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Abstract

CO, hydrate slurry is one of the newly developed secondary cooling fluids based on CO,, an
inoffensive gas in combination with water under suitable pressure and temperature conditions. A new
CO, hydrate slurry production system was built and tested. Based on previous studies, a
comprehensive kinetic study of CO, hydrates formation and growth was conducted. Solid mass
fraction of CO, hydrate slurry was determinated. The experimental results show that besides pressure
and temperature, density and apparent viscosity change can also be good indicators of the hydrate
formation. The results have shown that hydrate creation through the heat exchanger by super cooling
of the saturated CO, solution is feasible. Continuous CO, hydrate slurry formation and dissociation by
heat exchanger was proved to be feasible. The pressure drop of CO, hydrate slurry with different solid
mass fraction on heat exchanger as function of steady flow mean velocities were presented and
verified. The stability of CO, hydrate slurry was examined. CO, hydrate slurry displayed very good
stability at steady state during 11.5 hours running test. Longer stability period should be expected if the
running conditions are maintained.
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1. Summary

CO; hydrate slurry is one of the newly developed secondary cooling fluids based on CO,, an
inoffensive gas in combination with water under suitable pressure and temperature conditions.
A new CO; hydrate slurry production system was built and tested. Based on previous studies,
a comprehensive kinetic study of CO, hydrates formation and growth was conducted. Solid
mass fraction of CO, hydrate slurry was determinated. The experimental results show that
besides pressure and temperature, density and apparent viscosity change can also be good
indicators of the hydrate formation. The results have shown that hydrate creation through the
heat exchanger by super cooling of the saturated CO, solution is feasible. Continuous CO,
hydrate slurry formation and dissociation by heat exchanger was proved to be feasible. The
pressure drop of CO, hydrate slurry with different solid mass fraction on heat exchanger as
function of steady flow mean velocities were presented and verified. The stability of CO;
hydrate slurry was examined. CO, hydrate slurry displayed very good stability at steady state
during 11.5 hours running test. Longer stability period should be expected if the running
conditions are maintained.

CeTT - I1GT -TiS Projet Geber Riift Stifung : GRS 032/08 4
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2. Nomenclature
Symbol Signification Units
A Kinetic factor accounts for the mechanism of attachment of --
hydrate building units to nucleus and for the kind of nucleation
A4, Surface area m’
Ay Area of this surface or interface m’
a Lattice parameter of a unit cell of Structure I hydrate m
Ay Area occupied by a water molecule on the substrate surface or at m’
the solution/gas interface
B Dimensionless thermodynamic parameter --
B’ Thermodynamic parameter --
C Actual concentration (m™) of dissolved gas in the aqueous solution mol/kg
Co Concentration of nucleation sites in the system --
C. Concentration of dissolved gas at phase equilibrium between mol/kg
hydrate and solution
C, Specific heat Jkg K
C, Specific heat of the cold fluid J/kg K
c,, Specific heat of the hot fluid Jkg K
C,. Specific heat of water J/kg K
Coor Concentration of nucleation-active particles in the solution --
G CO; solubility in water (mol/k/g)
C, Time-dependent gas concentration mol/kg
c A numerical shape factor --
Cph Constant-pressure heat capacity per hydrate building unit in the J/kg.K
hydrate crystal
Cpw Constant-pressure heat capacity per water molecule in the solution J/kg.K
Cp.go Constant-pressure heat capacity per gas molecule in the gas phase Jkg K
D Diffusion coefficient of dissolved gas in the aqueous solution --
D, Outer diameter of pipes wherein coolant flows m
Des Effective diffusion coefficient characterizing the random events of --
transfer of hydrate building units across the nucleus/solution
interface.
CeTT - I1GT -TiS Projet Geber Riift Stifung : GRS 032/08 5
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CO, Hydrates Slurry

D, Hydraulic diameter m
D; Inner diameter of the pipes wherein the CO; hydrate slurry flows m
D, Outer diameter of the pipes wherein the CO, hydrate slurry flows m
D' Inner diameter of pipes wherein coolant flows m
d, Diameter of the hydrate building unit m
* Attachment frequency --
A Factor with a value equal or often close to that of f* at Ay =0 --
Gays Gibbs free energy of the system J/mol
h Heat transfer coefficient W/m”K
h, Heat transfer coefficient of coolant W/m*.K
By, Heat transfer coefficient of hydrate slurry W/m®.K
J Nucleation rate -
k Boltzmann constant --
L Length of the tube m
M molar mass g/mol
M co, Molar mass of CO, kg/mol
M, , molar mass of water g/mol
Mco2, solution | Molar mass of CO; solution g/mol
m Mass flow rate kg/s
m, Mass flow rates of the cold fluid kg/s
m, Mass flow rates of the hot fluid kg/s
N, Number of nucleation-active centers on such a particle, on the --
substrate or at the solution/ gas interface
N, Number of gas molecules in the solution --
Ny Number of water molecules in the solution --
Ny Avogadro constant -
g Number of gas molecules per unit cell of the hydrate crystal lattice --
My Hydration number in CO; gas hydrate, 5.75 < n,, <7.67 --
n* Nucleus size m
P Pressure Pa
P.(T) Phase equilibrium pressure Pa
Pr Prandtl number of the fluid --
CeTT - I1GT -TiS Projet Geber Riift Stifung : GRS 032/08 6
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CO, Hydrates Slurry

P' Temperature ratio parameter --
Q Heat transfer rate W
R Temperature ratio parameter --
Re,, Reynolds number of the flow --
7. Critical radius at which G, reaches its maximum value -
S Independent kinetic parameter --
Sh Entropy of hydrate J/K
Sy Entropy of water J/K
Seoo Entropy of gas J/K
T Temperature K/°C
T. Critical temperature K/°C
T, Equilibrium temperature K/°C
T, Temperatures of cold fluid at position inlet (K/°C)
T, temperatures of cold fluid at position outlet K/°C
T, Temperatures of hot fluid at position inlet K/°C
T, Temperatures of hot fluid at position outlet K/°C
T* Reference temperature K/°C
t Time at which the solution becomes supersaturated S
U Overall heat transfer coefficient W/m” K
|4 Volume of the solution m’
€0, Solution CO; solution molar volume m>/mol
Vi Water molar volume m>/mol
v, Critical volume m’
v, Volume of a building unit in the hydrate crystal m’
v, Volume of a water molecule in the solution m’
V. Effective molecular volume m’
of
V cell Volume of hydrate crystal cell m’
w Work to form a hydrate cluster constituted of n building units J/mol
w* Nucleation work J/mol
X Molar fraction --
CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 7
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Xco, Molar fraction of CO, -
X0 Molar fraction of water --
X coyydrate Hydrate solid mass fraction in the hydrate slurry --
léygm‘e Molar fraction of CO, in the CO, hydrate -
z Zeldovich factor, z~0.01-1 --
4 Activity coefficient of dissolved gas --
A Thermal conductivity of the fluid (W/m.K) W/m.K
H Dynamic viscosity of the fluid (Pa. s) Pa.s
Hyo Reference chemical potentials depending only on T --
Koo Reference chemical potentials depending only on T --
Mg Chemical potential of a gas molecule in the gas phase --
Heg o Reference chemical potentials depending only on T --
i Reference chemical potentials depending only on P --
e Reference chemical potentials depending only on P --
e, Reference chemical potentials depending only on P --
1 Reference chemical potential, a function of P and T only --
Ly Chemical potentials of the water molecules in the aqueous solution --
Ues Chemical potentials of the gas molecules in the aqueous solution --
Uns Chemical potential of a hydrate building unit in the solution -
4 Fugacity coefficient of the gas --
n Occupancy of cavities in Structure I hydrate (%) %
£ Sticking coefficient of hydrate building units to the nucleus --
surface, ¢ <1
Piydrate CO; hydrate density kg/m3
Pissiurry CO; hydrate slurry density kg/m3
Pco,Sotution Saturated CO, solution density (kg/m’) kg/m’
v Number between 0 and 1 --
0 Hydrate/substrate “wetting” angles with values from 0° to 180° --
6, Angles with values from 0° to 180° --
CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 8
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o Specific surface energy of the hydrate/ solution interface J/m*
o Effective specific surface energy J/m?
o Specific surface energies of the hydrate/gas interfaces J/m*
o, Specific surface energies of the hydrate/substrate interfaces J/m’
Oy Specific surface energies of the solution/gas interfaces J/m*
o, Specific surface energies of the solution/substrate Jm?
T Time constant for establishment of the solution/gas chemical -
equilibrium
Ac,, Differences between the heat capacities of the old and the new --
phase at T=T,
Ah, Experimentally accessible enthalpy or latent heat (per hydrate --
building unit) of dissociation of hydrate crystal into gaseous phase
and liquid water at T=Te
As Hydrate dissociation entropy per hydrate building unit, i.e. the --
entropy change in the transfer at the given P and T of one gas
molecule from the hydrate crystal into the gas phase.
As, Differences between the entropies of the old and the new phase at --
=T,
AT Under cooling --
AT, Log mean temperature difference K
Au Chemical potential of a building unit (one gas molecule and n,, --
water molecules) in hydrate crystal
Au, Time-dependent supersaturation -
Nu,, Nusselt number of the flow --
HON Homogeneous nucleation --
HEN Heterogeneous nucleation --
CeTT - IGT - TiS Projet Geber Riift Stifung : GRS 032/08 9
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3. Introduction

The impact of synthetic refrigerants on the environment as well as the legal safety obligations
drive the refrigeration industry to seek for new ways for completely phasing out greenhouse
gases or for decreasing their charge in miscellaneous installations. One of the possible
solutions could be to reduce the quantity of these primary refrigerants by utilizing secondary
refrigerants. The principle of such technology consists in using two different loops. The
primary loop, of reduced dimensions and working with a classical refrigerant is set in an
engine room. It exchanges heat with the fluid running in the secondary loop, which is
responsible for the cold energy distribution. Therefore, this technology leads to a reduction of
the total amount of classical refrigerant.

Ice slurry as a kind of secondary refrigerants has been used over a decade (Bel et al., 1999;
Tanino et al., 2001; Ayel et al., 2003; Matsumoto et al., 2004). However, application of ice-
slurry is limited due to high cost of ice-slurry generator and power limitation. Concerning air-
conditioning systems, in recent years, the tetra-n-butylammonium bromide (TBAB) semi-
clathrate hydrate seems to be a good secondary refrigerant candidate for this application field.
Since TBAB hydrate slurry are more environmentally friendly than CFC refrigerant and
present a positive melting temperature. Moreover, it can be formed under atmosphere.
(Tanasawa and Takao, 2002; Ogoshi and Takao, 2004; Oyama et al., 2005; Darbouret et al.,
2005; Lin et al., 2008).

CO; hydrate slurry is one of the secondary fluids based on CO,, an inoffensive gas. Note that
here CO; can be recovered from existing industrial processes (for example fermentation) and
is not specially produced for the purpose. This suggests that the process could contribute to
replace polluting fluids which will be prohibited from 2014 on. Consequently, a high potential
market is arising.

CO; hydrate slurry is obtained by the combination of water and CO, (gas or liquid) under
certain conditions of temperature and pressure. The process of hydrates (CO,n,H,O)
formation is described by the equation (1).

C02 -|-I1WH2()(—)C()2 'anzo (1)

Hydrates are ice-like solids that form when:
a sufficient amount of water is present
a hydrate former is present

the right combination of temperature and pressure (hydrate formation is favoured by low
temperature and high pressure)

Hydrates are non-stoichiometric crystalline compounds formed by cavities of “host” water
molecules. A stable hydrate forms without all of the cages being occupied. The degree of
saturation (the number occupied cages) is a function of the temperature and the pressure.
Under certain pressure and temperature conditions they are strongly hydrogen bonded with a
small guest molecule hydrate structure. There are two types of CO, hydrate, namely hydrate I
with structure I and hydrate IT with structure II respectively. Hydrate I is the most common
structure occurring in CO, hydrates. Hereafter, only hydrate I will be referred to as CO;
hydrate.

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 10
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As the formation of gas hydrate is an exothermic equilibrium process. The dissociation of gas
hydrate is an endothermic equilibrium process. To use this endothermic process is to benefit
from the latent heat of fusion of the CO2 hydrate phase change. First, CO2 clathrate hydrates
can be utilized for refrigeration applications, such as cold storage since their large heat of
melting was confirmed by various authors (Skovborg and Rasmussen 1994; Anderson, 2003;
Uchida et al., 1995, 1996; Udachin et al., 2001; Fournaison et al., 2004; Marinhas et al.,
2006). Since CO, hydrate phase change temperature is above the freezing point of water
(Hironori et al., 2001; Circone et al., 2003), the use of CO, hydrate energy is clearly relevant
for the field of air conditioning. Moreover, CO2 hydrate slurries are fluid enough to flow
easily through the secondary refrigerant loop (Marinhas et al., 2006; Hu et al., 2008; Delahaye
et al., 2008) up to operating solid concentrations (30% or more at lab scale). Nevertheless, in
order to be eligible for industry applications, the hydrate slurry must satisfy three major
criteria: sufficient solid fraction to provide a large cold source and stable temperature levels
during hydrate dissociation; stable enough for the pumping and transportation; appropriate
flowing conditions of slurry to have efficient heat exchanges;

Previous research work focused on the investigation of physical and thermal properties of
hydrate slurry (Sari et al., 2007; Hu et al., 2008). To better utilize CO, hydrate slurry as newly
developed secondary refrigerant, a pilot CO; slurry production system was newly built.

The major objectives of the project are to create CO, hydrate slurry directly by super cooling
saturated CO, solution through heat exchanger and study the performance of heat exchanger
in order to approach practical industrial systems; study the continuous formation and
dissociation process of CO, hydrate slurry; study the stability, flow behaviours and heat
transfer of CO, hydrate slurry. In order to improve the design and operation of a heat
exchanger/generator of CO, hydrate slurry and present a clear modelling target to tackle the
complex phenomenon of hydrate formation and hydrate growth, the state-of-the-art of kinetics
study of CO, hydrates formation and growth seems also very necessary and important.

4, Kinetic Study of CO, Hydrates Formation and Growth

This study is part of global project aiming to use CO, hydrate slurries as secondary
refrigerants in indirect refrigeration applications and, in particular, to improve the design and
operation of a heat exchanger/generator of these types of slurries.

This will involve the following sub-objectives:
e Driving force for crystallization of CO; gas hydrate,
e Nucleation of CO, gas hydrate.

4.1 Driving Force for Crystallization of CO, Gas Hydrate

We consider a three-phase system of a one component gas, an aqueous solution of the gas and
a crystalline hydrate of the gas (Fig. 1). The gas phase is treated as one-component, because
the partial pressure of water vapour in it is often negligible at the hydrate crystallization
temperatures. The system is held at fixed pressure P and temperature T; and the hydrate phase
is considered as resulting from the following precipitation ‘‘reaction’’ occurring in the
solution [Sloan, 1998]

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 11
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P, T
GAS Mg

SOLUTION

[LLLLLLL

Mhs = Hgs t Nyt

HYDRATE Ky

Fig.1: Three-phase system of one-component gas, aqueous solution of the gas and gas hydrate

The relation (1) implies that the crystallization of the hydrate in the solution is analogous to
the precipitation of inorganic salts in aqueous solutions. Indeed, one molecule CO; of the
dissolved gas and n,, water molecules of the solution form one building unit CO,'n,,H,O of
the hydrate crystal.

For stoichiometric CO, gas hydrates of the cubic structures sl , the hydration number ny, has
values between 5.75 and 7.67 (Teng, H., et al 1996). The cubic structures sl is shown in the
figure 2.

Watermolecules

Fig.2: The structure of sl hydrate

Ugs and p,, are the chemical potentials of the gas and water molecules in the aqueous solution,
respectively (Fig. 1). According to the thermodynamic relation between chemical potentials in
reaction equilibria [Denbigh, 1971] and Eq. (1), for the chemical potential w;, of a hydrate
building unit in the solution we shall have [Makogon, 1997]

Mhs = "’lgs + nw ) Mw (2)

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 12
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By definition [Kashchiev, 2000], the driving force for new phase formation is the difference
between the chemical potentials of the old and the new phases. This difference is called
supersaturation and is commonly denoted by Az : Hence, if A is the chemical potential of a

building unit (one gas molecule and n,, water molecules) in the hydrate crystal (Fig. 1), the
supersaturation Az in hydrate formation will be given by

Ap=p, +n pu, —H, 3)

because u,, fromEq. (2) and x, are the chemical potentials of the old and the new phases,
respectively. Nucleation and/or growth of hydrate crystals are possible only when Au > 0:
then x, > u, [Makogon, 1997] and the solution is supersaturated. If Az = 0; the solution is
saturated and the system is in phase equilibrium: then u, =g, and the dissolved and
crystalline hydrate phases can coexist. When Au <0; the solution is undersaturated: as then
M, <u,; hydrate crystals cannot nucleate in the solution, and existing ones are subject to
dissolution.

Thus, while Ay is the driving force for hydrate formation, -Agis the driving force for
hydrate dissolution.

The general Eq. (3) allows expressing Ax in terms of the actual concentration C (m™) of
dissolved gas in the aqueous solution. As known from thermodynamics [Firoozabadi, 1999]

y(P,T,C)-N,
N, +N @
g w

By (P, T,C)=p  (P,T)+k-T-In

where 4, a function of P and T only, is a reference chemical potential; k is the Boltzmann

constant; y 1s the activity coefficient of dissolved gas, and N, and N,, are the number of gas
and water molecules in the solution, respectively. Denoting by V for the volume of the

. o V )
solution, and by v, the volume of a water molecule in it, we have N, ~—, N is total
1%

w

number of water molecules; because N,>> N, N, is total number of gas molecules: Taking

into account N, = CV', we can rewrite Eq. (4) in the form

w

MgS(P,T,C) = H;S(PDT)+kTln|:’Y(P’T’C)CVi|

(5)
=u, (P, T)+k-T-In[y(P,T,C)-v,, -C]

Employing this expression in Eq. (3), recalling that n,, is a function of P and T [Sloan, 1998§]
and accounting that 4 and p, are virtually C-independent leads to the following formula:

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 13
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Ap=k-T-In[y(P,T,C)-v, -C|+u’ (P,T)

6
#n,(P,T)-p, (P,T)— i, (P,T) ©

This general equation gives the dependence of Apon C in crystallization of gas hydrates in

aqueous solutions of one-component gases. Adopting the convention [Firoozabadi, 1999] of
gas as a solute allows using the approximation y =1 because of the relatively low solubility

of most gases in water and the substance behaves as if it were ideal, which is known as
Raoult's Law.

Eq. (6) shows that if we use approximation of y =1, Au increases logarithmically with C.

This means that the concrete conditions of dissolution of the gas into the aqueous phase are of
prime importance for supersaturating the system.

If the system is at equilibrium, then the chemical potential of the component i must be the
same in the liquid solution and in the vapor above it. That is,

T (7)

where s, is the chemical potential of a gas molecule in the gas phase (Fig. 1). Eq. (7)

implies that in the case of solution/gas chemical equilibrium the right-hand side of Eq. (4) or
(5) is equal to x,, : Hence, in this case we can replace the first two summands on the right-

hand side of Eq. (6) by s, in order to eliminate the gas concentration C andobtain Az in the

form:

AH = “gg (Pa T) +n, (Pa T) Uy (Pa T) — Uy (Pa T) )

hydrate formation
Apn=0

S P = constant B

PRESSURE —

constant

T=

no hydrate formation
Ap = 0]

o
3
|
&

|
T(P)

TEMPERATURE —

Fig.3: Gas/solution/hydrate phase diagram: for P; T values on curve AB the solution is
saturated (Au = 0) and can coexist with the hydrate; for P; T values above curve AB the

solution is supersaturated (Ax > 0) and hydrate crystallization is possible; for P;T values
below curve AB the solution is undersaturated ( Ax <0) and no hydrate crystallization can

occur. The arrows from points A and B to point S symbolize solution supersaturating in
isothermal and isobaric regime, respectively.

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 14



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

This general formula reveals that in the case of solution/gas chemical equilibrium Az depends
on P and T only.

Now consider the two important regimes of isothermal and isobaric variation of Az .

Isothermal Regime

In this regime Ay is varied by changing P at constant T: This is illustrated in Fig. 3 by the

arrow passing through point A and ending at point S which represents the state of the system
at given values of P and T. From thermodynamics [Firoozabadi, 1999], for this regime we can
write

e (P, T)=p, o(T)+k-T-In[p(P,T)-P] ©)
P

ty (P, T) =, o(T)+ [ v (P, T)- dP' (10)
P

1y (P, T) =, o (T)+ [ v, (P!, T) - dP! an

Where ¢ is the fugacity coefficient of the gas, which can be obtained by using the Peng-
Robinson equation of state for CO, gas. v, (m’) is the volume of a water molecule in the
solution; v, is volume of a building unit in the hydrate crystal. u,, ,, 4, ,, #,, are reference

chemical potentials depending only on T. If we substitute Eqs (9), (10) and (11) into Eq (8)

A=y (T) + k- T-In[(P.T)-P|+ nW(P,T)'(uW,o (T)+[ v, (®.T): dP'] (12a)
a

P
~ 40 (D) = [ v, (P, T)-dP'

A=y o (D) + k- T+ Info(P, TP] o (D) + 0, (P.T)- [ v, (P, T) - dP"
0 (12b)

P
~ 4o (D) = [ v, (P, T)dP"

As already noted, the phase equilibrium between solution and hydrate is characterized by
Ap=0. At the chosen temperature T, the supersaturation becomes zero at the equilibrium

(more accurately, phase equilibrium) pressure Pe (T) corresponding to point A in Fig. 3. The
Pe (T) function is illustrated by the curve in this figure and can be obtained from the
expression

0 = Mgg,O(T)—l_k'T'ln[(P(Pe’T)'Pe]+nw(Pe7T).Mw,O(T)

0, (PLT) [y, (P T) APy, o (T) = [ v, - (P T)AP! (42

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 15



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

Pe ' '
Mego(T) = by o(T) = [ v, (P, T)-dP'=k - T In[g(P,, T)P, ]

i (14)
—1, (P, T) o (T) =0 (P, T)- [ * v, (P',T)-dP"

This expression in Eq (14) allows elimination of the reference chemical potentials s, ,and
;010 Eq. (12)

Ap=k-T-In[e(P,T)-P]+n, (P,T)-u, o(T) +nW(P,T)-ij(P',T)-dP'

P P,
— [y (P, T)-dP+ v, (P, T)-dP'~k - T-In[p(P,, T)- P, ]-1,, (P, T)- . o(T)
0 0
P
—nW(Pe,T)-.[OevW(P',T)-dP'

Au=k-T-In[e(P,T)-P]-k-T-In[e(P,,T)-P,]+
[n, (P.T)—n, (P,.T)]- 1, o (T) +n, (P,T)- J‘OPVW(P',T)-dP"

Pe ' ' P ' ' P ' '
—nW(Pe,T)~jO VW(P,T)-dP+jO vh(P,T)-dP—j0 v, (P',T)-dP

o(P,T)-P

Au=k-T-In
(P(Pe’T)‘Pe

j+[nw<P,T)—nw<Pe,T>]-uw,0(T>
(15)

+n, (P,T)- jOPvW(P',T) -dP'-n_(P,,T)- j:e v, (P',T)- dP'—j: v, (P',T)-dP'

This is the general formula for Ax in isothermal regime provided the solution is in chemical
Equilibrium with the gas phase.

Isobaric Regime

In this regime Ay is varied by changing T at constant P: This is schematized in Fig. 3 by the

arrow heading through point B to point S. From thermodynamics [Firoozabadi, 1999], in
isobaric regime x,,, 4, , (4, are given by

e (P T) = 13y (P) = [ 5, (P.T) -dT' (16)
1, (P.T) =, ()= [ s, (P, T)-dT’ (7)
m, (P.T) =5 (P) - [s, (P.T)-dT' (18)

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 16



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

Here Sy, S\ and S), are the entropies per gas molecule in the gas phase, per water molecule in
the solution and per hydrate building unit in the hydrate crystal, respectively. p,,us,,u; .

are reference chemical potentials depending only on P; and T* is a reference temperature.
Using the above equations in the general expression for Az in Eq. (8), results in

Ap=p, (P)+n, (P, T)-pj (P)—p (P)

T T (19)
—n, (P.T)- [ s, (P.T)-dT—[ [5,, (P, T") =5, (P, T)]-dT"

At the chosen pressure P, there exists a temperature 7e (P) at which the solution and the
hydrate phase can coexist, because then Agx=0. This temperature is therefore the equilibrium

(more accurately, phase equilibrium) temperature of the system. It corresponds to point B in
Fig. 3 and is the solution of the equation.

Te
0=p, (P)+n, (P,T,) 1, (P) = u; (P)—n, (P, T,)- [, (P, T)-dT
T*

) (20)
- f[sgg(P,T')—sh(P,T')]-dT'
T*
Te
Mg (P) =13 (P)=n, (P, T,)- [, (P, T")-dT
) " 1)
+ [ [ (P. T =5, (B T)]- dT'-n (P, T.) -1}, (P)
T*
Employing Eq. (21) to eliminate “Zg , ,Ll; (P) fromE g. (19), we get:
Ap=[n, (P, T) =1, (P, T}, (P)—n, (P.T)- [ 5, (P,T)-dT"
(22)

T, T,
0, (PT)- [ (s, (P T')-dT'+ [s,, (P, T") =5, (P, T)]-dT"

This is the general formula for Ap in isobaric regime when there exists chemical equilibrium
between the solution and the gas phase.

A general expression is derived for the supersaturation for crystallization of one-component
gas hydrates in aqueous solutions. The supersaturation is the driving force of the process,

since it represents the difference between the chemical potentials of a hydrate building unit in
the solution and in the hydrate crystal.

Absence of Chemical Equilibrium between Solution and Gas Phase

We now consider the case when the pressure and the temperature of the system are fixed, but
there is no chemical equilibrium between the solution and the gas phase. In this case, the
actual concentration of gas in the solution varies with time t [Natarajan, 1993 and Natarajan et
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al, 1994], because the condition for chemical equilibrium, Eq. (7) is not fulfilled. According
to Eq. (6), this means that the supersaturation itself is also a function of time.

Denoting by Ax,and C, these time-dependent supersaturation and gas concentration, Eq. (6)
is in the form of:
A“t =k-T- ll’l[y(P,T,Ct) "Vy o Ct]+ M;s(PaT)

(23)
+n, (Pv T) Uy (P9 T) —Hy (P9 T)

To make physically more revealing this general formula for the variable supersaturation
during hydrate crystallization in the absence of solution/gas chemical equilibrium it is
convenient to relate C, to the equilibrium gas concentration C by means of the expression

C, =C-x(t) (24)

The dimensionless function x(t) takes into account the concrete kinetics of reaching the

solution/gas chemical equilibrium at the given pressure and temperature and satisfies the
condition for t — oo, x(t) = 1. Under non-equilibrium conditions, C, <C.

A model x(¢) dependence characterizing initially gas-free water is,

—t

x(ty=1-¢e* (25)

where t is the time constant for establishment of the solution/gas chemical equilibrium
[Natarajan, 1993].

Therefore, Eq. (23) should be:

Ap, =k-T-In[y(P,T,C)) v, -C-x(t)]+ % (P, T)

(26)
+ HW(P,T) Uy (Ps T) — MKy (PaT)
Ap, =k-T-In[y(P,T,C,)-v, -C]+k-T-Infx(t)]
. (27)
+ Mg (PvT) +n, (PvT) Uy (PaT) i (PaT)
using the approximation y(P,T,C,)=y(P,T,C),
Ap, =k-T-In[y(P,T,C) v, -Cl+k-T-In[x(t)]+ul (P, T) o8

+n, (P’T) My (P’T) — My (P’T)

Recall that equation (6) gives the dependence of Apon C in crystallization of gas hydrates in

aqueous solutions of one-component gases. Employing Eq. (6) into Eq. (28), yields the
general formula.

Ap, = Ap+k-T-In[x(t)] (29)

CeTT - 1GT -TiS Projet Geber Riift Stifung : GRS 032/08 18



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

Here Au 1is specified by Eq. (6) and is the time independent supersaturation corresponding to

established chemical equilibrium between the solution and the gas phase at the given pressure
and temperature of the system. Hence, in general, in Eq. (29) we can use Ap from Eq. (8) in

order to present Ay, as:
Aty = g (P T) 0 (P T) - (P T) =1, (P T) + k- T Infx(1)] (30)

In particular, as shown, in Eq. (29) we can employ any of the formulae for Au to determine

Ap, in isothermal or isobaric regime.

Isothermal Approximation Based on Isothermal Regime

Assume
n, ~n (P,,T)
v, =v, (P,,T)
v, =v,(P,,T)

These relations imply negligible pressure dependence of the hydration number and of the
compressibility of the aqueous and hydrate phases for P close enough to P.. Their use in Eq.
(15) results in

o(P,T)-P
Ap=k-T-lnj ——— |[+Av_-(P-P
B n[@(Pe,T)-Pej+ v, (P=P,) (1)
Ave(T):nw(Pe9T).Vw(Pe7T)_Vh(PeﬂT) (32)

If ng is the number of gas molecules per unit cell of the hydrate crystal lattice, this cell
contains n, building units (the n, value may differ from that corresponding to the
stoichiometric hydrate crystal). Hence, denoting by v . (m’) the volume of this cell, we can
calculate v, by using the relation:

Vcell = ng X vh (33)

Combining Egs. (32) and (33) leads to the formula:

A%
Av.=n_-v — et (34)

n,

In isothermal regime, if we assume:
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b-P
P, T) ~ exp(—
(P, T) = exp(, =)

This relation gives the fugacity coefficient ¢ in terms of the second virial coefficient b (m?)
of the gas contacting the solution [Denbigh, 1971]. This coefficient changes from negative to

positive with increasing temperature. Values of b for some gases at T = 273.2 K are presented
in Table 1.

Table 1 : Hydrate crystal structure” and values of hydration number ny, of stoichiometric
hydrates crystal®, number n, of gas molecules per unit cell of stoichiometric hydrate crystal®,
volume v;, of hydrate building unit, volume difference Av, second viral coefficient b (at
T =273.2 K)” and effective volume ver (at T =273.2 K) for various gases

Gas STYd rate ! . Vh -AVe -b Vet
ructure (hm°) (nm3) (nm®) (nm®)

Ar sII 17/3 24 0.216 0.046 0.034 0.080
Kr sIT 17/3 24 0.216 0.046 0.099 0.145
N, sIT 17/3 24 0.216 0.046 0.019 0.065
0, sII 17/3 24 0.216 0.046 0.036 0.082
CH,4 sl 23/4 8 0.216 0.044 0.086 0.130
Xe sl 23/4 8 0.216 0.044 0.253 0.287
H,S sl 23/4 8 0.216 0.044 0.339 0.383
CO, sl 23/4 8 0.216 0.044 0.221 0.265
C,H, s 23/3 6 0.288 0.058 0.366 0.424
c-CsHy sl 23/3 6 0.288 0.058 0.658 0.716
C;H;g sII 17 8 0.647 0.137 0.787 0.924
i-C4H;o sl 17 8 0.647 0.137 1.365 1.502

 According to Ref. [Sloan, 1998], p. 53

T
b Calculated from 0 = 0.430 — 0.886(
A%

C

T T
)— 0.694(?)2 - 0.0375q(?°)4‘5 (Ref. [Prausnitz et

al, 1986], p. 126) where T, and v are the critical temperature and volume, respectively, and
q=0 for Ar, Kr, N,, O,, CHy4, Xe, H,S, CO; and ¢-C3Ha.

The effective molecular volume V ; (m’) is defined by :
v, =Av_+b (35)

Av,=v,—b (36)
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Employing the above expressions for ¢ in Eq. (31) yields:

P
Alvt:k'T'ln(P—)JFVef‘(P—Pe) (37)
. . . b-P : : o
Setting b = 0 in equation (P, T) = exp(ﬁ), results in the ideal gas approximation ¢=1.

This approximation means that the hydrate-forming gas is treated as ideal, so that b=0.

Employing the above expression for ¢ in Egs. (36) and (37) yields:

Au:k~T-ln(P£)+Ave-(P—Pe) (38)

(&

Isothermal Regime

Combing Egs. (29) and (37) leads to the expression:

Ap, =k-T- 1n(P3) +v,-(P=P)+k-T-In[x(t)] (39)

(&

To illustrate the time variation of the supersaturation for an initially gas-free liquid water
brought into contact with a gas phase at time ¢ = 0; we can substitute x(z) from Eq. (25) into

Eq. (39). This leads to the expression:

P -t
Aut:k-T-ln[P—}+vef-(P—Pe)+k-T-ln[1—ef] (40)

€

With formula 40, we can depict time dependence of Ay, for CO, hydrates at different
temperature and pressure.

By using Egs. (25). (29), we have equation:
-t
AHt:AH"‘k'T‘ln[l_eTJ (41)

Setting Ay, () =0, t is the time at which the solution becomes supersaturated.

—t
O:Ap+k-T-ln[l—eT]
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—t

—ﬂzln I-e-
k-T

~Au -t

ekT =1-¢°

—, —~An
e’ =1—¢ekT

;m,l
t.=—7-ln l—ekT (42)

S

As seen from this general expression, 7, depends not only on z , but also on the equilibrium
value Ay of the supersaturation.

Isobaric Approximation Based on Isobaric Regime

Assume
1’lw ~ nw(Pe9Te)

This approximation ignores the temperature dependence of the hydration number for T close
enough to 7, and results in elimination of x, and 7* from Eq. (22). This equation thus

becomes:
Te
Ap = L As(P,T')-dT' (43)
Where
As=s,(P,T)+n, -(P,T,)-s, (P, T) —s,(P,T) 44)

is the hydrate dissociation entropy per hydrate building unit, i.e. the entropy change in the
transfer at the given P and T of one gas molecule from the hydrate crystal into the gas phase
and of n,, water molecules also from the hydrate crystal, but into the solution. Eq. (43) has the
form of the known expression for Az in melt crystallization [Kashchiev, 2000] and allows

calculation of the supersaturation from experimental data or theoretical formula for the
temperature dependence of sg,; s, and s,

According to thermodynamics [Firoozabadi, 1999], the entropy s and the heat capacity c, at

C
constant pressure are related by ds = (?p)dT. For that reason Ap from Eq. (43) can be

expressed in the following Taylor series about 7=T, [Kashchiev, 2000].

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 22



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

Ac, . , (T.-Ac,,—Ac,, 3
Ap=As, - (T-T,)-| —==|-(T-T.)" - 6"’ 2= (T-T,) —.... (45)

2-T T2

€ €

Where As, and Ac,, are the differences between the entropies and the heat capacities of the

e

dAcp

old and the new phase at =T, and AC;,e = also at 7=T,,

To a first approximation ofn, ®n_(P,,T,) in the case considered of hydrate crystallization
we can write:

Ap=As, -AT (46)
AT =TT (47)

AT is the undercooling, and the quantity As, (J/K) is given by :
As, =5, (P, T.)+n (P, T,)-s, (P, T,)—s,(P,T,) (48)

As, is the value of As from Eq.(44) at the equilibrium temperature 7.
According to Eq. (45) the Au(T) dependence is of the form:

Ac, ., 5
AM:ASe'AT— T -AT (49)

€

where the heat capacity difference Ac,,(J/K) is expressed as:

AC (P9 Te) + nw (P5 Te) ) Cp,w (P’ Te ) - Cp,h (P’ Te) (50)

pe = Cpg
The constant-pressure heat capacities ¢, s Cpw and c,p are, respectively, per gas molecule in

the gas phase, per water molecule in the solution and per hydrate building unit (one gas
molecule and #,, water molecules) in the hydrate crystal.

According to Eq.(46) , Au increases linearly with lowering 7. Combining Eq.(46) and (47) we
have

Au=As - (T,-T)=As,-T, —=As, - T (51)
From thermodynamics [Firoozabadi, 1999],

As, - T, = Ah, (52)

where Ah, (J) is the enthalpy or latent heat (per hydrate building unit) of dissociation of
thehydrate crystal into gaseous phase and liquid water at 7" = T..
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Isobaric Regime

In this regime we can employ Eq.(22), Eq.(43), Eq.(46) or Eq.(49) to express Au in Eq.(29) in
the scope of the corresponding approximation.

-t

Ap,=As, AT +k-T-In|1-e* (53)

The time #; associated with the dependence given by Eq. (42)

Expressions for the supersaturation are obtained for solutions supersaturated in isothermal or
isobaric regime. The results obtained are applied to the crystallization of hydrates of one-
component gases.

4.2 Nucleation of CO, Gas Hydrate

4.2.1 Experimental Studies on Hydrate Nucleation

Hydrate formation is a phase change process and hence requires a supersaturation
environment to take place. On account of this supersaturation, the Gibbs free energy of the
gas dissolved in the liquid is greater than the respective Gibbs free energy of the hydrate,
which favours the aggregation of water and gas molecules to form the hydrate. However, the
separation of a new phase requires the formation of an interface, which is associated with a
positive variation of the Gibbs free energy, as the molecules in the interfacial region always
have more energy than those in the bulk phase. These two components of the Gibbs free
energy of the system, G,,,, with opposite signs, depend on the size of the formed cluster. At
the beginning of the process, the term related to the interfacial area, which grows with the
square of the cluster radius, dominates, so that the formed clusters are more likely to
decompose than to grow. Since the magnitude of the term associated with the bulk phase
increases with the cube of the cluster radius, a minimum radius is eventually reached, known

.. . . . . . G,
as the critical radius, 7., at which G, reaches its maximum value. At this point, as 1 = =0,
r

the probabilities of cluster growth and decomposition are equal. For clusters with r >r,
growth is always associated with a reduction in the Gibbs free energy of the system, being,
thus, spontaneous.

In completely pure systems, free from any impurity in suspension, nucleation that occurs in
the liquid bulk is said to be homogeneous. When pre-existing surfaces as those of particles in
suspension or a wall or even between two phases promote nucleation due to a reduction in the
Gibbs energy increase associated to the appearance of the new phase, the process is called
heterogeneous nucleation. Considering that the complete removal of microparticles from a
solution is a rather difficult task, in practice, heterogeneous nucleation is more commonly
observed.

In heterogeneous nucleation, the contact angle between the hydrate and the pre-existing
surface controls the reduction in the specific superficial energy of the solution—hydrate
interface, which, in turn, decreases the amount of work required in the formation of the new
phase. As a result, for heterogeneous nucleation, a smaller critical radius is verified. The
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lower the contact angle, that is, the higher the affinity between the hydrate and the pre-
existing surface, the more effective this effect will be (Kashchiev and Firoozabadi, 2002b).

In the specific case of hydrates of low-solubility gases, like hydrocarbons, since water is also
scarcely soluble in these substances, the gas—liquid interface constitutes the most likely place
for nucleation to occur, not only because of the reduced specific superficial energy between
the hydrate and the solution, but mainly due to the fact that the highest concentrations of the
molecules which compose the hydrate, and consequently the higher supersaturation
conditions, are precisely found in this region. For carbon dioxide, nucleation at the gas—liquid
interface started on the wall and the hydrate layer grew into the liquid bulk, which was
confirmed by Takeya et al. (2000) with a high speed video camera.

In apparent contradiction to these results, Englezos et al. (1987a) reported the occurrence of
nucleation everywhere in the liquid phase for different operating conditions during the
formation of methane and ethane hydrates with distilled water in a stirred reactor, which was
justified in terms of a uniform supersaturation of the liquid phase before nucleation due to
stirring. Sloan (1998) states, however, that, for high stirring speeds, an apparent nucleation in
the bulk liquid phase may simply be the result of a dispersion into the liquid bulk of clusters
originally nucleated at the gas—liquid interface.

4.2.2 Hydrate Cluster Formation

The work to form a cluster of the new phase is a key parameter in the determination of the
rate at which the phase is nucleated [Kashchiev, 2000]. As an example, this quantity has been
successfully used to predict the location of the bubbles of the new vapour phase in two
contacting immiscible liquids. When one of these liquids is superheated and the other is not,
there are two possibilities for the formation of gaseous clusters, i.e. bubbles. One possibility is
the bubble formation in the bulk of the superheated liquid. The other possibility is the
formation of lens-shaped bubbles at the interface between the two immiscible liquids.
Comparison of the measured and the theoretical temperatures for the onset of bubble
nucleation shows that depending on the liquid/liquid and gas/liquid specific surface energies,
the bubbles may come into being either in the superheated liquid or at the liquid/liquid
interface.

In the formation of clusters in the bulk of the superheated liquid or at the interface between
the superheated and the non-superheated liquid, there is a considerable success in verifying
the nucleation theory with respect to the location of the cluster formation [Jarvis et al, 1975;
Moore, 1956; Apfel, 1971]. Here we shall use a similar approach to examine the location of
the hydrate clusters in the nucleation of one-component gas hydrates in aqueous solutions.

The work W (J) to form a hydrate cluster constituted of n building units can be determined by
using the classical theory of nucleation. Application of the expression for W for three
dimensional (3D) nucleation of one-component condensed phases [Kashchiev, 2000] to
hydrate nucleation at a given supersaturation Au(J) yields

2
W(mn)=-n,-Ap+c- Vé ‘O - nw% (54)

In this formula Ap is a known function of the pressure P or the temperature T when it is
varied isothermally or isobarically [Kashchiev & Firoozabadi, 2000a]. ¢ is a numerical shape
factor.
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(@)

Fig. 4-a: Schematic of (a) spherical cluster of n building units in HON.

(b)
Fig. 4-b: Cap-shaped cluster of n building units in 3D HEN on a substrate

(c)

Fig. 4c: Lens-shaped cluster of n building units in 3D HEN at the solution/gas interface.
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1
C=(36-m)* for spherical clusters (Fig. 4a) in homogeneous nucleation (HON) and for cap-

shaped (Fig. 4b) or lens shaped (Fig. 4c) clusters in heterogeneous nucleation (HEN) on a
solid substrate or at the interface between the solution and the gas phase. v,(m’) is the

volume of a hydrate building unit (such unit comprises one gas molecule) and n, water
molecules [Kashchiev & Firoozabadi, 2000a], n,, being the hydration number), and o, (J/m?)
is an effective specific surface energy. While for HON o, =0 ; for HEN o, <o ; where o
(J/m%) is the specific surface energy of the hydrate/ solution interface. o, s treated as

independent of pressure and temperature, because it is expected to remain nearly constant
under typical conditions of hydrate crystallization.

In general, o, is defined by [Kashchiev, 2000]
Gef = \‘Ij Y (55)

where the factor y is a number between 0 and 1. For instance, for cap-shaped clusters on a
substrate (Fig. 4b) y reads [Kashchiev, 2000]

\y:[%-(2—1—0059)-(1—0059)2}3 (56)

Where 6 is the hydrate/substrate “wetting” angle with values from 0° to 180°. The Young
equation [Adamson, 1982; Krotov & Rusanov, 1999]

(Gss — Ghs)
(e}

cos0 = (57)

relates 8 to o (J/m*) and O (J/m*) which are the specific surface energies of the
solution/substrate and hydrate/substrate interfaces, respectively.

1.0

-/
7

0 30 60 90 120 150 180
0 (deg)

Fig.5: The factor y vs. the ‘‘wetting’’ angle @ according to equation (56)

CeTT - 1GT - TiS Projet Geber Riift Stifung : GRS 032/08 27



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

Eq. (56) and its plot in Fig.5 show that at =0 (complete ‘‘wetting’’ of the substrate by the
hydrate crystallite) y =0; at@ =180° (complete hydrate/substrate ‘ ‘non-wetting”’) v =1;

Thus, energetically, HON appears as a limiting case of HEN with y =1.

The same applies to lens shaped clusters at the solution/gas interface (Fig. 4c). The expression
for  of the lens-shaped clusters is of the form [Kashchiev, 2000].

W | =

. 3
Y= l-(2+cos(9)-(1—cos9)2+l~(2+cos90)-(l—cos90)2- s'1n6 (58)
4 4 sin @,

Here 6 and 6, are angles between 0° and 180° and are obtained from [Kashchiev, 2000;
Jarvis et al, 1975]

2 2 2
6., +6° -0
cos0 = (O e) (59)

26,0

2 2 2
G, —0 +0y,

cosf, = (60)

20, -0y,

Where o, (J/m?*) and Gy, (J/m?) are the specific surface energies of the solution/gas and

hydrate/gas interfaces, respectively. From Egs. (58)— (60), w=1 when 6,=0 and 6= 180°.

This corresponds to spherical hydrate clusters just touching the solution/gas interface from the
solution side. Thus, as already pointed out, when v =1, HEN is energetically equivalent to

HON.

Physically, the Au term in Eq. (54) represents the work gained upon assembling » hydrate
building units into an n-sized hydrate cluster, because nucleation can occur only when Au >
0: The o, term in this equation is the work done on creating the interface between the cluster

and the ambient phase(s) (i.e. the solution in HON, the solution and the substrate or the gas
phase in HEN).

4.2.3 Nucleus Size and Nucleation Work

As known from nucleation theory [Kashchiev, 2000], the position of the maximum of the
W(n) function determines the number n* of building units constituting the hydrate nucleus.
Accordingly, the nucleation work W* (J) (which, physically, is the energy barrier to
nucleation) is the value of Watn = n*

The general formulae for n* and W* for 3D nucleation of one-component condensed phases

[Kashchiev, 2000], are directly applicable to hydrate nucleation. Using them, we can write the
expressions
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3 2 3
:8-0 Vi, *Oy

n*
27-Ap’

(61)

4-¢>-v; .o
Wi = —— 8= (62)
27-Ap

which are readily obtained also from Eq. (54) and the extreme condition (L—W =0 at n=n*.
n

These expressions show explicitly how n* and W* decrease with increasing Au (i.e. with
pressurizing or cooling the saturated solution) and/or with decreasing o, (e.g., with

improving the ‘‘wettability’” of the substrate surface for the hydrate crystallites). With
appropriate expressions for Au [Kashchiev & Firoozabadi, 2002a] Egs. (61) and (62) are
applicable to both HON (o, = o) and 3D HEN (o, <o) of hydrate crystallites under various
conditions.

4.2.4 Nucleation Rate

We can now proceed with the determination of the nucleation rate J (m™ s or m™ s™) of one
component gas hydrates in aqueous solutions. According to nucleation theory, in the case of
stationary nucleation of one-component phases J is given by the general expression
[Kashchiev, 2000]

. el
J=z-f-C,-e T (63)
Where z~0.01-1 is the so-called Zeldovich factor, f*(s") is the frequency of attachment of

buliding units to the nucleus, and Cy (m™ or m™) is the concentration of nucleation sites in the
system. For the 3D nucleation considered here z is related to n* and W* from Eqgs. (61) and
(62) by

3.mk-Tn"

The quantity Cy depends essentially on the kind of nucleation: for hydrate nucleation in
aqueous solutions there holds [Kashchiev, 2000]

C, :Viz3x1028m3 (65)
for HON,
C,=N,-C,, <3x 10%*m™ (66)
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for HEN on microscopically small nucleation active particles (crystallites, droplets or
bubbles) present in insufficiently purified or degassed solutions,

C, L ~8x10%m™ (67)
a

w

for HEN on solid substrates or at the solution/gas interface when these are free of nucleation-
active centers (structural point defects, impurity molecules, adsorbed surfactants, etc.), and

N
Cp=t< 8x10"¥m ™ (68)

N

for HEN also on solid substrates or at the solution/gas interface, but with such centers on their
surface.

2
9-m-v,,

3
In Egs. (65) to (68), a z[ ] ~ (.12 nm? is the area occupied by a water molecule on
the substrate surface or at the solution/gas interface, A4, (m?) is the area of this surface or
interface, C__ (m™) is the concentration of nucleation-active particles in the solution, and N,

par
is the number of nucleation-active centers on such a particle, on the substrate or at the
solution/ gas interface. Egs. (65) to (68) merely express the fact that, physically, each water
molecule or active centre provides a nucleation site in the solution, on the particle or substrate
surface and at the solution/gas interface. When the molecules constituting the substrate
surface or the solution/gas interface play the role of centers with equal nucleation activity,

Na = A, and Eq. (68) passes into Eq. (67). Analogously, when all “‘surface’” molecules of a
a

w

particle with surface area 4, (m?) play the same role, we have Na~ A, and Eq. (66) becomes
a

w

A -C
Cyr 2P <3x10%*m™ (69)
a

w

For nucleation of one-component condensed phases in solutions the attachment frequency f*
is given by the general formula [Kashchiev, 2000]

Ap
. o G
f'=f -e*T

€

(70)

In which f; (s™) is a factor with a value equal or often close to that of /* at A =0. Hence, for

hydrate nucleation in isothermal regime (then Ax is specified by Eq. (71), f is

approximately the frequency with which the hydrate building units would attach to the
nucleus at P=P,. In isobaric regime of hydrate nucleation Ay is given by Eq. (72) and, to a

certain approximation, f, equals the frequency with which the hydrate nucleus would attach
building units at 7=T,
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o(P,T)-P

Au=k-T-In
¢(P,,T)-P,

}Ave-(P—Pe) (71)

Ap=As, -AT (72)

Here As, (J/K) is the entropy (per hydrate building unit) of hydrate dissociation at 7=T7,, and
AT (K) is the undercooling defined by:

AT=T -T (73)

The As, value can be obtained from the general relation As, = Ah, in which Ah_(J) is the

experimentally accessible enthalpy or latent heat (per hydrate building unit) of dissociation of
hydrate crystal into gaseous phase and liquid water at 7=T,.

In hydrate nucleation, as in other nucleation processes, f, depends on the specifics of the

kinetics of attachment of hydrate building units to the surface of the hydrate nucleus. For
instance, when this attachment is governed by volume diffusion of dissolved gas towards a

homogeneously formed nucleus, in isothermal regime f, has the form [Kashchiev, 2000]

e D -

Similarly, for a nucleus formed homogeneously in isothermal regime, when attachment is
governed by transfer of hydrate building units across the nucleus/solution interface, f," reads
[Kashchiev, 2000]:

%

c-vy

£ =e (YD, .o (75)

e
h

In the above two equations & <1 is the sticking coefficient of hydrate building units to the
nucleus

surface, d, = [6'Vh T is the diameter of the hydrate building unit, D (m?/s) is the diffusion
n

coefficient of dissolved gas in the aqueous solution, D¢ (m%/s) is an effective diffusion
coefficient characterizing the random events of transfer of hydrate building units across the
nucleus/solution interface, C, (m™) is the concentration of dissolved gas at phase equilibrium
between hydrate and solution (i.e. at Au=0 ), and n* is the nucleus size determined by Eq.

(61) at the existing supersaturation Az .
Combining Egs. (62) and (63) to (70), we find that the stationary rate of HON (o,,=0) and

3D HEN( o, <o) of one-component gas hydrate is given by
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A —4.¢° v .o
J=A-e %T-exp[ c vy GefJ (76)

The kinetic factor A (m”s” or m™s") in this formula accounts for the mechanism of
attachment of hydrate building units to nucleus and for the kind of nucleation.

z-f
A=—>rv (77)
VW
For HON,

A z-f.-A, -C,

a

w

(78)

for HEN on nucleation-active microparticles without active centers on their equally sized
surfaces of area 4,,;

A=z-f.-N,-C, (79)

for HEN on such particles each with the same number N, of active centers on its surface

A=—>F (80)

for HEN on solid substrates or at the solution/gas interface in the absence of nucleation-active

centers and
A= 81)

for HEN also on solid substrates or at the solution/gas interface, but with such centers on

their surface. The factor 4 can be treated as Ax independent when the super saturation is
varied either in isothermal or isobaric regime, because the product zf, changes relatively little
in the pressure and temperature range typical for hydrate nucleation. In general, A has values
much smaller for HEN than for HON [Kashchiev, 2000].

With an appropriate expression for the super saturation Ay [Kashchiev & Firoozabadi,

2002a], Eq. (76) describes the rate of 3D one-component hydrate nucleation under various
conditions. For nucleation in isothermal regime Ay is determined by Eq. (71). Eq. (76) can

then be given in the form

-B
J=A-S.
eXp(ln2 Sj (82)
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which represents only implicitly the dependence of J on the imposed pressure P. Here the
practically S-independent kinetic parameter 4 is specified by Eqgs. (77)— (81), and the
dimensionless thermodynamic parameter B and the supersaturation ratio S are defined by

:4-03-Vﬁ-cif
27-(k-T)*

(o T)-P) _ (Av.-(P-P)
S‘[w(Pe,T)-PJ exp[ kT ) (84)

Similarly, in isobaric regime Au is given by Eq. (72) and J from Eq. (76) can be expressed as

(83)

the following explicit function of the undercooling AT :

J=A-ex M -eX -B 85
kT PlT-aT (85)

Here the kinetic parameter A4 is also given by Eqs. (77)—(81) and can be treated as AT
independent, because hydrate nucleation in aqueous solutions occurs at relatively small
undercoolings. The thermodynamic parameter B’ (K°) is defined by

_4~c3-Vﬁ~G§f o6
27-k-As? (86)

and its value for a given hydrate, analogously to that of B, is again largely determined by o ..

The kinetics of nucleation of one-component gas hydrates in aqueous solutions are analyzed.
The size of the hydrate nucleus and the work for nucleus formation are determined as
functions of the supersaturationAz . Expressions for the stationary rate J of hydrate

nucleation are derived. These expressions describe the J (A ) dependence for homogeneous

nucleation and for heterogeneous nucleation at the solution/gas interface or on solid substrates
and nucleation-active micro-particles in the solution.

5. Determine the Hydrate Slurry Solid Mass Fractions

The amount of hydrates formed as a function of slurry volume was calculated using the mass
flow meter slurry density measurement. The density of the three-phase mixture (Omuysiury) 18
given by:

pCOZSOIution ) phydrate (87)

pHyslun’y =
CO,Solution : XC02hydrate + phydrate ’ (1 - XCOZhydrate)

The saturated CO; solution density model proposed by Duan et al. (2008) for liquid CO,-H,O
mixtures was defined using the equation:
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Pco,solution = M (33)
CO,Solution
where
Mo soution = Xco, “Mco, +Xu,0 - Muo (39)
Veossotuion = ViA+ (A +AP)X( ) (90)
Ai=AL To+ Al T+ Aiz+ Aig T+ AisT ., (1=1,2) 91)

The molar fraction of CO; in the solution is related to the solubility as shown:

Xcos = (%j (92)
(S0

and

Xi,0 = 1= Xco, (93)

where Cs is proposed by Duan et al. (2006). Teng et al 1996 proposed another similar
equation to calculate CO; hydrate density:

46-M X pyate
=2 1 0,409+ —2 94
P hydrat N, -a’ ( [ x Pyt ©4)

Where, 46 is the number of water molecules in a unit CO, hydrate cell, Mco, =44 g/mol. It is
hydrate

found that density of CO, hydrate, p,, ;.. » 1s influenced strongly by x¢o. . The relationship

between the occupancy 77 and the molar fraction of CO; in the hydrate x'gf;ate is derived as:

5.75-xiame g

T] = b =
ydrate
1- Xco, X+y

(95)

where x<2 and y<6, represent the numbers of the occupied 5'* and 5'26> cavities. As CO,

hydrate is a nonstoichiometric compound, therefore hydration number is variable.

It is seen in Table 2 if all the cavities in the hydrate are occupied (i.e. x=2; y=6; n= 100), ny,
equals to 5.75; CO, hydrate has the maximum density value estimated from the perfect
crystallographic. Teng et al (1996)’s prediction p, ... = 1134kg/m’ very good agreement with

Uchida et al (1995), Takenouchi and Kennedy (1965). Their prediction is with ~2% deviation
from Stackelberg and Miiller (1954), ~2.7% deviation from Ota and Ferdows (2005)’s
simulation. With different occupancies of cavities, the mole fraction of CO, in the CO;
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hydrate

hydrate x5, occupancy 7 as well as hydrate density will be different. With decreasing

numbers of occupied cavities and the mole fraction of CO; in the CO, hydrate, CO, hydrate
density decreases; with increasing hydration number, CO; hydrate density decreases. Usually,
the hydration number is expressed within the range of 5.75< n,, <7.67.

However, the following processes will decrease mole fraction of CO, in the CO, hydrate,
increase hydration number to the value higher than 7.67, resulting in decreasing of density.
i.e. Form hydrates in highly non-equilibrium conditions (CO, solution is not supersaturated);
not enough CO, gas; fast crystallization; very much interstitial fluid comparing with CO, gas;
small free gas volume in the reactor ...etc; therefore, it is likely to have the cases where CO,
hydrates are not easy to form (North et al 1998, Morgan et al 1999); form hydrates lighter
than water and float observed by Unruh and Katz (1949) and North ez al. (1993). With even
lower value of mole fraction of CO; in the CO, hydrate, unstable paste-like CO, hydrate
composite will be formed (Gborigi et al/ 2007);

Table 2. Summarized data from Teng et al 1996

X; Y x=2; y=6 x=1; y=6 x=0; y=6 x=0; y=5 x=0; y<4
Ny 5.75 6.57 7.67 9.2 >11.5
Xcor 0.148 0.132 0.115 0.098 <0.080
n (%) 100 83 75 62.5 <50
Py 1134 1097 1049 1007 <965

For Single Crystal Diffraction Studies by Udachin et al 2002, hydrate crystals of natural gas
hydrates grew under essentially equilibrium pressure at 3 °C over a period of months to years
in sealed Pyrex tubes containing ice and the guest components. Circone et al 2003
synthesized CO; hydrate from CO, liquid and H,O solid and liquid reactants at pressures
between 5 and 25 MPa and temperatures between 250 and 281 K. Based on above description
of crystal process, we conclude that most of thermodynamic properties of CO, hydrate are
obtained from stable hydrate crystal which is usually formed under conditions of small
volume; less interstitial fluid; excess of CO, gas or CO, liquid; slow crystallization up to
years; synthesis pressure was much higher than hydrate equilibrium pressure.

However, the CO; hydrate formed under arbitrary conditions may not be perfectly crystalline.
Both the lattice measurements and the cage occupancy measurements may need revision. If
only the large cavities are occupied (i.e. ny =7.67), then phydrae = 1049 kg/m3 from Teng’s
prediction, which is only slightly different from the measured value ppydrae =1040 kg/m’
(Uchita et al, 1995), with ~3.3% deviation from Ota and Ferdows (2005)’s simulation.

Circone et al 2003 suggested the composition of the hydrate should reflect the hydrate
formation pressure P above three phase equilibrium (Lw-H-V) pressure Po, the ratio of P/Po
should be a good relative indicator of sample composition for purpose of comparing samples
prepared under different conditions. He also defined overpressure as the difference between
the pressure of hydrate formation and the hydrate equilibrium pressure at the experimental
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temperature. If the hydrate formation pressure equals to or lower than Po, hydrate formation
will not succeed. For the protocol of CO, hydrate formation by controlled CO, gas injection,
when the suitable hydrate formation temperature achieved, ratio of P/Po is larger than 1,
overpressure is small, small portion of hydrates (e.g. ~10%) will begin to form. Most likely,
the large cavities of hydrate are not fully occupied (see table 1, i.e. ny =9.2), density of
hydrate is about 1007 kg/m’. This is due to low concentration of CO,, fast crystallization and
much the interstitial fluid initially. Accompanying the increase of P/Po ratio and overpressure
due to gas injection, at constant temperature, most likely CO, gas occupied the large cavities
of hydrate (i.e. ny, =7.67) and results in density about 1040 kg/ m’. Thereafter, the overall
hydrate density is less than 1040 kg/mB. In our study, phydrate =1036 kg/m3 1s referred.

6. Experimental Setup

6.1  The Pilot CO, Hydrate Slurry Test System

The new test rig is mainly equipped with the following components: a high-pressure pump,
one double tube heat exchanger, two chillers, one consumer and CO, gas injection unit. See
figure 6. The double tube heat changer is made of stainless steel. It consists of two separated
parts.

Wherein the primary fluid is coolant while the secondary fluid is the test fluid. The length of
heat exchanger is about 28 m, with height of 1.1 m. The outer diameter of the secondary fluid
pipe is 33.5 mm and primary fluid pipe is 49 mm, see figure 7. The safety operation pressure
of the system is 40 bar. All the experimental data are obtained by Agilent 34980A data
acquisition system.

This pilot CO, hydrate slurry test system consists of three sub-circuits (See Fig.8). The
primary circuit is for coolant (in colour blue). The secondary circuit is for the test fluid e.g.
water, CO; solution, CO; hydrate slurry (in colour green). The third circuit is for CO, gas
injection (in colour red). Table 3 lists the technical information of major components. The
temperatures of the whole loop are monitored by Pt 100 at different locations. See Table 4 the
list of temperature sensors.
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CO, Hydrates Slurry
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Fig.6: The pilot CO, hydrate slurry test rig
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Fig. 7: Schematic drawing of double tube heat exchanger
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Fig. 8 Schematic drawing of the pilot CO, hydrate slurry test system
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CO, Hydrates Slurry

Table 3. Technical information of major components in the test rig

Symbol Description Manufacture Model
CO, gas Carbagas
High pressure pump Sterling AEHA 1201 ABAF3 4B4
Gas inject device Tis
Double tube heat Tis
exchanger
High pressure consumer  Glinter S-GGHF040.1C/17-AW/20P
F Mass flow meter Endress+Hauser Promass 83F25
F Mass flow meter Endress+Hauser Promass 63F25
F Mass flow meter Endress+Hauser Promass 63F40
F Mass flow meter Endress+Hauser Promass 63AS02
P Pressure transducer Wika Type S-10 0...40 bar G1/2B
P Pressure transducer Wika Type S-10 0...100 bar
G1/2B
v Viscometer Hydramotion XL7-100
AP Differential pressure Endress+Hauser Deltabar S PMD/75
meter
AP Differential pressure Endress+Hauser PMD235-KBBHI1EAIC
meter
T1-T7 Temperature Sensor Alphatemp Pt 100
Technology
T Thermocouple Thermocoax K-type
Storage tank Tis
CHI Chiller Huber IC 060W-H8
CH2 Chiller Huber UC 055 Tw
Observation window Axima
Safety valve Seetru CF 3M 40bar
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Table 4. Nomenclature for the temperature measurement

Component Description

T Temperature of injected CO, gas

T, Temperature of the fluid after the pump

T, Temperature of the fluid prior to reach the entrance of heat exchanger
T3 Temperature of the fluid at the entrance of heat exchanger
T, Temperature of the fluid at the exit of heat exchanger

Ts Temperature of the fluid after the exit of heat exchanger
Ts Temperature close to viscometer

T, Temperature of the fluid before the pump

Coolant Inlet Temperature of coolant at the entrance of primary circuit
Temp

Coolant Outlet Temperature of coolant at the exit of primary circuit
Temp

6.1.1 Primary Circuit

There are two chillers denoted as CH1 and CH2 employed in the primary circuit and
displayed in Fig. 8 .The primary circuit uses Neutragel/Water 33 % mixture as coolant to cool
down (or heat up) the double tube heat exchanger; technical data of chillers are shown by
Table 5. The coolant circuit is monitored by one mass flow meter and two PT100 sensors,
named coolant inlet temperature and coolant outlet temperature respectively. The specific heat
capacity of Neutragel/Water 33 % mixture was measure by Micro DSCVII Calorimeter.
Results are shown in figure 9.

Table 5. Technical data of Chillers

Temperature UC055Tw-3 IC 060w-HS
(°O) .
Cooling Power (kW)
15 5.5 6
0 4 6
-10 2 3.8
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Fig. 9: Specific heat capacity of Neutragel/Water 33 % mixture as function of temperature

6.1.2 Secondary Circuit

To simplify the CO, hydrate slurry production system, double heat exchanger will be used to
produce the hydrate slurry directly and continuously. The double tube heat exchanger is the
core part of secondary circuit. Flow of the fluids in the secondary circuit is driven by high
pressure pump; one pressure transducer is for the fluid pressure; the densities as well as mass
flow rates of the fluids in the secondary circuit are monitored by two mass flow meter
respectively; one differential pressure flow meter is to measure pressure drop on the double
tube heat exchanger; hydrate dissociation process is conducted in the higher pressure
consumer. The pressure drop on the consumer is measured by another differential pressure
flow meter; temperatures of the fluids at different locations are recorded by 7 Pt100 probes,
namely T;...T; (see Table 4); 3 small visualisation windows on the double tube heat
exchanger; another 3 big visualisation windows locate separately between the pipes of the
secondary circuit. Hydrates formation and dissociation can be observed clearly through these
six windows.

6.1.3 CO,gas Circuit

One CO; bottle feeds the gas circuit to the one single injection point of the CO, hydrate slurry
loop. Gas temperature is monitored by one K-type thermocouple (T), pressure is recorded by
pressure transducer and mass flow rate is recorded by mass flow meter.
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6.2 Measurement Techniques

6.2.1 Measurement of Temperature

A new temperature sensor was developed by Alphatemp Technology, Ltd in UK. The objective
is to obtain a high precision temperature measurement in a point. The effective sensor part
diameter is 1.2x10 mm (See Fig.10).

Stainless steel pot steal with
316 Stainless steel tube spring strain releif, 6 metre ptfe 4 core 7/0.2 PTFE cable terminated 70mm tails
2mm dia x 80mm length.

Adhesive Heatshrink seal
4 :-1 < A 4
< 80mm > < 80mm »“ 6 metres >

Fig.10: Schematic drawing of temperature Sensor PT100

All the temperature probes were calibrated before the experiments. Three different
temperatures -5°C, 0°C and 5°C were tested to calibrate all the temperature sensors
respectively in Huber Ministat Refrigerated Circulating Bath together with two reference
probes. Two reference probes were calibrated annually in an appointed company. The
maximum temperature deviation between the reference probe and temperature sensor was
about + 0.2 %. After the calibration, temperature sensors are within an accuracy of + 0.04 °C.
They monitor temperature from T, to T7 and primary circuit at different locations in the rig.

6.2.2 Measurement of Mass Flow Rate and the Fluid density

Mass flow rate of all working fluids in the experimental rig were measured by
Endress+Hauser mass flow meters, see Fig.11. Densities of water, CO, solution as well as
CO2 hydrate slurry are also measured by such mass flow meters, which were calibrated
according to the suitable temperature and pressure range for hydrate formation and
dissociation. The maximum deviation of mass flow rate was about + 0.01kg/s and maximum
deviation of density was about + 0.4 kg/m”.

6.2.3 Measurement of the Heat Capacity and Enthalpy

Heat capacity and enthalpy are determinated by a digital scanning calorimetry (DSC). The
base calorimeter was selected to be easily adapted and modified to meet the whole
specifications previously described: Micro DSCVII by Setaram. The calorimetric furnace is
made of a double aluminium wall, see Fig.12. The experimental and reference vessels are
inserted into the furnace by two cylindrical cavities. The main advantage relates to the system
of cooling, which is provided by Peltier effect. This system avoids the handling of
refrigerating fluids such as liquid nitrogen. The minimum temperature that can be reached is
about —45 °C and the maximum temperature is 120 °C.
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Fig.11: EndresstHauser Mass flow meter to Fig. 12: SETARAM  Micro  DSCVII
measure mass flow rate and density Calorimeter

6.2.4 Measurement of the Viscosity

Viscosity is a shear measurement and can only be truly assessed under shear conditions, so it
was decided to use shear waves. The XL7-100 on-line viscometer was selected and be used to
measure viscosity in our experiments. The XL7-100 viscometer produced by Hydramotion
Ltd. is in a class of instruments called vibrational or resonant viscometers. Vibrational
viscometers work by creating waves. The solid stainless steel sensor element of XL7-100 is
submerged in the fluid and made to move back and forth microscopically at a high frequency.
This is called “resonance”. As the surface of the sensor shears through the liquid, energy is
lost to the fluid because of its viscosity. The dissipated energy is accurately measured by
microprocessor-controlled electronics and then equated back to viscosity. Higher viscosity
causes a greater loss of energy and hence a higher reading.

wwrge
wweoz

Fig. 13: XL7-100 Process Viscometer in the Experimental Loop
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6.3 Water Test

Prior to examine CO, hydrate slurry, water test was performed on the system. Water was
cooled down by chillers. The setting temperature for the chillers was 1°C. During the cooling
process, temperature, density, viscosity, pressure drop and mass flow rate were recorded.

6.3.1 Water Density

Online density measurements of tab water were performed by mass flow meter under
atmosphere and dynamic conditions in the temperature range of 1-30°C. Results were
compared with the predicted values obtained from the water EoS proposed by Wagner and
Pruss (2002). The experimental values are in a good agreement with the literature data with a
maximal deviation of 0.07 % found at lower temperatures.

1001

1000

999

Density (kg/m”)
Nel
2

997
996 |-
—O— Measurement at 1 bar
— Wagner and Pruss (2002)
995 I 1 I 1 I 1 I 1 I 1 I
0 5 10 15 20 25 30

Temperature (°C)

Fig.14: Comparison between measurements and model predicted results of density of tab
water

6.3.2 Dynamic Viscosity

Online measurements of the viscosity of tab water under atmospheric and dynamic conditions
were conducted to evaluate the “resonance” method of the XL7-100 viscometer. The
experimental values are in good agreement with the viscosity equation proposed by Watson et
al. (1980) and the absolute deviation is within 1 %. The “resonance” method can be applied to
determine the viscosity of the fluid online with a maximum uncertainty of 1 %, see figure 15.
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Fig. 15: Comparisons between Measurements and Model Results of Viscosity of Ordinary
Water

6.3.3 Pressure Drop

Fig. 16 shows the measurement of pressure drops on water side of the double tube heat
exchanger as a function of mean velocity of the water in pipeline. The pipeline length
between the negative and positive side of the differential pressure transmitter is 28.9m. Prior
to the test, the process of “Position zero adjustment” is done to the differential pressure
transmitter as a calibration procedure. The employed test water temperature was between 8-
10°C, density was about 1000.26 kg/m’. As the lowest mean velocity (v=0.5m/s)
corresponding to the Reynolds number is as large as 12674, which means the flows are all
turbulent flows at all velocity in pipeline of the secondary circuit. Between water velocities of
0.5-1.5m/s, the pressure drops were measured. As it is seen, the pressure drops increase with
the increasing of mean velocity.
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Fig.16: Pressure drops on heat exchanger as a function of mean velocity of the water

6.3.4 Energy Balance

The measurement of single phase fluid water was first conducted to confirm the reliability of
the heat transfer test system. The energy balance between the Coolant (Neutragel/Water 30%
mixture) side and water side on double tube heat exchanger are realized at steady state of
system running. At steady state, it can also be assumed that: the specific heat capacity (Cp)
hot and (Cp) cold are constant; heat loss to the surroundings is negligible and fluid flow is
steady state and parallel.

Q=m, o (Ty = Typ) =m, “Ch. (T

co

- Ts) (96)

Table6. Flow Properties of water and coolant

Fluid Specific Heat  Density m AT Q
(kg K) (kefm’)  (kghs)  (O) (W)

Coolant 3670 1047 1.02 1.6 5989

Water 4196 1000.1 0.60 2.31 5816

It can be seen from Table 6 the heat transferred between coolant and water is well balanced in
water test and heat loss is within 3 %.
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6.3.5 Calculations of Heat Transfer Coefficient
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Fig.17: Cross-section of pipes of double-tube heat exchanger

Table7. Hydraulic diameter for water and coolant

Water Coolant

D, =D, D, =1.06x10>m

D, =2.97x107m D, =D-D,

D;=0.0297m, D,=0.0337m. D'=0.0443m, D=0.0483m. L=22.04m. A=2.333 m’.
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Table8. Heat transfer coefficients and overall heat transfer coefficient

Parameters Water Coolant
m (kg/s) 0.6 1.02
4.1, 4-1th
R Re, =—— 1 — Re S
eDh o Hi .TC‘Di o Mo Tc'(D'+Do)
Re,, = 19431 Re,, = 4690
turbulent flow turbulent flow
1 (Pa/s) 0.001332 0.003556
A (W/mK) 0.579 0.479
.C .C
PI‘ = H’ P Pr = H P
Pr A A
Pr=9.6 Pr=27.5
h-D
Nu,, = ! f (Re ,,—1000) Pr
A 8
Nu. =122.4 M = R
u = . D) z
o \ 1+ 12.7@]2 (Pri—1)
Nuy, Nu,, =0.023Re}, Pr®’
f=[0.79In(Re,,) - 1.64]"
N, =60.7
#=0.0394
h(Wm*K) h=23863 h =2744.6
R R=1u"Ti R=1.4484
T;’o _chi
. T -T.
p p=—e_d P'=0.3632
Thi - Tci
T,. —T
PR P'R =Mt P'R =0.5261
Thi - Tci
_ Q _ mh'cph'(Thi_Tho) _ 1
A-AT,, (T, -T.). P -(R—‘1) n-D,-L
U (WmK) 1-P
Inf| ——
1-P -R

U=1035 W/m’K
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Based on log mean temperature difference approach and energy balance, the overall heat
transfer coefficient of double tube heat exchanger for water is 1035 W/m®.K. Heat transfer
coefficient of water is 2386 W/m” K and heat transfer coefficient of coolant 2745 W/m” K.
We can see heat transfer coefficients are very close each other between water and coolant.

7. Experimental Results and Discussion

7.1 CO, Solubility in Water

In general, solubility of CO,, in the range of temperatures studied, decreases with increasing
temperature at constant pressure. At constant temperature, solubility of CO, is found to
increase with pressure, see Figure 18.

0.035

273.15K

T

0.030

0.025

T

285.15K
0.020 |-

xCOz

T

0.015

0.010

T

0005 bt v 0 v e e e e
10 12 14 16 18 20 22 24 26 28 30 32 34

Pressure (bar)

Fig.18: Solubility of CO, as a Function of Pressure and Temperature

7.2 Density Measurements of CO; Solution

The density change of the aqueous CO; solution as function of pressure and temperature was
measured twice, denoted as measurements in two different groups. The ratio of CO; solution
density to that of pure water under same conditions was plotted, see figure 18. The maximum
deviation (MD) is 0.65% between measured and predicted values by Duan et al’s model
(2006, 2008). As Duan’s model is based on the equilibrium conditions and suitable for
prediction of saturated CO; solution density, while under our experimental conditions, CO,
solution is not very well saturated resulting in lower density comparing with predicted ones
under same conditions.

CeTT - IGT - TiS Projet Geber Riift Stifung : GRS 032/08 49



HEIG-VD — Yverdon-les-Bains CO, Hydrates Slurry

225
| Model Measmremernts Meaamements
20.0
| 280LSE — —H— —1—
175 28lL15KE —— —— ——
T zEsE —— —l— —t—
o | 285K
2150
"&b i
= 12.5
CLE |
IE 10.0
;g -
5 TSt
L L
L
< saot
2.5
0o -«* . . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
0 5 10 15 20 25 30 35 40

Pressure (bar)

Fig.19: Comparisons of density differences between CO, solution and water under the same
conditions

7.3 Formation of CO, hydrate Slurry by Super Cooling of Saturated
CO, Solution

The water in the experimental loop was first cooled down to 9°C from ambient temperature
simultaneously by chillers. Such fluid temperature is set above the hydrate formation
temperature at given pressure to the loop to guarantee no hydrates formation when injecting
CO; gas to the loop. Afterwards, about 2.4 kg of CO, gas was injected into the water in
several times to form a CO; solution. Thereafter, CO, solution was undergoing super cooling
by heat exchangers to 1°C. Hydrate formation was observed using a CCD camera with speed
of 8000 frames/s.

It was observed during the experiments when suitable conditions for hydrate formation
reached, small and few hydrate particles began to appear in 0.05s shown in Fig.20b. The
appearance of the grey turbidity showed in Fig.20c was quite sudden and less than 0.5s. It is
identified by a sudden change from a transparent CO; solution Fig.20a to a translucent one.
Although the size if a critical hydrate nucleus is smaller than the particle size visible to the
naked eyes, their number is sufficiently large to make the solution appear turbid. The hydrate
particles have the same velocity as the liquid because the density of hydrate is very close to
the density of CO; solution at the beginning.

Thereafter, huge amount of tiny hydrate particles formed like clouds, see figure 20d. Such
hydrate particles began to grow into small hydrate crystals; solid mass fraction becomes
larger and larger. The hydrate formation process lasted about 1.5s. Our experimental
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confirmed the conclusion which has been reported by Aya et al. (1993). In their study, the
hydrate formation time was found to be less than one second at 2-3°C and to increase to
several seconds at 10°C.

Fig.20a: The transparent CO; solution with a Fig.20b: First appearance of few CO, hydrate
lot of CO; gas bubbles particles at the very beginning of formation

Fig. 20c: the sudden formation of grey Fig. 20d: Huge amounts of white tiny hydrate
turbidity indicating the beginning of the formed like clouds
formation of CO, hydrates

Fig.21 shows the physical appearance of large amounts of white hydrate formed and sinks. As
CO; hydrates formation process takes only few seconds from supersaturated CO, solution
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above 0°C, this means an efficient energy-saving is available considering CO, hydrate slurry
as a kind of refrigerants.

Fig.21: Agglomeration of white hydrates sink in the CO, solution

7.4  Apparent Viscosity

Only few works Oyama et al. (2003) and Uchida et al. (2003) have studied viscosity of the
CO; solution at our range of pressure and temperature conditions, In general, viscosity of the
CO; solution is found to increase significantly prior to hydrate formation. Measurements of
the viscosity of the CO, solution was also found to increase with increasing pressure and
solution density at a constant temperature see figure 22. We also found at constant pressure,
viscosity of the CO, solution increases with decreasing of temperature. This indicates that
high pressures and low temperatures aid more CO; gas to be dissolved into water, resulting in

a higher viscosity of the solution. In other words, the viscosity of the CO, solution depends on
the CO, solubility.

As many authors (Sloan, E.D., 1991; Fleyfel et al., 1994; Bishnoi and Natarajan 1996; Aya et
al., 1997; Zhong and Rogers, 2000; Holder et al., 2001; Li et al 2008) reported that the
temperature increased and the pressure decreased sharply at constant volume, which indicated
the formation of hydrates. This is also being observed by us see figure 23. Fig.23 clearly
shows at this transition zone coloured green, temperature suddenly decreased as well as
pressure, while the density of the fluid abruptly increased indicating CO, solution has
transformed into CO; hydrate slurry. Up to now, not so much information is available
regarding the viscosity of CO, hydrate formation. In CO; hydrate formation process, Oyama
et al. (2003) used a strain gauge viscometer to measure the viscosity deviation. Their
measurements show that viscosity increases during the induction period. When the nucleation
begins, the viscosity begins to decrease.
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Fig.24: The evolutions of apparent dynamic viscosity of CO; solution transformed into CO,
hydrate slurry vs temperature

Thus, the hydrate nucleation process is related to viscosity change before and after nucleation.
They argue that the large number of water molecules tends to construct precursor hydrogen-
bonded structures in the CO, solution leading to an increase in the viscosity prior to the
hydrate formation. After nucleation and growth of the hydrate crystals, the amount of ordered
water clusters should decrease.

Fig.24 reveals when the fluid temperature decreased, the CO; solubility increased which
resulted in an increase in viscosity of the solution. When CO; solution reached the transition
zone (in green), the CO, solution became supersaturated and CO, hydrates began to form
immediately in the solution. As the formation of hydrates is an exothermic process, a large
amount of heat was released to the sealed loop in a very short time. Consequently, external
chillers were not able to respond fast enough to such sudden chemical reaction and
temperature of the fluid from 3°C jumped to 4.4 °C in less than 15s. Because of this sudden
increase of temperature, viscosity of the fluid decreased abruptly in 10s from 1.95 mPa.s to
1.73 mPa.s. However, 1.73mPa.s only being held in 7s and jumped to 2.17 mPa.s due to the
nucleation of numerous CO, hydrate particles begins. Very soon after, apparent viscosity of
CO; hydrate slurry began to decrease slightly accompanying the increase of slurry density.
We argue this is probably the growth of the hydrate crystals continuously consumed the
dissolved CO; in the solution resulting in the gradual increase of slurry density and loss of
supersaturation in the solution, see density change in figure 23. The loss of supersaturation in
the solution likely makes the viscosity decreases slowly. Due to the large heat capacity of
water in this systems and continuous cooling of chillers, heat of hydrate formation can
efficiently dissipate in the water phase, fluid temperature began to drops down fast again.
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When the fluid temperature reached plateau, growth of the hydrate crystals gradually stopped
and the slurry viscosity value was very closed to the final viscosity value of CO, solution
prior to nucleation begins. We argue in the induction period and the beginning of hydrate
nucleation, solution viscosity will increase while the growth of the hydrate crystals will
slightly decrease the apparent viscosity. This finding differs from the measurements
conducted by Oyama et al. (2003). This is probably due to different experimental conditions
and scale.
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Fig.25: Apparent viscosity of CO, hydrate slurry as function of slurry density

Figure 25 reveals apparent viscosity of CO, hydrate slurry as function of slurry density. CO;
hydrate slurry at different density was obtained by controlled CO, gas injection protocol
under same experimental conditions. It is easy to be seen that CO, solution has higher
viscosity value than that of water due to dissolved CO, gas. Viscosity of CO2 hydrate slurry
with low density value (low solid mass fraction, e.g. 1013.9 kg/m3and 1014.7 kg/m3) is only
little bit higher than that of saturated CO, solution. With increasing of hydrate slurry density
(solid mass fraction), slurry viscosity also increases. A sharp increase of viscosity was found
when density of hydrate slurry increases from 1021.4 kg/m3 to 1024.4 kg/m3 which
corresponds mass solid fraction of 34 % and 45 % respectively. Even though the solid mass
fraction is over 40%, viscosity of CO; hydrate slurry 3.4 mPa.s is much lower than that of ice
slurry with same solid fraction resulting in excellent pump ability characteristics regarding
power consumption even for a very high energy density.

7.5 Hydrate Formation and Dissociation Cycle

The water in the experimental loop was cooler down to 8°C simultaneously by two chillers
°C. Such fluid temperature is set above the hydrate formation temperature at given pressure to
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the loop to guarantee no hydrates formation when injecting CO; gas to the loop. Afterwards,
1.9124 kg CO, gas was injected into the water in several times to form a CO; solution. The
final pressure of loop was about 40 bar. Thereafter, CO, solution was undergoing super
cooling by heat exchangers. The temperature setting for the two chillers was kept at 1 °C
during the cooling process. Hydrate formation was observed using a CCD camera and a
transparent high-pressure observation window under dynamic conditions. When the hydrate
slurry reached steady state, cooling was stooped and it was undergoing the dissociation
process by heating up the fluid. When all the hydrates disappeared, CO, solution was cooled
down again to reform the hydrate slurry. Such cycle was repeated 3 times.

Fig. 26 reveals the temperature and pressure cycles of hydrate formation and dissociation. As
formation of hydrates by cooling consumes a lot of dissolved CO, gas, loop pressure
decreases accompanying hydrate formation and increases accompanying hydrate dissociation.
Fig. 27 reveals the pressure and density cycles of hydrate formation and dissociation.
Formation of hydrates increases the bulk density while dissociation process decreases the bulk
density. The first cycle has the highest density. Due to the escaped CO, gas from CO; solution
to the space of the pipe during the dissociation process was unable to fully re-dissolve into
CO; solution for the reformation hydrate process during the next cooling process, density of
hydrate slurry will slightly decrease for each cycle. The solid fraction of hydrate for the
experiments was about 17 %.
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Fig.26: Pressure and temperature profiles of CO, hydrate slurry cycle
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Fig.27: Pressure and density profiles of CO, hydrate slurry cycle
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From figure 28 we can see that the experiments started at point A where the loop
pressurization process was over. A-B is the cooling curve which indicates a slight decrease in
the loop pressure in response to a decrease in temperature. Point B is a critical point which
indicates the rupture of Metastability. From B-C, an increase in the rate of pressure drop with
temperature is an indication that gas is being greatly consumed by spontaneously and rapidly
hydrates formation (free CO, gas is being encaged in the hydrate). From point C-D, with
continuous cooling, hydrate formation continuous and the formation process slows down (the
change slope of the pressure is very small).

At point D, cooling is over, formation of hydrate stops. D-E, the loop was heating in order to
dissociate hydrate slurry. The temperature starts to increase, however the hydrate dissociation
did not start immediately after the loop began warming up. The slight increase of pressure
was due to expansion of hydrate. At a certain temperature, the increase in pressure becomes
more rapid indicating the start of the hydrate dissociation. Point F marks the end of the
experiments where hydrate dissociates completely. Our measurement has very good
agreement with the experimental results of Edmonds et a/ 1998 in figure 29.
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Fig.29: Typical experimental results of hydrate formation and dissociation (source: Edmonds
et al 1998)

7.6 Hydrate Slurry Stability Experiment

About 32 kg of water in the secondary loop was cooled down to 1°C simultaneously by two
chillers. Afterwards, about 3 kg CO, gas was injected into the water in several times to form
CO; hydrate slurry. The final pressure of loop was about 35 bar. When the experimental
conditions reached steady state, pressure, temperature and velocity of CO; hydrate slurry were
maintained at 36 bar, 1.2°C and 1.44 m/s respectively. Density of CO, hydrate slurry was
examined for almost 12 hours to judge the stability.
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Density is looked as an important indicator to judge the stability of CO, hydrate slurry. If CO,
hydrate slurry undergoes the dissociation, density will decrease. Fig.30 shows the density
evolution of CO; hydrate slurry during 10.5 hours system running period after hydrate
formation was completed and in steady state. We can see density of CO; hydrate slurry only
slightly decreased at the end of experiment. Density was held around 1022 kg/m’, which
corresponds to almost 38 % solid mass fraction. Density remains relatively constant meaning
that the CO; hydrate slurry displayed good stability under such conditions.
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Fig.30: Density evolution of CO; hydrate slurry during the stability test

7.7 Relation of Pressure Drop and Mean Velocity

Flow properties of different solid mass fraction of hydrate slurry were studied. The largest
hydrate mass fraction in the experiments is 45%. The hydrate mass fraction is denoted

as Xco, pyarare - 1€ pressure drop over the entire heat exchanger between the negative and

positive side of the differential pressure transmitter was measured at a range of mean slurry
velocities from 0.5 to 1.5m/s and several solid mass fractions. Fig.31 presents these heat
exchanger pressure drops as functions of the mean slurry velocity for several hydrate mass
fractions. As it is seen, for each mass concentration, the pressure drops increase with the
increasing of mean velocities; the pressure drop is found to increase with increasing mass
loading due to particle-wall friction forces. It was observed that for each solid loading, the
pressure drop dependence on the flow velocity could approximately be fitted to a quadratic
law, as is normal in turbulent flow. The pressure drops increase quickly when the hydrate
mass concentration reaches as large as 34%, for such high solid mass fractions, the pressure
drop curves are observed to start from a high value at the lowest test velocity;
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Fig.31: Heat exchanger pressure drop measurements as functions of the mean slurry velocity
for several hydrate mass fractions
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Figure 32 shows the results of examination of the pressure drop of CO, hydrate slurry (about
32% solid mass fraction) on heat exchanger at lowest velocity. When the mean velocity
approached to zero, we find pressure drops on heat exchanger was not zero. Such fluid

behaviour can be explained in terms of yield stress (often seen for suspensions) caused by
inter-particle cohesive forces. The yield stress is defined in the literature (Darbouret et al.,
2005) as the wall shear stress value at the shear rate around zero. For a straight pipeline, the
yield stress can be calculated from the balance equation between the wall friction force and
the force due to pipeline pressure drop given by:

t =025.D. 2P (97)

lam

Ap;

lam

where 1, is the yield stress, D is the pipe diameter, is the pressure gradient at the point

of incipient flow where the flow is laminar.

7.8 Heat Transfer Coefficient of CO, hydrate slurry

As CO; hydrate slurry is a kind of phase change material slurry. It was difficult to obtain the
exact value of the local average temperature when the melting of CO, slurry particles happens
at any position of the pipes and the temperature distribution is not uniform in the heat
exchanger. Besides, the effective specific heat of CO; hydrate slurry is unknown. Hereby, in
this study, we only focus on the calculation of heat transfer coefficient of CO, hydrate slurry
at steady state in which CO; hydrate slurry is homogeneous, temperature, pressure, viscosity,
density and the effective specific heat are held at constants. For the case of hydrate slurry
density 1019.4 kg/m® (15% solid mass fraction), at pressure 36.6 bar, with velocity of 1.476
m/s, delta temperature between inlet of heat exchanger and outlet of heat changer was 0.14°C.
Energy balance and log mean temperature approach can be applied to hydrate slurry side and
coolant with difference of 3% from previous water test. On the heat exchanger, D;=0.0297m,
D=0.0337m. D'=0.0443m, D, =0.0483; L=22.04m;

The convection coefficient of the CO, hydrate slurry of forced flow is given by the following
equation

1 2
hy, = =3658 W/m>.K 98
" D1 InD, /Dy), _ 1 %)

1

D |U 2.k " h

[} C

hy, 1s almost double value of 4, . This is different with water test in whichh, ~h . We

argue that the heat transfer capacity of the hydrate slurry was greatly enhanced by the formed
hydrate solid particles.

To valid this assumption, same amount of Water, unsaturated CO, solution and saturated CO;
solution (CO; hydrate slurry) were cooled down at the same cooling speed from 9°C to 0.5°C
by two chillers respectively.
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Table9. Heat transfer coefficients and overall heat transfer coefficient

Parameters Coolant
D, =D-D, D, =1.06x107m
D, (m)
th (kg/s) 0.943
Cp (J/kgK) 3669.4
4-1h
Re,, Rey, = W 7-(DFD.)’ Re, =2992, turbulent flow
A (m?) 2.333
1 (Pa/s) 0.005145
A (Wm.XK) 0.476
C
Pr Pr:'u L Pr=39.7
f
(8) -(Re,,—1000) - Pr
Nug, = 1 , Np,=402
= 2
Nt 1+12.7-(£j2 (Pri—1)
f=[0.79In(Re,,)-1.64]> , f=0.0456
AN
hW/m2K) =22 b =1807
h
7(°C) Thi=1.24, Thoe=1.11, T=0.71, Te,=0.95
R R="u=le  Reg 5464
co _TL‘i
. T. -T.
p' P =-_—da P'=0.4442
i~ Lei
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Fig.33 Comparisons of cooling history between water, unsaturated CO; solution and CO,
hydrate slurry

Figure 33 shows the temperature history of three different fluids. Water and unsaturated CO,
solution (injected CO;, gas amount was about 1.075 kg) have quite similar cooling history.
Their temperatures drop sharply from 9°C to 1.4°C within 17 minutes. Afterwards,
temperature curves of water and unsaturated CO, solution had a slight decrease and were
almost constant when they approached the 0.5 °C. Figure 33 also reveals the temperature of
saturated CO; solution (injected CO, gas amount was about 1.815 kg) drops sharply from
9 °C to 4.7 °C within 8 minutes as well as water and unsaturated CO, solution. Within this
period, due to temperature decrease, the saturated CO, solution became supersaturated and
supersaturation is the driving force of hydrate formation. Hydrates began to form immediately
in the solution. As the formation of hydrates is an exothermic process, a large amount of heat
was released to the sealed loop in a very short time. Consequently, the two chillers were not
able to respond fast enough to such sudden chemical reaction and temperature of the hydrate
slurry jumped to 5 °C in less than 15 seconds. Afterwards, due to the large heat capacity of
water in this fluid continuous systems and continuous cooling of two chillers, heat of hydrate
formation can efficiently dissipate in the water phase, fluid temperature began to drop down
sharply. After minutes 15, it is very obvious that CO, hydrate slurry was much easier to
approach 0.5°C with larger temperature gradient than that of water and unsaturated CO,
solution at the same cooling rate. We confirmed that CO, hydrate slurry has better heat
transfer than water and unsaturated CO, solution.
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8. Conclusions

Based on previous studies, a comprehensive kinetic study of CO, hydrates formation and
growth was conducted. A general expression is derived for the supersaturation for
crystallization of one-component gas hydrates in aqueous solutions. The supersaturation is the
driving force of the process, since it represents the difference between the chemical potentials
of a hydrate building unit in the solution and in the hydrate crystal. Expressions for the
supersaturation are obtained for solutions supersaturated in isothermal or isobaric regime. The
results obtained are applied to the crystallization of hydrates of one-component gases.

The kinetics of nucleation of one-component gas hydrates in aqueous solutions are analyzed.
The size of the hydrate nucleus and the work for nucleus formation are determined as
functions of the supersaturationAz . Expressions for the stationary rate J of hydrate

nucleation are derived. These expressions describe the J (Ay ) dependence for homogeneous

nucleation and for heterogeneous nucleation at the solution/gas interface or on solid substrates
and nucleation-active micro-particles in the solution.

The solid mass fraction of CO, hydrate slurry was determinated in this study.

Prior to study CO, hydrate slurry, water tests were performed on the system in the aspects of
density, dynamic viscosity, pressure drop, energy balance and heat transfer coefficients.
Water test results on the new test rig have shown the measurement device were very accurate
and reliable. We find the heat transferred between coolant and water in the double tube heat
exchanger is well energy balanced and heat loss is within 3 %.

By using CCD camera, we confirmed that CO, hydrate formation process takes place within a
few seconds at positive temperature when suitable formation conditions are satisfied. Fast
hydrate formation means an efficient energy-saving is available considering CO, hydrate
slurry as a kind of refrigerant.

The experimental results have shown that the apparent viscosity and fluid density change can
also be good indicators for knowing the hydrate formation besides pressure and temperature.
We argue in the induction period and the beginning of hydrate nucleation, solution viscosity
will increase while the growth of the hydrate crystals will slightly decrease the apparent
viscosity. The apparent dynamic viscosity of CO, hydrate slurry was about 3.4 mPa.s when
the solid mass fraction reached about 45%. We find that CO; hydrate solid contributes only
slightly to the viscosity increase resulting in excellent pump ability regarding power
consumption even for a very high density fluid.

The results have shown that hydrate creation through the heat exchanger by super cooling of
the saturated CO, solution is feasible. Continuous CO, hydrate slurry formation and
dissociation by heat exchanger was proved to be feasible. Higher solid fraction is expected to
obtain if we reduce the reaction water amount and increase the injected gas amount.

CO; hydrate slurry displayed very good stability at steady state during 11.5 hours running
test. Longer stability period should be expected if the running conditions are maintained.

The pressure drop over the entire heat exchanger was investigated. The pressure drops
increase with the increasing of mean velocities and mass concentrations. For high solid mass
fractions, the pressure drop curves are observed to start from a high value at the lowest test
velocity.

Base on energy balance, we estimated the heat transfer coefficient of CO, hydrate slurry at
steady state. We argue that the heat transfer capacity of the hydrate slurry was greatly
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enhanced due to the formed hydrate solid particles. Experimental results have confirmed the
local heat transfer capacity of the CO, hydrate slurry was greatly promoted by the formed
hydrate solid particles.

9. Outlook

Three main issues will be focused in the future work. One is by using CO, membrane
techniques to design of the gas/liquid separation system to separate CO, gas and CO, solution
during the hydrate dissociation process in order to promote heat transfer coefficient; another
one is development of a simple and special device which can drive the separated CO, back
into the CO; solution. The third target is to develop a simple phase filed model to simulate the
process of CO, hydrate formation by cooling the saturated CO, solution under static
conditions in cooperation with ASCOMP.Ltd.
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