary refrig-
eration cycle to allow for melting of the crystals so that longer operating times
were possible. Shi and Zhang (2014) [99] compared experimentally the overall
heat transfer coefficients before crystallization and during crystallization. They
found that more hydrate crystals adhere to the wall at larger degree of super-
cooling and higher mass concentration of TBAB in the aqueous solution, deteri-
orating the heat transfer significantly. In the present study the wall temperature
and so the driving force for the formation of crystals is controlled by submerging
the heat exchanger in a thermostatic bath and accurately controlling its temper-
ature. Also the concentration of crystals in the solution can be maintained by
adjusting the system load making use of a second thermostatic bath. This pa-
per presents data collected under such a setting and the results are compared to
previous studies. Ma and Zhang (2013a,b) [65] [66] have experimentally inves-
tigated the flow and heat transfer characteristics of TBAB hydrate slurry during
its generation in a double-tube heat exchanger and have determined the crys-
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tal layer growth on the wall as a function of time. The crystal layer caused the
enlargement of pressure drop and the drastic reduction of heat transfer perfor-
mance due to the narrowing flow passage and large thermal resistance, respec-
tively. Ma et al. (2010) [67] also proposed empirical heat transfer correlations
for TBAB hydrate slurries. Ma and Zhang (2011)[64] proposed flow friction fac-
tor and heat transfer correlations for TBAB hydrate slurries flowing through plate
heat exchangers. Kumano et al. (2011a) [55] investigated the heat transfer char-
acteristics of a TBAB hydrate slurry where the Reynolds number, tube diameters
and solid fraction were varied as experimental parameters. For laminar flow, it
was found that the ratio of Nusselt numbers increased with solid fraction. An
approximation of Nusselt number could be derived using the Graetz number on
the basis of the apparent Reynolds number (ReM ), the solid fraction and the ratio
of the average diameter of the hydrate particles to the test tube diameter. For tur-
bulent flow conditions, the ratio of Nusselt numbers had a value of one for each
condition at low solid fractions. The ratio of Nusselt numbers increased with
solid fraction in the high solid fraction region. Moreover, the apparent Reynolds
number, which can be derived by treating the hydrate slurry as a pseudoplastic
fluid, can be used to determine the condition under which hydrate slurry heat
transfer characteristics vary under turbulent flow. Zhang and Ye (2014)[132] de-
veloped heat transfer correlations for flow melting of TBAB hydrate slurries in
mini-tubes with diameters of 2.0 mm and 4.5 mm on the basis of the experimen-
tal data.

Kumano et al. (2012) [54] have concluded that, for the high solid fraction re-
gion, a laminarization phenomenon occurs and the flow and heat transfer char-
acteristics can be estimated from the laminar flow of the hydrate slurry. The
laminarization point depending on the solid fraction could be predicted using
the modified Reynolds number, ReM . Kumano et al. (2011b)[56] proposed that
the flow characteristics of the hydrate slurry can be treated as those of a pseudo-
plastic fluid and clarified this by using the modified Reynolds number. Song et
al. (2009a)[104] studied the heat transfer characteristics of TBAB slurry in a hori-
zontal stainless steel tube using different solid mass fractions and flow velocities
with constant heat flux. These authors considered the slurry to behave as a Bing-
ham fluid and derived a heat transfer correlation for laminar and turbulent flows
in the form of a power function. Ma et al. (2010) [67] studied the forced flow and
convective melting heat transfer characteristics of TBAB hydrate slurry flowing
through straight circular tubes and found that an empirical correlation, based
on the modified Reynolds number, could be used to predict the flow friction fac-
tor of TBAB. In the present study all experiments are conducted under laminar
flow conditions.

Helical coil heat exchangers are used in many applications including refriger-
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ation industry and HVAC applications. This type of heat exchangers has a higher
heat transfer rate than straight tubes, allowing for a more compact structure. The
flow regime is different due to the centrifugal forces that are involved. The heat
transfer enhancement of helical coils has been reported by Akiyama and Cheng
(1971) [5], Futagami and Aoyama (1988) [36], Janssen and Hoogendoorn (1978)
[46] and Kalb and Seader (1972) [49]. Several numerical studies of helically coiled
heat exchangers have been presented indicating similar advantages (Ferng et al.
2012 [33]; Jayakumara et al., 2008 [47]).

Most of the studies on heat transfer and flow characteristics of TBAB hydrate
slurry in heat exchangers deal with single tube experiments (Song et al., 2009b
[105]; Ma et al., 2010[67]; Kumano et al., 2011a-b[55] [56]). Knowledge on the
flow and heat transfer characteristics of TBAB hydrate slurry in a helical coil heat
exchanger is of significant importance and necessary for practical applications.
The fluid flow and heat transfer characteristics of TBAB hydrate slurry are com-
plex due to the non-Newtonian behaviour at high slurry concentrations and the
phase change process. The formation of TBAB hydrate crystals in helical heat
exchangers needs further investigation.

The objective of this chapter is to investigate the pressure drop and heat
transfer characteristics of a coil heat exchanger during the formation of TBAB hy-
drate crystals. Experiments were carried out using a coil heat exchanger with 114
mm coil inner diameter, a total length of 4.5 m and 5.6 mm internal tube diam-
eter. Pressure drop and heat transfer coefficients were obtained for water, TBAB
aqueous solution and TBAB hydrate slurry with different solid mass fractions.
Where possible these data are compared to previously published experimental
data and correlations for TBAB solution.

2.2. EXPERIMENTAL METHOD

2.2.1. SYSTEM DESCRIPTION

TBAB solution (CAS No. 1643-19-2) in water with 50% concentration was pur-
chased from Sigma - Aldrich and it has been used to prepare a TBAB solution
with 36.5 wt% concentration. For this concentration only TBAB hydrate type A
forms at equilibrium temperature of ca. 12.5◦C.

After the system has been brought to vacuum, the solution has been filled in
the experimental system. The experimental set-up represents a secondary cool-
ing loop which has the role of production, storage and transport of hydrate slur-
ries.

Fig. 2.2 shows the schematic diagram of the experimental set-up. The PID di-
gram is reproduced in Appendix A. The system consists of two thermostatic baths
and two coil heat exchangers, a gear pump and two buffer vessels (not shown). In
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each thermostatic bath, the coil heat exchanger consists of two small coils con-
nected in series which have been designed to fit in the thermostatic baths.

Figure 2.2: Schematic diagram of the experimental set –up including two thermostatic baths, two
pressure sensors, two temperature sensors, a gear pump, a flowmeter, two sight glasses and two

storage vessels (not shown).

The solution is cooled in the coil heat exchangers using thermostatic baths
filled with water. The effective cooling capacity of each bath is 0.3 kW. Sight
glasses in stainless steel are used to visualize the flow. The flow is circulated with
a Gather gear pump (0.37 kW) with adjustable speed. Using an inverter, the flow
rate is varied between 50 and 110 kg h−1 by controlling the frequency applied to
the gear pump. The warm thermostatic bath is kept at slightly higher tempera-
ture (0.5 -1.0 K) than the cold one allowing for partial melting. In this way the
condition of the inlet of the cold heat exchanger can be maintained for a long
time. Temperature of the fluids is measured at the inlet and outlet of the coil
heat exchanger located in the cold bath by PT100 temperature sensors (accuracy
± 0.03 K). Two pressure sensors (Siemens Sitrans P DS III, accuracy ± 2 kPa) are
located before and after the coil heat exchanger in the cold thermostatic bath to
measure the pressure drop. The density is measured with a Coriolis mass flow
meter (Endress+Hauser ProlinePromass 80A, accuracy ± 0.5 kg m−3 and ± 0.15%
of the measured flow). Temperatures, pressures and density are stored every 5
seconds by a data logger (ATAL, ATM –06D).

Fig. 2.3 shows the schematic of the helical coil heat exchanger that is im-
mersed in a thermostatic bath. The TBAB solution flows within the tube and is
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cooled by the chilled water within the thermostatic bath. The pipe has an inner
diameter of 5.6 mm. The coil has a diameter of 120 mm (measured between the
centers of the pipes). The distance between two adjacent turns, called pitch, is
8 mm. Ratio of pipe diameter to coil diameter is called the curvature ratio. The
coiled tube has 12 turns in total. The curvature of the coil governs the centrifugal
force while the pitch influences the torsion force.

The overall heat transfer coefficient is calculated based on the measured tem-
peratures and flow rates as shown in Eq. 2.1.

Figure 2.3: Configuration of the helical coils in the thermostatic baths which are filled with water.
The coil diameter, Dc , is 120 mm with an internal tube diameter of 5.6 mm. The pitch, which is
the distance between two adjacent turns, is 8 mm. There are 12 turns giving a total length of the

coil 4.74 m.

U =
ṁ∆h −ṁ ∆P

ρs
−Q̇loss

Ai∆Tlog
(2.1)

where ∆Tlog is defined by the following expression Eq. (2.2)

∆Tlog =
(Tin −Tbath)− (Tout −Tbath)

ln Tin−Tbath
Tout−Tbath

(2.2)

The enthalpy change of the TBAB hydrate slurry is given by Eq. (2.3)

∆h = cps(Tout −Tin)+hlat(wout −win) (2.3)
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The energy loss Q̇loss in Eq. (2.1) has been estimated to be equal to 3 W by tak-
ing the length of the tube and its insulation thickness into account. The second
term in Eq. (2.1) relates to the heat released by friction losses.

The outside heat transfer coefficientαo is determined from the experimental
data and calculated as given in Eq. (2.4).

1

αo
= 1

U
−

di ln do
di

2λw
− di

αi do
(2.4)

The thermal conductivity of the wall is 13 W m−1 K−1 for stainless steel.

2.2.2. TBAB HYDRATE GENERATION

TBAB hydrate slurry has been generated by super-cooling the solution, followed
by nucleation and then growth of the crystals. A mixture of 36.5 wt% TBAB and
water is cooled at temperatures from 20 °C to 11 °C in steps of 0.5 K per 10 min-
utes until the driving force is large enough and hydrates become visible in the
sight glasses of the set-up. The temperatures at the inlet and outlet of the coil
heat exchanger rise when hydrates appear. Fig. 2.4 presents a sample variation
of the temperatures of the thermostatic baths and at the inlet and outlet of the
coil heat exchanger during hydrate formation. The formation of hydrates is high-
lighted by the rise of temperature that is due to the exothermic phase change
process. The formation starts at the temperature of 13 °C after around 5000 sec-
onds. Immediately after the formation the temperatures of the thermostatic bath
have been increased with 0.5 K per 15 minutes in order to control the quantity of
solids. A steady operation of the system has been obtained for the thermostatic
baths temperatures of 10 °C and 9.2 °C respectively, which gives an equilibrium
temperature of slurry 14.2 °C.

Fig. 2.5 shows the pressure drop across the cold bath heat exchanger dur-
ing the tests shown in Fig. 2.4. The pressure drop increases significantly when
hydrate formation starts and reduces when stable operating conditions are at-
tained. The pressure drop of the slurry flow (1.5 bar) is significantly larger than
the pressure drop of the solution flow (0.5 bar).

2.2.3. EXPERIMENTAL ACCURACIES

The experimental uncertainties of slurry tests are summarized in Table 2.1. The
uncertainties of the derived parameters depend on the solid fraction of TBAB
hydrate slurry. The uncertainties are larger for low concentrations and smaller
for high concentrations.
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solution during hydrate formation experiment.
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Table 2.1: Summary of experimental uncertainties.

Parameters Uncertainty
Measured Parameters
Temperature K ± 0.03
Pressure kPa ± 1
Density kg m−3 ± 0.5
Mass flow rate % ± 0.15

Derived parameters High/low Concentration
Solid fraction w% 3.12-10.9
Reynolds Re% ± 0.15
Pressure drop ∆P% ± 0.8-2.8
Friction factor f % 0.9-2.7
Overall heat transfer coefficient U % 7.3-8.8

2.3. PROPERTIES OF TBAB HYDRATE SLURRY
The density of TBAB solution has been measured and the results are shown in
Fig. 2.6. As expected, the density increased as the temperature of the solution de-
creased. The experimental values are compared with data presented by Ogoshi
and Takao (2004) [78] and Zhang et al. (2012) [131]. The line marked by ♦ repre-
sents the values obtained by interpolating between the density of 30 wt% TBAB
solution and the density of 40 wt% TBAB solution values presented by Ogoshi
and Takao (2004)[78] . The solid line is predicted with the equation of Zhang et
al. (2012) [131]. The measured density is slightly higher than both the data of
Ogoshi and Takao (2004) [78] and Zhang et al. (2012) [131] by approximately 2.5
kg m−3.

Solid mass fraction has been calculated based on the density measurements
of hydrate slurry by Eq. (2.5).

wH =
1− ρs

ρL

ρs

ρH− ρs
ρL

(2.5)

in which, ρH is the density of hydrate type A. According to Ogoshi and Takao
(2004) [78] ρH =1080 kg m−3 and ρL is the solution density measured at the oper-
ating temperature, for instance, ρL=1039.5 kg m−3.

The thermal conductivity of TBAB hydrate slurry has been calculated with
Maxwell’s equation (Zhang et al., 2010 [130]), while the thermal conductivity of
TBAB solution is derived from Ma et al. (2010) [67]. Table 2.2 summarizes the
properties of TBAB hydrate crystals.
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Figure 2.6: Comparison of the experimental density data of the TBAB solution with the data
derived from literature sources.

The dynamic viscosity of 36.5 wt% TBAB solution at equilibrium condition
(14.2 °C) is derived to be 0.00635 Pa· s from Kumano et al. (2011a) [55]. Viscosity
is predicted with Eq. (2.6) which matches the equilibrium condition.

µTBAB = exp(−0.684lnT −3.242) (2.6)

In which T is expressed in °C. The dynamic viscosity of hydrate slurry is cal-
culated with the Thomas equation (Christensen and Kauffeld, 1997 [14]). The
specific heat of slurry is obtained as Eq. (2.7).

cps = wcpH + (1−w)cpL (2.7)

in which cpH is the specific heat of hydrate type A according to Ogoshi and Takao
(2004) [78], and cpLis the specific heat of the solution, which is taken from Asaoka
et al. (2013) [9].

For water, the density, dynamic viscosity, specific heat and thermal conduc-
tivity have been calculated as a function of the average temperature and pressure
between inlet and outlet of the heat exchanger using REFPROP (Lemmon et al.,
2013 [59]).
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Table 2.2: Thermophysical properties of TBAB hydrate crystals.

Struc-
ture
[55]

Hydra-
tion
number

Melting
temper-
ature

Density
[78]

Latent
heat [81]

Specific
heat

Thermal
conduc-
tivity

°C kg m−3 kJ kg−1 kJ kg−1

K−1
W m−1

K−1

Type
A

Needle
like

26[78]
[81]

11.8[78]
/
12.0[81]

1080
193.18 ±
8.52

2.22[78] 0.42 [43]

Type
B

com-
plex

36[78]/38
[81]

9.9 [81] 1030
199.59
±5.28

2.00-
2.54
[81]

2.4. RESULTS

2.4.1. FLOW CHARACTERISTICS

The flow phenomena in helically coiled tubes are more complex than in straight
tubes due to centrifugal force effects. The transition from laminar to turbulent
flow is shifted to higher Reynolds numbers (Gnielinski, 2010 [38]) as shown in Eq.
(2.8).

Recrit = 2300

[
1+8.6

(
di

Dc

)0.45]
(2.8)

For the experimental conditions, Recrit = 7280, for all tests the flow is laminar.
The flow in a helical coil pipe is characterized by the Dean number as Eq. (2.9).

De = Re

√
di

Dc
(2.9)

The Dean number for water is in the range 610 to 1400. For TBAB solution,
the Dean number is between 110 and 240. The Dean number for TBAB hydrate
slurry is between 20 and 200.

The pressure drop is calculated based on Darcy–Weisbach equation as Eq.
(2.10).

4P =
(

fstr
Lstr

di
+ fc

Lc

di
+K

)
ρu2

2
(2.10)

In which, the friction factor is obtained with the Poiseuille relation (Eq. (2.11))
for laminar flow.

fstr = 64

Re
(2.11)
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Figure 2.7: Experimental and predicted pressure drop of water and TBAB solution as a function of
the flow rate.

Frictional factor for curved tubes in relation to the friction factor for straight
tubes is obtained from Naphon and Wongwises (2006) [75] as Eq. (2.12).

fc

fstr
= 1+0.015Re0.75

(
di

Dc

)0.4

(2.12)

K in Eq. (2.10) stands for the loss caused by the sharp corners in the tubes.
It was taken to be 0.9 from Gnielinski (2010) [38] for one turn. There are totally 5
sharp corners in the test section.

Fig. 2.7 shows a comparison between predicted and experimental pressure
drop of water and 36.5 wt% TBAB solution as a function of flow rate. The pressure
drop of both water and TBAB solution can be predicted well with existing equa-
tions. The pressure drop of TBAB solution is about 2.6 –3.0 times larger than that
of chilled water.

Fig. 2.8 shows the relationship between the friction factor and the Reynolds
numbers for water, TBAB solution and TBAB hydrate slurry. The friction factor
decreases with the increase of Reynolds number. Fig. 2.9 shows that pressure
drop for slurry concentration higher than 40% can not be predicted by Eq. (2.10)
when the general definition of Reynolds, Re, is applied. The figure illustrates that
the assumption of Newtonian fluid for TBAB hydrate slurry can be applied up to
solid concentrations of 40%. It also shows that the flow has a non-Newtonian
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Figure 2.8: Comparison of the experimental and predicted friction factor of water, TBAB solution
and TBAB hydrate slurry as a function of Reynolds number.

behavior for concentrations higher than 40%.

Fig. 2.10 presents a comparison between the predicted and experimental
pressure drop of the hydrate slurry as a function of solid mass fraction for dif-
ferent flow velocities. The pressure drop increases with the solid fraction and
flow velocity. In a previous study, the pressure drop of 15 wt% TBAB hydrate
slurry melting in a double-tube heat exchanger has been estimated to be 1-1.4
times higher than that of the aqueous solution for the same flow velocity (Ma
and Zhang, 2013a. [65] ). In the present experiments the ratio is in the range
of 1.15 –1.8, which is quite comparable but slightly higher. Fig. 2.10 also shows
that for high concentration slurries, the fluid is non-Newtonian, and the pressure
drop cannot be predicted by Eq. (2.10).

2.4.2. HEAT TRANSFER

Correlations proposed for coil heat exchangers are firstly reviewed. Dravid et al.
(1971) [23] studied the laminar flow heat transfer in helically coiled tubes and
proposed the following correlation as Eq. (2.13)

Nu = (0.65
p

De+0.76)Pr0.175 (2.13)
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Figure 2.9: Comparison of the experimental friction factor change with solid fraction as a
function of the Reynolds number.

10 15 20 25 30 35 40 45
60

80

100

120

140

160

180

200

220

240

260

280

Solid mass fraction/wt%

P
re

ss
ur

e 
dr

op
/k

P
a

 

 

1.21 m s−1

1.10 m s−1

0.98 m s−1

0.88 m s−1

0.77 m s−1

0.66 m s−1

0.59 m s−1

prediction
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For 50 < De < 200 and 5 < Pr < 175 . Xin and Ebadian (1997) [119] proposed the
following equation for flow in helical pipes:

Nu = (2.153+0.318De0.643)Pr0.177 (2.14)

For 20 < De < 2000, 0.7 < Pr < 175, and 0.0267 < d

Dc
< 0.0884. Ma and Zhang

(2013a) [65] proposed a correlation for single phase flow in a co-axial double tube
heat exchanger:

Nu = 0.12Re0.75Pr1/3 (2.15)

The Nusselt numbers proposed for coil heat exchangers were also compared
with the prediction of the equation of Gnielinski (1976) [37] as Eq. (2.16). This
equation predicts the single phase heat transfer coefficient in the Reynolds num-
ber range between 2300 to 104 under uniform heat flux conditions in tubes

Nu =
f
8 (Re−8000)Pr

1+12.7 f
8

0.5
(Pr2/3 −1)

(2.16)

where f = (1.82log10 Re−1.64)−2.
Heat transfer by natural convection outside of tubes is also investigated to

allow for a comparison.
Ali (1994) [6] studied the convection from vertical coiled tubes and proposed

a correlation for natural convection around these coils

Nu = 0.016×Ra0.433
H (2.17)

for Dc
do

= 19.957 and 2×108 ≤ RaH ≤ 5×1010.
Churchill and Chu(1974) [15] proposed a correlation for natural convection

outside of a horizontal cylinder

Nu = 0.36+ 0.518×Ra1/4
H

(1+ (0.559/Pr)9/16)4/9
(2.18)

Fig. 2.11 shows the comparison of the experimental αo derived from Eqs.
(2.13) to (2.16) for the experiments with water, with the predictions of Eqs. (2.17)
and (2.18). It indicates that the correlations from Ali and Churchill and Chu un-
der predict the experimental heat transfer coefficient in the thermostatic bath
side compared with the data derived from Eqs. (2.13) to (2.16). Eq. (2.13) gives
the highest heat flux dependency of αo , however, the Dean number application
range is out of the range of experimental data. Therefore, Xin and Ebadian’s
equation was selected to derive a heat transfer correlation for the thermostatic
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Figure 2.11: Comparison of the external heat transfer coefficient derived from literature with the
experimentally derived value as a function of heat flux applied to the coil.

bath side as Eq. (2.19) as it shows the most similar result as what Dravid’s equa-
tion gives. Eq. (2.15) shows the same trend as the prediction from Eqs. (2.13)
and (2.14), but gives lower value. Eq. (2.16) does not take the coil curvature into
account, nevertheless Gnielinski’s equation gives similar results for lower heat
flux.

αo = 1.4q̇ +30.697 (2.19)

Fig. 2.12 shows a comparison between experimental and calculated overall
heat transfer coefficient for the TBAB solution experiments. It indicates a good
prediction of the proposed heat transfer prediction approach. The obtained val-
ues of the overall heat transfer coefficient are higher than the values reported by
Shi and Zhang (2014) [99].

2.4.3. HEAT TRANSFER DURING HYDRATE GENERATION AND MELTING

Ma et al. (2010) [67] derived a heat transfer correlation from their experiments
with convective melting of TBAB hydrate slurry in a heated straight tube. Ma
and Zhang (2013b) [66] applied this correlation also for the TBAB hydrate slurry
generation process. This correlation is the only validated correlation for the pre-
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diction of heat transfer during TBAB hydrate slurry generation. Ma et al. (2010)
[67] consider two regions : Laminar flow, 700 < ReM < 1500

Nu = 0.2368(ReM Pr)0.5873Ste−0.0795
(

di

Lc

)0.2645 (
dp

di

)−0.0182

(2.20)

Transitional and turbulent flow, 1500 < ReM < 3500

Nu = 0.0219(ReM Pr)0.7093Ste−0.0498
(

di

Lc

)−0.2009 (
dp

di

)−0.2441

(2.21)

In these equations ReM is the modified Reynolds number proposed by Metzner
and Reed (1955) [72] as

ReM = ρSu2−nd n
i

8n−1K ′ (2.22)

with n and K
′
the flow behaviour index and fluid consistency coefficient, respec-

tively. These coefficients have been quantified by Kumano et al. (2011a) [55].
These authors propose a value of 0.41 mm for dp , the crystals average size in the
TBAB hydrate slurry, for type A TBAB hydrate.

Additionally Ma and Zhang (2013a) [65] have proposed a correlation for the
prediction of heat transfer during the hydrate melting process:

Nu = 0.0598Re0.711
M Pr1/3

(
1+ ∆w∆h

cp∆T

)0.457

(2.23)

with ∆w the solid concentration change in the control volume considered.
Also Kumano et al. (2011b)[56] have proposed a correlation for the prediction

of heat transfer during the melting of TBAB hydrates:

Nu = 3.33

(
ReM Pr

di

Lc

)0.18

w0.42
(

di

dp

)0.55

(2.24)

Notice that this relation only applies when 0.03 É w É 0.18.
Edwards et al. (1979) [27] proposed a correlation for the Nusselt number

when Reynolds number is lower than 2300 in straight tubes

Nustr = 3.66+
0.065 di

Lc
RePr

1+0.04( di
Lc

RePr )2/3
(2.25)

Eq. (2.25) was rewritten into Eq. (2.26) which, similarly to Eq. (2.12) takes
curvature into account.
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Nuc =
3.66+

0.065 di
Lc

RePr

1+0.04( di
Lc

RePr)2/3

(
1+0.015Re0.75(

di

Dc
)0.4

)
(2.26)

Fig. 2.13 shows a comparison of the measured and predicted overall heat
transfer coefficient during the generation of TBAB hydrate slurry when Eq. (2.19)
and Eqs. (2.20)- (2.26) are used. The dashed frame in this figure shows the overall
heat transfer coefficient for solid fraction lower than 15%. It should be stressed
that Eqs. (2.20)-(2.24) have been derived from melting experiments and that it
can be expected that the formation of hydrates encounters larger mass transfer
resistances than melting when the solid concentration is lower than 15%. Fig.
2.13 shows that the experimental data can be predicted by Ma et al. (2010) [67],
when the solid fraction is lower than 15 wt% and the flow rate is higher than
100 kg h−1 the flow is in the transition region between laminar and turbulent.
It also shows that when the solid concentration is quite high (40%), the crystals
will decrease the heat transfer of the flow. This can be caused by the adhesion of
solids on the tube wall as shown in Fig. 2.13e. The heat transfer will be enhanced
due to the curvature in coils as shown in Fig. 2.13a.

Most of the correlations for TBAB hydrate slurry focus on the melting process,
while in this research, the generation process was investigated. Fig. 2.14 shows
a comparison of the overall heat transfer coefficient of water, TBAB solution and
TBAB hydrate slurry. It indicates that the heat transfer of water is higher than
that of TBAB solution and TBAB slurry. This because the water is less viscous
than the other two fluids. For slurry, when there are crystals formed on the wall
of the tube it will increase the thermal resistance of the wall, thereby decreasing
the overall heat transfer coefficient.

For slurry, when the flow rate is extremely high (flow velocity 1.2 m s−1) with
low solid fraction, the overall heat transfer coefficient is correspondingly high,
which is comparable to that of TBAB solution, as shown in Fig. 2.14.

2.4.4. THICKNESS OF CRYSTAL LAYER

Hydrates are expected to form firstly on the wall of the coils forming a crystal
layer as shown in Fig. 2.15. During the generation process of hydrate slurry, the
adherence of crystals on the tube wall narrows the flow passage resulting in an
increase of flow velocity. The enlarged velocity removes away the crystals formed
on the wall. When there is a balance between the formation and removal of the
hydrate crystals, the crystal layer will not increase anymore. The pressure drop of
the TBAB hydrate slurry during generation in the coil heat exchanger increases in
comparison with the situation before crystals start forming due to the gradually
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a) b) 

e) 

c) d) 

Figure 2.13: a) - d) Comparison of the experimental and predicted overall heat transfer coefficient
during the generation of TBAB hydrate slurry Different resources have been used for comparison;

e) Crystal layer thickness as a function of flow rate.
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Figure 2.14: Comparison of the experimental overall heat transfer coefficient of water, TBAB
solution and TBAB hydrate slurry as a function of flow rate.

thicker crystal layer on the tube wall and the reduced flow passage diameter, as
shown in Fig. 2.15.

The thickness of the crystal layer δ can be derived from the iteration of the
experimental overall heat transfer coefficient and the overall heat transfer coef-
ficient obtained making use of Eqs. (2.1) and (2.27) taking the crystal layer thick-
ness into account as

1

Uafter
= di

dH ×αi
+

di ln di
dH

2λH
+

di ln do
di

2λw
+ di

do

1

αo
(2.27)

In which the thermal conductivity of hydrate is taken from Table 2.2 : 0.42 W
m−1 K−1.

The equilibrium crystal layer thickness which results for different operating
conditions is shown in Fig. 2.13 as a function of flow rate. It indicates that the
thickening of the crystal layer can seriously deteriorate the heat transfer perfor-
mance of the slurry, the heat transfer coefficient decreasing from 500 W m−2 K−1

to 100 W m−2 K−1 when the crystal layer increases from zero to 0.15 mm.

2.5. CONCLUSIONS
The heat transfer characteristics and pressure drop during the formation of type
A TBAB hydrate slurry in a coil heat exchanger have been investigated experi-
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Figure 2.15: Schematic diagram of the coils with a layer of crystals formed on the wall, while the
generation heat is removed by the external fluid.

mentally. Solid mass fraction and flow rate have been varied as experimental
parameters.

Pressure drop of TBAB solution was about 2.6 –3.0 times that of the chilled
water. For 30 wt% to 45 wt% TBAB hydrate slurry the pressure drop was in a
range of 1.5 to 2.6 bar for the flow rates between 50 kg h−1 and 110 kg h−1. Higher
pressure drops are observed during crystal nucleation and growth. The pressure
drop can be well predicted with existing correlations which take the curvature of
the coil into account.

The experimental heat transfer data can be predicted with existing correla-
tions. The heat transfer performance during hydrate formation is lower than
that during hydrate melting. With high solid concentrations, the heat transfer
of slurry is lower than that of TBAB solution and water under the same flow rate.
With solid concentration < 15%, the heat transfer coefficient of the slurry is com-
parable to the heat transfer coefficient of TBAB solution.

The formation of a layer of crystals in combination with increased viscosity
increases the pressure drop during hydrate formation process, e.g., the pressure
drop increases from 80 kPa to 240 kPa. The crystal layer also contributes to the
determination of the overall heat transfer performance in the heat exchanger.
The overall heat transfer coefficient can decrease from 500 W m−2 K−1 to 100 W
m−2 K−1.





3
TBAB HYDRATE SLURRY

APPLICATION FOR A SMALL

BUILDING

This chapter relates to the application of the topics introduced in Chapter 2. In
this chapter, the TBAB hydrate slurry discussed in Chapter 2 is utilized in an air-
conditioning system as a cold storage and distribution fluid. The air conditioning
system is combined with a latent heat thermal storage (LHTS) system. The perfor-
mance of this air conditioning system is compared with that of the conventional
air conditioning system. The advantages of applying TBAB hydrate slurry as cold
storage medium and distribution fluid are quantified.

Parts of this chapter have been published in the proceedings of the 11th IIR Conference on Phase
Change Materials and Slurries for Refrigeration and Air Conditioning, Karlsruhe, 2016
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3.1. INTRODUCTION
Heating and cooling accounts for 37-49% of a building’s energy consumption ac-
cording to a study by the Energy Conservation Center, Japan (ECCJ) [42]. Energy
use reduction in air conditioning is obviously vital to reduce the total energy con-
sumption. The peak load for air conditioning power consumption is between 2
pm - 5 pm during the day as shown in Fig. 3.1. Air-conditioning systems are
built to deal with this peak period. If the peak could be removed, the capacity of
these facilities could be reduced and the operating efficiency could be increased.
Leveling out this load fluctuation is called load leveling. The main purpose of
thermal energy storage air conditioning systems making use of hydrate slurry is
to contribute to load leveling. Fig. 3.1 shows the working principle of an air con-
ditioning system which makes use of clathrate hydrate slurry (CHS) during a day.
It indicates that the CHS is produced during the time between 22 pm - 8 am. Dur-
ing that period, the ambient temperature is low compared to daytime, therefore,
the condensation temperature of the condenser could be reduced. In this way,
the energy consumption of the primary refrigeration cycle can be reduced.

Figure 3.1: Working principle of CHS thermal energy storage air conditioning systems, adapted
from [42]. It shows that the CHS is produced and stored during the night (2:00-8:00) and utilized
during the day (9:00-20:00). In this way, the power consumption as illustrated can be cut down.

Fig. 3.1 also shows that with thermal energy storage (TES) system, the peak
power consumption (marked in orange area) can be cut down. In this study, the
thermal energy storage systems make use of aqueous TBAB slurry in the air con-
ditioning system. The slurry is cooled and stored with night time power, and then
cold air is generated during the day from the stored slurry. When energy con-
sumption is dictated by the afternoon peak, peak power consumption is large to
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match that peak. However, when energy is stored at night, all that needs to be
done at night is the storage task, so the primary refrigeration cycle can be op-
erated steadily and very efficiently, energy consumption could be reduced as a
result. An additional merit is being able to make effective use of cheaper night-
time power and to operate the primary refrigerant cycle under more favorable
operating conditions (lower condensation temperature).

The fundamental investigation of TBAB hydrate slurry including physical prop-
erties and mass and heat transfer characteristics has been reported in Chapter 2,
which illustrated the possibility of applying TBAB hydrate slurry in air condition-
ing systems. In this chapter, an air conditioning system is discussed which makes
use of TBAB hydrate slurry as cold storage and a cold delivery medium combined
with a latent heat thermal storage (LHTS) system for a 144 m2 space.

The thermo-physical properties and the related flow and heat transfer char-
acteristics of TBAB hydrate slurry have been reviewed by Zhou et al. (2016) [135].
These authors concluded that TBAB hydrate slurry is suitable for the air con-
ditioning applications due to its phase transition temperature which is close to
the operation temperature of the conventional air-conditioning system, and its
large cold storage density which is up to 5 times that of chilled water. The flu-
idity of TBAB hydrate slurry is maintained up to 40 wt% solid concentration.
In this chapter, TBAB hydrate slurry is utilized as a secondary-loop refrigerant
which is chilled down by the primary refrigerant. The produced hydrate slurry
is distributed to an air-conditioning system of a specific building. The system is
combined with a latent heat thermal storage system in order to shift the energy
demand and therefore improve the energy efficiency. Both experimental and nu-
merical methods are applied to investigate the performance of the system com-
pared with that of conventional systems.

3.2. SYSTEM DESCRIPTION

3.2.1. EXPERIMENTAL SYSTEM

Fig. 3.2 shows the schematic diagram of the secondary refrigerant system which
makes use of TBAB hydrate slurry. The system includes three loops: TBAB hy-
drate slurry generation, storage and application loop from right to left. TBAB
hydrate slurries are produced in the plate heat exchanger (PHE) due to the heat
removal by the refrigerant. The produced hydrate slurry is stored in the storage
vessel (SV), and delivered to the air-cooler when there is cooling requirement.
The installation of the system is shown in Appendix B. The peak cooling load of
the system is 3 kW taking the Dutch climate (the five hottest days during the year
of 1965) for estimation.

A plate heat exchanger (PHE) which is purchased from Alfal Laval (AC-70x-
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Figure 3.2: Schematic diagram of the refrigeration system making use of TBAB hydrate slurry as
secondary fluid.

30m) with dimension of 111 mm × 526 mm × 104 mm (with 12.5 mm from the
center of top tube port to the top of the plate Fig. 3.3d), consists of thin corru-
gated stainless steel plates vacuum brazed together using copper as the brazing
material as shown in Fig. 3.3a. Fig. 3.3b shows the basic flow principle of a
plate heat exchanger, the two fluids flow normally counter currently to achieve
the most efficient heat transfer process. The heat exchanger used in this research
is composed of 30 plates, getting a heat transfer area of about 2.0 m2 taking the
plate surface enhancement of corrugations into account. The installation of the
PHE in this research is shown as Fig. 3.3c. The effective length of each plate is
0.501 m.

Figure 3.3: a) Plates of brazed plate heat exchanger b) Schematic diagram of the plate heat
exchanger utilized in this research c) Plate heat exchanger installed in this research with the same

size represent in b); d) Structure of a plate.
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The storage vessel (SV as shown in Fig. 3.2) which is used to store the hydrate
slurry produced from the generation loop, is maintained at atmospheric pres-
sure. The storage vessel is made of a polymeric material and has a volume of 0.3
m3 with a height of 1 m. Fig. 3.4 illustrates its installation.

Figure 3.4: Storage vessel installed in the system with a volume of 0.3 m3 and height of 1 m.

The hydrate slurry stored in the storage vessel is delivered to the application
loop making use of an air cooler. The function of the air-cooler is to cool the air
flow that is delivered to the conditioned space to a certain temperature level by
heat exchange with the TBAB hydrate slurry. In this study, TBAB hydrate slurry
is utilized as the cooling medium and distribution fluid instead of water which
is commonly used in conventional air-conditioning systems. The air cooler used
in this research is a tube-fin exchanger as shown in Fig. 3.5 as example. The
external (air side) surface of this exchanger is enhanced with continuous fins to
compensate for the low heat transfer coefficient in the air side.

Figure 3.5: Example of a tube-fin air cooler with plate fins. The cooler used in this experimental
set-up has a finned length of 600 mm and 375 mm width and it has 6 tube rows in the air flow

direction.

The installation of the tube-fin air cooler in this research is shown as Fig.
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3.6. The connection and the distribution of the tubes is shown as Fig. 3.7a. Wa-
ter/TBAB hydrate slurry flows into the header and is distributed to 15 circuits as
shown in Fig. 3.7a. There are two columns in each circuit, each column contains
6 tubes. The length of one tube, Lt , as shown in Fig. 3.7b is 0.6 m. The diameter
of the tube is 9.52/10 (di /do) mm, which gives an internal heat transfer area of
3.2 m2 in total. The tube pitch (pt ) and row pitch (pr ) are identical and equal to
25 mm. The fin height, Hfin, is an important design parameter of the fin tube air
cooler, which can be derived from Schmidt (1950 [92]). The fin thickness (Wfin)
and fin spacing (sfin) are two design parameters that are important for the per-
formance of the air cooler. The fin pitch (pfin) is 4.2 mm, and the thickness of
each fin is 0.2 mm for the air cooler used in this research.

Figure 3.6: The installation of the tube-fin air cooler surrounded by a red circle. The two
horizontal headers used to distribute the flow of hydrate slurry into 15 parallel circuits is clearly

visible. Each vertical row of tubes is a different circuit.

Figure 3.7: a) Side view of the geometry of air-cooler; The length in the air flow direction, L2, is
150 mm; The tube pitch, pt , and row pitch, pr , are both 25 mm. b) front view of one of the tubes

showing how the fins are attached to the tubes. The length of each tube, Lt , is 0.6 m.
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Figure 3.8: Characteristics of the two magnetically driven pumps shown in Fig. 3.2. T MAG-M4 is
Pump 1 and T MAG-M2 is Pump2.

There are two pumps used as shown in Fig. 3.2 which are magnetically driven
peripheral pumps. Both pumps are speed controlled. The flow rate of pump 1
(T MAG-M4) is 2.5 m3 h−1 with maximum pressure drop of 5.0 bar. Pump 2 (T
MAG-M2) delivers the hydrate slurry stored in the storage vessel to the applica-
tion site. The flow rate of pump 2 is 2.9 m3 h−1 with maximum pressure drop of
1.8 bar. The pressure drop over the two pumps is continuously measured. The
solid fraction is also measured making use of density measurements with Cori-
olis mass flow meters. This allows for the determination of the relation between
solution pressure drop and its corresponding solid fraction. In the future, the
pressure drop could be used as an indication of the solid fraction if a relation
can be identified between these two parameters. The performance diagrams of
the pumps are shown as Fig. 3.8. The blue line indicates that when there is a
blockage under the designed flow rate, by regulating the flow rate, pump 1 can
deliver up to 6 bar pressure drop which is supposed to be enough according to
the pressure drop behavior in relation to a blockage illustrated in Chapter 2.
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The efficiency of the two pumps can be derived by the definition as η= V̇∆P
Wpump

.

For pump 1 the efficiency is derived to be 17%. For pump 2 the efficiency is 21%.

SIZE OF THE CONNECTING TUBES

The external diameter of the tubes between the storage vessel and the plate heat
exchanger is 25 mm. The refrigerant inlet tube to the plate heat exchanger is 16
mm while the outlet tube is 28 mm. The diameter of the tube which connects the
storage vessel with the air-cooler is also 25 mm external.

DATA ACQUISITION

The data acquisition system is comprised of a data logger which measures the
data every 10 seconds. The data logged is obtained with several transducers
namely: temperature sensors, pressure sensors and flow meters. Temperatures
are measured using Pt100 thermal resistance sensors. The resulting accuracy
of the thermal resistance when measuring temperature relative to each other is
±0.03 K. The pressure transducers used to measure the pressure in different lo-
cations are calibrated to ± 1 kPa. The flow meters are calibrated to be ± 0.15 for
flow measurement and ± 0.5 kg m−3 for density measurement and have been
obtained from Krohne Ltd. Table 3.1 summarizes the accuracy of all sensors.

Table 3.1: Summary of instrumentation accuracies.

Parameters Accuracy
Temperature, K ± 0.03
Pressure, kPa ± 1
Density, kg m−3 ± 0.5
Flow rate % of full scale ± 0.15

3.2.2. EXPERIMENTAL METHODOLOGY

The operation of the system which is controlled by a computer program is shown
in Fig. 3.9. Before the system is started, distilled water has been used to rinse the
internal area of the system.

As shown in Fig. 3.9, the experiments will be run in two modes: day-time
and night-time which is determined by a time controller. During daytime, when
there is cooling requirement, the slurry stored in the vessel will be firstly used
until the density of the slurry in the storage vessel is low (density corresponding
to 5 wt%) then the hydrate slurry production will start. This control process is
shown as the two branches in Fig. 3.9. For the night mode, the production of
hydrate slurry is processed until the density corresponding to 40 wt% is reached.
In addition, the density is measured by a Coriolis flow meter and indicates the
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Figure 3.9: Installation operation of TBAB hydrate slurry air conditioning system.

corresponding concentration of solids. The set point for the maximum concen-
tration of solids is 40 wt% in the storage tank. The lowest concentration allowed
during the day mode is 5 wt%. The hydrate concentration application range is
5 wt% - 40 wt%, since the investigation of the flow characteristics discussed in
Chapter 2 indicates that above 40 wt%, the pressure drop of the slurry rises signif-
icantly and the melting of all crystals requires a large supercooling to re-initiate
the formation of crystals.

3.3. MODEL DEVELOPMENT
A mathematical model has been developed to calculate the performance of the
hydrate slurry air conditioning system. The model consists of several compo-
nents. Fig. 3.10 illustrates that the general inputs of the model are the cooling
demand and ambient temperature. From the program, the corresponding value
of the power consumption which is one of the outputs of the system is calculated.
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Figure 3.10: General model description of the TBAB hydrate slurry air conditioning system.
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Fig. 3.10 also shows that the program runs the sub-models in the following
order:

if the system is running in the day time mode:

• Air cooler: slurry mass flow in the application site is firstly calculated as a
function of cooling demand and ambient temperature.

• Pump 2: Calculates pump power from air cooler pressure loss.

if the solid fraction in the storage tank is lower than 5 wt%, then the genera-
tion is started.

• Slurry generator: the heat capacity of the slurry generator is calculated
based on the overall heat transfer coefficient of TBAB hydrate slurry as
Q̇ =U A∆T . A mass flow of slurry is firstly assumed. The U value can then
be derived. ∆T is based on the evaporation temperature which is fixed as
2/7.5 °C. The slurry mass flow in the generator site can then be derived
from ṁs = Q̇/∆hs . The iteration runs until it converges.

• Pump 1: Calculates pump power from slurry generator pressure loss.

• Compressor: Calculates condensation temperature from refrigerant mass
flow, inlet temperature, air mass flow and ambient temperature.

• Expansion valve: Calculates outlet enthalpy from inlet enthalpy.

• Slurry tank: Calculates slurry solid fraction from in and outlet mass flows
and solid fraction.

if the system is running in the night-time mode, the solid fraction in the stor-
age tank is firstly judged, if it is lower than 40 wt%, then the generation will start.
The steps will follow as below until the concentration of solids is up to 40 wt%
then the system will shut down.

• Slurry generator: Slurry mass flow is calculated using the same method as
for day mode.

• Pump 1: Calculates pump power from slurry generator pressure loss.

• Compressor: Calculates condensation temperature from refrigerant mass
flow, inlet temperature, air mass flow and ambient temperature.

• Expansion valve: Calculates outlet enthalpy from inlet enthalpy.

• Slurry tank: Calculates slurry solid fraction from in and outlet mass flows
and solid fraction.
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3.3.1. HEAT TRANSFER AND PRESSURE DROP IN TUBE-FIN AIR COOLER

Slurry mass flow through air-cooler is firstly calculated from

ṁ = Q̇

∆hs
(3.1)

In which, ∆hs is the enthalpy change of the slurry, composed of solid and solu-
tion as ∆hs =∆w∆hH +∆hsol. ∆w is the solid concentration change of the slurry
as it flows through the air cooler. ∆hH is the latent heat of type A TBAB hydrate,
which is 193 kJ kg−1. Q̇ is the cooling demand.

HEAT TRANSFER PERFORMANCE

The heat transfer performance of the air cooler is analyzed for both air side and
slurry side.

For slurry flow side, Song et al. (2009) [103] proposed a correlation for the
prediction of the Nusselt number of forced convective heat transfer of melting
TBAB hydrate slurry

Nu = A
′
Rea

′

M Prb
′

(3.2)

In which, ReM is the modified Reynolds number, which has been defined in
Chapter 2.

The values for the parameters are listed in Table 3.2. The heat transfer coef-
ficient of the slurry side can then be derived from αscooler = λs Nu

di
. In which, the

slurry thermal conductivity is composed of solution and solids and di is the in-
ternal diameter of the tube.

Table 3.2: Parameters of heat transfer correlation in Eq. (3.2).

Flow Regime A
′

a
′

b
′

Range (ReM )
Laminar 1.231×10−5 1.6606 0.7073 É 17500
Turbulent 5.254×10−4 0.9097 1.1202 Ê 17500

A correlation proposed by Infante Ferreira [45] for air coolers with in-line ar-
rangement has been adopted as Eq. (3.3) for the calculation of heat transfer for
the present air-cooler as shown in Fig. 3.7.

Nuair = 0.265Re0.78Pr1/3
(

L

dh

)−0.7

(3.3)

Where, dh is the hydraulic diameter of external tube-fin. It is derived by Eq. (3.4)
to be 6.3 mm.
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dh = 4(pt −do)(pfin −Wfin)

2(pfin −Wfin)+2(pt −do)
(3.4)

L in Eq. (3.3) is the air flow path, which is L2 as shown in Fig. 3.7 and is equal
to 0.15 m. Re in Eq. (3.3) is defined as

Re = Ġairdh

µair
(3.5)

In which, Ġair is the air mass flux across fins which is obtained from

Ġair = ṁair

(pt −do)(pfin −Wfin)Nt
Lt

pfin

(3.6)

Nt is the number of tube rows perpendicular to the air flow direction. The heat
transfer coefficient for the air side is derived from αair = λairNuair

dh
.

The overall heat transfer coefficient of the tube fin air cooler is then derived
as Eq.(3.7) making use of Eqs. (3.2) and (3.3).

1

Uair
= 1

αscooler

+ di

2λt
ln

do

di
+ do

2λfin
ln

dofin

do
+ 1

αair

1(
Afin

Ai
ηfin +

At

Ai

) (3.7)

Where Ai = πdi Lt Nt Nr = 3.228 m2. Nt , Nr are the tube rows perpendicular to
the air flow direction and in air flow direction, which are 30 and 6 respectively.
The exposed tube area, At can be calculated as At = πdofin (Lt − Lt

pfin
Wfin)Nt Nr ,

which is 3.231 m2. For square pitch tube bank, the fin area is obtained from Eq.
(3.8), which is 28.1 m2 for the present heat exchanger.

Afin = Nt Nr
Lt

pfin
2[pt pr −

πd 2
ofin

4
] (3.8)

Fin efficiency in Eq. (3.7) is calculated from

ηfin = tanh(pHfin)

pHfin
(3.9)

Where p is a fin efficiency parameter. It’s defined as

p =
√

2αair

λfinWfin
(3.10)

Hfin is the height of the fin, which is derived to be 12.4 mm from Schmidt (1950)
[92].
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Hfin = 0.5(2

√
pt pr

π
−do)[1+0.35ln(2

√
pt pr

π

do
)] (3.11)

The material of the fins is aluminum.The thermal conductivity, λfin is 205
W m−1 K−1 at ambient temperature. The tube is made of copper, the thermal
conductivity of tube wall, λw , is then 400 W m−1 K−1.

The correlation from Schmidt (2010) [90] for heat transfer in finned tubes is
used for comparison purposes.

Nuair = 0.22Re0.6
(

Atot

At

)−0.15

Pr 1/3 (3.12)

PRESSURE DROP

The tube side pressure drop of the air cooler was predicted using the same equa-
tion (Eq. (2.10)) as shown in Chapter 2 for single phase flow in straight tubes. For
air side pressure drop, the correlation from [45] is taken for the calculation.

∆Pair = 1

2
f

(Gair)2

ρair
(3.13)

Where, f is the fanning factor. For different Reynolds numbers, f is derived as
below.

For Re < 1500

f = 100Re−0.82
(

L2

dh

)0.7

(3.14)

For Re > 1500

f = 0.7Re−0.14
(

L2

dh

)0.7

(3.15)

3.3.2. PUMP POWER CALCULATION

The power consumption of the pump is calculated based on the pressure loss in
the heat exchanger. For pump 2, the power consumption can be derived from

Wpump = ṁs∆Pt

ηpumpρs
(3.16)

while for pump 1, the pressure loss in the slurry generator would be taken.
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3.3.3. SLURRY GENERATOR

For day mode, the slurry stored in the storage tank is enough to supply the cool-
ing demand, so there is no slurry flow through the generator during the day-time.
For night mode, the cooling capacity for the generator has been discussed above,
thereby, the mass flow of the refrigerant is then derived as

ṁref =
Q̇

∆href
(3.17)

HYDRATE GROWTH MODEL IN PHE
TBAB hydrate slurry has been generated by super-cooling a TBAB solution with
a concentration of 36.5 wt%, followed by nucleation and then growth of the hy-
drate crystals. The hydrate formed during the process is calculated from a hy-
drate growth model, the heat released by hydrate formation can then be derived,
which will be compared with the heat removed by the refrigerant. In this way, the
growth model can be validated.

Crystals are expected to form on the wall of the plate heat exchanger firstly as
shown in Fig. 3.11 since the temperature of the wall is lower than the temperature
of the solution. The crystal layer thickness keeps increasing and thus the slurry
velocity also increases according to the conservation of mass until the friction
between the slurry and the crystal layer is high enough causing detachment of
crystals from the layer into the slurry. At this point, the mass of crystals that
are formed in the layer equals to the mass of crystals that are transported to the
slurry and the crystal layer thickness remains constant since then.

A modified model of Pronk [84] is used, in this study, to describe the crystal
growth mechanism.

G = kρs A(wsol −wint) (3.18)

Where k is the mass transfer coefficient, and can be derived from

k = ShD

dh −2δH
(3.19)

In which the Sherwood number is predicted making use of the analogy with heat
transfer and using the correlation from Warnakulasuriya and Worek (2008) [115]
for viscous flows in plate heat exchangers.

Sh = 0.292Re0.705Sc0.35 µ

µw

0.14
(3.20)

This equation has been adopted since it is similar to the equation experimen-
tally validated by Gudjonsdottir (2015)[39] and it includes the impact of the high
viscosity of the slurry.
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Figure 3.11: TBAB hydrate (marked with yellow) growth on the plate surface of the plate heat
exchanger. The TBAB solution and the refrigerant flow counter-currently on the two sides of the

plate. The driving force for the formation is the concentration difference between solution (wsol )
and the interface (wi nt ). A crystal layer thickness, δH , must first be attained before continous

production can be achieved.

dh is the hydraulic diameter of the PHE. The crystal layer, δH , shown in Fig.
3.11, is estimated to be 0.15 mm according to Zhou et al. (2016)[135]. The authors
derived the thickness of crystal layer during TBAB hydrate slurry production in
a tube heat exchanger. They concluded that when the flow velocity is above a
certain value, there is a constant layer of crystals on the tube wall when there is a
continuous production of hydrates.

This model has been validated with experiments of TBAB hydrate slurry gen-
eration in a coil heat exchanger, from which the diffusion coefficient, D , of TBAB
in aqueous solutions has been derived to be 1.52 ×10−7 m2 s−1 (Zak, 2014[128]).

HEAT TRANSFER IN PHE
The correlation from Warnakulasuriya and Worek (2008)[115] has been used for
the heat transfer calculation in the slurry side of the PHE. Their correlation has
been derived for the heat transfer in plate heat exchangers for high viscous solu-
tions.

Nu = 0.292Re0.705Pr0.35 µ

µw

0.14
(3.21)
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Ma and Zhang (2011) [64] have investigated the heat transfer performance
of TBAB hydrate slurry in a plate heat exchanger with solid fractions in the range
from 0 - 17.5%. They obtained a correlation for the heat transfer coefficient based
on their experimental data taking the influence of solid fraction into considera-
tion. Therefore, their correlation is also considered for comparison purposes.

NuM aZ hang = 0.338Re0.667
M Pr1/3

(
1+ ∆w∆h

cp∆T

)0.037

(3.22)

Recently Gudjonsdottir (2015)[39] has reviewed heat transfer and pressure
drop studies in plate heat exchangers with single phase flow and refrigerant evap-
oration. By comparing several proposed correlations with experimental data col-
lected with ammonia as the refrigerant and water as the single phase fluid she
concluded that, for single phase flow, the correlation which reproduces best her
experimental data is the correlation by Donowski and Kandlikar (2000) [22]. If
the solid fraction change is small, the slurry could be treated to be a single phase
flow to some extent, therefore, Eq. (3.23) is also used for comparison purposes.

Nusp = 0.2875Re0.78
sp Pr1/3

sp (3.23)

Which applies for Resp > 200.
For evaporation the correlation by Yan and Lin (1999) [120] approached best

the experimental data:

Nuevap = 19.26ReeqRe−0.5
L Pr1/3

L Bo0.3
eq (3.24)

In this equation the subscript eq indicates the equivalent dimensionless num-
ber which takes the local vapor fraction into account.

Cooper’s equation which has been validated by Longo and Gasparella (2007)
[62] in a small brazed plate heat exchanger for R134a vaporisation is also used for
comparison purposes.

αr e fCooper = 55

(
P

Pcrit

)0.12−0.2log10(Rp ) (
−log10(

P

Pcrit
)

)−0.55

q̇0.67M−0.5 (3.25)

3.3.4. PRESSURE DROP IN PHE
The pressure drop prediction method proposed by Kast and Nirschl (2010)[50]
(Eq.(3.26)) has been used to predict the single phase flow pressure drop.

∆P = f
Lphe

dh

ρu2

2
(3.26)
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In which, dh is the hydraulic diameter of the plate heat exchanger, which is 5.6
mm. f is the friction factor that depends on Reynolds number.
For laminar flow

f = 64

Re
(3.27)

For turbulent flow, according to Blasius, Eq. (3.28) is applied for 3000 < Re <
100000.

f = 0.3164

Re0.25 (3.28)

For higher range from 2×104 < Re < 2×106, Hermann’s equation [50] is applied

f = 0.00540+ 0.3964

Re0.3 (3.29)

While the pressure drop during evaporation was predicted with the correla-
tion by Han et al. (2003)[41].

∆P = f
LpheNcp

dh

Ġ2
eq

ρL
(3.30)

In which Ncp is the number of passes which is one for the present set-up. Ġeq

is the equivalent mass flux, which can be calculated by

Ġeq = Ġ[(1−qv )+qv (
ρL

ρv
)] (3.31)

qv is the vapor quality.
The overall heat transfer coefficient for the plate heat exchanger utilized in

this study can then be derived from Eq. (3.32) making use of Eqs. (3.24) and
(3.21)

1

U
= 1

αsphe

+ 1

Rw
+ 1

αevap
+ δH

λH
(3.32)

The plate heat exchanger is made of stainless steel, therefore, the thermal con-
ductivity of the wall is 15 W m−1 K−1, the resistance of the wall is derived as
Rw = λw

δw
. The thermal conductivity of TBAB hydrate, λH , is 0.42 W m−1 K−1 ac-

cording to Table 2.2.

3.3.5. MATHEMATICAL MODEL OF THE COLD STORAGE OF TBAB HYDRATE

SLURRY

Fig. 3.12 shows a schematic diagram of the storage vessel (SV) of TBAB hydrate
slurry. It is both connected to the plate heat exchanger where crystals are pro-
duced and to the melting heat exchanger in which part of the flow is molten. Fig.
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3.12 also shows that a cooling load Q̇ is applied to the slurry flow as it passes the
melting heat exchanger. The heat exchanger is installed in the air feed channel to
the conditioned space. The storage vessel is well insulated and the temperature
between environment and storage is quite small so that it can be assumed that
the energy input from the environment through the insulation material is negli-
gible. The storage vessel is considered to be well-mixed so that a single control
volume can represent the conditions encountered in practice. The enthalpy at
the outlet of the melting heat exchanger is given by Eq. (3.33)

Figure 3.12: Storage vessel (SV) and melting heat exchanger (HEX). The arrows denote the flow
direction. Partially molten slurry and slurry from the plate heat exchanger (PHE) mix and flow

into the storage vessel (SV).

hhexout = hhex in +
Q̇

ṁhex
(3.33)

The enthalpy of the slurry at the inlet of the storage vessel is given by

hsv in =
ṁhexhhexout +ṁphehpheout

ṁhex +ṁphe
(3.34)

The energy input from the pump is negligible so that Tsvout = Thexin = Tphein

and the enthalpy at the outlet of the storage vessel can be derived from the tem-
perature and solid fraction as Eq.(3.35)

hsvout = f (Tsvout , winsv ) (3.35)
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The mass concentration at the outlet of the melting heat exchanger, whexout ,
follows from the melting enthalpy of the crystals as given

whexout = wsvout −
Q̇hex

ṁhex∆hH
(3.36)

The solid concentration from the plate heat exchanger, wpheout
, can be de-

rived in a similar way as for Eq. 3.36

wpheout
= wsvout +

Q̇phe

ṁphe∆hH
(3.37)

So that the hydrate mass concentration at the inlet of the storage vessel, wHsvin
,

can be obtained from

wHsvin
= ṁhexwhexout +ṁphewpheout

ṁhex +ṁphe
(3.38)

The hydrate mass concentration in the storage vessel, wHsv , as a function of
time can finally be obtained from

wHsv =
∫ (ṁhex +ṁphe)wHsvi n

− (ṁhex +ṁphe)w t−1
Hsv

ρsvVsv
d t (3.39)

Where the superscript t −1 indicates the value for the previous time step.

3.3.6. COMPRESSOR POWER CONSUMPTION

A Bitzer LH44E/2FES-3Y condensing unit is used in this study, including a 2FES-
3Y-40S compressor. The compressor has 2 cylinders, with 46 mm bore and 33
mm stroke.

The power consumption of the compressor is obtained from the volumetric
and isentropic efficiencies. Both are a function of the pressure ratio and the in-
let temperature. The isentropic and volumetric efficiency of the compressor are
obtained from a calculation model by the manufacturer (Bitzer). The result is
shown in Fig. 3.13 indicating that the isentropic and volumetric efficiency are
only a function of the pressure ratio. The influence of the temperature at the in-
let of the compressor is neglected since it remains partially unchanged for the
considered operating conditions. The pressure ratio does vary over time since it
depends on the ambient temperature.



3

72 3. TBAB HYDRATE SLURRY APPLICATION FOR A SMALL BUILDING

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

0.00 2.00 4.00 6.00 8.00 10.00

E
ff

ic
ie

nc
y 

Pressure ratio 

Volumetric
isentropic

mech rat0.185ln 1.06P   

3 2
is rat rat rat1.1 3 2.25 2 0.14 0.34e P e P P      

Figure 3.13: Isentropic (ηis) and volumetric (ηvol) efficiencies of the compressor as functions of
pressure ratio (Prat). The fitting correlations of both efficiencies are also shown in the figure.

The enthalpy at the outlet of the compressor can be calculated using the isen-
tropic efficiency (ηis):

hout =
hout,is −hin

ηis
+hin (3.40)

The electric power consumption can then be derived from the mechanical
efficiency of the compressor:

Welec =
ṁref(hout −hin)

ηmech
(3.41)

The mechanical efficiency, ηmech is assumed to be 0.9670.

3.4. REFERENCE BUILDING

The slurry produced in the system is used to cool down the room temperature of
a space with about 144 m2 as shown in Fig. 3.14.
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Figure 3.14: Installation diagram showing the reference building which makes use of TBAB
hydrate slurry as a distribution medium for the air conditioning system. The air cooler is located
in the air-duct with a diameter of 350 mm. It also illustrates how the air is circulated in the room

and through the air duct.

The air cooler is installed in the air feed duct to the conditioned space. The
diameter of the duct is 0.35 m. The high temperature room air is forced to flow
into the duct by a fan and exchanges heat with the slurry flow which circulates
through the air cooler. The low temperature air is circulated back to the duct
and distributed into the room. In this way, the room is cooled.The hydrate slurry,
which has been produced during the night and stored in the storage vessel, is
circulated to the air cooler making use of pump 2 (see Fig. 3.2). In the cooler, the
slurry partially melts after which the slurry returns to the storage vessel.

3.5. RESULTS

3.5.1. WATER EXPERIMENT

Water experiments are firstly done for testing and comparison purposes. Results
are obtained for one day in October 2016 from 00:00:00 to 23:59:50.

AIR-COOLER SIDE

The pump 2 status indicates whether the air-cooler is working or not. Fig. 3.15
shows the speed of pump 2 along with the mass flow in the tubes of the air cooler.
It indicates that the air cooler only started operating at around 17:00. The mass
flow of water is then in the range of 0.4 - 0.85 kg s−1.
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Figure 3.15: Speed of Pump 2 along with the change of water flow in the air cooler. The figure
makes clear that the air cooler only operates between 17:00 and 22:00 during this specific day.
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Figure 3.16: Profile of inlet and outlet temperature of air cooler for both water and air side. The
water mass flow rate in the air cooler and plate heat exchanger (PHE) are also shown in the figure.
The figure makes clear that the PHE (the slurry generator) only starts to operate at around 21:00

in this specific day.
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The energy load for the air cooler is obtained from Q̇load = ṁwatercpwater(Tin−
Tout)water. The temperature in and out of water as well as the air in and out are
measured by temperature sensors shown in the Appendix B. Fig. 3.16 illustrates
the temperatures change and the flow rate of water in the cooler and generator
during this period. It indicates that when the air-cooler starts working (17:00),
the temperature difference of the water passing the air-cooler is about 2.0 K. The
temperature before the cooler starts working is not meaningful as the water is
stationary in the cooler. It also indicates that the generator pump didn’t start
working until 21:00 (indicated by the green line). All the heat load is removed
only making use of the storage tank, which supplies the cold energy in the first 4
hours before the generator starts working.

Since the air cooler is installed with co-current flow, the logarithmic mean
temperature of the air cooler, ∆Tlogcooler

, can be derived as

∆Tlogcooler
= (Tairin −Twaterin )− (Tairout −Twaterout )

log(
Tairin−Twaterin

Tairout−Twaterout
)

(3.42)

However, the water outlet temperature is higher than the air outlet tempera-
ture in some points shown in Fig. 3.16, indicating the co-current installation of
the air cooler limits its operation. The arithmetic mean temperature difference
(∆T = (Tairin +Tairout )/2− (Twaterin +Twaterout )/2) is used instead of the logarithm
mean temperature for these points.

The air flow rate can then be derived from the energy balance as: Q̇load =
ṁwatercpwater dTwater = ṁair∆hair. According to the Mollier diagram, initially some
water vapor of the humid air will condense on the external surface of the air
cooler. Fig. 3.17 shows the cooling load of the air cooler and the derived air flow.
The average cooling capacity in this period is 1.61 kW. The air flow is in the range
of 700 - 2250 m3 h−1, and changes with the temperature difference of air, dTair

(the air fan is speed controlled).
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Figure 3.17: Cooling demand and the mass flow rate of air. These data have been derived from the
energy balance of the water flow through the air cooler.

For water test, the heat transfer coefficient in the water side is derived mak-
ing use of the correlation of Gnielinski (1976)[37] for turbulent flow (Re>104) and
Edwards et al. (1979) [27] for laminar flow (Re<2300). Fig. 3.18 shows the heat
transfer coefficient of the air cooler for both water and air side. The Reynolds
number of water is in the range of 2600 - 5500, which is in the transition region.
It indicates that when the air cooler starts working, the heat transfer coefficient
in the water side is in the range of 0.45-0.6 kW m−2 K−1. The heat transfer co-
efficient of the air side is about 0.015 kW m−2 K−1 from [45]. The air side heat
transfer coefficient derived from Schmidt (2010) [90] is also shown for compari-
son purposes, which gives a higher value (0.025 kW m−2 K−1) than that from [45].
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Figure 3.18: a) Heat transfer coefficient of the air cooler for both water and air side; Prediction
making use of the methods discussed in the text. b) Experimental Reynolds number of water flow

in the air cooler.

The experimental overall heat transfer coefficients are compared with the
predicted values derived from Eq. 3.7. Fig. 3.19 indicates that the model from
the VDI [90] predicts better than that from [45]. However, both of them under
predict the experimental values. It also indicates that the overall heat transfer
coefficient of the air cooler increases when the flow velocity increases. However,
as the logarithmic mean temperature, ∆Tlog, changes along the co-current flow,
the experimental overall heat transfer coefficient is not constant.
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Figure 3.19: Comparison of the experimental and predicted overall heat transfer coefficient for
the tube-fin air cooler. The velocity of the water flow in the tubes is also shown.

GENERATION SIDE

The speed of pump 1 (see Fig. 3.2) and the mass flow of water in the generator
loop are measured and shown in Fig. 3.20. It indicates that the generator works
in the period of 00:00-09:00 and 21:00-24:00. The total energy consumption of
the pump can then be derived as Qpump1 =

∫
W d t .
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Figure 3.20: Speed of Pump 1 and water mass flow rate in the generator for a period of 24 hours,
indicating that working periods for the generator are 00:00-9:00 and 21:00-24:00.
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The period from 21:00-24:00 is firstly discussed since Fig. 3.16 indicates that
in the first hour of this period there is cooling requirement. Fig. 3.21 shows the
inlet and outlet temperatures of the generator for both water and refrigerant side.
It shows that the mass flow of water in the generator is about 0.7 kg s−1, while the
mass flow of refrigerant is relatively small (0.04 kg s−1). It also indicates that there
is always a super-heating of the refrigerant.

The logarithmic mean temperature, ∆Tlog, can be derived from the method
proposed by Longo and Gasparella (2007) [62] to be about 6 K in the period from
21:00-24:00 when the generator is working.
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Figure 3.21: Temperature change of water and refrigerant through the generator in the working
period 21:00-24:00. The mass flow rates of water and refrigerant are also shown in the figure.

Fig. 3.22 shows the temperature change of water and refrigerant for the gen-
erator in the time period of 0:00-1:00. It indicates that in this period, the genera-
tor works frequently but only for an extremely short time. This is because there is
some refrigerant left in the generator, when the temperature of the storage tank is
higher than 12 °C in the night, the generator will start working to lower down the
temperature of water in the storage tank. It can also be proved by the extremely
low mass flow rate of refrigerant as shown in Fig. 3.22 (0.022 kg s−1). The mass
flow of water during this period is about 0.65 kg s−1. This kind of operation only
takes place from 0:00-9:00 according to Fig. 3.20, and within 1 hour it repeats 6
times and each time only several minutes.
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Figure 3.22: Temperature change of water and refrigerant in the generator in the working period
00:00-1:00. The mass flow rate of water and refrigerant are also shown in the figure.

The energy flow in the plate heat exchanger from the water side can be de-
rived from Q̇PHE = ṁPHEcpwater dTwater. The energy flow obtained from the en-
thalpy change of refrigerant can be derived as Q̇ref = ṁref∆href. Fig. 3.23 shows
the comparison of the energy flow derived from the slurry side, Q̇PHE, and from
the refrigeration side, Q̇ref. Also the superheating at the evaporator outlet is shown.
It indicates that there is always a super-heating for the refrigerant. The results in-
dicate that only for the period 21:00 - 24:00, the energy flows match well.



3.5. RESULTS

3

81

0
2
4
6
8

10
12
14
16
18
20

20.00 21.00 22.00 23.00 24.00

Q
/k

W
, d
T/

K
 

Time/h 

Qwater 

Qref 

dTsup 

0
2
4
6
8

10
12
14
16
18
20

0.00 0.20 0.40 0.60 0.80 1.00

Q
/k

W
, d
T/

K
 

Time/h 

Qwater 

Qref 

dTsup 

a) 

b) 

Figure 3.23: Energy flow comparison of generator from both water and refrigeration side a)
during period of 00:00-01:00; b) during period of 20:00-24:00. The superheating degree of the

refrigerant is also shown in the two periods, indicating that a superheating is always needed in
the refrigeration side.

The heat transfer coefficients in the water side and refrigerant side are shown
in Fig. 3.24 as well as the Reynolds number of water and refrigerant. It shows that
the Reynolds number of water is about 600, while that of refrigerant is about 250.
The heat transfer coefficient predicted by Yan and Lin (1999) [120] for the refrig-
erant side is about 220 W m−2 K−1. The value predicted by Cooper (1984)[62] is
about 520 W m−2 K−1. The water side heat transfer coefficient is about 8500 W
m−2 K−1 according to Eq. (3.23) for water test.
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Figure 3.24: a) Heat transfer coefficient of plate heat exchanger for both water and refrigerant
side; b) Reynolds number for both water and refrigerant side.

The overall heat transfer coefficient of the plate heat exchanger can be de-
rived as UPHEexp = Q̇exp/(A∆Tlog). Fig. 3.25 shows the comparison of the UPHEexp

with that calculated from Eq. (3.32) without the addition of crystal layer resis-
tance. It shows that the experimental overall heat transfer coefficient of the gen-
erator is about 500 W m−2 K−1, with some jumps due to the sudden change of
flow. The overall heat transfer coefficient predicted by Yan and Lin (1999) [120] is
about 200 W m−2 K−1, which under predicts the experimental values. The overall
heat transfer coefficient predicted by Cooper (1984) which has been validated by
[62] matches better with the experimental values.



3.5. RESULTS

3

83

0

100

200

300

400

500

600

700

800

20 21 22 23 24

U
/W

 m
-2

 K
-1

 

Time/h 

UCooper     

UYan and Lin [120] 

Uexp 

Figure 3.25: Comparison of experimental and predicted overall heat transfer coefficient of the
generator. It indicates that the correlation from Cooper predicts better with the experimental

value than the other one.

REFRIGERATION SIDE

The power consumption in the refrigeration side is mainly from the compressor,
which can be derived from Wcomp = ṁcomp∆href. The temperature and pressure
of the refrigerant vapor before and after compressor are measured by sensors.
The mass flow is measured by a flow meter. The measured data are shown in Fig.
3.26.

Fig. 3.26a shows that in the period of 0:00-1:00, the compressor works 6 times
and each time only for about 2 minutes. Fig. 3.26b indicates that the refrigerant
is compressed from 20 °C to 45 °C in the period of 21:00-24:00, with a mass flow
of 0.03 kg s−1.

COP OF WATER TEST

COP of the experiment with water as cooling medium can be derived finally as

COPexp = Q̇load
Wpump1+Wpump2+Wcomp

. The energy load in this specific day can be derived

to be 6.25 kWh from Fig. 3.17. The power consumption of the two pumps is
negligible. The power consumption of the compressor is derived from Fig. 3.26
as 0.73 kWh for the two working periods. COP is therefore obtained as 8.56 for
this specific day.
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Figure 3.26: Profile of the inlet and outlet temperatures and pressures of compressor in two
periods: 0:00-1:00 and 20:00-24:00. The mass flow of refrigerant is also shown in the figures.

3.5.2. HYDRATE GROWTH RATE - MODEL PREDICTION

As the experiments with TBAB hydrate slurry could not be finalized in due time,
the hydrate generation discussion below is only based on model predictions.

The inlet air temperature (ambient temperature) and the cooling demand for
the model are taken for characteristic data of Netherlands as shown in Fig. 3.27.
It indicates that the peak cooling demand of the building during these specific
days is about 3 kW. When the temperature is lower than 21 °C, there is no need
for air-conditioning in practice. Therefore, the cooling demand is set to be zero
when the ambient temperature is lower than 21 °C.
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Figure 3.27: Ambient temperature variation with time shows the hot season in the Netherlands. A
period of 10 days is shown. The figure also showns the cooling demand corresponds to the

ambient temperature.

The flow rate of slurry in the plate heat exchanger is 0.7 kg s−1 according to
the water test. The outlet temperature of air is set to be 18 °C, since the room
temperature is higher, after distribution of the cold air into room, a temperature
of 21 °C, which is comfortable for human beings, is expected to be achieved. The
flow rate of slurry in the air cooler is also set to be 0.7 kg s−1 according to Fig.
3.15. The air flow is changing with the cooling demand as ṁair = Q̇/∆hair. The
evaporation temperature of the refrigerant is chosen to be 7.5 °C, since the phase
change temperature of TBAB hydrate is 12.5 °C under ambient pressure. The
condensation temperature of vapor compressor cycle is set to be 15 K higher than
the ambient temperature.

The solid fraction change in the storage tank is shown in Fig. 3.28 with an
initial value of 35 wt% in the night mode. It indicates that hydrates are produced
during night and consumed in day time (indicated by the decrease of the line).
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Figure 3.28: Solid fraction change during the period of night mode production.

3.5.3. PERFORMANCE OF TBAB SLURRY SYSTEM AND CONVENTIONAL RE-
FRIGERATION SYSTEM

Coefficient Of the Performance (COP) of the system has been derived for the con-
ventional refrigeration system. Fig. 3.29 shows the power consumption accord-
ing to the change of cooling demand for the conventional refrigeration system.
The water temperature changes from 12 °C to 7 °C. The evaporation temperature
is 2 °C. The average COP for the operation time is 3.29 derived from Fig. 3.30.
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Figure 3.29: Cooling demand and power consumption of the conventional system making use of
water as distribution fluid.
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Figure 3.30: COP of the conventional system making use of water as distribution fluid.

The COP of the system which makes use of TBAB hydrate slurry as distribu-
tion fluid has been derived for both day and night production (day/night mode).
In the day production mode, the hydrate slurry is produced in the day time ac-
cording to the demand of the cooling. In this working mode, there is no pre-
charge of the storage vessel. Figs. 3.31 and 3.33 show the power consumption
change with cooling demand with evaporation temperature of 2 °C and 7.5 °C re-
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spectively. The corresponding COP of the system is shown in Figs. 3.32 and 3.34 .
The average COP can be derived to be 3.32 with evaporation temperature of 2 °C
and 3.97 with evaporation temperature of 7.5 °C.
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Figure 3.31: Cooling demand and power consumption of the system making use of TBAB slurry as
distribution fluid in the day mode with evaporation temperature of 2 °C.
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Figure 3.32: COP of the system making use of TBAB slurry as distribution fluid in the day mode
with evaporation temperature of 2 °C.
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Figure 3.33: Cooling demand and power consumption of the system making use of TBAB slurry as
distribution fluid in the day mode with evaporation temperature of 7.5 °C.
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Figure 3.34: COP of the system making use of TBAB slurry as distribution fluid in the day mode
with evaporation temperature of 7.5 °C.

The cooling demand and power consumption of the system working in the
night mode are shown in Figs. 3.35 and 3.36. In night production mode of the
system, the hydrate slurry is produced during the night to charge the storage
tank, which is discharged during the day when there is cooling requirement.



3

90 3. TBAB HYDRATE SLURRY APPLICATION FOR A SMALL BUILDING

1 2 3 4 5 6 7 8 9 10
0

0.5

1

1.5

2

2.5

3

3.5

Time/Days

C
oo

lin
g 

de
m

an
d 

or
 P

ow
er

 c
on

su
m

pt
io

n/
kW

 

 

Tevap = 2 °C

Cooling demand
Power consumption

Figure 3.35: Cooling demand and power consumption of the system making use of TBAB slurry as
distribution fluid in the night mode with evaporation temperature of 2 °C.
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Figure 3.36: Cooling demand and power consumption of the system making use of TBAB slurry as
distribution fluid in the night mode with evaporation temperature of 7.5 °C.

Fig. 3.35 shows the change of cooling demand and power consumption with
evaporation temperature of 2 °C. Fig. 3.36 shows the change of cooling demand
and power consumption with evaporation temperature of 7.5 °C. The average
COP of the system for these two cases are 4.66 and 5.71 respectively. It indicates
that the efficiency of the system is significantly improved when TBAB hydrate
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slurry is utilized as cooling medium and especially when the system is combined
with a latent heat storage system (41.6% with Tevap = 2 °C; 73.5% with Tevap = 7.5
°C). The improvement of COP is due to the lower ambient temperature in the
night time, which makes lower condensation temperature possible, hence, the
energy consumption of the compressor, which is the main power consumption
in the primary cycle, is reduced.

The total cooling requirement for these specific 10 days could be obtained as
194.55 kWh. For the conventional system, the power consumption derived from
Fig. 3.29 is 59.13 kWh, while that for the TBAB system with storage is 34.07 kWh,
which means 25.06 kWh energy is saved totally by using this slurry system. For
Europe, the CO2 emission due to the consumption of fuel for electricity was, in
2013, in average 558 g kWh−1. The CO2 emission is proportional to the energy
consumption. Therefore, by using TBAB hydrate slurry system in air condition-
ing systems, 73.5% CO2 emission could be saved.

3.6. CONCLUSIONS
A plate heat exchanger is used to produce TBAB hydrate slurry. The TBAB slurry
is utilized as distribution fluid for an air conditioning system of a 144 m2 space.
With a cold storage tank of 300 L, a cooling capacity of 3 kW can be obtained
when slurry is produced during the night time.

The COP of the system with TBAB hydrate slurry is significantly improved
(up to 73.5%) especially when a latent heat thermal storage system is used. Due
to the application of TBAB hydrate slurry, a similar percentage of CO2 emissions
can be prevented.
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4.1. INTRODUCTION
In this chapter, CO2 hydrate slurry investigation will be introduced. Compared
with TBAB hydrate, CO2 hydrate has a higher latent heat (387 kJ kg−1), and the
phase change temperature of CO2 hydrate is in the room temperature range (ca.
7 °C). In addition, CO2 hydrate is non-toxic in comparison with TBAB hydrate,
which means that it can be used for direct contact cooling processes.

Compared with sensible heat storage materials, for example water, CO2 hy-
drate slurry has a higher energy storage density. According to de Sera et al. (2014)
[17] the storage volume for a capacity of 106 J are 16 m3 for water and 0.6 m3 for
CO2 hydrate slurry with 30% solids concentration. Therefore, it is possible to
store the same amount of energy with a much smaller volume which could result
in lower investment costs. The cost reduction will be limited by the requirement
of operating the storage vessel at higher pressure level. Moreover, isothermal
heat storage and heat recovery minimize the energy losses (Tamme et al., 2008
[108]). A respectful number of cold storage applications are reported in litera-
ture with the application temperature below 10°C and above 0 °C (Oró et al., 2012
[80]).

Criteria to select a suitable latent heat storage material for a particular ap-
plication are (Agyenim et al., 2010 [4]; Sharma et al., 2009 [96]): a suitable phase
change temperature in the desired operation range, a high latent heat value, a
high thermal conductivity value, good cycling stability and small supercooling
during solidification. Farid et al. (2004) [31] reviewed several TES with phase
change materials (PCMs) and their applications. These authors highlighted the
problems of supercooling, phase separation and thermal instability. The use
of a fluidized bed heat exchanger reduces the required supercooling for phase
change practically to 0 K. Meewisse (2003) [71] and Pronk (2006) [84] have de-
veloped a mathematical model of fluidized bed slurry generators. They derived
the crystal growth rate and from it the solids concentration increase as the flow
passes the heat exchanger. They further concluded that the temperature gradi-
ents are very low within the fluidized bed.

The main objective of this chapter is to predict and experimentally validate
the transient performance of a fluidized bed LHTS system, combined with a CO2

hydrate slurry storage system for cooling purposes. Continuous charging and
discharging operation of the LHTS system can take place independently from
each other. Further objectives are: the evaluation of CO2 hydrate slurry as can-
didate PCM in the proposed application range (0 to 10 °C), the integration of the
LHTS system with the fluctuation of the cooling demand, and investigation of
the impact of operating conditions on system performance.
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4.2. CO2 HYDRATE SLURRY AS CANDIDATE PCM
CO2 hydrate slurry is considered to be one of the most promising PCMs for cold
storage in space cooling systems. It has a melting enthalpy which is even larger
than the melting enthalpy of ice and the phase change takes place at tempera-
tures above 0 °C, mostly in the range 7-8 °C, which matches the operating tem-
peratures in space cooling applications. The system further only uses CO2 and
H2O, natural fluids with limited environmental impact.

The properties of CO2 hydrate slurry have been reviewed by de Sera et al.
(2014) [17]. The most relevant properties are summarized here.

4.2.1. PHASE EQUILIBRIUM OF CO2+H2O AROUND HYDRATE FORMATION

CONDITIONS

Phase equilibrium data of carbon dioxide hydrate have been reported by many
researchers : Vlahakis et al. (1972) [113], Adisasmito et al. (1991) [3], Ohgaki et
al. (1993) [79], Ng and Robinson (1985) [76], Wendland et al. (1999) [117], Yang
et al. (2000) [123], Mooijer van den Heuvel et al. (2001) [74], Yokozeki (2004)
[124], Sabil (2009) [87] and Lirio and Pessoa (2013) [60]. These researchers show
that the CO2 hydrate formation temperature at 30 bar is approximately 7 °C. In
the present study, Sabil (2009)’s results have been adopted since their data repro-
duces the present experimental data most accurately. Eq. (4.1) gives the equilib-
rium temperature line as derived from Sabil’s data.

Teq =−6.80048+0.70379P −0.00745P 2 (4.1)

with the saturation temperature, Teq, expressed in °C and the pressure, P ,
expressed in bar.

4.2.2. DENSITY OF CO2 HYDRATE SLURRY

The density of a hydrate suspension in a solution can be calculated as given in
Eq. (4.2).

ρs = ρsolρH

ρsolwH +ρH (1−wH )
(4.2)

The density of the CO2 solution in water can be obtained with the relation pro-
posed by Duan et al. (2008) [24] in Eq. (4.3).

ρsol =
xH2O MH2O +xCO2 MCO2

xH2O MH2O

ρH2O
+xCO2 (1+ A1 + A2P )

(4.3)

P is expressed in MPa. A1 and A2 are constants listed in Table 4.1 and Ai with
i = 1,2 is given by Eq. (4.4).

Ai = Ai 1T 2 + Ai 2T + Ai 3 + Ai 4T −1 + Ai 5T −2 (4.4)
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Table 4.1: Constants in Eq. (4.4).

j A1 j A2 j

1 0.38384020×10−3 −0.57709332×10−5

2 −0.55953850×100 0.82764653×10−2

3 0.30429268×103 −0.43813556×101

4 −0.72044305×105 0.10144907×104

5 0.63003388×107 −0.86777045×105

The hydrate density is related with the hydration number. Teng et al. (1996)
[109] proposed an equation to calculate this density.

ρH = 46MCO2

N0a3

(
0.409+

xH
CO2

1−xH
CO2

)
(4.5)

where MCO2 is the molar mass of CO2 in kg mol−1, N0 is the Avogadro con-
stant in molecules/kmol (6.02214129×1026), and a = 12×10−10 is the lattice con-
stant. CO2 clathrate hydrates, or simply CO2 hydrates are CO2 guest molecules
trapped inside “cages”, often referred to as cavities, of hydrogen bonded water
molecules, resulting in crystalline solids which look a lot like ice. If the cages,
or the cavities, in a hydrate structure are all filled with guest molecules, the hy-
drate is called stoichiometric. In practice however, this is not often the case. CO2

forms type I hydrates which consist of 46 water molecules. The occupancy of
CO2 hydrate, which indicates how many cages are occupied with CO2 molecules,
does not often exceed 75% in case of hydrate structure Type I. The chemical for-
mula for CO2 hydrate is “(x+y)CO2−46H2O”, where x(5 2) and y(5 6) represent
the numbers of the occupied 512 (small) and 51262 (large) cages, respectively. If
all of the cages are occupied, then x + y = 8, leading to the common expres-
sion of “8CO2–46H2O” or “CO2–5.75H2O” for CO2 hydrate. However, since the
ratio between small and large cages is 2-6, the practical expression for CO2 hy-
drate should be “6CO2–46H2O” of “CO2–7.67H2O”, i.e. CO2 hydrate is a non-
stoichiometric compound. The number of water molecules per CO2 molecule,
5.75 in the stoichiometric case, is known as the “hydration number”. Lirio and
Pessoa (2013) [60] have shown that, depending on the formation conditions, the
hydration numbers can vary between 6.0 and 8.3. The density of CO2 hydrate is
strongly influenced by the CO2 occupancy in the cavities of the hydrate crystals
as shown in Eq. (4.5). In this study it is assumed that 70% of the hydrate cav-
ities are occupied by CO2 (xH

CO2
= 0.110; w H

CO2
= 0.232) resulting in a hydration

number of 8.06 and a hydrate density of ρH =1036 kg m−3 when Eq. (4.5) is ap-
plied which is consistent with Sari et al. (2008) [89]. With different occupancy
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and thus hydration number, the density of the produced hydrates will also dif-
fer. This number is highly sensitive to the experimental conditions. For instance,
Teng et al. (1996) [109] report ρH =1049 kg m−3 if only the large cavities are occu-
pied (i.e. xH

CO2
= 0.115; w H

CO2
= 0.241).

4.2.3. VISCOSITY OF CO2 HYDRATE SLURRY

The viscosity of CO2 hydrate slurry is predicted from Eq. (4.6) which has been
successfully applied by Kauffeld et al. (1999) [51] for the prediction of the viscos-
ity of ice slurries, (Thomas, 1965 [110]).

µs =µsol(1+2.5φH +10.05φ2
H +0.00273exp(16.6φH )) (4.6)

with φH the volume fraction of hydrates. The viscosity of the CO2 water solu-
tion, µsol , depends both on pressure and temperature and has been obtained by
assuming a linear dependence with the CO2 concentration.

µsol =µH2O(1−wCO2 )+µCO2 wCO2 (4.7)

Where µCO2 is the viscosity of liquid CO2 and pure fluid properties have been
obtained from REFPROP (Lemmon et al., 2013 [59]).

4.2.4. ENTHALPY OF CO2 HYDRATE SLURRY

Table 4.2 shows the melting enthalpy of CO2 hydrate crystals reported by several
authors. It is taken as 387.2 kJ kg−1 for n = 8.06. Previously, Fournaison et al.
(2004) [34] have reported a melting enthalpy of 507 kJ kg−1 but the studies listed
in Table 4.2 indicate a much lower value. The enthalpy of hydrate slurry is then
derived considering it as a mixture of hydrates and solution.

hs = wH hH + (1−wH )hsol (4.8)

The enthalpy of the solution has been based on the assumption of a linear
dependency of the specific heat of the solution with the CO2 concentration in
the solution.

hsol = [cpH2O (1−wCO2 )+ cpCO2
wCO2 ](Tsol −Treference) (4.9)

where cpCO2
is the specific heat of liquid CO2 and Treference is the reference tem-

perature which has been taken as 279.15 K. Further, where wH is the solid (hy-
drates) mass fraction in the slurry and can be obtained from Eq. (4.10) when the
solution and slurry densities are known.

wH = ρH (ρs −ρsol)

ρs(ρH −ρsol)
(4.10)
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Table 4.2: Enthalpy of solid-liquid phase change of CO2 hydrate in literature and the
corresponding hydration number, n.

Source T /°C M hH / kJ kg−1 n
Udachin et al. (2001) [112] 2.85 398.5 6.2
Bozzo et al. (1975) [11] 0.05 336.3 7.3
Vlahakis et al. (1972) [113] 0.05 341.5 7.3
Yoon et al. (2003) [125] 0.05 370.1 6.21
Sabil (2009) [87] 0.45 386.7 8.25
Sabil (2009) [87] 8.25 389.5 5.98
Lirio and Pessoa (2013) [60] 2.15 380.2 7.9
Lirio and Pessoa (2013) [60] 4.05 384.9 7.4
Lirio and Pessoa (2013) [60] 6.05 387.6 6.9
Lirio and Pessoa (2013) [60] 6.75 387.6 6.9

4.2.5. DIFFUSION COEFFICIENT OF CO2 IN WATER

The diffusion coefficient of CO2 in water has been obtained with the relation pro-
posed by Lu et al. (2013) [63], given in Eq. (4.11) , which reveals a temperature
dependence.

D = exp

(
−

[
716.748

T −126.9

]
−15.9

)
(4.11)

The temperature in this equation is expressed in K .

4.2.6. OTHER CO2 HYDRATE PROPERTIES

The specific heat of CO2 hydrates has been taken from Youssef et al. (2014) [127]
to be 2.1 kJ kg−1 K−1 for the relevant temperature range.

The thermal conductivity of a solid hydrate has been reported by Sloan and
Koh (2008) [102] to be in the range 0.50-0.58 W m−1 K−1, closer to the thermal
conductivity of liquid water than of ice. The thermal conductivity of CO2 hy-
drates has been taken as 0.54 W m−1K−1 for the relevant temperature range.

4.3. EXPERIMENTAL APPARATUS AND PROCEDURE

4.3.1. SYSTEM DESCRIPTION

A simplified process flow diagram of the fluidized bed CO2 hydrate slurry cold
storage system is illustrated in Fig. 4.1. The PID of the set-up is reproduced in Ap-
pendix C. The main components are the fluidized bed slurry generator (FBHE),
the LHTS system and an auxiliary refrigeration cycle which provides the cooling
for the slurry generator using refrigerant R134a. Heat is removed from the pres-
surized CO2-water solution by the refrigerant which flows as a falling film along
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the inner tube of the annular space around the fluidized bed tube. The concen-
tration of hydrate crystals is increased by circulating the outlet of the fluidized
bed to the cold storage vessel and recirculating the suspension to the inlet of the
fluidized bed.

Figure 4.1: Process flow diagram of the system, containing a fluidized bed CO2-hydrate generator
and a CO2-hydrate slurry cold storage vessel (V60).

The operation depends on the cooling demand and the circulation through
the fluidized bed. Hence, the cooling demand and the range of hydrate concen-
trations in the storage vessel are inputs of the system. Furthermore, the efficiency
of the refrigeration system, and the cooling of the condenser of the refrigeration
system (air cooled) depend on the ambient temperature. Therefore, the ambient
temperature is likewise an input of the system. The output of the system is the
energy needed by the system as a function of LHTS system size.

4.3.2. FLUIDIZED BED BASED CO2 HYDRATE SLURRY GENERATOR

A single tube-in-tube fluidized bed heat exchanger with an internal diameter of
0.0828 m and a total column/tube height of 1.9 m is used, see Fig. 4.2. The tubes
are made of stainless steel, the inner tube (or fluidized column) has a wall thick-
ness of 0.00305 m. The CO2–water solution enters the column from the bottom.
The R134a flows over the column from the top, forming a falling film on the out-
side of the tube. Here it evaporates, extracting heat from the column’s surface.
This results in the formation of CO2 hydrate crystals on the inner wall of the flu-
idized bed tube/column. These crystals are removed continuously by the inert
particles which are fluidized inside of the column by the solution flow.

The inert particles are made of stainless steel and have a cylindrical shape
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Figure 4.2: Fluidized bed heat exchanger as part of the system. a) a picture of the of the set-up
showing the fluidized bed heat exchanger before it was insulated; b) a 3-D drawing of the heat

exchanger; c) sketch illustrating the heat transfer resistances.

with an equal height and equivalent diameter of 0.002 m. The particles are not
circulated but stay inside the column; the fluidized bed is thus stationary. The
crystals are approximately 20 (2 mm vs 100 µm) times smaller than the steel par-
ticles of the fluidized bed and about 60000 times lighter than the steel particles.
Separation can easily take place by gravity in the section above the fluidized bed
heat exchanger. As also visible in Fig. 4.2, this section has a significantly larger
cross section so that the velocity is significantly reduced. The resulting slurry
leaves the column/inner tube from the top and is stored in the slurry storage
vessel (V60 in Fig. 4.1), see Fig. 4.3.

A circulation pump is used to pump the slurry through the column and to
fluidize the steel particles. A controller has been added to this pump to ensure no
solid particles leave the column with the slurry at the top. Another pump (P51 in
Fig. 4.1) is added to the primary refrigeration cycle and circulates the refrigerant
between a low pressure separator (V50 in Fig. 4.1) and the top of the fluidized bed
annulus. This is necessary because the liquid refrigerant needs to be delivered at
the top of the heat exchanger (falling film evaporation). The circulation ratio of
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Figure 4.3: Picture of the cold storage vessel before (left) and after (right) being insulated showing
the position of the three sight glasses.

this liquid overfeed system is extremely large (about 48) guaranteeing complete
wetting of the fluidized bed heat exchanger wall.

4.3.3. LHTS SYSTEM

The CO2 hydrate slurry cold storage system consists mainly of a vertically ori-
ented cylindrical cold storage pressure vessel with a length of 1.5 m and a di-
ameter of 0.273 m. The liquid level in the vessel can be adjusted, allowing for a
volume of CO2 gas above the slurry. Formation of hydrates consumes CO2 while
dissociation increases the volume of free CO2 in the system. The total volume is
0.080 m3 but the maximum slurry volume in the storage tank is 0.070 m3. Three
sight glasses allow visualization of the slurry inside the vessel. Fig. 4.3 indicates
the position of the sight glasses along the height of the storage vessel. Fig. 4.3 also
shows the inlet and outlet connections of the vessel. These lines are, through in-
ternal elbows, respectively connected to the top and the bottom of the vessel.
The concentration of the slurry at inlet and outlet are determined from the den-
sity of the slurry which is measured by two Coriolis mass flow meters (Siemens
Sitrans FCS400 flow meters, accuracy ± 5 kg m−3) in both lines.

During the present experiments there was no melting heat exchanger con-
nected to the vessel. For modelling purposes it is assumed that an additional
pump circulates the slurry between storage and melting heat exchanger. The
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conditions at the pump inlet are assumed the same as the conditions at the out-
let of the storage. The flow returning from the melting heat exchanger is assumed
to be ideally mixed with the inlet flow of the storage tank before entering the tank.

4.3.4. EXPERIMENTAL PROCEDURE

The system is first brought to equilibrium conditions by adding CO2 until the
desired pressure inside the system (30 or 35 bar) is attained. When CO2 gas is
being added to the system (open system), the density measurement is disturbed
by CO2 gas bubbles which pass the flow meters, resulting in unreliable measure-
ments. Therefore, for some of the experiments, no additional CO2 is added after
the desired system pressure has been achieved (closed system). More reliable
data can then be collected for the solution / slurry density. In addition, to ensure
a well mixed CO2 water solution, a static mixer (Fig. 4.4) is installed directly after
the CO2 feeding point.

Figure 4.4: Static mixer tubes of pilot plant. The red cycle shows that there are four tubes
connected in series. The static mixer is needed to ensure a well-mixed water-CO2 solution.

The cooling temperature, i .e. the evaporation temperature, is controlled through
the suction pressure of the compressor of the primary refrigeration cycle. This
evaporation temperature is lowered in small steps and kept constant for a con-
siderable amount of time, at least over one hour, until the density has stabilized
and reached its maximum attainable value for that particular evaporation tem-
perature. In this way the hydrate production rate as a function of the driving
temperature difference (hydrate formation saturation temperature – evaporation
temperature) can be measured.

4.4. MATHEMATICAL MODEL OF THE FLUIDIZED BED CO2 SLURRY

GENERATOR
The model of hydrate growth rate in the fluidized bed generator is based on a
control volume method. The fluidized bed generator is subdivided into a large
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number of control volumes from bottom to top for each time step. Mass and en-
ergy conservation equations have been derived for each control volume. Since in
and outlet conditions of the fluidized bed are at approximately the same temper-
ature and are practically at equilibrium conditions, it is assumed that the vapour
layer above the storage vessel remains at equilibrium conditions. Notice that
when CO2 is added it is added in the feed line to the fluidized bed heat exchanger
and that this line includes a static mixer.

The mass of hydrates in a control volume is the sum of the entering hydrates
and hydrates produced in the control volume as given in Eqs. (4.12) and (4.13).

ṁ j+1
H +ṁ j+1

sol = ṁ j
H +ṁ j

sol (4.12)

with
ṁ j+1

H = ṁ j
H +G j

linρHπdi d z (4.13)

where G j
lin is the hydrate linear growth rate in the corresponding control vol-

ume and d z is the axial length of the control volume.
The growth rate of crystals at the wall of the heat exchanger is determined

by mass transfer. Englezos et al. (1987) [28] proposed a growth model for gas
hydrate formation which considers the hydrate formation process to have two
consecutive steps: diffusion of the dissolved gas from the bulk of the solution
to the crystal-liquid interface, followed by gas adsorption of the gas molecules
into the cavities that are formed by water molecules. Since there is no accumu-
lation in the diffusion layer around the particles, the authors consider diffusion
rate and adsorption rate to be equal. Skovborg and Rasmussen (1994) [101] have
concluded that all resistance to mass transfer during hydrate formation lays in
the diffusion of the dissolved gas. For this reason, the driving force for this mass
transfer is the concentration difference between the bulk CO2-water solution
and the equilibrium concentration at wall temperature. To determine the crystal
growth rate, Glin, the growth model of Pronk (2006) [84] is used, Eq. (4.14).

Glin = k

xCO2

ρsol

ρH

MH2O

Msol

d x∗

dT
(Tw −T ∗(xCO2 )) (4.14)

where xCO2 is the molar concentration of CO2 in the bulk solution which has
been obtained from Diamond and Akinfiev (2003) [18] as Eq. (4.15).

xCO2 = 1.570415+7.887505×10−2T +4.734722×10−3T 2+
4.56477×10−4T 3 −3.79608×10−4T 4 (4.15)

with T the temperature in °C and the solubility of CO2 in mole percent. Empirical
Eq. (4.15) applies for the solubility along the coexistence curve of CO2-clathrate-
hydrate+aqueous liquid+CO2-rich vapor. The mass transfer coefficient, k, has
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been predicted making use of the correlation specifically proposed for wall-to-
fluid mass transfer in liquid-solid fluidized beds by Schmidt et al. (1999)[91]
given in Eq. (4.16).

k = D

dps
[0.14Re0.33

s Sc0.33
s +0.13(1−ε)(ε−εpb)Re−0.33

s Sc0.33
s Ar0.67

s ] (4.16)

Alternatively, the analogy between heat and mass transfer has been used to
determine the mass transfer coefficient. Haid’s (1997) [40] correlation for the
prediction of heat transfer between wall and liquid in liquid-solid fluidized beds
has been taken as basis for the analogy. The mass transfer coefficient, k, is then
obtained from Eq. (4.17).

k = Sh
D

dps

1−ε
ε

(4.17)

The wall temperature in Eq. (4.14) is derived from the energy flow through
the heat exchanger wall as given in Eq. (4.18).

Tw,i = Tsol −
Ui Ai (Ts −Tref)

αi Ai
(4.18)

where Ui is the overall heat transfer coefficient which can be derived from Eq.
(4.19).

1

Ui
= 1

αi
+

di ln( do
di

)

2λw
+ do

di

1

αo
(4.19)

The heat transfer coefficient inside the fluidized bed is derived from Eq. (4.20).

αi = Nuh
λs

dps

1−ε
ε

(4.20)

While Nuh has been obtained making use of a correlation proposed by Haid
(1997) [40]. The superficial velocity was around 0.28 m s−1 leading to Reh num-
bers in the range of 40000 to 80000. The bed porosity was ε= 0.85.

Nuh = 0.0734Re0.75
h Pr0.63 (4.21)

The heat transfer coefficient in the annular space takes place as falling film
heat transfer and has been obtained from Schnabel (2010) [93].

αo = λrefNuref

(
µ2

ref

ρ2
ref

g )1/3

(4.22)
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In which, the refrigerant Nusselt number Nuref is the average of laminar and tur-
bulent flow.

Nuref =
√

Nu2
lam +Nu2

turb (4.23)

With Nusselt number of laminar and turbulent flow

Nulam = 0.9Re−1/3
film (4.24)

Nuturb = 0.00622Re0.4
filmPr0.65

film (4.25)

In which Reynolds number for the film is defined as Eq. (4.26).

Refilm = cr ṁref

µref
(4.26)

cr is the circulation ratio and has been estimated from the refrigerant pump
characteristic to be 48.

Energy conservation is derived then for each control volume as Eq. (4.27)

ṁ j+1
H h j+1

H +ṁ j+1
sol h j+1

sol +Q̇ j = ṁ j
H h j

H +ṁ j
solh

j
sol (4.27)

In which,
Q̇ =Ui Ai∆Tlog (4.28)

4.5. MATHEMATICAL MODEL OF THE COLD STORAGE OF CO2

SLURRY
Fig. 4.5 shows a schematic of the storage vessel of CO2 hydrate slurry. It is both
connected to the fluidized bed where the crystals are produced and to the melt-
ing heat exchanger in which part of the flow is molten. Fig. 4.5 also shows that a
cooling load, Q̇load, is applied to the slurry flow as it passes the melting heat ex-
changer. The storage vessel is very well insulated and the temperature between
environment and storage is quite small so that it can be assumed that the energy
input from the environment through the insulation material is zero. The storage
vessel is considered to be well-mixed so that a single control volume can repre-
sent the conditions encountered in practice. The enthalpy at the outlet of the
melting heat exchanger is given by Eq. (4.29).

hm_hex_out = hm_hex_in +
Q̇load

ṁm_hex
(4.29)

The enthalpy of the slurry at the inlet of the storage vessel is given by Eq.
(4.30)
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Figure 4.5: Connection of the storage vessel and melting heat exchanger. Partially molten slurry
from the melting heat exchanger and slurry from the fluidized bed mix and flow into the storage

vessel.

hsv_in = ṁm_hexhm_hex_out +ṁ f bh f b_out

ṁm_hex +ṁfb
(4.30)

The energy input from the pump is negligible so that Tsvout = Tmhexin
= Tfbin

and the enthalpy at the outlet of the storage vessel is given by Eq. (4.31)

hsv_out = f (Tsv_out, wH_sv, wCO2 ) (4.31)

The hydrate mass concentration at the outlet of the melting heat exchanger
follows from the melting enthalpy of the crystals as given in Eq. (4.32).

wH_m_hex_out = wH_sv − Q̇load

ṁm_hex ×∆hH
(4.32)
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So that the hydrate mass concentration at the inlet of the storage vessel can
be obtained from Eq. (4.33).

wH_sv_in = ṁm_hexwH_m_hex_out +ṁfbwH_fb_out

ṁm_hex +ṁfb
(4.33)

The hydrate mass concentration in the storage vessel as a function of time
can finally be obtained from Eq. (4.34).

wH_sv =
∫ (ṁmhex +ṁfb)wH_sv_in − (ṁm_hex +ṁfb)w t−1

H_sv

ρsvVsv
d t (4.34)

Where the superscript t −1 indicates the value from the previous time step.

4.6. RESULTS

4.6.1. EXPERIMENTAL RESULTS AND MODEL VALIDATION

EXPERIMENTAL PHENOMENON

From the sight-glass installed in the system shown in Fig. 4.1, the hydrate for-
mation process can be visualized. Fig. 4.6 shows how the solution circulating
through the system changes from solution to slurry. The transition from solution
to slurry is instantaneous.

Figure 4.6: Transition from solution to slurry a) before hydrates are formed b) few hydrates are
formed; c) more hydrates are formed indicated by the turbid solution.

CALCULATION OF HYDRATE GROWTH RATE

The experimental set-up has been designed to allow for continuous removal of
the hydrate slurry from the storage vessel. For this purpose the set-up is equipped
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with a pressure controller which adds CO2 vapor to keep the pressure in the sys-
tem constant when experiments are done in open system configuration. A liquid
level controller in the storage vessel allows for the injection of additional water
so that the level is maintained. The CO2 vapor added is consumed by the pro-
duction of hydrates in the fluidized bed heat exchanger. In this way it is possible
to determine experimentally the CO2 consumption and to determine the growth
rate from it. Fig. 4.7 illustrates the data obtained during a specific experiment.
The CO2 consumption has been divided by the average temperature driving force
because the evaporating temperature is not constant during the experiments and
as the evaporating temperature decreases the CO2 consumption increases. For
this particular experiment the consumption is in average 4.6 kg h−1 K−1 and the
average temperature difference is 1.6 K so that the CO2 consumption is 7.5 kg
h−1. Assuming an occupancy of 70%, the hydrate production rate is then 32.2
kg h−1. Similar experiments have been executed at different average evaporating
temperatures so that the effect of driving force on hydrate production could be
identified.

00

02

04

06

08

10

12

14

16

18

0 500 1000 1500 2000 2500 3000 3500 4000

C
O

2 c
on

su
m

pt
io

n 
/ (
T s

-T
w
)/k

g 
h-1

 K
-1

 

Time/s 

Figure 4.7: Ratio of CO2 consumption and driving temperature difference bulk-to-wall as a
function of time for the fluidized bed operating at 35.3 bar, inlet temperature of 8.6 °C and outlet

temperature of 8.3 °C during 1 hour on the 4th of December 2014.

Originally Eq. (4.11) has been used to calculate the CO2 diffusion coefficient
in the solution, but this seemed to lead to an over prediction of the mass transfer
when the heat and mass transfer analogy was applied. According to the Stokes-
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Einstein equation, the diffusivity of liquids is influenced by the viscosity and tem-
perature of the liquids as shown in Eq. (4.35).

DT1

DT2

= T1

T2

µT1

µT2

(4.35)

For this reason, Eq. (4.11) was rewritten to Eq. (4.36) to include the effect of
higher viscosity of the slurry

D = µsol(T )

µs(T )
exp

[
−(

716.748

T −126.9
)−15.9

]
(4.36)

Table 4.3 shows the comparison of experimental and predicted solid pro-
duction as a function of refrigerant temperature when mass transfer equations
(Eqs.(4.16), (4.17) and (4.36)) are used in the hydrate growth model for open sys-
tems. The correlation by Schmidt et al. (1999) [91] and analogy give results which
show the same trends as the experiments. For instance between the 3rd and the
4th experiment, where only the inlet hydrate fraction has been changed, both
the experimental and prediction by Schmidt et al. (1999)[91] show a decrease of
about 40% of the hydrate growth rate. The analogy based on Haid’s heat trans-
fer correlation predicts a higher reduction. It also shows that the solid concen-
tration influences hydrate growth rate significantly which can be explained as
follows: as the hydrate concentration increases the slurry viscosity significantly
increases, leading to a significant decrease of the mass transfer coefficient. This
is also probably the reason why the analogy using Lu et al.’s [63] equation pre-
dicts the trend incorrectly: Eq. (4.11) has no relation to the viscosity. Table 4.3
also shows the analogy when the modified diffusion coefficient Eq. (4.36) is used
and it is clear that it gives a reasonable prediction of the experiments.

Table 4.3: Comparison between the experimental hydrate production rate and the production
rate predicted by the fluidized bed heat exchanger model for open systems.

ρs P
winitial

Tin Tevap
∆T Gexp GSchmidt GAnalogy GAnalogy_new

kg m−3 bar % °C °C K
kg

h−1
kg

h−1
kg

h−1
kg

h−1

1019 31.0 19.3 7.7 2.5 1.38 15.6 8.3 57.1 28.8
1017 31.0 8.7 8.2 3.1 1.23 8.2 7.0 31.3 23.7
1017 35.3 8.9 8.6 3.1 1.64 32.2 9.76 55.3 41.87
1022 35.6 33.8 8.7 3.1 1.67 22.0 6.3 53.4 14.13

Fig. 4.8 shows the density change of the solution with pressure and temper-
ature for a closed system where no CO2 is added during the experiment. The
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system is cooled down gradually while hydrates are formed what is indicated by
the increase of density in comparison with the solution density given by Eq. (4.3).
Fig. 4.8 also shows the predicted slurry density which follows from the hydrate
growth rate. The prediction based on the mass and heat transfer analogy appears
to lead to a better prediction of the mass transfer process.
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Figure 4.8: Experimental temperature, density and pressure at the fluidized bed inlet as a function
of time. The figure also shows the solution density, making visible when hydrates are present.

Fig. 4.9 shows the change of solid (hydrate) fraction in a closed system under
the conditions of the experiment reported in Fig. 4.8. Hydrate growth rate can
be derived then from the change of solid fraction as 13.2 kg h−1 (volume of the
total system is ca. 120 liter), which is quite comparable with the open system
experiments reported in Table 4.3. The average operating conditions during this
experiment are: pressure = 32.2 bar; slurry inlet temperature = 7.9 °C and evapo-
rating temperature is 2.2 °C. Fig. 4.9 also shows the predicted solid concentration
of the slurry that follows from the heat and mass transfer models. Again the pre-
diction based on the heat and mass transfer analogy appears to reproduce the
experimental data more accurately.

OVERALL HEAT TRANSFER COEFFICIENT DURING HYDRATE FORMATION PROCESS

The experimental overall heat transfer coefficient is calculated from the heat re-
moved through the wall of the fluidized bed heat exchanger, Eq. (4.37).
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Ui _exp = Q̇fb

Ai∆Tlog
(4.37)

The experimental fluidized bed heat transfer coefficient has been derived
from Eq. (4.19) taking the heat transfer resistances of tube wall and evaporating
refrigerant into account. Fig. 4.10 shows a comparison between the experimen-
tal and predicted heat transfer coefficient of the fluidized bed generator for one
of the experiments. The figure also includes the ±5% lines making it clear that
the data show a very good match indicating that Haid’s correlation is capable of
predicting heat transfer in fluidized beds for the production of CO2 hydrates.

The maximum hydrate concentration attained during the experiments was
45%.

4.6.2. SYSTEM INCLUDING LHTS WITH A CONSTANT COOLING LOAD

The performance of the LHTS system with a constant cooling load of 4 kW has
been investigated. The initial solid fraction in the system is 40 wt%. The results
of the melting and solidification processes of the LHTS system are shown in Fig.
4.11. It can be observed that in the beginning, the production rate of hydrates
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Figure 4.10: Comparison of the experimental and predicted fluidized bed heat transfer coefficient
during slurry production in a closed system.

is lower than its melting rate. This can be explained by the fact that a high solid
fraction gives a high viscosity of slurry which decreases the hydrate production
rate according to the discussion in the last section. The solid fraction in the LHTS
system becomes constant when the solid fraction has decreased to about 39.7
wt%. From this condition on, the production rate of hydrates in the FBHE equals
to the melting rate of solids in the LHTS system.

4.6.3. SYSTEM INCLUDING LHTS WITH A VARIABLE COOLING LOAD

In this case, the cooling demand is not constant over time. The weather of Dutch
climate (the five hottest days during the year of 1965 are selected) was used for
the estimation of the cooling demand of a specific building. Three office rooms
in the specific building have been adopted as the reference load for this study
(Fan et al., 2014 [29]). Fig. 4.12 shows the flow chart of the conventional (Fig.
4.12a) and alternative (Fig. 4.12b CO2 hydrate slurry) refrigeration system. The
evaporation temperature in the conventional system is 2 °C.

The results of melting and solidification processes for the conventional and
alternative refrigeration systems are shown in Fig. 4.13. The total energy con-
sumption in the conventional system only takes the compressor power consump-
tion into account as the power consumption of the pump to deliver water to the
building is comparably small. While in the alternative system, an extra power
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Figure 4.11: The results of solidification and melting processes when the cooling load is constant.

consumption is needed in the generation cycle of CO2 hydrate slurry (Pump1).

Fig. 4.13a shows the power consumption in the conventional system. It
shows a consistent trend of cooling demand and power consumption. The change
of COP of the conventional system is shown in Fig. 4.13b. The average COP for
this case is 4.8 as shown in Table 4.4. Fig. 4.13c shows the results of power con-
sumption when hydrates are produced during the night time with a 70 liter LHTS
system. Here hydrates are produced after 7 pm if the concentration of hydrates
is lower than 10 wt%. It indicates that the storage tank is not big enough to shift
the energy demand to night time generation of hydrate slurry totally, and it gives
a COP of 4.4. Fig. 4.13d shows the power consumption when a 700 L storage
tank is combined with the hydrate slurry generation system. It shifts the energy
demand mostly to night time generation of hydrate slurry. It gives a higher COP
of 5.8 as shown in Table 4.4, which is 23% higher than the conventional system.
Therefore, it can be expected that for normal summer days, the energy efficiency
can be significantly improved by using this alternative system with night time
production. As Fig. 4.13d illustrates part of the slurry production needs to take
place during the day. The average summer day will have lower cooling demand
than these five peak days. In average days all the required slurry can be produced
at night with higher COPs. This is illustrated in Fig. 4.13e which considers a total
of 10 days. The average COP now becomes 6.9 (43% higher than the reference
system).
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Table 4.4: Performance of conventional and alternative refrigeration system.

System Total cooling demand
Total energy
consumption

Average COP

kWh kWh 5/10 days
Conventional 190.5 40.25 4.8
LHTS 70 L 190.5 43.6 4.4
LHTS 700 L 190.5 32.8 5.8/6.9

4.7. CONCLUSIONS
CO2 hydrate slurry was selected as the PCM for the proposed application due to
its high latent heat. A single tube fluidized bed heat exchanger was chosen for
CO2 hydrate slurry production, which gave an experimental production rate of
up to 32 kg h−1 with a 0.5 m2 cooled surface area.

A model has been proposed for the prediction of the CO2 hydrate crystals
production rate in fluidized bed heat exchangers. The model is based on existing
heat and mass transfer correlations for fluidized bed heat exchangers and pre-
dicts the experiments data accurately.

The numerical model has been combined with an LHTS and used to predict
the system performance during the five hottest days of the reference climate data
of the Netherlands.

The COP of the system composed of fluidized bed for hydrate generation and
LHTS appears to be 23% to 43% higher than the COP of a conventional system.

The heat transfer coefficient during hydrate generation in the fluidized bed
heat exchanger was around 5000 W m−2 K−1 during the experiments.

During the experiments with continuous removal of the hydrate slurry so that
the solid concentration was maintained constant, solid concentrations up to 35%
could be maintained in the system.

During experiments in which only the originally injected CO2 was consumed,
concentrations up to 45% have been realized.
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Figure 4.12: Diagram of the conventional and alternative refrigeration system. a) Conventional
refrigeration system; b) Alternative refrigeration system with CO2 hydrate slurry as secondary

refrigeration fluid.
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Figure 4.13: Performance of conventional and alternative refrigeration system with variable
cooling demand. a) Cooling demand and power consumption of conventional refrigeration

system during 5 days; b) COP of the conventional refrigeration system during 5 days; c) Cooling
demand and power consumption of alternative refrigeration system with night time crystal

generation combined with a 70 Liter LHTS system during 5 days; d) Cooling demand and power
consumption of alternative refrigeration system with night time crystal generation combined

with a 700 Liter LHTS system during 5 days; e) Cooling demand and power consumption of
alternative refrigeration system with night time crystal generation combined with a 700 Liter

LHTS system during 10 days.



5
EFFECT OF TYPE-III ANTI-FREEZE

PROTEINS ON CO2 HYDRATE

FORMATION

This chapter introduces the influence of a gas hydrate formation preventer in or-
der to use a simpler generator, for example, the coil heat exchanger mentioned in
Chapter 2. In this way the investment of a project can be reduced.

Parts of this chapter have been published in Chemical Engineering Science, 167, 42-53 (2017)
[134].
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5.1. INTRODUCTION

Sari et al. (2008)[89] have studied the formation of CO2 hydrate slurry in a dou-
ble tube heat exchanger. They injected high pressure CO2 into cooled solution
to form hydrate slurry under temperature range 1.5 ∼ 2°C and pressure about 35
bar. In their case, formation and dissociation are processed alternatively. This
low temperature of hydrate slurry is not beneficial when the slurry is applied
in air-conditioning systems. Marinhas et al. (2006)[69] studied CO2 hydrate
slurry flow in tubes. The total volume of their experimental loop is 0.297 L, with
flow velocity maximum 0.93 m s−1. The experimental device is placed in an air-
controlled room horizontally. Hydrate dissociation is processed after 2 hours of
formation. The experimental condition of their experiments is along the Lw-H-V
(aqueous-hydrate-vapor) line. Yang et al. (2011)[121] studied CO2 hydrate for-
mation in a fin-tube heat exchanger. The diameter of the tube is 8 mm. There are
180° bends in the tube exchanger. The longest stable run has lasted for more than
1 h and was limited by the recirculation of process water. All of the investigations
mentioned above have one thing in common, in their apparatus, there is no free
space for gas phase, all the gas is dissolved into the solution. Jerbi et al. (2010)[48]
studied CO2 hydrate slurry formation and dissociation in the same apparatus as
Marinhas et al. (2006)[69]. They did two different types of experiments: 1) open
system: firstly cool down water/solution to subcooling, and then inject CO2 into
the subcooled solution to form hydrate (Pre-cooling) and the pressure is main-
tained by filling CO2 continuously. 2) closed system: firstly inject CO2 into water
making a CO2-saturated solution, and then cool down the solution until hydrates
are formed (Pre-injection), no extra CO2 is charged during the process. It is con-
cluded from their experiments that the continuous filling of CO2 in the open sys-
tem provides a force for hydrate formation, which results in a larger amount of
hydrates formation in the same period compared with that in the closed system.
However, it’s easier to obtain the hydrate formation rate from gas consumption
in the second method (closed system).

Formation of gas hydrates in oil and gas pipelines and processing equipment
is something that the petroleum industry is most concerned about since it can
lead to flow blockage and severe economic loss[102]. Chapter 4 introduces the
production of CO2 hydrate slurry in a Fluidized Bed generator, which has been
patented by Waycuilis and York [116]. However, the construction of such a sys-
tem with a fluidized bed heat exchanger requires a large investment which is not
cost-effective for industry. Simpler coil heat exchangers are expected to signifi-
cantly improve the cost-effectiveness of these systems. The generator introduced
in Chapter 2 is used in this chapter to produce CO2 hydrate slurry. CO2 gas is in-
jected to the system by a long tube to mix with water (containing antifreeze pro-
teins (AFPs) or not). The CO2 saturated water solution is cooled down to form hy-
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drates. However, this process is different from the second method mentioned by
Jerbi et al. (2010). A gas volume is maintained above the liquid and the solution
is continuously sprayed into the gas phase. The apparatus of Jerbi et al. (2010) is
completely filled with the solution so that there is no separate gas volume. The
vessel used in this study has approximately 1.5 L filled with the gas phase. The
gas volume prevents large pressure changes in the system. The extremely rapid
formation rate attained in these heat exchangers cannot be controlled, so that a
blockage of the flow always limits the operation as shown in Fig. 5.1. In order to
use this simpler generator to produce CO2 hydrate continuously, it is necessary
to slow down the formation rate and so to prevent the blockage. Addition of a
hydrate inhibitor is proposed to control the hydrate formation process so that
the slurry remains pumpable.
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Figure 5.1: Experimental data of the system pressures and temperatures showing that CO2
hydrate formation is too fast to be controlled in the coil heat exchanger.

It is known that thermodynamic hydrate inhibitors (THIs) including sodium
chloride, methanol and glycol are the most popular hydrate inhibitors in the oil
and gas industries (Yousif, 1996 [126]; Ebeltoft et al., 1997 [26]; Talaghat, 2014a,b
[106][107]). However, most of the thermodynamic inhibitors have to be used
at high concentrations (10-50 wt%) in order to be effective which makes them
less attractive (Kelland et al., 2006 [52]). Kinetic hydrate inhibitors (KHIs) are
thought to be a better alternative for hydrate formation control. PVP (polyvinyl
pyrrolidone), PVCap (polyvinyl caprolactam), N-Vinyl pyrrolidone-co-N-Vinyl
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caprolactam [poly (VP/VC)], and some lactam terpolymers are typical commer-
cial KHIs. It has been proved that KHIs cannot avoid hydrate formation but can
hinder hydrate nucleation or/and growth by adsorbing to nucleation sites or/and
growth sites (Yang and Tohodi, 2011 [122] and Fernando and Kelland, 2013 [32]).
Sakaguchi et al. (2003) [88] studied the inhibition of PVP and PVCap on structure-
II hydrate crystals. They found the addition with 0.2 wt% of PVCap could strongly
inhibit the hydrate growth along the interface. The addition of PVP even changes
the morphology of hydrate crystals growing along the interface. Anti-Freeze Pro-
teins (AFPs) have been proved to be efficient and comparable to the commercial
polymeric inhibitors on inhibition of gas hydrate formation by Shadi et al. (2008)
[95]. Additionally, AFPs are ‘green inhibitors’ making them acceptable for both
environment and human safety (Walker et al., 2015 [114]).

Anti-Freeze Proteins (AFPs) refer to a class of poly-peptides produced by cer-
tain vertebrates, plants, fungi and bacteria that permit their survival in subzero
environments[12]. There are different types of AFPs as shown in Table. 5.1.

Table 5.1: Details of different types of AFPs.

Charac-
teristic

AFGP
Type I

AFP
Type II

AFP
Type III AFP Type IV AFP

Mass
(kDa)

2.6-33 3.3-4.5 11-24 6.5 12

Key
proper-

ties

AAT
repear;
disac-

charide

Alanie-
rich α
-helix

Disulfide
bonded

B-sandwich
Alaninerich

helical
bundle

Natural
source

Antarctic
Notote-
nioids;

northern
cods

Right-
eyed

floun-
ders;

sculpins

Sea
raven;
smelt;

herring

Ocean pout;
wolfish; eel

pout

Longhorn
sculpin

*1 Da = 1 gram per mole; *AFGP: antifreeze glycoprotein.

Antson et al. (2001) [8] studied the mechanism of type-III AFPs on ice growth.
They confirm that type-III AFPs can make energetically favorable interactions
with several ice surfaces, in which way inhibiting crystal growth. Kutschan et al.
(2014) [57] studied the dynamic mechanism of AFPs on inhibiting of ice growth
and derived a correlation of the induction time as a function of concentration.
The depression of the freezing temperature of four different AFPs types have
been investigated as shown in Fig. 5.2, which shows that the addition of AFP
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increases the depression temperature of freezing, which means the formation
of ice is more difficult. Bagherzadeh et al. (2015) [10] pointed out that the ice-
binding AFPs can act as a gas hydrate inhibitor. Celik et al. (2010) [13] pointed
that AFPs also modestly contribute to ice crystal superheating during melting, so
that the action between AFPs and the ice surface results in a separation of the
freezing point and the melting point, which is a phenomenon termed thermal
hysteresis. And they mentioned the temperature change by thermal hysteresis
could be about 0.5 K for moderate thermal hysteresis AFPs, such as type-III AFPs.
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Figure 5.2: Supercooling degree before nucleation starts for four different classes of AFP
structures (from [57]) variation with concentration.

In this chapter the effect of type-III AFPs on CO2 hydrate formation rate in
a coil heat exchanger is investigated. The experimental results are compared to
those obtained using other additives including poly[VP/VC], which is the lead-
ing KHI on the market, and thus serve as good references when testing the KHI
potential of the AFPs. A general hydrate growth equation is used to derive the
change in experimental mass transfer coefficient of CO2 from bulk liquid phase
to the crystal layer. The results can be used to guide the design of a crystallizer
when continuous CO2 hydrate slurry is to be produced.
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5.2. EXPERIMENT

5.2.1. EXPERIMENTAL APPARATUS

The experimental set-up used in this chapter is the same as the one shown in
Chapter 2. The water filled in the system is ultra-deionized water which is used
to make sure that nothing can affect the hydrate formation except the selected
additive as it is well-known that electrolyte ions (like N a+, M g 2+ and C l− etc)
can inhibit the formation of gas hydrate. The experimental apparatus was filled
with the ultra-deionized water and circulated to clean the system before any ex-
periments are processed. The total volume of the solution filled in the system
is 2.5 L. It includes 1.5 L solution in the storage vessel and 1.0 L solution in the
connection tubes.

Details of the accuracy of the measuring instruments and derived parameters
have been reported in Chapter 2, Table 2.1.

5.2.2. EXPERIMENTAL PROCEDURE

As the validation of the experimental system has been done in Chapter 2, the ex-
periments are processed directly with CO2 water solution. Experiments were run
for long periods and generally the system was maintained at constant temper-
ature driving force for at least 30 minutes so that quasi-steady state conditions
would apply. The pressure drop when CO2 solution flows in the system is shown
in Fig. 5.3.

Fig. 5.3 shows a comparison of predicted and experimental pressure drop of
water and CO2 water solution under similar conditions as a function of flow rate.
The concentration of CO2 in the solution in the test is in the range of 2-3 mol%,
which can be derived from Diamond and Akinfiev (2003)[18] along the coexis-
tence of aqueous liquid + CO2-rich liquid + CO2-rich vapor. It indicates that the
pressure drop of water test can be well predicted, with error 1.9% and 3.7% for
flow rate 70 kg h−1 and 80 kg h−1 respectively. Fig. 5.3 also shows that when CO2

is added, so that the operating pressure rises to about 30 bar, the pressure drop
increases. Notice that Fig. 5.3 concerns operating conditions in the aqueous
solution – gas region in which there is no hydrate formation. Under these condi-
tions not all CO2 gas is dissolved and small CO2 gas bubbles circulate through the
system. Again the pressure drop is reasonably well predicted when a two-phase
multiplier of 1.14 is applied to the pressure drop predicted for single phase liq-
uid flow. This is indicated in the figure by the dotted line. If a Lockhart–Martinelli
based two-phase pressure drop prediction method (Fsadi and Whitty, 2016 [35];
Lockhart and Martinelli, 1949 [61]) is used, such multiplier corresponds to a non-
dissolved gas fraction of less than 0.2%. The under-prediction of the pressure
drop at lower flows indicates that with lower velocities the gas fraction increases
while with higher flows the pressure drop is over-predicted because the gas frac-
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Figure 5.3: Pressure drop during pure water and water+CO2 experiments at similar temperature.
When CO2 is added to the water the pressure in the system rises from slightly above atmospheric

pressure to around 30 bar. The lowest line shows the predicted pressure drop of water; the
intermediate line shows the predicted single phase pressure drop of the solution; the top line

(dotted) shows the predicted two-phase pressure drop of the solution taking the effect of
non-dissolved CO2 gas into account.

tion reduces.
The heat transfer characteristics of the system with CO2 solution is investi-

gated. The experimental overall heat transfer coefficient of the system is calcu-
lated based on the energy balance that follows from the measured temperatures,
pressures and flow rates as shown in Eq. (5.1).

Uexp =
ṁ∆h −ṁ ∆P

ρS
−Q̇loss

A∆Tlog
(5.1)

The energy loss in Eq. (5.1) has been estimated to be equal to 3 W by calcu-
lating it from the length of the tube and its insulation thickness. Compared with
the maximum cooling capacity, 0.3 kW, the energy loss is very small.

The general overall heat transfer coefficient without hydrates formation is
calculated by Eq. (5.2) which is based on the internal area of the coil.

1

U
= 1

αi
+

di ln do
di

2λw
+ di

do

1

αo
(5.2)
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The external heat transfer coefficient ho is derived from Eq. (5.3) which has
been validated in Chapter 2. The internal heat transfer coefficient is predicted
with the correlation proposed by Xin and Ebadian (1997) [119], which is ob-
tained experimentally for the local heat transfer around helical pipes for laminar
regimes. Since, as discussed above, the gas fraction in the solution flow is very
small, this single-phase flow equation is assumed to apply for the CO2-water so-
lution.

αo = 1.4q̇ +30.697 (5.3)

Fig. 5.4 shows the comparison of the predicted and experimental overall heat
transfer coefficient of CO2+water solution. It indicates that Eq. (5.2) under pre-
dicts the experimental results, however, the average deviation is within ±10%,
which is considered acceptable.
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Figure 5.4: Comparison of experimental and predicted overall heat transfer coefficient for
water+CO2 solution test.

After validation, water is firstly filled into the set-up, then CO2 is filled un-
til a certain pressure is reached. Experiments are firstly processed without the
addition of AFPs to determine the initialization point of hydrate formation and
the condition for which blockage of the flow occurs. After that, the system is
drained and cleaned by water before new solution with the addition of AFPs is
filled. The type-III AFP used in the experiments was purchased from A/F Protein
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Canada Inc. The solution with or without AFPs in the coil is cooled by the two
thermostatic baths filled with tap water from 10 °C with steps of 0.5 K until there
are crystals appearing in the sight glasses. Fig. 5.5 shows the photos taken be-
fore and after hydrates appear in the sight glass. The effective cooling capacity of
each bath is 0.3 kW. The warm bath is kept at a temperature higher than the cold
bath, in this way, part of the crystals formed in the cold bath will melt. In this
way, solidification and melting processes of crystals allow for the fluid to remain
pumpable even at higher solid concentrations.

Figure 5.5: Hydrate formation periods. Left: before hydrates appear; Center: In the middle of
hydrate formation; Right: Blockage in the end of hydrate formation.

5.3. EXPERIMENTAL RESULTS
The experiments have been conducted by maintaining the temperature of the
two thermostatic baths at a low temperature as mentioned in Chapter 2. Each
temperature set-point combination for the two baths is maintained for at least 30
minutes. When the temperature set points are changed the system requires some
time to stabilize. This non-stationary period is not considered in the processing
of the data so that steady state correlations can be used for the evaluation of the
data.

5.3.1. EXPERIMENTAL RESULTS WITHOUT ADDITION OF AFPS

Figs. 5.6-5.8 show the temperature/pressure profile, supercooling degree, en-
ergy flow/overall heat transfer coefficient and pressure drop of three experimen-
tal conditions. The solution velocity of these three cases is 0.56 m s−1, 0.68 m s−1

and 0.85 m s−1 respectively. The solution temperature is controlled by the two
thermostatic baths and is given in Fig. 5.6a. Fig. 5.6a shows that due to the low
pressure in the process, there is a gas refilling during the experiment in order to
reach the hydrate formation region. The gas refilling is indicated by the sudden
pressure increase before hydrates are formed (starting by the dashed red line) in
Fig. 5.6b. While for the other two cases, gas filling is done at least one day be-
fore, and a high pressure is maintained before experiments are done, so there is
no gas filling in the experimental day. The temperature difference between the
solution and corresponding equilibrium temperature under the same pressure,
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which is defined as dT = Tsol −Tsat , is used to show how far the solution devi-
ates from equilibrium, while the equilibrium temperature is derived from Sabil
(2009)[87] as Tsat = −0.0072P 2 +0.6874P −6.4999. The differences between the
inlet and outlet solution temperature and saturation are shown in Fig. 5.6c. The
accuracy of these temperatures differences is ± 0.03 K. The figure indicates that
the temperature difference of the inlet temperature of solution reached -1.5 K be-
fore a blockage took place. For case 2 and case 3, the deviation from saturation
is – 1.2 K and 0.4 K, respectively. This shows that the flow velocity influences the
hydrates formation: the higher the velocity, the lower the temperature difference
which leads to a blockage. Fig. 5.6d shows the change of sensible energy flow,
Q̇, and of the overall heat transfer coefficient during the experiment. The sen-
sible energy flow Q̇ is derived from Q̇ = ṁcp (Tin −Tout) and excludes the latent
heat of hydrate formation. Figs. 5.7d and 5.8d show that when the temperature
crosses the saturation line, Q̇ decreases, indicating that when the temperature of
solution decreases below the saturation temperature, there are crystals formed,
which is marked by the dashed vertical line. And correspondingly, there is a pres-
sure increase which is shown in Figs. 5.7e and 5.8e. However, as the crystals are
formed there is no Q̇ decrease and also no pressure increase in case 1 as shown
in Fig. 5.6d and Fig. 5.6e respectively. It is possibly because in case 1, crystals
are formed in the solution because of too many gas bubbles in the solution due
to gas refilling, while for the other two cases, CO2 gas was already dissolved into
the solution. In this later case, crystals are more likely formed on the wall due
to the lower temperature of the wall. The dissolution heat and crystal formation
heat cancelled out resulting the level out of Q̇. Fig. 5.6e also shows significantly
larger oscillation of the pressure drop than Fig. 5.7e and Fig. 5.8e, indicating that
crystals are passing the pressure sensors. Figs. 5.7d and 5.8d also show that the
Q̇ value presents very large instantaneous changes during the formation period.
This is caused by a change of set-point of the thermostatic bath which induces a
temperature change of the solution. Since Tin and Tout are measured at the same
instant, such temperature changes lead to a jump in the Q̇ value and as a results
also of the corresponding U value.
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Figure 5.6: Experimental results for water+CO2 test during hydrate formation period with
solution velocity of 0.56 m/s: a) temperature change, b) pressure change, c) Temperature

difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
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Figure 5.7: Experimental results for water+CO2 test during hydrate formation period with
solution velocity of 0.68 m/s: a) temperature change, b) pressure change, c) Temperature

difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
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Figure 5.8: Experimental results for water+CO2 test during hydrate formation period with
solution velocity of 0.85 m/s: a) temperature change, b) pressure change, c) Temperature

difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
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From the three cases, it is concluded that hydrates start forming when the
temperature of solution is slightly below the equilibrium temperature. The sec-
ond conclusion is that the higher the solution velocity, the easier the hydrates
start forming on the wall. So a lower velocity will be adopted in the next experi-
ments. Additionally when gas is refilled during an experiment, CO2 gas will not
totally be dissolved into the solution before hydrates start forming. In the later
experiments with the addition of AFPs, CO2 gas is firstly filled to the system at
least one day before the experiments are executed.

5.3.2. EXPERIMENTAL RESULTS WITH THE ADDITION OF AFPS

As discussed above, the experiments with the addition of AFPs have been done
under low velocity (0.56 m s−1) of the solution and CO2 gas has been filled in ad-
vance to the experiments. Two cases of CO2 hydrate formation with the addition
of 10 ppm AFPs are shown as Figs. 5.9-5.10. Fig. 5.9c indicates an inlet tempera-
ture difference of -1.9 K when the system blocks while Fig. 5.10c shows -1.7 K for
case 2. This is caused by the larger temperature difference of the two baths. Fig.
5.9a shows that the temperature difference between the two baths is maintained
at 1.5 K while that is 2.0 K for case 2 shown in Fig. 5.10a. For the two cases, the so-
lution velocity is 0.56 m s−1, and no gas has been refilled during the experiments.
Notice that for the cases without addition of AFPs, shown in Figs. 5.6-5.8, the so-
lution velocity has been varied and in the case of Fig. 5.6 gas has been refilled.
Solution velocity has less impact than gas refilling on the results as illustrated in
Figs. 5.6-5.8. For this reason the case shown in Fig. 5.7 is used for comparison
with Figs. 5.9-5.10. Results show that the temperature difference when blockage
occurs is similar for both with and without addition of AFPs, indicating a small
effect of the additive. Figs. 5.9d and 5.10d show the same impact of the set-point
change as discussed above.

Experimental results with higher concentration of AFPs (20 ppm - 50 ppm)
are shown in Appendix D.
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Figure 5.9: Experimental results for water+CO2+AFPs test during hydrate formation period with
solution velocity of 0.56 m/s case 1: a) temperature change, b) pressure change, c) Temperature

difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
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Figure 5.10: Experimental results for water+CO2+AFPs test during hydrate formation period with
solution velocity of 0.56 m/s case 2: a) temperature change, b) pressure change, c) Temperature

difference change; d) energy flow/heat transfer coefficient change; e) pressure drop change.
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5.3.3. DISSOLUTION OF CO2 GAS INTO THE AQUEOUS SOLUTION

Before hydrates can be formed, CO2 gas has firstly to be dissolved into the aque-
ous solution. Therefore, the dissolution rate of CO2 also influences the hydrate
formation rate to some extent. Experiments for longer time have been conducted
to investigate the effect of AFPs on gas dissolution.

Fig. 5.11 shows the experimental density change along with the system pres-
sure for three cases: a) without the addition of AFPs; b) with 10 ppm AFPs; c) with
10 ppm AFPs and longer period. Fig. 5.11a shows that without AFPs, the density
of the solution increases when the pressure decreases because of the dissolution
of CO2 into water. The density goes to a constant value within about 33 min-
utes (2000 seconds); Fig. 5.11b shows that the density doesn’t go to a constant
value for the whole day experiment (7 hours); Fig. 5.11c shows that the solution
reaches saturation only after 7 hours of operation. The effect of the addition of
AFPs appears to be limiting the first step in hydrate formation (the dissolution
rate is more than 12 times slower): the CO2 dissolution from gas to the liquid
aqueous solution. This corresponds to the assumption of the simplified hydrate
growth model of Skovborg and Rasmussen (1994)[101], in which the authors as-
sume the dissolution step to be the limiting step in hydrate formation.
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Figure 5.11: Solution density change along with pressure for three different cases: a) No AFPs; b)
10 ppm AFPs; c) 10 ppm AFPs longer period.
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5.4. HYDRATE GROWTH RATE

5.4.1. EXPERIMENTAL HYDRATE GROWTH RATE

According to the discussion in section 5.3 when there is no gas refilling taking
place, crystals are expected to form on the wall of tube schematically illustrated
in Fig. 5.12. Fig. 5.12a shows the cross flow area when a crystal thickness of δH is
attained. The flow diameter decreases from di to dH . Fig. 5.12b shows a detail of
the crystal layer. Equilibrium is assumed at the interface crystal layer / solution.
The diffusion layer indicates the region through which CO2 is transported to the
interface. The crystal layer adds an extra thermal resistance. Therefore, when
there is hydrate formation, the overall heat transfer coefficient would change ac-
cording to the equation below

1

UH
= di

dH

1

αi
+

di ln do
di

2λw
+

di ln di
dH

2λH
+ di

do

1

αo
(5.4)

Figure 5.12: a) Hydrates form on the internal wall of the coil, while the generation heat is removed
by the external fluid. b) CO2 diffuses from the bulk liquid to the diffusion layer and integrates in

the crystal layer.
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In which, the thermal conductivity of CO2 hydrate solid, λw , has been taken
as 0.54 W m−1 K−1 for the relevant temperature range according to the value re-
ported by Sloan and Koh (2008)[102].

The experimental crystal thickness, δH = (di − dH )/2, can then be derived
from Eqs. (5.1), (5.2) and (5.4) for the cases shown in Fig. 5.7 and Fig. 5.9. Then
experimental linear growth rate of crystals can be predicted by Eq. (5.5).

Glin = di −dH

2∆t
(5.5)

Figs. 5.13-5.14 show the overall heat transfer coefficient change as well as the
diameter change due to the adherence of crystals to the wall for the two exper-
iments represented in Figs. 5.7 and 5.9 respectively. Fig. 5.13a shows that the
deviation of experimental and predicted overall heat transfer coefficient is 25%
before hydrates are formed. While the deviation for Fig. 5.14a is larger (40%),
indicating the influence of AFP on heat transfer. dH is then derived taking the
deviation of the overall heat transfer coefficient into account. Figs. 5.13b and
5.14b show the change of dH .The instantaneous increase of the hydrate layer di-
ameter shown in both figures corresponds to the moments illustrated in Figs.
5.7 and 5.9 when the set-point of the thermostatic bath is changed and has no
physical meaning. A decrease of 3.3 mm has been reached within 66.7 minutes
before a blockage occurred for the case without additive shown in Fig. 5.13b. Fig.
5.14b indicates that a thickness of 0.8 mm has been reached and maintained for
a relatively long time (66.7 minutes). This indicates the effect of the addition of
AFPs.
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Figure 5.13: a) Comparison of experimental and predicted overall heat transfer coefficient for the
case of no addition of AFPs shown in Fig.5.7; b) Diameter change during hydrate formation

period.
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Figure 5.14: a) Comparison of experimental and predicted overall heat transfer coefficient for the
case with 10 ppm AFPs shown in Fig.5.9; b) Diameter change during hydrate formation period.

Sabil (2009)[87] studied the kinetic formation of CO2 hydrate and derived
the gas consumption rate. Shen et al. (2016)[97] investigated the kinetic effect
of [Py14]-Br on the formation of CO2 hydrate. An inhibition effect has been
determined with lower concentration of [Py14]-Br. The inhibition of AFP and
poly (VP/VC) on methane hydrate growth has been investigated by Shadi et al.
(2008)[95]. The results from these studies are used for comparison purposes.

Table 5.2 summarizes the influence of AFPs on CO2 hydrate formation com-
pared with the results from literature. It indicates that the maximum supercool-
ing degree of CO2 hydrate formation is only slightly influenced by the addition of
AFPs. The mass growth rate, G , is derived from Eq. (5.5), G =Glin AHρH , with the
hydrate density of 1036 kg m−3, which is obtained from Zhou et al. (2015)[133].
Results show that the mass growth rate from this research is higher than that re-
ported by Sabil (2009)[87] and Shen et al. (2016)[97]. For one reason, turns in
the coils make the formation easier; for another reason, the calculation is based
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on the whole coil, while in reality it’s quite possible that hydrates form on only
parts of the coil. In this study the addition of 10 ppm reduces the hydrate for-
mation rate by approximately 35%. With THF, the CO2 hydrate formation rate is
reduced by 27.2% according to Sabil (2009)[87]. With 0.1 wt% [Py-14]-Br, the CO2

hydrate formation rate decreases by 17.6% according to Shen et al. (2016). Shadi
et al. (2008)[95] have investigated the impact of AFP on the methane hydrate
growth rate. For a pure methane/water mixture these authors found the growth
rate slightly smaller than that reported for CO2 hydrate. The growth rate is re-
duced by 38.2% with 70 ppm AFPs addition according to Shadi et al. (2008)[95].
And the effect is similar to that with 35 ppm poly (VP/VC). Comparing the results
from this research (10 ppm) and that from Shadi et al. (2008)[95] (70 ppm), the
growth rate of hydrate only slightly depends on the concentration of AFPs.

Table 5.2: Experimental hydrate formation results including the supercooling degree and hydrate
growth rate. The results are compared with those from other researchers.

Concentration AFPs
dTmax

Growth rate kg h−1

ppm K
This

study
Sabil

(2009)[87]

Shen et
al.

(2016)[97]

Shadi et
al.(2008)[95]

0 1.2 0.128 0.0125 0.017 0.011
10 1.9 0.083

0.1 wt% [Py-14]-Br 0.014
35 Poly VP/VC 0.0068

70 0.0071

5.4.2. PREDICTION OF CRYSTAL GROWTH

Englezos et al. (1987)[28] developed a gas hydrate growth model based on crys-
tallization and mass transfer theories. According to their model, hydrate growth
is a three-step process:1) gas transport from gas phase to the liquid bulk phase;
2) dissolved gas diffuses from the bulk of the solution to the crystal-liquid inter-
face; 3) reaction at the interface, which is an adsorption process describing the
incorporation of gas molecules into the cavities of the water structure and the
subsequent stabilization of the framework of the structured water.

Skovborg and Rusmussen (1994)[101] simplified the hydrate growth model of
Englezos et al. (1987)[28] by assuming that the transport of gas molecules from
the gas phase to the liquid phase is the rate-determining step in the hydrate for-
mation process.

In the present experiments it is clear that the dissolution of CO2 gas into the
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solution is a slow process as shown in Fig. 5.11. Although hydrate formation can
only take place after dissolution, the hydrate formation itself also requires a driv-
ing force to take place. In other words, equilibrium dissolution can be attained
without the formation of crystals at all, if there is no supersaturation for hydrate
formation.

The crystal layer forms along the internal tube wall due to the lower temper-
ature than the bulk solution, and increases to a thickness of δ finally as shown
in Fig. 5.12. After that, crystals start flowing into the solution making the solu-
tion into a slurry. However, in this work, continuous formation of crystals with-
out blockage could not be maintained for long period (operation was limited to
around 4000 s). A general crystal growth equation is applied later to derive the
experimental effect of the AFP additive on the gas diffusion rate.

It is expected that the diffusion rate of CO2 gas in the solution is affected by
the addition of AFPs which thereafter influence the formation of hydrates. For
this reason, a model similar to the simplified model by Skovborg and Rasmussen
(1994)[101] is adopted to derive an equation describing the hydrate growth rate
Eq. (5.6). The equation is based on the CO2 concentration driving force be-
tween the bulk liquid phase and the corresponding equilibrium condition at the
hydrate interface. The equation is also based on the assumption that the heat
transfer resistance around the particle is negligible in comparison with the mass
transfer resistance.

G = kLρsol AH (xCO2

b −xCO2
int ) (5.6)

kl is the mass transfer coefficient of CO2 gas at the gas-liquid interface. xCO2

b
is the mole fraction of CO2 gas in the bulk liquid phase at the operating condi-
tions of the heat exchange. xCO2

int is the mole fraction of CO2 gas in the liquid-
crystal layer in equilibrium with the hydrate interface temperature. AH is the
internal hydrate layer area where crystals grow on.

The concentration at the bulk liquid phase, xCO2

b , can be derived from the
equation obtained from Duan and Sun (2003)[25] which relates concentration,
pressure and temperature.

xCO2

b = (0.00142T 2
b −0.0599Tb −0.00126TbP

−0.000859P 2 +0.11987P +0.2280)/100.
(5.7)

The concentration of CO2 at the liquid-crystal interface, xCO2
int , is obtained

from Sabil (2009) [87] along the clathrate hydrate equilibrium line.

xCO2
int = (0.0116T 2

int −0.0091Tint +1.7776)/100 (5.8)
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Where T in eqs.(5.7) and (5.8) is expressed in °C and P is expressed in bar.
The interface temperature, Tint , is the internal wall temperature (Tw,i ) in this

study, which could be obtained from the energy flow balance as

Q̇ =αi Ai (Tav −Tw,H )

= λH

δH
AH (Tw,H −Tw,i )

= λw

δw
Aw (Tw,i −Tw,o)

=αo Ao(Tw,o −Tbath)

(5.9)

The experimental growth rate can be derived from Eq. (5.5). Combining this
equation with eq. (5.6), the experimental mass transfer coefficient can then be
obtained.

kL = GlinρH

ρsol(xCO2

b −xCO2
int )

(5.10)

The results are shown in Table 5.3. It shows that the mass transfer coefficient
of CO2 in the solution is reduced by approximately 21% when there are 10 ppm
AFPs added. The results indicate that the addition of AFPs slows down the diffu-
sion rate of CO2 from bulk liquid phase to the crystal interface. Comparing these
mass transfer rates with the dissolution rate, it is evident that the impact of the
AFP additive has a significantly larger impact on the dissolution process rather
than on the hydrate formation process.

Table 5.3: Experimental mass transfer coefficient with and without the addition of AFPs. The
hydrate thickness, δ, and linear hydrate growth rate, Glin, are also shown in the table.

xAFPs Tb Tint xb xint δ Glin kL

°C °C mol% mol% m mm s−1 m s−1

0 7.68 7.48 2.488 2.4358 0.00165 4.125e-4 3.17e-4
10 ppm 8.06 7.91 2.538 2.431 0.0008 2.67e-4 2.49e-4

Blockage is a frequently occurring problem for CO2 hydrate production. If
the addition of AFPs could help to slow down the formation rate, continuous
production could be achieved. Unfortunately its effect is not sufficient to allow
continuous operation. However, the results of this research, especially how much
AFPs are required to slow down the hydrate formation successfully, are important
when large crystallizers are to be used for continuous production of CO2 hydrate.
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5.5. CONCLUSIONS
CO2 hydrates are formed in the solution when there are large amounts of gas
bubbles in the bulk solution. However, hydrates will form on the wall of the ex-
changer when the gas is previously dissolved in the solution.

The supercooling degree of the solution is only slightly affected by the addi-
tion of AFPs.

The addition of type-III AFPs significantly slows down the dissolution rate
of gas into the solution what can be concluded from the lower solution density
increase rate.

A crystal growth equation has been used to predict the effect of AFP on the
diffusion of CO2 from bulk to crystal layer. Results indicate that with the addi-
tion of AFPs, the hydrate formation rate is reduced by approximately 35% what
corresponds to a decrease of approximately 21% of the mass transfer coefficient.

In summary, with a low concentration of type-III AFPs, the dissolution rate
of CO2 from gas into the solution is significantly slowed down. The diffusivity of
CO2 gas from bulk liquid to the liquid-crystal layer is also limited by the addition
of AFP. However, the effect of AFP on the dissolution process is significantly larger
than on the diffusion process.
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6
CONCLUSIONS AND

RECOMMENDATIONS

6.1. COLD STORAGE
Energy consumption increases every year and energy shortage becomes urging
as a worldwide issue. Air conditioning and refrigeration systems consume large
amounts of energy especially in hot areas. It is essential to find solutions to re-
duce this cooling requirement. Cold storage is generating and storing low tem-
perature heat during low energy requirement time (during night, for example)
and making use of the stored cold energy in peak time (day-time). In this way,
energy consumption could be leveled out.

Hydrate slurry, which is composed of solids and solution, is a promising can-
didate for cold storage as well as cold delivery medium for air conditioning sys-
tems because of its high latent heat and relatively high fusion temperature. Water
is normally used in traditional air conditioning systems in which only sensible
heat is utilized. Hydrate slurry air conditioning systems make use of the latent
(fusion) heat of the solids. In this way, the cooling capacity per weight of the
fluid is significantly increased, thereby, the flow rate of the fluid is significantly re-
duced. The corresponding power consumption is reduced such as pump power.
In addition, the high formation temperature of hydrate allows for the increase of
evaporation temperature, which, correspondingly, reduces the power consump-
tion of the compressor.

In this research, two kinds of hydrate slurry, TBAB hydrate slurry and CO2 hy-
drate slurry, are investigated as cold storage media, including generation meth-
ods, flow and heat transfer characteristics, hydrate growth model development
and their applications. The generation of TBAB hydrate slurry is conducted un-
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der ambient pressure, for this reason, the application of TBAB hydrate slurry is
more attractive than other gas hydrate slurries. CO2 hydrate slurry makes use of
CO2, which is the major component of green house gases. The melting heat of
CO2 hydrate is about 387 kJ kg−1, which is significantly higher than that of ice.
This makes the investigation of CO2 hydrate slurry a relevant topic.

6.2. HYDRATE PRODUCTION

Three hydrate slurry generators have been introduced and discussed in this the-
sis: Coil-tube heat exchanger; Plate heat exchanger and Fluidized bed heat ex-
changer. The first one is the simplest compared with the other two. Compared
with the straight tube generator, the use of coil-tube heat exchanger reduces the
volume of the generator, which is more flexible for industry. However, it is not
always workable for large-scale production. Fluidized bed heat exchanger works
better in avoiding solid blockage of the generator according to its working princi-
ple discussed in Chapter 4. However, it is not cost-effective because of the com-
plicated construction. A plate heat exchanger, which is more popular in industry
than fluidized bed generator, is utilized in this research for a real TBAB hydrate
slurry air conditioning system that has been discussed in Chapter 3.

The generator is always a large investment for hydrate slurry industrial appli-
cations. In order to use simple and cheap generators (such as coil tube exchanger
rather than the other two), Antifreeze Proteins (AFPs) which have been proved to
be ice growth preventers have been investigated. Results show that AFPs are able
to slow down the growth rate of CO2 hydrate by decreasing the diffusion rate of
CO2 from aqueous solution to the interface of liquid-crystal. In addition, AFPs
are non-poisonous and environment friendly which enable their addition in fu-
ture industrial applications.

By using a coil tube heat exchanger, operation with up to 40 wt% TBAB hy-
drate concentration of slurry can be maintained. However, CO2 hydrate slurry
can not be maintained for a long time with this heat exchanger. The addition
of AFPs helps but still does not give a good result yet. With a fluidized bed heat
exchanger, up to 35 wt% CO2 hydrate slurry can be maintained with continuous
removal of slurry.

6.3. MODEL DEVELOPMENT AND VALIDATION

The model developed by Pronk [84] for ice growth in a fluidized bed heat ex-
changer has been adopted in this thesis for both CO2 and TBAB hydrate pro-
duction. The application of this model for CO2 and TBAB hydrate formation in
the coil tube and plate heat exchanger individually assumes crystals form on the
heat exchanger wall. With the increasing thickness of the crystal layer, the drag
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force from the fluid increases, when the drag force is enough, crystals formed on
the wall are taken away to the solution. The model for CO2 hydrate production
in a fluidized bed heat exchanger takes no consideration of crystal layer on the
exchanger wall as the stainless steel particles circulating in the heat exchanger
remove away the formed crystals on the wall continuously.

The model indicates that the growth rate of hydrate depends on a driving
force between the aqueous solution and the liquid-crystal surface. The model
also shows that the hydrate growth rate is controlled by the mass transfer rate
of the solute from the liquid solution to the liquid-solid interface. This phe-
nomenon is also proved by the investigation of AFPs on preventing CO2 hydrate
growth which indicates the effect of AFPs is on the diffusion rate of CO2 from
bulk liquid to the crystal layer.

Heat transfer characteristic during hydrate generation has also been investi-
gated. The transport properties of hydrate slurry have been investigated which
has made clear that slurry is more viscous than water. Results also indicate that
hydrate slurry above a certain solid concentration is a non-Newtonian fluid.

6.4. HYDRATE SLURRY APPLICATION
The advantage of hydrate slurry as cold storage medium has been presented in
the introduction part. In Chapter 3, an air conditioning system for a small space
which makes use of TBAB hydrate slurry as cooling medium is investigated. An
energy saving of 73.5% has been predicted by using TBAB slurry, which results a
reduction of CO2 emission correspondingly. Chapter 4 describes the production
and the possibility of the application of CO2 hydrate slurry in air conditioning
systems. The results show a possibility of a significant improvement (43%) of the
coefficient of performance (COP) of the air conditioning system which makes use
of CO2 hydrate slurry compared with the conventional air conditioning systems.

In addition, the advantage of using hydrate slurry is more obvious when it is
combined with a cold thermal energy storage system.

6.5. RECOMMENDATIONS
The generator is the most important component for the application of hydrate
slurry in air conditioning systems. For CO2 hydrate slurry there is no best gen-
erator found from this research, as the price of AFPs discussed in Chapter 5 is
quite expensive. Therefore, it’s still necessary to look for new additives or new
generators for the production of CO2 hydrate slurry.

The control system is also important for the successful production. Espe-
cially the evaporating temperature needs to be accurately controlled.





APPENDIX A

Figure 1: Process flow diagram of the system discussed in Chapter 2 and Chapter 5, including
coil-tube heat exchangers in the two thermo-static baths (LAUDA), a gear pump for circulation,

two vessels made of stainless steel which are insulated during the experiments conducted in this
thesis.
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Figure 2: Process flow diagram of the system discussed in Chapter 3, including a tube-fin
air-cooler, a plate heat exchanger for TBAB hydrate slurry generation, and a 300 L storage tank.
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Figure 3: Process flow diagram of the system discussed in Chapter 4, containing a fluidized bed
CO2-hydrate generator and a CO2-hydrate slurry cold storage vessel (V60). During the

experiments reported in Chapter 4, the FBHE (E50) was used as generator. The system also
includes a shell-and-plate generator (E40) which was not used during the experiments reported

in this thesis
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The effect of the addition of higher concentrations of AFPs (20 ppm - 50 ppm) is
shown in this appendix.
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Figure 4: Experimental results for water+CO2+AFPs (20 ppm) test including: a)
temperature/pressure profile, b) supercooling degree, c) energy flow/heat transfer coefficient and

d) pressure drop changes during hydrate formation period.
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Figure 5: Experimental results for water+CO2+AFPs (30 ppm) test including: a)
temperature/pressure profile, b) supercooling degree, c) energy flow/heat transfer coefficient and

d) pressure drop changes during hydrate formation period.
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Figure 6: Experimental results for water+CO2+AFPs (40 ppm) test including: a)
temperature/pressure profile, b) supercooling degree, c) energy flow/heat transfer coefficient and

d) pressure drop changes during hydrate formation period.
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Figure 7: Experimental results for water+CO2+AFPs (50 ppm) test including: a)
temperature/pressure profile, b) supercooling degree, c) energy flow/heat transfer coefficient and

d) pressure drop changes during hydrate formation period.
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SUMMARY
From the results shown above for the concentrations of 20 ppm to 50 ppm AFPs,
the temperature difference, dT = Tsol −Tsat, increases from 0.2 °C to about 2 °C.

The temperature difference is positive in the concentration range 20 - 50
ppm, indicating the possible equilibrium change when more than 20 ppm AFPs
is added. Because of this, the hydrate growth rate can not be predicted with the
equation used in Chapter-5.

The energy flow change as well as the pressure drop change along the hydrate
formation period is similar as that 0-10 ppm which has been shown in Chapter
5.
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SUMMARY

The research presented in this thesis focuses on the use of hydrate slurries in the
air conditioning and refrigeration areas. Both experimental and mathematical
methods have been used. Hydrate slurries have been suggested as promising
cold storage materials that can be used in air conditioning systems due to their
high latent heat (193 kJ/kg and 387 kJ/kg for the hydrates studied in this thesis)
and positive phase change temperature (12.5 °C and 8.0 °C for the hydrates stud-
ied in this thesis). However, large scale industrial applications of hydrate slurries
are still very limited. This suggests that more research efforts should be devoted
to the demonstration of its advantages.

In the first part of the thesis, the importance of cold storage for energy saving
purposes has been presented. Additionally, the selection of candidate methods
of cold storage is discussed. Properties, for instance thermal properties, of hy-
drate slurries make them an attractive option for this application. The genera-
tion methods for hydrate slurries are also introduced. Plate heat exchangers and
fluidized bed exchangers are proposed as favourable generators for the produc-
tion of hydrate slurries. The application of these two generators is presented in
Chapter 3 and Chapter 4 respectively. Coil tube heat exchangers are also used in
this thesis taking economic reasons into consideration.

In the second part of the thesis, the investigation of tetra-butyl-ammonium-
bromide (TBAB) hydrate slurries has been presented. In Chapter 2, a coil heat
exchanger is used to produce TBAB hydrate slurries. It is experimentally demon-
strated that it is possible to operate the coil heat exchanger up to crystal mass
fractions of 40 wt%. The flow and heat transfer characteristics of the TBAB hy-
drate slurries have been investigated. The thickness of the crystal layer on the ex-
changer wall has also been studied. Chapter 3 focus on the application of TBAB
hydrate slurries in an air conditioning system of a space of medium size (ca. 144
m2). A plate heat exchanger is used as the slurry generator. Hydrate growth rate
on the exchanger wall has been investigated by using a hydrate growth prediction
model. Compared to the conventional air conditioning systems, which make use
of water as distribution medium, the system making use of TBAB hydrate slurries
shows a significant improvement (73.5%) of the energy efficiency.

In the third part of the thesis, the investigation of CO2 hydrate slurries has
been presented. Chapter 4 studies the production and application of CO2 hy-
drate slurries in a similar way as discussed in the second part. The main dif-
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ference is that a fluidized bed heat exchanger is used instead of a plate heat ex-
changer as a generator. Similar results are obtained, showing a significant im-
provement (43%) in the energy efficiency when slurries are used instead of the
conventional air conditioning systems. When used to continuously produce CO2

hydrate crystals and continuously extract the crystals from the system, it was
possible to maintain a concentration of 35 wt% hydrate crystals in the solution.
In closed loop operation, solid concentrations up to 40% could be attained.

In Chapter 5, the coil heat exchanger discussed in Chapter 2 is used to pro-
duce CO2 hydrate slurries. However, the formation rate of CO2 hydrate is too
rapid to control in this generator. Therefore, a hydrate growth preventer (an-
tifreeze proteins (AFPs)) is introduced to slow down the formation rate. The su-
percooling degree and the hydrate growth rate have been investigated to show
the effect of these additives. Results indicate that with a low concentration of
AFPs (10 ppm), hydrate formation rate could be reduced by 35%.

In summary, two kinds of hydrate slurries have been investigated in this the-
sis: TBAB hydrate slurries and CO2 hydrate slurries. The performance of these
two hydrate slurries in air conditioning systems have been discussed. Signifi-
cant improvements in energy efficiency for both instances have been achieved in
comparison with conventional air conditioning systems. Different generators for
hydrate slurry production have also been studied. Fluidized bed heat exchangers
can be successfully used to produce CO2 hydrate slurries. However, its large in-
vestment makes it less attractive. Simpler generators, like tube heat exchangers,
can be used to produce TBAB hydrate slurries, but for CO2 hydrate slurries, these
systems are prone to clogging. Antifreeze proteins (AFPs) have proved to be able
to slow down the formation rate of hydrate and delay the clogging. In this way, it
is possible to extend the operation time before clogging takes place.



SAMENVATTING

Het onderzoek in dit proefschrift richt zich op het gebruik van hydraatslurries in
airconditioning en de koudetechniek, zowel experimenteel als theoretisch. Hy-
draatslurries kunnen interessant zijn om te gebruiken in koudeopslag vanwege
hun hoge latente warmte (193 kJ/kg en 387 kJ/kg voor de gebruikte hydraten in
dit proefschrift) en een smelttemperatuur boven 0 °C (resp. 12.5 °C en 8.0 °C). In
de industrie is het gebruik van hydraatslurries echter nog gering. Meer onder-
zoek naar de voordelen van hydraatslurries is nodig.

Het eerste deel van dit proefschrift laat het belang zien van koudeopslag en
introduceert een aantal materialen die daarvoor gebruikt kunnen worden. Be-
paalde eigenschappen van hydraatslurries, bijvoorbeeld thermische eigenschap-
pen, maken hydraatslurries een aantrekkelijke optie voor toepassingen in de kou-
deopslag. Ook de generatoren voor de productie van hydraatslurry worden be-
sproken. In dit proefschrift richten we ons op twee generatoren: wervelbedwarm-
tewisselaars en plaatwarmtewisselaars (PHE) welke worden besproken in Hoofd-
stuk 3 en Hoofdstuk 4. Verder worden ook spiraalwarmtewisselaars gebruikt om-
dat deze relatief goedkoop zijn.

In het tweede deel worden twee hoofdstukken besteed aan het onderzoek
naar tetra-butyl-ammonium-bromide (TBAB) hydraatslurries. In Hoofdstuk 2
wordt een spiraalwarmtewisselaar gebruikt als generator voor de productie van
TBAB-hydraatslurries. Experimenten laten zien dat het mogelijk is om de spi-
raalwarmtewisselaar te laten werken tot kristalmassafracties van 40%. Verder
richt Hoofdstuk 2 zich op de stroming en warmteoverdracht van TBAB-hydraat-
slurry en wordt gekeken naar de dikte van de kristallagen die zich afzetten op de
wanden van de warmtewisselaar. Hoofdstuk 3 richt zich op the toepasbaarheid
van TBAB-hydraatslurries in een airconditioningsysteem voor een gemiddelde
grote ruimte (ca. 144 m2). Een PHE wordt gebruikt voor de productie van de
hydraatslurry. De hydraatgroei op de wanden van de warmtewisselaar wordt be-
studeerd aan de hand van een groeimodel. Vergeleken met traditionele aircondi-
tioningsystemen, welke water gebruiken als distributiemedium, laat een systeem
met TBAB-hydraatslurries een aanzienlijke verbetering in de energie-efficiëntie
zien (van 73.5%).

Het derde deel richt zich op CO2-hydraatslurry. In Hoofdstuk 4 wordt geke-
ken naar de productie en toepasbaarheid van CO2-hydraatslurry op dezelfde ma-
nier als in het voorgaande deel. Hier gebruiken we echter een wervelbedwarmte-
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wisselaar. Resultaten voor deze slurry zijn vergelijkbaar met die voor TBAB. Een
aanzienlijke verbetering is te zien in de energie-efficiëntie (van 43%). Het was
mogelijk om een massapercentage van 35% hydraatkristallen in het medium te
behouden wanneer de generator continu CO2-hydraatkristallen produceert. In
een gesloten kring konden vaste-stofconcentraties van 40% behaald worden.

In Hoofdstuk 5 wordt de spiraalwarmtewisselaar uit Hoofdstuk 2 gebruikt
voor de productie van CO2-hydraatslurries. Er wordt echter te snel CO2-hydraat
gevormd in deze generator. Daarom wordt een ‘Antifreeze Protein’ (AFP) toege-
voegd aan het medium die deze hydraatvorming tegen moet gaan. Vervolgens
wordt gekeken naar de invloed van deze AFP’s op de groeisnelheid en ‘supercoo-
ling degree’. Resultaten laten zien dat met een kleine concentratie AFP’s (10 ppm)
de groeisnelheid met 35% omlaag kan worden gebracht.

In dit proefschrift zijn twee soorten hydraatslurries bestudeerd: TBAB- en
CO2-hydraatslurries. De efficientie van deze twee hydraatslurries in airconditio-
ning is onderzocht en laten een significante verbetering in de efficiëntie zien ver-
geleken met traditionele systemen. Ook verschillende generatoren voor de pro-
ductie van hydraatslurries zijn aan bod gekomen. Wervelbedwarmtewisselaars
kunnen gebruikt worden voor de productie van CO2-hydraatslurry, maar de rela-
tief hoge kosten maken die een minder aantrekkelijke optie. Eenvoudigere gene-
ratoren, zoals de spiraalwarmtewisselaar kunnen TBAB-hydraatslurries produ-
ceren maar voor CO2-hydraatslurry kunnen deze verstopt raken. Toegevoegde
AFP’s aan het medium laten zien dat het mogelijk is om de groeisnelheid van
hydraten te verminderen en een verstopping uit te stellen.
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