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Abstract

Among innovative processes developed in the fiéldigeration systems, technologies are
encountered which are based on the applicatioma$® Change Materials (PCM) for the
storage and transportation of energy. PCM are gitenided by means of slurries. In the air-
conditioning system presented here, a slurry ofi-ségthrate hydrate crystals based on Tetra-
n-Butyl-Ammonium Bromide (TBAB) is used as secondeefyigerant. The production of the
slurry can be smoothed over day and night. Uporag# the slurry can be distributed to end

users, and molten to recover the cooling capaBiyadaption of a standard refrigeration



technology, it is at first demonstrated that arcamditioning system can be established by
replacing the standard refrigeration fluid by asiwf TBAB based semi-clathrate hydrate.
Furthermore, the study attempts to model the sgttf particles within the storage tank,
aiming at gaining some insight in their complex ratgpn processes obtained during the

production and distribution steps.

Keywords: Air-conditioning; Technology transfer; ¢hate slurries; Phase Change Material;

TBAB; Storage Modelling

Nomenclature

Latin symbols

As tank surface area of the tank {m

C number density of hydrate particles, i.e. nundddrydrate particles per unit of
volume (m?)

Co specific heat capacity at constant pressure (JKg)

d mean equivalent diameter of hydrate particleg (m

Deq equivalent diffusivity (fs™)

Adishnyd specific heat of dissociation/melting of the sehaithrate hydrate (also called

the “latent heat” of hydrate melting) (JKp

g acceleration of gravity on an average heighetmth’s surface (m9
h specific enthalpy (J k§

Ninsulation global heat transfer coefficient (trough laterstilation) (W m? K™)
H enthalpy, (J)



m mass (kg)

m mass based flow-rate (kg's

M molar mass (kg mo)

Prank tank perimeter (m)

P thermal power (W)

t time (s )

T thermodynamic temperature (K)

v velocity (m &

\Y volume ()

w mass fraction (-)

Wiy, free liquid phase mass fraction of water in excess waspect to the congruent

point (“free water”) (-)
7 charge number (-)

Z spatial coordinate indicating the height positiothe storage tank (m)

Greek symbols

B mass-based hydrate phase fractigfi,= m™ /((m"™ +m"*) (-)
A volume-based hydrate phase fractig#, =V" /(V" +V"  (-))
A difference in general

J celsius temperature (°C)

Jeq equivalent thermal conductivity of the slurry ¢w* K™)

U dynamic viscosity (Pa s)

Vi hydration number (-)

Vv stoichiometric coefficient (-)



p density (kg )

0 initial condition

Subscripts

A anion, here more specifically & Br

C cation, here more specifically€ (n-C4Hg)sN*

cgr conditions at congruent melting and dissoarapoint

dis dissociation

ext external

fus fusion/melting

hyd semi-clathrate hydrate compound based oneiatylammonium bromide,

i.e. abbreviation forr-C4Hg)4NBr-v,, H,O where the hydration number can be 26 or 38, i.e.,

the index “hyd” can refer to type A and type B TBABmi-clathrate hydrate, depending on

the context

inlet referring to an inlet to the crystalliser

max maximum value

outlet referring to an outlet from the crystaltise

set settling

sol solution, here in particular the liquid aquesolution of tetrax

butylammonium bromide
TBAB tetran-butylammonium bromide

w water



w, free referring to "free water®, the water bejmgsent in the liquid phase in excess

to the stoichiometric composition of a hypothetiggdsence of a semi-clathrate hydrate phase

in the liquid phase

Superscripts

indicating an arithmetically averaged quantity

° pure component

H hydrate phase, here more particularly a sentiiadte hydrate phase
L liquid phase

Lw aqueous liquid phase

S solid phase

\% vapour phase (concerning primary fluid)

1. Introduction

The increasingly widespread use of air-conditiorsggtems all over the world has a direct
impact on the global energy demands with respelsbto the overall average electricity
consumption over the years and the fluctuatiorth®®energy consumption between days and
nights. A special domain of application concerresdir-conditioning of spaces requiring high
cooling capacities. With regard to the Europeanketan particular, the chillers possessing
cooling powers in the ranges of (20-500) kW or (A@00) kW are important in this context.
Coolers with these specifications are typicallyduse the air-conditioning of large building,

public rooms or industrial buildings.



The principle of techniques based on Phase Charageridls (PCM) consists in storing
energy by using the change in enthalpy accompartimgorresponding phase transition and
to subsequently distribute the PCM, upon whichphase change has been performed, on
demand. In such a process, the energy is prefesatnlgd during periods in which the energy
needs are low, i.e. generally at nighttime. Latdren the cooling capacity is needed, usually
in the daytime, the PCM is distributed in accorgawtth the special requirements of the end-
users. In addition, the thermodynamic regime otairditioning machines can be optimised
since the night-time is a more appropriate peraydtie operation of thermodynamic cycles

due to its lower average outside temperature.

A further advantage of using a PCM over using asital refrigerant only is the possibility of
confining the primary cooling cycle (i.e., the cdetp unit containing all the compressors,
valves, heat exchangers and other technical dgwacekthus, the primary refrigerant fluid, in
a single localised space. This space could e.g.rhachine room which is exclusively
dedicated to the generation of the secondary ixedaeage medium. By smoothing the
electrical consumption over 24 hours, the coolinge; hereafter referred to as “primary
loop”, can be optimised in order to allow the desesof the total amount of primary
refrigerants, and hence diminishes their ecologroghct. In this context, especially the
refrigerants being subject to the Montreal and lgy@totocols are to be mentioned. The
“cold” is distributed to the end-user via a secagdaop in which the PCM is directly
conducted in the form of a slurry. Alternativelgetenergy removal in this type of cycles is
carried out by using another liquid heat exchangdiom, e. g. water. In the latter case, this
third heat exchange medium would be used in atgrdycle being brought in heat
conducting (diathermal) contact with the second®@M based cooling cycle. The PCM

would in that event remain in the machine room abl.w



Phase change materials based on ice slurries leavedeveloped by several companies for
applications in the domain of refrigeration, ifer, cooling at Celsius temperatures below zero.
They benefit from the large enthalpy of fusion du¢he breakup of the hydrogen bonds
between the water molecules. In those types afyegfation plants, water is used as cooling
medium, which is crystallised in the form of icdnelmelting point and, hence, the operation
temperature can be lowered by adding appropriatéiaes, such as alcohols. Different types
of ice slurry generators have been developed (Megwtial., 2007). Those ones holding a
significant market share are the scraped surfaaedxehangers, as for example the Sunwell

system (Gibert, 2006) or, like in this work, thedt®aft generator (Compingt et al., 2009).

However, for applications above 0°C, such as fecanditioning, the use of ice slurries is no
longer applicable: the melting point of ice can betshifted to positive Celsius temperatures.
Several authors (Lipkowski et al., 2002; ObataleP003; Oyama et al., 2005) have shown
that semi-clathrate hydrates formed by certaineuary ammonium salts can be used as
PCM for air-conditioning applications. In fact, #eesolid compounds possess melting
temperatures above 0°C, and, due to their crygtajihic structure, which is based on a H-

bonded framework, the values of their dissociaénthalpies are relatively high.

The deployment of the technology needs to be acaarag with a fundamental
understanding of the behaviour of the slurry indifeerent steps of the overall process. To
achieve this aim, it is required to not only inwgate the generation of the slurry in the
crystalliser, but also its storage in the tank a#l as its distribution over the various loops as
function of time. Studies on the heat transfergateprocesses using TBAB based semi-

clathrate hydrate slurries have been conductedifi@rent experimental/technical



configurations. In particular, results on the heatsfer in pipes (Wenji et al, 2009; Ma et al.,
2010; Kumano et al., 2011b) or on the heat transfplate heat exchangers (Ma and Zhang,
2011) have been published. The distribution ofslaery in particular plants has been
investigated by means of rheological studies (Darbioet al., 2005b), studies on the flow
characteristics (Kumano et al., 2011a) and presinae experiments in pipes (Ma and Zhang,

2012).

In the present work, we focus on the storage tamkis the location where the settling of
the hydrate particles takes place. A numerical rhisdaroposed to predict the evolution of
the hydrate content within the plant in both tinmel apace as well as to estimate the overall
storage cooling capacity. The model takes into aectthe natural settling of the hydrate
crystals as function of their density. Furthermaohe, storage tank is subjected to fluid

circulations with both the crystalliser and the -@rsér units which disturb the settling.

2. Methods and Materials

2.1.  Principle of the air-conditioning system using a TB\B semi-clathrate hydrate

slurry

Zhang et al. (2009) have presented a literatuneesusn several PCM. Tetrabutyl

ammonium bromide (TBAB), in the form of an aquesakition, is an appropriate candidate
because of its availability at a moderate pricel, e relative high melting temperature (up to
12.4°C) and rather large heat of dissociation efdbrresponding semi-clathrate hydrates

which can be formed. Indeed, together with watelegides in aqueous solution, TBAB is



able to generate crystals of semi-clathrate hydratepounds which are formed according to

the reverse reaction of the general dissociatiamibgum
CoA, 1, H,06=H) =1, HO (L) +rcC¥ (L) +V,A™ (L) (1)
In the particular case of TBAB with €(n-C4Hg)sN* and A= Br considered here, the

stoichiometric coefficienty. andv, as well as the charge numbegsand|zA| of the

corresponding ions are unity. Different numericalues have been reported in the literature

for v,,, the stoichiometric coefficient of water. This gtity v, when related to one

stoichiometric unit of the salt also referred tdtees hydration number, corresponds to a given
semi-clathrate hydrate compound. Whereas Dyadir atathin (Dyadin and Udachin, 1984)

for example report four different semi-clathrateltates of hydration numbers, = 24, 26, 32,

36, Shimada and co-workers (Shimada et al., 2@5)d only two kinds of hydrates, referred

to as type A and B, respectively, wiit) = 26 and 38.

When dispersed in the surrounding liquid agueolitiso phase, the semi-clathrate hydrate
crystals form a slurry that can be used as a PGidrdimng to formation/dissociation
equilibrium defined in Eq. (1). The structure oé$se compounds is similar to the structure of
ice. Hence, when being used as a semi-clathratateydlurry in cold storage applications, in
an analogue way as in the case of an ice slureystibrage is based on making use of the
energy of the hydrogen bonds between the wateraulge. However, in contrast to the
lattice structure of ice, the presence of the quaty ammonium allows for stabilising the
three-dimensional molecular network at a tempeeasuperior than 0 °C (Shimada et al.,
2005). In Fig. 1 the crystallisation temperatureailibrium is plotted as function of the
mass fraction of TBAB at 0.1 MPa. The two curvesespond to the two different

modifications of semi-clathrate hydrates mentioabdve with hydration numbers of, = 26



and 38, respectively, as they have been descrip&himada et al. (Shimada et al., 2005).
The authors have named the compounds semi-clathydtates of type A and B, respectively.
The specific enthalpy of dissociatiagishnyg according to the reaction described by Eq. (1)
amounts to about 193 kJRdor the semi-clathrate hydrate of type A, and RO&g™ for the

hydrate of type B, respectively (Obata et al., 2@@3ama et al., 2005).
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Fig. 1 H-L, Phase diagram of TBAB hydrates at ambient preqfagouret, 2005a).

In Table 1, the cooling capacities of a given nadsvo cooling medias liquid water and

TBAB semi-clathrate hydrate slurries, are companegérms of their corresponding enthalpy
change\H . In the left two columns of Table 1 data on therage change in enthalgyH

for generating a temperature chageof 4 K and 6 K, respectively, in a massmf of

chilled water are listed. The water possessesital temperatured, between 4 °C and 8 °C,
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which is typical for air-conditioning systems. Thegata are compared in the following three
columns to data on the corresponding enthalpy awtitat 1 kg of a TBAB semi-clathtrate

hydrate slurry of different mass based hydrate phi@stions of 10 %, 20 % and 30 %
undergoes. Thereby, the mass based phase frgéfiasf the semi-clathrate hydrate phase is

defined according to:

H

m
H _
le m" + mte

(2)

wherem" refers to the mass of the semi-clathrate hydratesg@ andn" for the mass of the

liquid aqueous solution phase in the slurry. Where& does ideally refer to a pure phase,

the semi-clathrate hydrate compound, when accotdiig. (1) only a single semi-clathrate

of fixed hydration numbev,, is formed (i.e.,m" = m'jyd, where the index “hyd” is an
abbreviation for “Q-C4Ho)4N Br-v,, H,O”), the liquid phase consists of the aqueous TBAB

solution (i.e.m™ =m* , where the index “sol” is an abbreviation for tigieous binary

solution of TBAB). It has to be remarked that aitbb the initial temperatures of the two
different cooling media are in the same region raire of the enthalpy change is different.

For chilled water, the enthalpy change leads thamge in temperature but not to a phase

transition. Hence, the averaged quanfity corresponds to what is referred to as “sensible

heat” and is expressed by:

AH =mi Tl AT - (3)

wherem_* is the mass of the portion of liquid Watéﬁ,;vaw the average specific isobaric heat
capacity of pure liquid water at a Celsius temperatround the reference temperatie

and AT the temperature change accompanying the averalgalgey]changem. In contrast,

the average enthalpy change experienced by theteyslurry, correspond thH -values that

describe the simultaneous phase change and chedigsatiation reaction of the semi-

11



clathrate hydrate according to Eq. (1). In otherdsothis quantity, also called “latent heat”,
is given by:
m = n.\ll-lydAdishhyd = :BmH (rn:yd + rrtc\)llv )Adishhyd (4)

where A h, , stands for the specific enthalpy of dissociatibtha dissociation temperature

and at ambient pressure. Eq. (4) illustrates, thea\H -values compiled in Table 1 for the
hydrate slurry as cooling medium do not includedbetribution arising from the sensible
heat, but do instead only take into account therimrtion from the combined phase and

chemical equilibrium described by Eq. (1). For@nditioning systems based on the use of
chilled water, it becomes clear from Table 1 theatef portion of water of mass;” = 1 kg and
an increase in temperature of 5 °C, the correspgnchiange in enthalpy amounts to about 20

kJ kg™. In contrast, the same portion of MABY ey = Miya + miy =1 kg of a slurry based

on B =20 % of TBAB semi-clathrate hydrates, is capatflproviding an enthalpy change

which is twice the value obtained for the previcase of chilled water. This is particularly
remarkable if it is realised that for the evaluatad the cooling potential of the slurry only the
effect of the dissociation the semi-clathrate higsq‘latent heat” of the solid phase) has

been considered here.

Table 1 Comparison between the average enthalpygels&H undergone by 1 kg of

chilled liquid water and 1 kg of TBAB based hydraberries atd, [J[48] °C

m, ™ =1kg of chilled water m, .., =1kg of TBAB semi-clathrate
at g, J[4,8] °C experiencing hydrates slurries with mass based hydrate
a temperature changd of  phase fractiong3 of

4K 6 K 10 % 20 % 30%

AH/kJ 17 25 20 40 60

12



The densities amount to 1080 kg*rfor the hydrate crystals of type A and 1070 kg far

the hydrate crystals of B, respectively (Oyamad.e2805). At temperatures in the interval of
10 °C and 24 °C and for a TBAB mass fraction inahjeeous liquid phase between 0.2 and
0.4, the corresponding density of the aqueousisalaf TBAB varies from 1021 kg mMto
1039 kg m® (Darbouret, 2005a; Obata et al., 2003; Belandra.e2009). As a result, the
hydrate particles use to sink down in the aqueoligien and can settle at the bottom of the
reactor. Therefore, the slurry can become inhomeges, especially in non-stirred zones.
This phenomenon needs to be taken into account dé&gning the apparatus, particularly

with regard to the storage tank.

2.2.  Technological description of the installation

We have built and instrumented our own prototypadgpting a technology designed for ice
slurries and available, on the European marketn fitte company Heatcraft-Europe. However,
in this prototype plant, the PCM fluid has beenrextged for a tetra-butyl ammonium
bromide (TBAB) aqueous solution. This technologgamparable to the one developed and
commercialised by JFE Engineering Corporation, d¢pakao et al., 2001; Takao et al.,
2004; Mizukami, 2010, Ogoshi et al., 2010). Thetfprototype of JFE Engineering
Corporation was built in 2005 and to this day, appnately 10 systems with a cooling
capacity of up to 2 MW have been sold. In gen¢nal Japanese company has transformed a
traditional air-conditioning system by using coldter storage tanks and several

intermediates loops and fluids (up to 4) (Ogoslalgt2010).

The flowsheet of the prototype constructed in aoug is shown in Fig. 2. First of all, the

experimental setup is composed of a primary anehagtion loop. After, in the utilisation
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loop, the slurry is distributed to the end-usere Thpacity of the installation corresponds to
the capability to provide the air-conditioning four rooms located on three different floors

(total surface area of approximately 145 m?).

Util r"sarion loop

Generation loop

—\/
S lon
Primary loop
A : < -@-)I-@
[ | Storage A
: Tank
Condensing | Hydrate ' Heat Exchanger
Unit Generator sy !
— !
Outdoor | Machine room : Rooms

Fig. 2 Basic scheme of the (full size) completerailenstallation.

The primary loop is a classical cooling cycle cosgmbof a compression, condensation,
expansion and evaporation stage/unit, respectieély,primary cooling fluid (refrigerant). In
the current unit, the HydroFluoroCarbon (HFC) R403@sed for that purpose. The
condensing unit (Scroll compressor + condensdocated outside the building to liquefy
R407C at elevated pressure (around 1 MPa) and abtbmperature. The aqueous solution
of TBAB is crystallised in the hydrate generatorrbgnoving energy in the form of heat by
means of the evaporating R407C fluid. The condegnsinit is a standard model from

LENNOX ® with a cooling capacity of 29.3 kW (electpower consumption of 13.8 kW).

After passing through the expansion valve, the RAIid enters the heat exchanger of the

hydrate generator, a schematic representation iwhw depicted in Fig. 3. The heat
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exchanger is composed of five plates constitutmgeernal flow loop in which the R407C is
evaporated. The temperature is controlled on bhd#sf the five plates, respectively, which
in turn are in direct contact with the TBAB solutidOn the surface of each of the two sides
of the plates the liquid solution undergoes a pliasesition to the solid state and hence, is
partially converted into semi-clathrate hydrate.aA®sult, the hydrate generator is composed
of 6 parallel connected stages separated by 5 egehalates. Each stage is sized for a
cooling capacity of about 5 kW to 6 kW in the onigi refrigeration application (by using
R404A as primary heat exchange fluid and ice slaras secondary cooling medium). The
semi-clathrate hydrate crystals tend to accumualatkestick on the surface of the plates, from
where they are taken off by rotating scrapperss Téthnology, further details of which can

be found in literature (Ben Lakhdar and Melind€102; Ben Lakhdar et al., 2005; Compingt
et al., 2009), is supplied by the company HeatGfaénas, France). At a height of 0.75 m and

a diameter of about 1 m, the hydrate generatorgssss an internal volume of 0.3.m
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plate } d: Evaporating zone of

/

Fig. 3 Schematic representation of the hydrate rg¢ing unit.

The storage tank and the hydrate generator areectgthvia a so-called generation loop. The
liquid solution is sucked at the top of the stortagek where the mass-based hydrate phase

fraction is lower. Since the density of the hydnaégticles is slightly higher than the density

16



of the residual liquid solution, the solid partglend to settle in the tank, especially if the
slurry is unstirred. The tendency is that the kigphase (or, more precisely, a suspension with
lower hydrate phase fraction) is accumulated atdpeof the tank whereas the crystals
sediment at the bottom, leading to a slurry witjhler hydrate phase fraction. The tank used
in our experimental setup is 2.5 m height and pss=evolume of about 2°nit is entirely

made of stainless steel and insulated with a aittibber jacket/coating of 19 mm thickness.
The storage tank is filled with a 39 wt% TBAB aqueaolution, which is close to the

concentration at the congruent melting and dissiocigoint of the type A TBAB semi-

clathrate hydrate at/ g, o = 40.77 %, where the corresponding phase trandéimperature

amounts taf =4 =12.4 °C (Darbouret, 2005a) as can be seen inlFig

hyd fus cgr hyd dis.cgr
The secondary flow loop is the network to distrébtite slurry to the end-user. The slurry is
sucked from two different levels of the storagektarhe volumetric pump P1 (Fig. 4)
provides the flow and maintains the flow-rate ia thop by sucking the slurry at the bottom
of the storage tank. At this level the phase faactf semi-clathrate hydrates can attain the
greatest values of up to (40-50) wt%. Due to thlyhlsiolid phase fraction, the semi-clathrate
hydrate slurry possesses the relatively greatesingpcapacity at the bottom of the tank. For
that reason, it is very important that a significaartion of the hydrate suspension used for
the secondary cycle is withdrawn at that locatldowever, at such a solid fraction, the
viscosity is too high for the slurry to be treatsdthe pump without difficulties. Therefore,
the solid phase fraction needs to be reduced tduee\of (20-30) wt% to end up at a
reasonable viscosity (Darbouret, 2005a). The slisrdiluted by using another pump P2
which sucks the remaining portion of liquid for thecondary cycle or, more precisely, a
slurry of lower hydrate phase fraction, at the abghe storage tank. The stream originating

from this exit is combined with the bottom strearstjin front of the position at which the
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pump P1 is located (Fig. 4). Thus, the pump P2eseag a means that allows particularly for
controlling the volume fraction of the solid pakéis in the secondary loop. In practice, the
flow rate of P2 is regulated in such a way thaois not exceed the flowrate imposed by P1.
With regard to the material, this loop is made@dmer brass pipes of 40 mm internal
diameter and a length of approximately 100 m.dtrdbutes the slurry to the rooms to be air-

conditioned.

The characteristics of the pumps are as followsmB1 is a lobes pump of type TLS 1-40
provided by INOXPA which possesses a nominal pafdr1l kW and a maximum flow-rate
of 8 n h™*. Pump P2 is a centrifugal pump from INOXPA, moHSTAMPINOX EFI 2003,
with a power of 0.37 kW and a measured flow-ratg0atz of 3 m h™%. Pump P3 is a lobes
pump from INOXPA of type TLS 3-50 having a 3 kW pavoutput and a maximum flow-

rate of 30 mh2,

The end-user fan coils implemented in the setut@mdard model heat exchangers from
LENNOX ®. They are connected to the distributioowilloop via brass pipes of 10 mm
internal diameter. A small pump HXL 63-15P providgdSALMSON, is installed in each of
the supply lines of the corresponding fan coilse Tdn coils cool down the room by melting
the hydrate slurry. Three floors have been air-ganted through a total of 7 fan coils.
Whereas the®ifloor has been air-conditioned by means of thasecbils, the 2 and &

floor are equipped with two fan coils each. On¢helse exchangers is additionally endowed

with temperature sensors (Fig. 4).

2.3. Instrumentation

18



A schematic representation of the experimentalpsigtthe form of a flow sheet diagram is

shown in Fig. 4.
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Fig. 4 Scheme of the full size installation, inghglin particular the locations of the sensors.

To measure and control the temperature, Pt100tgypperature sensors have been used. The
sensors are screwed on brass connectors whichnimte brazed on the cooper pipes. The
sensor tip is located in the pipe. The pressuresthacers are piezo-resistive transmitters

provided by KELLER. They are fixed to the pipe retsame way as the temperature sensors

19



and serve as devices for monitoring the pressutigeiprimary loop and thereby for
characterizing the state of the R407C. In ordenéasure the flow rate, two Coriolis flow-
meters from MICRO MOTION have been installed. Tingtfone is placed in the primary
loop, whereas the second one is incorporated ig¢heration loop. The location of the last

mentioned flow meter can be changed allowing foorporating it into the utilisation loop.

2.4.  General design of the installation

The PCM slurries can be stored which allows fodpimng the cold energy during the night.
Therefore the size of the cooling machines caredaaed. As a consequence of this, the plant
can be run continuously, at a constant rate, idstéavorking only during the peak demand.
Moreover, the average outdoor temperature is lawvarght-time than in the daytime which
leads to a better energetic balance of thermodynamachines. Finally, depending on the

local policies, the electricity could also be amhle at a lower price during night than during
the day. Fig. 5 plots the histogram of the cootiagacity of a typical air-conditioning plant
designed for cooling a room of 145 mith the peak of cooling demand during the daye Th
energy need can be managed by storing the slurmygithe night and melting it in the

daytime.
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Fig. 5 Histogram of the management of the air-ctiowing cooling capacities by using

energy storage (Dumas, 2002).

Our prototype has a storage tank of 2 iithe tank is homogeneously filled with a TBAB
semi-clathrate hydrate slurry containing 30 wt%alid phase, it is able to store a cooling
capacity of 29 kwWh. This allows for supplying a bog capacity of 14.5 kW during

approximately 2 hours.

3. Modelling

3.1.  Objectives
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Since experimental investigations on the diffeyaoicesses going on in the plant are very
time consuming, only a limited number of technioahfigurations and parametric conditions
can be studied experimentally. For example, ligphidse and overall TBAB concentration,
specific operating conditions as for instance ofperature, pressure or flowrates, or the
geometry of the tank and the location of the tandts and outlets, to name but a few are
experimentally accessible. However, as outlinedrapdue to the tediousness of
measurements, a modelling approach has been deddlogimulate a large number of
configurations of our air-conditioning plant. Theim hypotheses and the constitutive

equations of the model are presented in more detéolv.

One of the crucial phenomena having a great impacthe overall process in our plant is the
settling of the semi-clathrate hydrate particlesda the storage tank. Since the density of the
hydrate crystals does exceed the density of thedligolution, a gradient in hydrate phase
fraction is established within the slurry inside tank. The hydrate phase tends to accumulate
at the bottom of the tank. The experiments are goted close to the composition at the
congruent melting point. Thus, the compositionhaf liquid solution assumes practically the
value which corresponds to the stoichiometric rafithe components present in the type A
semi-clathrate hydrate compound. Due to the valdkeoinitial overall composition chosen
for preparing the binary {FO + TBAB} mixture, the concentration of TBAB in thiguid

phase varies only a little during the generatiod tre dissociation of the slurry, respectively.
As a further consequence of the choice of thealnitverall TBAB concentration, the
temperature remains quasi-constant. In future éxyerts it could be interesting to use a
lower concentration of TBAB. Thereby, the procesaild be forced to operate in a lower

temperature region due to the composition deperdehthe dissociation temperature of the
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semi-clathrate hydrate compound. In other word#) bte temperature and TBAB

concentration would vary during the crystallisatascan be verified in Fig. 1.

The model has been developed in order to predechykrodynamic behaviour and thermo-
physical properties of the hydrate slurries ingtegage tank. It aims at predicting the

evolution of the hydrate content in space (as fonadf the tank geometry and in particular

the positions of the inlet and outlet pipes) antktiand as function of the operating

conditions (generation in the crystalliser on the dand and utilisation by end-users on the
other hand). The local variables the model caleaiatare based upon are the hydrate fraction,
the temperature, the composition of the residgailidi solution and the mean diameter of the

hydrate crystals.

3.2.  Main model hypotheses

With regard to the storage tank, it is assumedtti@problem can be treated by assuming a
1D geometry. More specifically, the different tyg#gnotions occurring in the liquid solution,
as e.g. the settling of hydrate particles, are idened as movements along the vertical axis of
the cylindrical reactor. This assumption implieatttine slurry is considered to be

homogeneous at a given horizontal cross section.

The overall volume of the slurry is considered asstant. On the other hand, at the congruent
melting and dissociation point of the semi-clatbraydrate, the molar volumes of the two
phases in equilibrium are constant. Thus, theyargcularly independent of the relative
amounts of the two phases present in the reacitisf@ng the aforementioned condition of a

constant overall slurry volume would therefore Qaiealent with requiring additionally that
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the molar volumes of the liquid and semi-clathitatdrate phase be equal. Obviously, this
condition is generally and in the particular casated here not fulfilled and, hence, the
existence of such ideal slurry is just hypothetiG&lerefore, the volume variations occurring
in the slurry due to melting or crystallisation aeglected. In fact, the relative difference in
density between the solid and the liquid phase atsaie only around 5 %. For an average

solid phase fraction of 40 wt%, the total volumeat#on is estimated to be less than 2 %.

The buoyancy forces which depend on the differ@m¢lke densities of the two phases, are
taken into account in the settling law, via a medifStokes equation (Eq. (7)). The time
constants for the generation and utilisation loaggsneglected. In other words the volume of
slurry in each loop, respectively 0.2 and 0.1 n is neglected in comparison with the
volume of slurry contained in the tank, which ipapximately 2 m. As a consequence, the
time necessary for the slurry to flow from the triethe outlet of each loop is supposed to be

Zero.

3.3.  Constitutive model equations

The mean velocity of the slurny at a given height in the storage tank can be ki from

the flow-rates obtained in the generation andsatiion loop, respectively, and can be

expressed as function of the volume based hydresepfractior;', and the velocities of the
residual liquid solution and the semi-clathraterayel, respectively, named, andv,,
according to

(B Vs + BiVa =V )

In Eq. (5), B is defined by analogy witl8' in Eq. (2) according to
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VH

Amyiwe O

whereV" andV" are the volumes of the semi-clathrate hydratetb@dolution phase,

respectively.

The settling can be described by a modified versioBtokes’ law, i.e., the settling process
can be represented by assuming that the hydradgtatsyare of spherical geometry

characterised by an the equivalent particle diametg high hydrate phase fractions, the

settling is damped with a sigmoid damping functib(3!') , which does assume the upper
limiting value of unity, i.e.f (&' ¥ 1, whenZ' = 0 and values close to 0 wh)
approaches its maximum valgg ... Thus, the equation describing the settling véyouj,,
in terms of difference in the densities of the ohlu p,, and the hydrate particlg,,, the
diameter of the particld, the dynamic viscositys,, of the residual liquid solution, and the
damping functionf (&' - &'

) , respectively, is given by:

,max

g( sol_lohyd)d2 f
181uso|

set

(B - B w) (@)

The maximum value of3' is evaluated to be close to 0.74 or 0.52, depgnointhe
organisation of the sedimented crystal particles.g5timating/3;' ..., Darbouret et al.

(2005a) assumed that the particles of A type sdatim@te hydrate settle in such a way that
they are arranged geometrically as a close-pagkieers packing, as it is e.g. achieved for

spheres in a face-centred cubic lattice. This epzseked sphere packing corresponds to a

value of 0.74 forg;' ... For type B hydrate, the authors assumed a thiesifig3;" ., = 0.52

which is the B ... -value observed for the close packing of spheressimple cubic lattice.

Finally it is assumed that the semi-clathrate higparticles do not agglomerate to form
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clusters which would settle more rapidly. The visto i, of the TBAB solution has been

measured as function of temperature and TBAB nrastidn. The value used in the model

calculations will be given in Table 2 (see sectlo#). Whereas the hydrate density, at the

given temperature is regarded as constant, thetdefshe liquid solutionp,,, depends

besides temperature on its composition (Darboui@b2).The value for the density of type A
semi-clathrate hydrate of 1080 kgtwas taken from Oyama et al. (2005). For the liquid

phase density, a correlation has been performeébeoresults as published by Darbouret
(2005a) of p,, and the corresponding weight fractiowis,, . The latter provided data gn,,

of the liquid solution phase as function of theiblgtuum temperature (and the corresponding
weight fractionwty, . , respectively) of mixtures on the Hylcoexisting curve. The settling

is related to the velocities of the residual TB&d@utionv., and the semi-

et S0

velocity v,

clathrate hydrate crystals, ,, respectively, by the following equation

yd ?
Vset = Vsol = Vhyd (8)

All the hydrate crystals at a given height grown@lt simultaneously. In other words, except
from their formation in the generation loop or tha@issociation in the utilisation loop, they do
not appear or disappear. The number of hydratécfestper unit of volume is notétl The
effect of the particle size distribution (in terwisthe diameter around its mean value) on the
settling of the semi-clathrate hydrate crystaltljag velocity being smaller for smaller

particles) is taken into account by an equivalsulrate diffusivityD which is to be

eghyd !
adjusted to experimental results. Time and heighkitjpn in the tank are denotedtandZ,

respectively. Thus, the material balance for thér&te crystals is to be expressed by

oC o0 oC
E + E(thyd gl D Ej =0 (9
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With regard to the enthalpy balance, only the lakeat corresponding to the simultaneous

processes of dissociation and melting of the séatiiate hydrate) ;.h, ,, is taken into

account. Thus, the enthalpy per unit volume ofslbery is given by3;' o, (A h,- The

hydrate particles can melt inside the tank duaterél heat losses or due to the fact that they

move towards warmer regions (decrease of hydra&esetier). The equation used for

calculating the hydrate phase fractigfl reads

0

3 04" oT
_E(Asytankﬂ\y phydAdiShhyd)+E{As’tank{phydAdiShhyd(Deqhyd az_ - HVhydj _/]eq E}} (10)

= r-Hnsulation ptank (Text - T)

where A, ., is the tank surface areg,,, its perimeter,A,, the equivalent thermal

conductivity of the hydrate slurry amgsuaionthe global heat transfer coefficient (trough the
lateral insulation of the tanKJex: is the external temperature, i.e. the temperaititiee room

where the tank is located. The mean equivalent eli@nof hydrates is obtained from

rd?

H=C
A 6

(11)

Even though the experiments have been carriedyousing a solution with a composition
near the composition of the congruent melting paiat Wy, fus.car =1-w" the

w,fus,cgr?

modelling calculation take also into account theecaf mixture compositions of
LW Lw —_ LW H . - .
O0< Wigas < Witias, scor = Wras, max - 1 NETEfOre, another concentration quantity isoiditiced

based on the defined reference state of the cotigosit the congruent melting point. The

model considers the liquid phase mass fractionatémnin excess of the weight fraction at the

congruent melting point, abbreviated &, the so-called mass fraction of free water. Its

value is a linear function ofity,. , the mass fraction of TBAB in the residual solotand

related to the hydration numbey, according to
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Wi = 1= wTBAB(1+';;|”M j (12

TBAB

In the present case, the weight fraction rang@déssible TBAB compositions covers the

ranged < Wrg, < WIFEV;VAB, max — \N‘IFgAB, uscar = Mreas [(Mygag +V,M,,) , €quivalent to values for

W in the intervall = w"* =>0.

w.free w freemax w free

Since the hydrate crystals are assumed to be ah doilibrium with the surrounding

solution, w-* __ is related to the equilibrium temperature. Thatieh betweenw:* _ andT

w free w,free

is obtained from the equilibrium curve of Fig. 1dabq. (12). For a congruent mixture (41

wt% of TBAB), the excess water mass fractiofy;., is zero during crystallisation. For a

lower initial TBAB mass fractionw-* __ increases with proceeding crystallisation and

w,free

decreasing temperature. Only hydrates of A type £ 26) are considered in the model.

Indeed, the TBAB mass fraction of the solution usethis study has been close to the
concentration at the congruent melting point. Tloeleh remains valid between 9.6 °C and
12.4 °C and for solutions possessing initial TBABight fractions ranging from 20 % to

40 % where theoretically only A type hydrates skddug¢ encountered.

The mass of water in excess per unit of voluméefdurry is given byl- &) o, ,wW-*

w,free?

and, hence, the following balance equation carebagsfor the “free water”

oW

a As,tank(l_ w )psolwl\;vv,vfree] + % {As tank( ﬁ/ )psol( wfreevsol D eq,w,free a\gree ]:| = O (13)

ot

The source and the sink terms occurring in thestbmaservation equations (Egs. (9), (10)
and (13)) correspond to the inlets and outlethieftank, respectively, which are calculated

from the operating conditions in the hydrate geti@naand utilisation loop, respectively.
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These constitutive equations are discretised bynmeaa semi-implicit finite volume

approach and numerically solved by using Métlab

4. Results

4.1. Hydrate generation

During the experiments, the scraped surface heduagger is able to produce hydrate slurries
attaining a solid phase weight fraction of up tpragimately 12 % at the generator outlet.
This average value has been determined from cadtricrmeasurements after sampling. The
TBAB solution does only circulate in the closedddmetween the storage tank and the
hydrate generator. In our experiments, the air-tmming system had been turned off during

the generation of the hydrates. The initial ovenadight fraction of TBAB in the solution

Wriag o @mounts to 0.39 and, hence, is not too far an@y the corresponding value at the

congruent melting Pointiss wsesr = Meas /(M1gas +VioM,,) = 0.4007. Since in the

neighbourhood of the congruent melting point, graperature varies only a little (the H-L
equilibrium curve is very flat as can be verifiedthe phase diagram presented in Fig. 1), the

dissociation temperature of the TBAB-semi-clathtatdrate co-existing in H-Lw equilibrium

with a solution atw;y,, = 039s quasi constant and almost identical with thegcoent

melting temperaturé? =4 =124°C. Initially, the temperature in the tank

hyd fus,cgr hyddis,cgr

amounts to approximately 19 °C.
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Fig. 6 Schematic representations of thermal powensperatures and flow-rate recorded for

the cooling media in the generation loop as fumctibtime.
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The generation step turned out to be reprodudie.6 gives the tendencies observed during
this step for the thermal powers, the temperatndethe mass flow rate of the slurry as
function of time. Fig. 6 (a) presents the evolutidithe thermal power calculated from the
temperature drop of the liquid fraction circulatithgough the crystalliser. At the initial stages
of the generation step, the circulating solutiopesys to remain completely in the liquid state.
Before the crystallisation in the liquid solutidiags, it is possible to estimate the cooling
power from an analysis of the temperature dropg. @-(b)) as well as by flow-rate
measurements (Fig. 6 (c)). The cooling power oflithad TBAB solution,Prgas solution, CaN

be estimated according to the following relation

I:)sol = r.i-golap ,soI(TinIet _Toutlet) (14)

where M q souion d€NOtes the mass flow-rate of the liquid TBAB $ol, T, ., the specific

p,sol

heat capacity of the TBAB solution, afig,, andT,

outlet

the temperatures measured at the inlet

and the outlet of the slurry generator, respectiiebr a TBAB solution possessing the
composition of the congruent melting point of tleeresponding semi-clathrate hydrate (with

a hydration number af, = 26t was shown that the specific heat capacitynefaqueous

solution above the equilibrium temperature amotmebout 3.6 kJ kg K.

Fig. 6 (a) does also present the cooling capacitigeoprimary refrigerant R407C which is
delivered to the crystalliser by evaporation. Tgasver is given by the product of the flow-

rate of the primary refrigerant and the changenith&py it undergoes upon evaporation
I:)FQ4O7Cvap = r.nR4O7C(hIFE4O7CjnIet - hl\?/407C,outIet) (15)

In EQ. (15), Prygrevay Stands for the cooling capacity of the primaryigefrant R407Crit,qc

for its corresponding mass flow-rate, agy;cie @Nd Nas07coue» FOF the specific enthalpy of
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R407C in the liquid and in the vapour phase, redgayg. The flow-rate has been determined
experimentally by means of a mass flow-meter. Titbadpy change of the fluid has been
calculated from results of measurements of tempe¥aind pressure at the entry and at the
exit of evaporator (inside the generator), respetti The enthalpy change of the fluid
(R407C) is calculated using the “Engineering Equragolver” (EES provided by F-Chart
Software), which also includes a library of therpoamic properties of several fluids. Fig. 6
(b) presents the slurry temperatures at the imétautlet of the generator. The inlet
temperature corresponds to the temperature ofulhg €oming from the storage tank. The
outlet temperature is the temperature of the swiubr slurry at the exit of the generator
before it is re-injected into the storage tank. @fegram of Fig. 6 (c) displays a plot of the
mass flow-rate of the solution or the slurry ciatulg between the storage tank and the

generator as function of time.

In step 1, during the first 10 minutes, the evapogapower (or cooling capacity) of the
primary refrigerant increases and achieves its mari value at around 37 kW. Subsequently,
the evaporating power drops rapidly before at spoiet of time at around 10 min it
decreases more slowly — following the same trernitt@®ne being observed for the cooling

power of the TBAB aqueous solution.

In step 2, over the time interval ranging from ardd.0 min up to approximately 45 min, the
curve displaying the evaporating power of the cotie@al cooling fluid R407C and the
cooling power curve of the secondary,{H+ TBAB} based cooling medium follow the same
trend (Fig. 6 (a)). During this period, the coolipgwer of secondary fluid is slightly smaller
than the corresponding power related to the evéiparaapacity of the primary fluid R407C.

This is partially due to heat losses in the cryised, but also due to the formation of compact
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hydrate layers on the surfaces of cooling platbes€ layers have been detected by visual
observation though the windows of the hydrate gnerAs a consequence of this
complication the heat transfer drops. This dropeat transfer explains the decrease of both
the evaporating capacity and cooling power of sdapncooling medium. The inlet
temperature (temperature of the fluid exiting tteeage tank) decreases due to the removal of
heat from the tank cooled via the closed generdtiop (Fig. 6 (b)). Since the temperature is
higher than 12.4 °C, the circulating mixture rensamthe liquid state and the outlet
temperature decreases according to Eq (14). Ieahee period of time, the flow-rate of

TBAB solution increases simultaneously as showrign 6 (c). In fact, the temperature drop

of the solution causes a moderate increase ofsit®sity. This increase in viscosity leads to

an enhancement of the performance of the volumptmap P3.

In Step 3, after around 45 minutes, the outlet maprre attains the value of 12.4 °C. At this
temperature, the temperature of the congruent mggtioint at atmospheric pressure, TBAB-
semi-clathrate hydrate crystals become theorefistdible. Nevertheless, at that stage, the
semi-clathrate hydrate phase does not precipitate the TBAB solution yet. Instead, the
temperature of the liquid at the outlet of the talfser continues to decrease and hence
attains the super cooled state. This phenomenoaldadveen observed by JFE Engineering
Corp. on their systems (Mitzukami, 2010). Therg@roximately 85 min, inlet and outlet
temperatures approach the corresponding valuesdighid-solid equilibrium and, hence, the

temperature becomes uniform in the crystallisex@stas in the reservoir tank.

At this stage (step 4), after around 85 minutesiissathrate hydrate particles start to form in

the {H,O + TBAB} mixture causing its state to change frariquid solution to a slurry. The

continuous increase in the solid phase fractioth@fsecondary cooling fluid leads to a rise in
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its viscosity (Darbouret, 2005a and Darbouret t2805b) which in turn is responsible for
the decrease in flow-rate suddenly observed. Ocdh&rary, the oscillations reported by the
flow-meter can to our opinion not be related t@tascillations in flow-rate. Instead, those
oscillations are rather believed to reflect a peabinherent to the experimental technique,
since the instrument used in these measurememds designed to accurately monitor the
flow of two-phase fluids. After a while, the codlicapacity approaches a limiting value of 6
kW, which is determined by the decrease in heastea due to the continuous formation of
hydrate layers on the plates of the crystalliseraryund 5 hours, the compact hydrate layers
attain such a thickness that they cause the bleckhthe scrappers. The experiment is
stopped when this blockage is detected to prevgntexhnical problems (overheating of the
motor scrappers, bad circulation in the generdbop, too great decline of the evaporation

temperature of the primary fluid and damage ofdbrpressor of the primary loop). At the
end of the experiment, the mass-based hydrate fitzasion B amounts to approximately

12 %.

The formation of the compact hydrate layers is pbiyp caused by the great difference
between the temperature of the refrigerant30 °C at the end of the experiments) and the
temperature of the slurry (12.4 °C). Technical rfiodtions which aim at reducing this
difference by an appropriate regulation of the m@ptapacity of the primary loop are

currently under development.

No complications were observed with regard to tbeihg of the TBAB hydrate slurry
within the generation loop. This observation canBrprevious results obtained at the
laboratory scale (Darbouret, 2005a and Darbourat €2005b). The volumetric pump P3

works well and handles the slurry without any diflties.
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4.2.  Utilisation loop

After crystallisation and storage, the hydraterslis delivered to end-users. In these
secondary cooling cycles, the semi-clathrate hgdpatticles are progressively molten, which
typically, like in the pilot plant used here, tal@aces in fan coils. The results of first
measurements are presented in Fig. 7. In this erpet, three of four rooms, corresponding

to a total surface area of 106,rwere air-conditioned. In the plots of the cor@sging

diagram, the temperature of the cooling slurryispldyed as function of time, as measured

by three selected temperature sensors (T1, T4T@&ndrhese three sensors are located at
different sites in the distribution loop (see F{. which possesses a total length of 100 m. T1,

T4 and T6, are located at the tank exit, the middlkie distribution loop and the tank inlet,

respectively.
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Fig. 7 Recordings of temperatures measured atréiftdocations in the distribution flow
loop (at temperature sensors T1, T4 and T6 atahle eéxit, the middle of the distribution loop

and the tank inlet, respectively) during the uailisn period.

The initial hydrate phase fraction of the slurrythe storage tank is determined to 12 wt% (at
180 min in Fig. 7). This value has been measuresbomples taken from the content of the
storage tank by means of calorimetric measurembntair experiments, the distribution loop
has been run for cooling three rooms. The tempexatithe circulating slurry possesses the
value of 12.4 °C, which corresponds to the tempeeadt the normal congruent melting point.
The temperatures determined at three different ungagspoints (located at the tank exit, the
middle of the distribution loop and the tank inletspectively) remain constant for
approximately 1 h. After, (around 235 min in Fig, the temperatures at these measuring
locations exhibit a sudden increase, which it is ttuthe fact that at this point the hydrate in

the storage tank has completely molten.

4.3. Hydrate storage in the tank

The slurry was maintained in its original stateidgithe daily storage. No problem have been
encountered with regard to the storage of the hgdilarry, e. g., the hydrate particles did not

agglomerate to form a plug.

However, during wintertime, the temperatures uguddicrease to reach values of below
12.4 °C and, hence, under these conditions, chgstiabn does occur naturally in our
machine room. When, upon arrival of the warmer @esisthe average ambient temperature

increased above 12.4 °C, no damages had been eliserthe tank, however, the pipes were
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slightly damaged. In fact, the density of the TBA&ni-clathrate hydrate structure is higher
than the density of the corresponding liquid solutiHence, upon melting of the massive
amounts of solid semi-clathrate hydrate that haentaccumulated in the system during
crystallisation, the overall volume of the {8 + TBAB} mixture increases which can lead to
a swelling of the pipes. In the pipes of our placal deformations of this kind, i.e.

deformations being caused by this phenomenon heae dbserved.

4.4.  Modelling results and comparison with measurements

44.1. Model parameters

A schematic representation of the design of theagetank emphasising its geometrical

configuration, is given in Fig. 8.
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Fig. 8 Locations of “inlet loops” and “outlet lodpsn the storage tank.
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The numerical values for the physical parameteesl s the model calculations are

summarised in Table 2. The technical parameteys/{fates and cooling capacities) were

obtained experimentally.

Table 2 Model main input parameters.
Parameters Numerical values
Initial mass fraction of TBAB 0.39
Volumetric flow-rate in generation loop 10t
Total volumetric flow-rate in distribution loop 4
Viscosity of aqueous solutlon 1.3x10%Pa s
(at the congruent melting point)
Equivalent diffusivities 10 m? s
Specific latent heat of fusion of the semi-clataraydrate 193 kJ kg
Generated hydrates diameter 100
External temperature 20 °C
Global heat transfer coefficient (trough lateralutation)  1.84 W if K™

Generated cooling capacity (generation loop)
Consumed cooling capacity (utilisation loop)

3a0F (in W fort in s)
10 kW

The operation mode of the plant is to be descrasefbllows:

. A first period of 180 minutes during which onhetgeneration loop is operating

(“generation period”)

. A second period of 120 minutes which concerngdib&ibution loop only. In this step,
the rooms to be air-conditioned are cooled by utiegsecond cycle based on the hydrate

slurry as cooling medium (“utilisation or distrilah period”)
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4.4.2. Modelling results

In the first graph of Fig. 9, the total (cumulajiw®oling capacity (or total stock in kWh)
corresponding to the enthalpy change upon hydiasadation of the total amount of Phase
Change Material accumulated in the storage taploited against time. During the first 3
hours the amount of semi-clathrate hydrate in @né& increases at a slowly diminishing rate.
This is time interval of semi-clathrate hydratedurotion which is referred to as the
“generation period”. The subsequent decrease énisataused by the decrease in the cooling
capacity, also called “generation power” as ingbeond graph of Fig. 9, which in turn is the
result of the drop in heat transfer. As outlineevpously, compact hydrate layers form on the
surfaces of the generator plates, and therebyraomisly cause a decrease in the efficiency of

heat transfer (see the generated cooling capacifglle 2).
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Fig. 9 General results of the model calculations.
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After 3 hours, the production of semi-clathrate faye is stopped, and the utilisation loop is
started to distribute the slurry to the end-udds dssumed that the cooling duty is 10 kW
which corresponds to a total area of around 18¢maccordance with the experiments, three
of the four rooms have been considered in theaditioning model calculations). The
cooling capacity of the slurry in the utilisatiavop, referred to as the “available power” in the
second graph of Fig. 9, is proportional to the Mzssed phase fraction of semi-clathrate
hydrate and flow-rates in the loop. Whereas the-lates are constant, the solid phase
fraction in the two suction zones of the storagek tzaries with time. During the first 10
minutes of the utilisation period, the availableveo oscillates before it stabilises.
Subsequently it begins to decrease in relatioheéajtobal decrease of the total stock
available. However, the available power in Figstdll remains higher than the need of 10 kW
during more than one hour. This means that aftemaplete cycle of a given portion of the
slurry in the utilisation loop, the hydrate crystabntained in this element are not completely
melted. In other words, after having undergonellecficle, a certain fraction of the semi-

clathtrate hydrate particles are recycled to tbeagie tank.

As long as the hydrate content is sufficiently higlsupply 10 kW of cooling capacity, the
total stock of PCM in the tank decreases linedrhe heat losses of the storage tank are
negligible. After 80 min of distribution, the avalile power falls below the need of 10 kW
because the phase fractions of solid in the suezibmes are not high enough. In the utilisation
loop, all the slurry is molten and only a liquidwgmn flows back again into the storage tank.
Fig. 10 and Fig. 11, respectively, give more dstail the local characteristics of the slurry in
the storage tank during semi-clathrate hydrate rg¢ioa (Fig. 10) and utilisation (Fig. 11).

The vertical axe represents the height up to wthiehstorage tank is filled.

40



N Height (m)
‘
a |15 b
- S
— T
1 \ |
R o ]J_p*
— 05 --.':T'L'L'-J—};"-""l
r 0 = )
=2 -1 0 1 2 3 0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.2 04 0.6 03 1 1.2
Velocities (103 m/s) Hydrate fraction Mean diameter (104 m)

N Hgight (m)

1.5 e f
s
1 *4“- r
0.5 =+ 1 l
0 ]
4 45 5 55 6 65 7 38 39 40 41 12.38 12.39 12.40
Free water mass Solute (TBAB) mass Temperature (°C)
fraction (wt%]) fraction (wt%)

Fig. 10 Modelling results during the generationiquer

In the diagrams of Fig. 10, four curves are plottedach graph corresponding to four
different points of time in the time interval cowey the hydrate generation. The curves have
been calculated at (20, 60, 140 and 180) min. Ehecity of the liquid solution and the semi-
clathrate hydrate particles, respectively, is digptl diagram (a) of Fig. 10. Since the settling
velocity is very low, these two curves appear tadeatical. There is a vertical flow which
corresponds to the flow induced by the outlet ledatt heighZ, = 1.2 m towards the hydrate
generator, and by the inlet at height= 0.4 m where the slurry is flowing back from the
generator). In diagram (b) the height is plottediast the hydrate phase fraction. In this graph
it can be observed that the solid is principallguanulated in the space determined by the
cross sections between the outlet and the inldf.d2ie to the settling of the hydrate particles,

even if low, a certain fraction of the solid suate@ accumulating at the bottom, beldw
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In between the heigh’, andZ,, the particles have a diameter correspondingditte

attained immediately after their formation in trengration step (100m, see Table 2). In this
zone, heat losses through the wall are not suffilsidnigh for melting the crystals and
decrease their size significantly. At the bottonwadl as in zones which are not submitted to
the heat convection from the hydrate generatotighas are present in lower concentration.
Due to the partial melting of the semi-clathratgstals their mean diameter also decreases to
some extent. The top of the tank is not affectethieysettling but only by the diffusion of
particles. As a consequence of this, only few algsare encountered in this region. The
average diameter of these crystals assumes areyasimall value due to the fact that the

particles found at these heights do melt more asil

The free water mass fraction, or equivalently,riess fraction of the solute (TBAB), and the
temperature are mutually linked by the equilibriconve (Fig. 1). As long as the system is
biphasic, exhibiting a liquid aqueous solutiondnd a solid semi-clathrate hydrate phase S
H in combined phase and dissociation equilibridme, temperatures and concentrations lie on
the equilibrium curve. Since the crystallisatiorstarted close to the point of the congruent
semi-clathrate hydrate dissociation, the tempegatariations are very small, amounting to
values of less than 0.01 °C (see Fig. 10 (f)). ldetize respective free water as well as the
solute mass fraction in the liquid solution vargaaVery little as can be seen in diagrams (d)
and (e) of Fig. 10. These variations in concerdratio only concern the zone located in

betweer?, andZs.
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Fig. 11 Modelling results during utilisation period

In Fig. 11, the same curves as shown in Fig. 1(persented for the subsequent time interval
of the utilisation period ranging from 180 min tdBmin. In each of the diagrams of Fig. 11,
the heightZ is plotted against the velocities of the liquidusion and the semi-clathrate
hydrate particles (diagram (a)), the hydrate plieazion (diagram (b)), the mean diameter
(diagram (c)), the liquid phase free water masstiiva and solute TBAB mass fraction
(diagrams (d) and (e)) and the Celsius temperétliagram (f)), respectively. The four curves
displayed in each of the graphs (b)-(f) of Fig. telspectively, correspond to the profiles
calculated at = 180 min, 200 min, 240 min and 300 min. The surctieights are located at
the bottom and the top of the reactor, locatedyat 0 andZs = 1.4 m, respectively. Adz =

0.6 m the slurry flows back. At the level 2. the outlet flow-rate is 3 ™ whereas a¥s it

is 1 n? h*. Hence, the flow-rate of the quasi-incompresssiilery detected at the inlet A

where it enters the tank again amounts to’4ith The velocities in the storage tank
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calculated for heights betwe&gandZs are positive. In other words, the resulting flonhe
slurry is oriented in upwards direction. In theioggbetweer?; andZ, the current velocity of
the fluid flow is directed downwards. In terms tf absolute value, the mean velocity in the
upward flow found betwee#i; andZs amounts to one third of the absolute value of mean
velocity characterising the downward flow encouedebetwee@; andZ,. As a consequence
of this, the bottom zone (belaxg) is exhausted more rapidly than the top zone (@Bgv

the hydrate phase fraction remains greater indpeone than in the bottom zone. The
minimum in the hydrate phase fraction will be fowatdhe level of the inlet &; since a
partially or completely molten slurry is re-intrachd at this level. The mode of operation
during the utilisation period, i.e. the stationamculation of the hydrate suspension results in
a spatial homogenisation of the slurry. On the ascopic level this observation corresponds
with the uniform distribution (see Fig. 11 (c))tbe mean hydrate crystal diameter along the

complete height of the tanK{andZs).

The curve plotted for= 180 min is common to both Fig. 10 and Fig. 1Tofresponds to the
point of time at which the utilisation loop has bestarted. The shape of the curve reflects the
sudden and relatively great local variation of t@ss-based hydrate phase fraction araand
the height of the inlet. Through that inlet thersjuis recycled. Since the recycled slurry is
partially melted, its liquid phase fraction is efed in TBAB. Consequently, the liquid phase
being present in the zone aroufyds more concentrated in TBAB in comparison toresst

of the tank.

4.4.3. Comparison between measured and modelling results
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At the end of the generation period, as can be Bagr® (a), the total amount of cooling
capacity has achieved a value close to 16 kWh.coh@sponding slurry in the tank possesses
a hydrate phase fraction of approximately 16 wt¥e mumerical value for the mass-based
hydrate phase fraction predicted by the model whidlounts to 16 % exceeds the
corresponding experimental resulto12 %. This is probably mainly due to imperfections
inherent in the modelling approach since the latters not take into account the first step of
cooling the liquid from ambient temperature at ahd9 °C to the crystallisation temperature
of 12.4 °C. In fact, the model considers that thletson is already in the state corresponding
to the liquidus curve at the beginning of the gatien period. As a consequence of the
overestimation of the stored energy the model pteai longer duration for the air-

conditioning period (80 min compared to 60 min abed in section 4.2).

Despite these differences between experimentapegticted results, the model is able to
predict the main tendencies with regard to theingatharacteristics of our plant. The model
enables the execution of parametric studies. Eistparisons with the results obtained from
experimental studies carried out on our prototyjegeeacouraging. The model confirms that
the positions of the outlet and inlet of each laop important for the final design of the tank.
The prototype needs to be regulated at the levisleoprimary loop in order to prevent the
formation of a compact hydrate layer on the sudafehe heat exchanger plates of the

hydrate generator.

5. Conclusion and Outlook

This work confirms the feasibility of an air-conditing system using a slurry of TBAB-

based semi-clathrate hydrate as secondary refrigéite adapted a technology designed for
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the generation of ice slurries. Some technical lerab will still have to be solved; however,
different solutions are currently being tested. Tren difficulty lies in finding ways to
prevent the formation of a compact semi-clathrgtlrdite layer on the plates of the heat

exchangers in the generation unit.

A model has been developed in order to predicatheunt of hydrate and its distribution in
the tank. The comparison between numerical andrempatal results is encouraging. It

enables to propose new designs, especially witlrdetgp the positions of the inlet and outlet

pipes.

After modifications, the model parameters will leémed. The model will be used to simulate

new alternative configurations, as for examplaahifBAB solutions at other concentrations.

For the best predicted configuration, series ofsuaeaments will be carried out in order to test

the performance of the model calculations expertaign
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