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Abstract. Slurries of gas hydrates, especially mixed hydrates of CO2 and TBPB (Tetra-n-Butyl Phosphonium
Bromide), are currently under consideration for secondary refrigeration. Secondary refrigeration circuits
contain wide sections where the two-phase slurry (solid + liquid), separated from the gas phase, undergoes
transformations that would if gas were present, lead to both hydrate formation and gas dissolution. The
absence of gas hinders these processes: the slurry is in gas shortage. The analysis demonstrates that, although
thermodynamically distant from three-phase equilibria, slurries in gas-shortage are in equilibrium. For describ-
ing their thermodynamic state, the notion of CO2 partial pressure in a gas mixture is introduced, which leads to
an equation of state and a new phase diagram with temperature or enthalpy versus CO2 mass-fraction. This
diagram complements those commonly used for three-phase systems. The thermal behavior of slurries in gas
shortage is then investigated, leading to the possibility of future experimental validation of the present analysis.
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1 Introduction

In the vast majority of cooling units, based on mechanical
compression and called direct or primary, heat is directly
transferred from what needs to be cooled (air in cold cham-
bers or air-conditioned apartments, streams in industrial
processes, etc.) to the refrigerant fluid. Large primary cool-
ing units like those in supermarkets or air-conditioned
hotels however suffer from significant leaks of their refriger-
ant fluid, the global warming potential of which is very
high. As a consequence, they are currently strongly regu-
lated, if not banned. In secondary, or indirect refrigeration,
a closed circuit filled with a secondary fluid, usually envi-
ronment-friendly, is used for transferring heat to a primary
unit, the size of which can be significantly reduced. The first
environmental benefit results from the dramatic reduction
of refrigerant leaks [1–4]. Secondary refrigeration may also
bring economic benefits. In cases where cooling demand is
concentrated on short periods of the day, e.g. restaurants
or office buildings, producing cold at night and storing it
for delivery on demand offers a threefold benefit: first, a pri-
mary cooling unit operated over a long period and in quasi-
steady state can be down-sized, this reduces the investment
cost; secondly, the nocturnal outdoor temperature is usually
lower than the diurnal one, the energy efficiency of cold

production is improved; lastly, electricity prices are usually
reduced at night [5].

Two-phase slurries (suspensions of solid crystallites in a
carrier liquid aqueous solution, herein abbreviated as SL),
especially slurries of hydrate [6], are good phase-change
materials for storing and transporting cold in secondary
refrigeration circuits [2]. Hydrates (more exactly clathrate-
hydrates) are crystals formed by water molecules arranged
around large guest molecules of salt (from simple chlorides
to quaternary salts) or of gas (e.g. CH4 or CO2) [7]. Mixed
hydrates embed more than one kind of guest molecule. The
mixed hydrate of CO2 + TBPB (Tetra-n-Butyl Phospho-
nium Bromide, a quaternary salt) is under special consider-
ation in this article for two reasons. First, the latent heat of
crystallization of the mixed-hydrate is about two-thirds
that of ice: 200 kJ (kg_hydrate)−1; secondly, it can be oper-
ated in pressure and temperature ranges well-adapted to
refrigeration purposes [8–15]. Secondary refrigeration is
the framework where the issue addressed in this article
arose.

In circuits designed for secondary refrigeration, only
some specific sub-volumes are occupied by gas alone, e.g.,
gas blankets above slurry baths. The rest of the circuit is
occupied by the slurry (herein, the word slurry may also
name liquid solutions alone, where all the hydrate crystals
would have decomposed). The slurry may be in contact
with gas (e.g., in the storage tank), or not (e.g. in the* Corresponding author: michel.pons@lisn.fr
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tubing). It may also undergo transformations such as
mechanical compression, cooling, heating, or mixing. When
occurring in the presence of gas, some of those transforma-
tions generate new hydrate crystals, which then include
CO2 molecules extracted from the gas phase. In numerical
simulations, such transformations can be simulated with
the help of three-phase equilibrium correlations. However,
when the gas phase is absent, hydrate formation is hin-
dered; the system thus departs from three-phase equilib-
rium and the usual equilibrium correlations are no longer
valid. To the author’s best knowledge, the literature is silent
about the thermodynamic description of slurries separated
from their gas phase, herein said in gas shortage. Numerical
simulations, at least, need such a description. The present
article attempts a first-order approach to that issue. Only
equilibrium states are considered: phenomena such as
induction, metastability, supercooling, or kinetics are
disregarded.

The present article is organized as follows. Secondary
refrigeration circuits using mixed hydrates of TBPB +
CO2 are first described, focusing attention on two situations
where the slurry is put in gas shortage, especially mechani-
cal compression. In order to better understand the differ-
ence between the presence and absence of gas, Section 3
recalls the thermodynamics of three-phase hydrate-forming
systems, especially through the description of four processes
for compressing such systems. Notations, expression of
enthalpy, and phase diagrams are presented. Section 4
can then describe slurries in gas shortage: analysis, equation
of state, and phase diagram. A short parametric study
(influences of the total pressure and the global concentra-
tion of TBPB) is added. The discussion focuses attention
on two aspects of slurries in gas shortage: mixing (the
new phase diagram is very useful for calculating mixing
processes), and heating (unexpected thermal effects are
evidenced).

Before starting, here are some vocabulary clarifications.
First, the word system herein denotes any set of the three
components with prescribed proportions and where each
phase is assumed to be uniform. In most cases, it will be
an elementary volume enclosed in a much larger one, possi-
bly non-uniform. It may also be a large volume where
uniformity is ensured, e.g. by efficient stirring. Secondly,
like in other articles [16], the salt TBPB is herein seen as
an additive that stabilizes the hydrate-formation process
by reducing pressure when compared to the case of a single
hydrate of CO2 [10, 17].

2 Some gas-shortage situations in circuits
for secondary refrigeration

2.1 Secondary refrigeration circuits for cold distribution

Figure 1 presents the process diagram of a secondary
refrigeration circuit using a slurry of gas- or mixed-hydrate
as a heat transfer medium. Between the primary cooling
unit (not presented; it would be on the left side) and the
various end-users on the right side, the gas-hydrate slurry
is stored (tanks 1 and 2) and then distributed to the users

via circuit 3 thanks to the main circulation pump 4. The
liquid and solid phases have very close densities (they differ
by less than 15–20%, cf. the Appendix). Consequently, if
the solid fraction is not too high (below 35%) and if the flow
is sufficiently turbulent to prevent crystal deposition, the
slurry almost behaves like a single-phase fluid. Following
the advisable rules for cold-distribution loops [18], such cir-
cuits are designed as unique loops along which the users are
arranged in series [19]. For each end-user, a fraction of the
main stream 3, extracted by an individual pump 5, flows
through a heat exchanger 6 where it is heated (thus produc-
ing the cooling effect) before returning to the main loop.
Two specific features can be pointed out. First, for each
user, the position where the heated slurry returns to the
main loop (point d in Fig. 1) is located upstream of the
extraction point (point e). Another arrangement would
make the flow velocity decrease in section c–e and would
thus increase the risks of crystal deposition, agglomeration,
and flow blockage [18, 21, 22]. Consequently, the slurry sup-
plied to the heat exchanger (from point e) is a blend of the
return stream (d) with the main one (c). Secondly,
cyclone 7 is implemented between the user’s heat exchanger
6 and the return point d. The purpose is to separate the gas
phase, generated in the heat exchanger by hydrate decom-
position, from the remaining solid–liquid slurry and to let
the latter return alone to the mainstream [20]. Indeed, as
the density of the slurry and that of gaseous CO2 differ
by two orders of magnitude, an amount of gaseous CO2
as small as 1% occupies the same volume as the other
99% made of solid and liquid phases. The same mass of
gas (1%) is released when decomposing an amount of
hydrate equal to 14%. This is approximately half the design
value of hydrate mass-fraction contained in the storage
tank. Without gas separation in cyclone 7, the gaseous
volume fraction in the main circuit 3 would be very signif-
icant: the three-phase flow in the loop would then be very
difficult to control, especially when aiming to supply
the end-users located down-stream on the loop with as
much slurry and as few gas as possible (gas has no cooling
potential) [20].

2.1.1 Compressing a slurry in the absence of gas

In storage tank 1 of Figure 1, the slurry bath is stirred for
the sake of homogeneity and covered by a gas blanket; let
position a denote the interface slurry-gas. The flow supplied
to the refrigeration loop is extracted from the tank at a posi-
tion far below the free surface: it consists of solid and liquid
phases alone (slurry SL). Compared to position a the latter
flow is compressed, first by the hydrostatic pressure field in
the storage tank, and secondly by the main circulation
pump 4 that counterbalances the pressure drop in the cir-
cuitry downstream. Compression between the free surface
a and the outlet of pump 4 (position b) seems to raise a
paradox. Usually, when systems forming gas-hydrates are
compressed, new hydrate crystals are generated and more
gas dissolves into the liquid solution. Both phenomena
transfer CO2 from the gas phase to the slurry. In the present
compression, this twofold mass transfer cannot occur
because the slurry has no contact with gas on its path from
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a to b: its total content of CO2 must remain constant.
The slurry is thus said in gas-shortage, an expression
which, in addition to solid-liquid suspensions, can also apply
to liquid solutions alone, as soon as either is separated
from the gas phase. Because of the absence of gas, no
hydrate can be generated during that compression and
the additive concentration in the solution x is constant: this
compression is isosteric (unchanged concentrations).
Moreover, it also is adiabatic (there is no heat transfer
inside the tank), and isothermal (temperature is uniform
in the tank). It will be seen in Section 3 that compression
of three-phase systems cannot be altogether isosteric and
isothermal.

2.1.2 Cooling a slurry in the absence of gas

A slurry undergoes gas shortage also when it is cooled in the
absence of gas. This occurs in reactors designed for generat-
ing hydrate crystals [23] for refrigeration processes. Figure 2
schematically represents such a crystallizer. The slurry bath
(SL) is covered by a gas blanket (G) and stirred for the sake
of homogenization. It is also cooled by a heat exchanger
(HX), herein a double-jacket one, in order to generate
hydrate crystals. The dashed arrow in Figure 2 represents
the convective motion induced when stirring the slurry
bath. There are regions in the bath where convection
pushes elements of slurry toward the boundary layer of
the heat exchanger wall, where they are cooled. Usually,
when the slurry is cooled, new hydrate crystals are gener-
ated and more gas dissolves into the liquid solution. As
the convective movement develops below the interface a,
those processes that would occur if gas were present cannot
proceed because of the absence of gas: the slurry is locally in
gas-shortage.

3 Compression of the three-phase system
Water + TBPB + CO2

Before describing slurries in gas shortage, thermodynamic
bases of three-phase systems are recalled and applied to four
basic processes of compression. It will show that hydrate
generation (or decomposition) on the one hand, and

Figure 1. Process diagram of a secondary refrigeration circuit. 1–2: storage tanks (slurry plus gas); 3: distribution loop; 4: main
pump; 5–6–7: cold supply devices for each end-user, resp. valve & pump, heat exchanger and cyclone; 8–9–10: control valve,
compressor, and heat exchanger (see more details in ref. [20]); G: Gas phase; SL: Slurry (solid + liquid).

Figure 2. Reactor for generating gas-hydrate from a stirred
three-phase system, slurry (SL) + gas (G), or for compressing it.
The valve located on the lid can be used for adding gas into the
reactor; the system temperature is controlled by the double-
jacket heat exchanger (HX).
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dissolution of CO2 in the liquid solution on the other hand,
interact with each other.

3.1 General presentation

The equilibrium variance of three-phase ternary systems is
two. Two equilibria take place in the system H2O +
TBPB+ CO2. The first one rules the conditions for forming
crystals of mixed hydrate of TBPB + CO2. The equilibrium
temperature T depends on the gas pressure P and on the
concentration x of TBPB in the aqueous solution according
to the equation of state T = fTeq(P, x). In the region of
interest, T increases with P and with x [9, 10, 17]. Secondly,
CO2 dissolves in water [24]. The CO2 concentration in the
aqueous solution, s, is described by the solubility state-
function, s = fseq(P, T), which increases (almost linearly)
with P and decreases with T [24]. When both equations
of state

T ¼ fT eq P; xð Þ and s ¼ fseqðP; TÞ ð1Þ
are fulfilled, the three-phase system is in equilibrium.
Equilibrium means that all the CO2 molecules, either dis-
solved in the liquid water, enclosed in the solid hydrate, or
the gas phase have the same chemical potential. This
equality is a cornerstone of the present approach.

3.2 Notations used in this article

The complexity of the three-phase ternary system makes it
necessary to clearly describe the notations used herein. The
three phases, solid, liquid, and gaseous, are respectively
denoted by the indexes S, L, and G; the indexes W, C,
and A (A forAdditive) respectively denote the three compo-
nents, water, carbon dioxide, and TBPB. Any component
proportion is defined by the corresponding mass-fraction
vd referred to the whole system, so that vd = md/mtotal
where the symbol d may represent one component (W, A,
or C), one phase (L, S, or G), or one component in a given
phase (e.g. vWL for the mass-fraction of water in the liquid
phase). Concentrations in the solution, of additive or of
dissolved CO2, are referred to the aqueous part, following
the simple idea that neither TBPB nor CO2 alone can
dissolve the other one; their presence only alters the
equilibrium between water and the other component, i.e.
modifies the equations of state (1). The additive concentra-
tion x and the CO2 solubility ratio s are thus defined as:

x ¼ vAL= vAL þ vWLð Þ and s ¼ vCL= vWL þ vCLð Þ: ð2Þ

In the so-called initial state (index 0, no solid phase), the
liquid solution contains the whole amounts of water and
additive. One thus has: x0 ¼ vA= vA þ vWð Þ. The gas phase
contains only CO2. The stoichiometry of the hydrate results
from its crystal structure and is described by three invariant
mass fractions YW, YA, and YC (in kg � per kg crystal), the
sum of which equals 1. They correlate the mass-fractions
vdS to the solid mass-fraction vS according to:

vAS ¼ YA � vS ; vWS ¼ YW � vS ; vCS ¼ YC � vS : ð3Þ

The additive concentration in the solid phase:
xS = YA/(YA + YW) also is invariant. The following mass
balances are straightforward:

vAS þ vAL ¼ vA; vWS þ vWL ¼ vW ; and

vCS þ vCL þ vG ¼ vC :
ð4Þ

In the phase diagrams presented here under, domains or
curves are designated by one, two, or three of the letters
S, L, and G (for solid, liquid, and gas), always presented
in the same order (S-L-G). The liquid phase is always pre-
sent. Replacing the letter S, or G, with the symbol 0 (e.g.
0LG), means that the remaining phases (LG) would be in
equilibrium with the phase designated by 0 (S), at the same
temperature and pressure, if it were present. Similarly,
“0L0” denotes a liquid phase alone that would be in equilib-
rium with the solid and gas phases if they were there.

3.3 Enthalpy of hydrate slurries in the framework of
secondary refrigeration

3.3.1 Assumptions

Theoretically, the reference state for enthalpy should
consider the three components separately. Assuming the
ideality of aqueous solutions of TBPB allows us to consider
two initial components, the solution of TBPB alone, and
gaseous CO2. This simplification is moreover justified in
the framework of secondary refrigeration. As mentioned
above, a sufficient level of turbulence (high enough
Reynolds number) is ensured everywhere in the circuit in
order to protect it from flow blockage [21, 22]. Considering
in addition that slurries behave like single-phase fluids [25],
it may be stated that the solid and liquid phases always
have the same velocity. This no-slip condition between
those two dense phases also applies to the species, water,
and additive. As a consequence, the global additive concen-
tration in the slurry x0 = vA/(vW + vA) may be stated as
constant and uniform along the circuit: this invariant only
depends on initial decisions about the circuit design. As a
result, the reference state for enthalpy is defined for that
value of the additive concentration, the influence of which
can nevertheless be investigated separately. Lastly, the only
compressible phase in the considered range of operation is
the gaseous one.

3.3.2 Expression of enthalpy

In the reference state, the whole carbon dioxide, in the gas
phase, is separated from the aqueous solution of additive,
assumed to be ideal. Once the values of x0 and of vC
(mass-fraction of CO2 in the system) are prescribed, the
mass-fractions of additive and water can be deduced from:

vA ¼ x0 1� vCð Þ and vW ¼ 1� x0ð Þð1� vC Þ: ð5Þ
The reference pressure is P0 = 0.1 MPa, and the reference
temperature is given by the equation of state:
T00 = fTeq(P0, x0); T00 = 8.23 �C when x0 = 0.20.

Enthalpy of any current state (P, T, x0) is calculated in
two stages. In the first one, both materials, aqueous solu-
tion, and gaseous CO2, are kept apart; they are compressed
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and heated to the state (P, T0, x0) where T0 = fTeq(P, x0).
As the liquid solution is basically incompressible, its
enthalpy is simply given by the sensible heat:

h0:AWL ¼
Z T0

T00

cpAWLðT ; x0ÞdT : ð6Þ

Enthalpy of gaseous CO2, a non-ideal gas, must account for
the work of compression:

h0:CG ¼
Z T0

T00

cpGðP;TÞdT þ
Z P0

P0

1
qG

þ T
qG

2
� @qG

@T

����
P

� �
dT :

ð7Þ
cpAWL and cpG are the specific heats of the liquid aqueous
solution and gaseous CO2 respectively; qG is the gas den-
sity. The enthalpy of the system at the end of the first stage
h0 is:

h0 ¼ 1� vCð Þh0AWL þ vCh0CG; ð8Þ
it depends on P (both h0.AWL and h0.CG increase with P)
and vC.

In the second stage, the system temperature changes
from T0 to T while all the interactions between the solution
and the gas (dissolution of CO2 and formation of hydrate
crystals if T < T0) proceed. Involving the corresponding
latent heats leads to the final expression of enthalpy:

h ¼ h0 þ
Z T

T0

cp P; T ; x; sð ÞdT þ vS ��HS þ vCL ��HCL: ð9Þ

The average specific heat cpis decomposed as follows:

cp P; T ; x; sð Þ ¼ vL � cpLðT ; x; sÞ þ vS � cpSðTÞ þ vG � cpGðP; TÞ;
ð10Þ

where the values of P, T, x, s, vS, and vCL are their average
values over that second stage.

3.4 Compression of three-phase systems: four simple
cases

3.4.1 A twofold phase diagram

The state variables temperature T, and gas pressure P, are
independently related to the additive and CO2 concentra-
tions in the liquid phase, x and s respectively. Actually,
the phase diagrams related to hydrate formation and
CO2 dissolution should be represented in three dimensions,
[T-x-P] or [P-T-s], where the state functions (1) would be
represented by surfaces. For CO2-solubility in water, Dia-
mond and Akinfiev present the [P-T], [s-P], and [s-T]
graphs, where the third variable is a parameter that gener-
ates isovalue-curves [24]. For hydrate equilibria, the three-
dimensional correlation is most usually projected, either
on the [T-x] graph for systems forming single salt-hydrates
or mixed hydrates of gas + salt, or on the [P-T] graph
for systems forming single gas-hydrates. Both graphs are
presented in Figure 3, using the missing variable (resp. P
and x) as a parameter. In the [T-x] diagram 3A, each value
of gas pressure corresponds to one 0LG curve above which
lies the liquid-gas domain LG at the corresponding pressure;

the three-phase domain SLG lies below. Two of such curves
(P = 0.5 and 0.3 MPa) are displayed, reproducing data
published in refs. [8, 10]. The vertical line x = xS in
Figure 3A is the domain S of solid hydrates. As the concen-
tration x in the solution is always smaller than xS, hydrate
formation reduces the concentration x in the solution. The
[P-T] graph Figure 3B presents equilibrium isosters (corre-
lation P-T at constant concentration x) with four equidis-
tant values of x from 0.12 to 0.24. With respect to each of
them, the SLG domain lies above and the LG domain
below. The chosen pressure range (around 0.4 MPa) is men-
tioned as possibly relevant for air-conditioning purposes
with that ternary system [20, 26]; it however just serves
to develop the analysis below, which does not qualitatively
depend on that arbitrary choice.

3.4.2 Four compression processes

Four processes for compressing the three-phase system from
0.3 to 0.5 MPa are described and displayed in Figure 3.
Their common initial state is P = 0.3 MPa and x = 0.20
(points L in Figs. 3A and 3B), where the slurry is assumed
to contain enough crystals (point S in Fig. 3A) for the iso-
choric process below to fully develop. The corresponding
global concentration of additive in the SL system, x0, is
shown by the symbol “+” in Figure 3A. The four processes
can be achieved with a reactor like that schematically
described in Figure 2. In three of them, gas is added to
the reactor through the valve located on the lid. The tem-
perature of the whole system is regulated thanks to the
heat-exchanger HX, assumed to transfer the exact heat
quantity that fulfills the prescribed condition. The heat
quantities involved in the four processes, calculated with
the expression (9) for enthalpy, are presented in Table 1.

The first process is isochoric, paths LV in Figure 3.
Compression is obtained by heating the closed reactor to
the proper temperature. When heated, hydrate crystals
tend to decompose and release gaseous CO2: the so-
degassed CO2 increases the gas pressure, which in turn
causes more CO2 to be dissolved in the solution; actually,
part of the CO2 molecules released by hydrate decomposi-
tion remains dissolved in the solution. The heat balance,
Table 1, shows that a small but non-negligible part (3%)
of the heat demand is supplied by that dissolution.

In the second process, isosteric following the paths LX,
the additive concentration in the liquid solution is constant.
This constancy means that the amount of hydrate is
unchanged: pressure rise is obtained by injecting gas into
the reactor. As there is no latent heat related to hydrate
decomposition or crystallization, the heat demand is only
for sensible heat. Note that about one-fourth of that
demand is supplied by CO2 dissolution (see Tab. 1).

The third process is adiabatic, paths LA. The adiabatic
condition is assumed to apply to the SLG system alone, and
gas must be injected into the reactor. The sensible heat is
mainly supplied by hydrate crystallization, but also and sig-
nificantly by CO2-dissolution (almost 20%).

The fourth process is isothermal, paths LT. According
to Figure 3A, isothermal compression needs the additive
concentration in the liquid solution to significantly
decrease. This is obtained by forming a large amount of
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hydrate, which requires a large input of CO2 into the reac-
tor while extracting both latent heat of hydrate crystalliza-
tion and CO2-dissolution.

These results show that, beyond exchanges with the gas
phase during compression, hydrate formation (or decompo-
sition) and dissolution of CO2 interact with each other
within the solution, in terms of heat transfer, and of mass
transfer. There is no reason for those interactions to cease
when the gas phase is absent.

4 Slurries in gas-shortage: results and
discussion

4.1 Thermodynamic analysis

4.1.1 Differences from three-phase systems

In three-phase systems, the state of the liquid solution
is described by the state equations (1), and the word

“pressure” means “gas-pressure”: compression results from
forces exerted by the gas molecules on the interface with
the solution. Such forces also tend to transfer CO2 into
the solution and therefore induce hydrate generation and
CO2 dissolution. However, when the slurry is separated
from the gas phase, compression results from forces that
either occur in the bulk of the solution (hydrostatic pressure
field) or are exerted by a moving solid wall (mechanical
pump). These forces do not transfer anything into the
solution and have no effect on hydrate generation and
CO2 dissolution. Their effect is strictly mechanical, and so
are named such compressions in the following.

4.1.2 Thermodynamic representation and equation
of state

According to Section 2.1.1, mechanical compression of
slurries in gas shortage is altogether isosteric and isothermal.
Pressure is thus the only state variable that changes. Conse-
quently, slurries in gas shortage depart from three-phase

Figure 3. Phase diagrams with equilibrium curves (dashed lines) for the system with mixed-hydrate of TBPB + CO2. A: [T-x]
diagram with two 0LG curves (liquid solutions in equilibrium with both solid crystals and gaseous CO2) at 0.5 and 0.3 MPa. B: [P-T]
diagram with four equidistant values of x. Solid arrows: four processes for compressing the three-phase system from 0.3 to 0.5 MPa:
LV = isochoric; LX = isosteric; LA = adiabatic; LT = isothermal.

Table 1. Heat quantities involved in the four compression processes displayed in Figure 3, in kJ for a system containing
1 kg of water, 275 g of TBPB plus as much gas as required in the gas phase. Initially, the system contains 100 g of
hydrate crystals. Both hydrate decomposition and CO2 dissolution involve latent heat. Values are negative for
exothermal phenomena.

Process Sensible heat Hydrate decomposition or crystallization CO2 dissolution Total

LV: isochoric 7.0 34.0 −1.4 39.6
LX: isosteric 6.3 0 −1.3 5.0
LA: adiabatic 6.2 −4.9 −1.3 0
LT: isothermal 0 −76.8 −1.1 −77.9
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equilibrium and their thermodynamic state differs from the
state equations (1). To the author’s knowledge, this differ-
ence is not mentioned in the literature although there are
processes where it occurs. Numerical simulations of such
processes need a thermodynamic description of that state.
Although the equations of state (1) are not fulfilled, slurries
in gas shortage are not out-of-equilibrium. Indeed, without
gas, there are only two phases, and the equilibrium variance
of two-phase ternary systems equals 3 (instead of 2 for
three-phase systems). Thanks to this additional degree of
freedom, slurries in gas shortage are in equilibrium (and
such states are indeed stable). If the corresponding equation
of state differs from equation (1), it must maintain equality
between the chemical potentials of CO2 molecules in the
liquid and solid phases. The absence of gas allows us to
imagine a virtual gas where the CO2 molecules would also
have the same chemical potential. For the sake of thermal
equilibrium, the temperature of that virtual gas must
equal that of the slurry. However, its virtual pressure must
be less than the effective mechanical pressure applied to the
slurry. In Figure 1, the gas pressure at the free surface,
position a, is only part of that at the exit of the main
pump 4, position b. The distinction introduced above
between gas pressure andmechanical pressure suggests that
the virtual gaseous CO2 could be mixed with a completely
inert gas (inert with respect to the three components).
This suggestion leads to an analogy where the effective
mechanical pressure is the total pressure of the virtual
gaseous mixture while the gas pressure that rules equilib-
rium is the partial pressure of CO2 in that mixture. The
so-introduced CO2 partial pressure is denoted as PC in
the following. Stating now that the chemical potentials of
CO2 in the solid and liquid phases are equal to that of gas-
eous CO2 at T and PC leads to the equation of the state of
slurries in gas shortage:

There is a unique value of PC that fulfills both equations
of state:

T ¼ fT eq PC ; xð Þ and s ¼ fseq PC ; Tð Þ; ð11Þ

where the temperature T and concentrations x and s take
their effective values in the liquid solution according to
the relevant mass balances.

Beyond mathematics, the partial pressure PC also has a
physical significance: it is related to the total amount of
CO2 contained in the slurry, i.e. to the mass-fraction vC
in the system.

The equation of state (11) for slurries in gas-shortage
is consistent with the interpretation of compression
developed in Section 2.1.1: relating T, x, and s to the partial
pressure PC, instead of the total one P, makes the latter
free to change independently of the former four variables.
Here is the additional degree of freedom mentioned
above. The expression of enthalpy for three-phase systems,
equations (6)–(10), still holds, except that now the carbon
dioxide introduced as gas is completely incorporated
into the slurry SL before the end of the so-called second
stage. Moreover, the composition of the liquid phase, v d L,
and the solid mass-fraction, vS, now depend on the solution
of the equations (11) via the mass balances (2)–(4).

4.2 Phase diagram for slurries in gas-shortage

4.2.1 Description

In usual phase diagrams for systems with gas-hydrates, the
gas phase is always present. The present concern is however
to highlight two domains without gas: Liquid, and Solid–
Liquid. The liquid phase is always present, with carbon
dioxide dissolved in it.

The phase diagram Figure 4 is displayed in two comple-
mentary graphs, [T–vC] and [h–vC], both established for
P = 0.5 MPa and x0 = 0.20. The central point (symbol d)
is the purely liquid state 0L0 defined by the triplet (P, x0,
T0 = fTeq(P, x0)), where both equations of state (1) are
fulfilled: the total amount of CO2, vC, exactly corresponds
to the amount dissolved in the solution atP andT0. The dia-
grams present the two well-known domains with gas, LG,
and SLG, and between them the line 0LG (to the right of
the central point), at constant temperature (P and x0 are pre-
scribed) but slightly decreasing enthalpy (see the tabulated
data in the Appendix). Indeed, the enthalpy of gas, h0.CG,
is less than that of the solution, h0.AWL, see equation (8).

In those two domains with gas, increasing the CO2
mass-fraction vC just adds gas to the system without
changing anything in the liquid solution. In the three-phase
domain SLG, reducing the system temperature increases
both the amount of CO2 dissolved in the solution and the
amount of hydrate: the gaseous mass-fraction forcedly
decreases. The SLG domain then presents a lower limit,
SL0, where the CO2 contained in the system exactly corre-
sponds to the CO2 encaged in the hydrate crystals plus
that dissolved in the solution, according to equation (1).
Below the SL0 curve, the system can only be two-phase,
SL, and thus in gas-shortage.

Considering temperatures above that of the central
point 0L0, the solubility of CO2 decreases when tempera-
ture increases [24]. So does the maximal amount of CO2
contained in the solution: the line L0 is not vertical but
slightly to the left. On its left side lies the liquid domain
L, where the liquid solution contains dissolved CO2 but
not as much as it could: it is in gas shortage and the corre-
sponding CO2 partial pressure PC is the solution to the
problem:

fseq PC ;Tð Þ ¼ s ¼ vC= 1� x0 1� vCð Þ½ � ð12Þ

where the solubility s is related to the CO2 mass-fraction
vC via the mass-balances (2) and (5).

The domains in gas-shortage, L and SL, are separated
by the 0L line, where equations (11) and (12) are fulfilled
together with x= x0 (there is no hydrate). Figure 4 also pre-
sents the correlations [T, or h, vs. vC] in the L and SL
domains for a prescribed value of PC (0.4 MPa, i.e. 80%
of the total pressure).

Lastly, the extension of the abscissa axis (vC = 0.02:
2% of the whole mass consists of CO2) can be related to a
value of the hydrate mass fraction. Among the total
mass of CO2, about 0.009 is dissolved (value of vC for the
central point 0L0, where vC � vCL). The complement
can only be enclosed in hydrate crystals (there is no gas),
i.e. vCS � 0.011. With YC = 0.071 (crystal stoichiometry),
the corresponding mass-fraction of mixed-hydrate vS is close
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to 0.15. Although focused on the domains in gas-shortage, L,
and SL, those graphs encompass a large part of the domain
of interest for processes with hydrate-forming slurries.

4.2.2 Respective influences of the total pressure P
and global additive concentration x0

As a short parametric study, Figure 5 shows how the four
domains of Figure 4 are modified when either the total pres-
sure or the global additive concentration, decreases (short
dashes for P = 0.3 MPa; long dashes for x0 = 0.15).

When the total pressure P decreases, the solution dis-
solves less CO2, and the temperature T0 = fTeq(P, x0)
decreases: the central point moves toward lower tempera-
tures and lower CO2 mass fractions. Nevertheless, both
0L lines are exactly preserved, consistently with the state
equations plus incompressibility of the liquid phase. The
other three curves are globally similar to the initial ones.

The main effect of reducing x0 is to decrease the temper-
ature T0 of the central point (see Fig. 3A), which in turn
slightly increases the amount of dissolved CO2 (the
abscissa) for the central point. The extension of the SLG
domain results from the steeper slope of the 0LG equilib-
rium curves when x0 decreases, as can be observed in
Figure 3A. One point must also be noticed: changing x0 also
changes the reference temperature T00 [T00 = fTeq(P, x0)],
therefore enthalpies of systems with different values of x0
cannot be directly compared.

4.3 Calculating mixing of slurry streams in gas-shortage

It has been widely mentioned above that the slurry supplied
to the refrigeration circuit (at point b in Fig. 1) is in gas
shortage. When moving further on the main loop 3, that
slurry eventually reaches point c where it meets another
stream (point d), which returns from heat-exchanger

6 and cyclone 7. Between points c–d, and point e, the two
gasless streams mix. They differ in hydrate- and CO2-
mass-fractions vS and vC (due to crystal decomposition in
the heat exchanger and gas separation in the cyclone),
also in temperatures, and consequently in additive-
concentrations x in their liquid phases. As the resulting
stream e is the one supplied to the heat exchanger 6, it is
important to determine its thermophysical state. The global
component mass-fractions (vW, vA, vC) and the enthalpy of
the mixed stream are linear combinations of those of the
inlet flows, weighed by the respective mass-flowrates. That
linear combination is fully represented in the diagram
[h-vC], i.e., in Figure 4B where point e exactly lies on the
straight line between points c and d. Point c surely lies
within the SL domain (gas-shortage), but point d lies either
on the SL0 line (when hydrate crystals are still present), or
on the L0 line (no hydrate). The example displayed in
Figure 4B clearly shows that, depending on the positions
of points c and d and the flow-rate ratio, point e may lie
in the three-phase SLG domain, but also in the Liquid–
Gas domain, or the Solid–Liquid domain, i.e., in gas-
shortage. In each case, the equations to be solved and the
resolution scheme for determining the thermodynamic state
at point e (temperature and phase composition) are differ-
ent. Fortunately, phase diagram 4B straightforwardly shows
in which domain point e lies, and therefore which method
must be used for calculating it. This feature was one part
of the initialmotivation for the present thermodynamic anal-
ysis: modeling how slurries locally in gas-shortage behave in
secondary refrigeration circuits, especially when mixing.

4.4 Heating slurries in gas-shortage after mechanical
compression

Modeling slurries in gas shortage just at the entrance of
heat exchangers 6 was another motivation: how do slurries

Figure 4. Phase diagram for slurries in gas-shortage, at 0.5 MPa and with x0 = 0.20. Two graphs: A [T-vC] and B [h-vC]. Notations:
S = Solid; L = Liquid; G = gas. The partial pressure PC is constant (0.4 MPa) along the dashed curves.
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in gas shortage behave when receiving heat? In this section,
calculations are done for a slurry with x0 = 0.2 and
vC = 0.02, initially in gas-shortage with P = 0.5 MPa and
PC = 0.4 MPa (see the point “+” in graph 4A), isolated
(no mass transfer with the surroundings) and heated. When
the slurry temperature rises, so does the partial pressure PC.
As long as PC is less than P, the slurry remains in gas short-
age (i.e., within the SL domain of Fig. 4). When PC even-
tually reaches equality with P, the slurry is on the SL0
curve and no longer in gas shortage: immediately beyond
this point, the gas phase is present. Between those two
points (PC = 0.4 MPa and 0.5 MPa), temperature increases
by 0.74 K. Solving the problem (11) for the former point
and problem (1) for the latter leads to the respective values
of x and s: both increase with temperature, see Table 2. The
concentration x increases when some hydrate crystals
decompose and s increases when more CO2 is dissolved into
the solution. These two processes develop simultaneously
and in the absence of gas: all the molecules released by
the decomposition of hydrate crystals, including CO2, are
immediately incorporated by the liquid phase and no gas
is generated. Hydrate decomposition and CO2-dissolution
involve latent heat to be accounted for in the enthalpy
balance. The amounts of decomposed hydrate and dissolved
CO2 are such that the global effect of latent heat is

endothermal and larger (in this case) than the sensible heat:
it represents 58% of the total enthalpy change (see Tab. 2).

According to the present analysis and despite the con-
stancy of their global composition, slurries in gas-shortage
do not behave like inert media, and the difference seems
to be significant. Numerical modeling of slurries in gas
shortage must account for the latent heats of hydrate
decomposition and CO2 dissolution. This is especially true
at the entrance of heat exchangers.

Section 3.2 mentions that gas shortage is also created
when cooling a slurry separated from its gas phase. This
is exactly the reverse operation of that described above.
Consequently, cooling a slurry in gas shortage, e.g. within
the slurry bath in a hydrate crystallizer, also involves
changes in compositions according to equation (11), and
the corresponding sensible and latent contributions to
enthalpy changes.

Once again, only equilibrium states are considered
herein. They are sufficient for describing a paradoxical
behavior of slurries in gas shortage (involvement of latent
heat although no gas is supplied nor withdrawn). Adding
kinetic effects to the analysis could be a continuation of
the present study, where the rates of hydrate decomposition
and CO2 dissolution would be related to deviations from
equilibrium.

Table 2. Thermal effects when heating a slurry, initially in gas-shortage by mechanical compression (P = 0.5 MPa and
PC = 0.4 MPa), until it reaches three-phase equilibrium (PC = P).

PC [MPa] T [�C] x [–] s [–] vS [–] vCL [–] Dhsensible
[kJ kg−1]

Dhlatent
[kJ kg−1]

Dhtotal
[kJ kg−1]

0.4 9.85 0.162 9.27 � 10−3 0.194 6.3 � 10−3

0.5 10.59 0.167 11.20 � 10−3 0.173 7.8 � 10−3 +2.75 +3.77 +6.52

Figure 5. Respective influences of either the total pressure P or the global additive concentration x0, on the phase diagram of
Figure 4. Same graphs, notations, and solid lines as in Figure 4. Short dashes “P”: P = 0.3 MPa, x0 = 0.20; long dashes “x0”: x0 = 0.15,
P = 0.5 MPa.
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4.5 Validation

It would be worth validating the present analysis of slurries
in gas shortage with experimental data. However, experi-
mental works on hydrate-forming systems focus attention
on how hydrates form or decompose, to evaluate the
amount of hydrate, the reaction rate, the latent heat, or
the process reproducibility. In all of those experiments, it
is ensured that enough gas is supplied to the system because
gas unavailability would create a bias in measurements. To
the author’s knowledge, there is no experimental data on
slurries in gas shortage to which the present results could
be compared. Nevertheless, the phenomenon described
above could be tested experimentally. The experimental
set-up would consist of a loop with (1) a storage tank filled
with a slurry of mixed hydrate, (2) a mechanical pump
that will extract a slurry flow from the tank and signifi-
cantly compress it, (3) a small heating section where the
heat flux transmitted to the slurry flow would be moni-
tored together with temperature at the inlet and at the
outlet of the heating section; the transmitted heat flux
should be small enough for the slurry to remain in gas-
shortage (i.e. with PC < P, even at the outlet of the heating
section), and (4) a diaphragm producing a significant
pressure drop before returning to the tank. Interpretation
of measurements would relate the heat flux and the tem-
perature jump, in order to detect whether heating only
involves sensible heat, or also latent heat as predicted
herein.

5 Conclusion

Mixed-hydrate slurries consist of crystals of gas-hydrates in
suspension in a salt solution. When separated from their gas
phase, such slurries depart from the three-phase equilib-
rium: they are in gas shortage. Equilibria in gas shortage
are represented in a two-fold phase diagram that displays
solid–liquid and liquid domains. Based on equality between
the chemical potentials of CO2 molecules in either phase,
the present analysis introduces the notion of gas partial
pressure. It also predicts mass transfers between the liquid
and solid phases. When used in secondary refrigeration cir-
cuits, slurries in gas shortage may behave differently from
slurries in equilibrium with a gas phase, a feature to include
in numerical simulations. The article proposes an experi-
mental approach for testing whether the present analysis
corresponds to reality.

Lastly, it is worth noting that many other gas-hydrate-
forming systems can experience gas-shortage: systems with
another salt, like Tetra-n-Butyl-Ammonium Bromide
(TBAB) or Tetrahydrofuran (THF), including binary
systems without salt and forming single gas-hydrates, plus
systems with another gas that can also form hydrates and
dissolve into water, e.g. CH4.
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Appendix

Equations of state and thermophysical properties
in the ternary system H2O + TBPB + CO2

This Appendix just provides a brief summary of the
values or simplified correlations used in the computations:
p = P/P1 is the non-dimensionalized pressure (with
P1 = 1 MPa) and the temperature T is in Celsius.

Equations of state

The equation of state for the hydrate-formation equilibrium
was adjusted on the experimental data of refs. [8, 10–12]:

fT eq P; xð Þ ¼ B= A xð Þ � Ln P=P1ð Þ½ � � 273:15 ðA:1Þ
with B = 24520 and A(x) = 85.49 + 60.85 � dx2.328 �
(1 – 8.067 � dx + 27.55 � dx2) where dx = 0.3 − x.

For CO2-solubility in aqueous solutions, the function
was adjusted on the data of ref. [24]:

fseq P;Tð Þ ¼ As � p2 þ Bs � p
1þ 0:5907 � As � p2 þ Bs � p� 1ð Þ ðA:2Þ

with

As ¼ ð�129 þ 7:2T – 0:16T 2Þ � 10�5 ðA:3Þ
and

Bs ¼ ð1400� 51T – 0:88T 2Þ � 10�5 ðA:4Þ
The van der Waals equation is used as a state equation for
gaseous carbon dioxide (non-ideal):

P þ a � q2 ¼ q � r � Tð Þ= 1� q � bð Þ ðA:5Þ
The best adjustment to the data of ref. [27] in the
domain [0.5-5 MPa] and [0-50 �C] is obtained with
a = 272.525 Pa�m6�kg−2 and b = 1.88406 �
10−3 m3�kg−1. With a density of the order of 10 kg�m−3

(value at 0.5 MPa and 10 �C [27]), the gas phase is signifi-
cantly lighter than the other phases: the density of the hy-
drate crystals is 1200 kg�m−3 and that of the liquid solution
is 1000–1050 kg�m−3.

The mass fractions of TBPB and CO2 in the mixed-
hydrate crystal are respectively: YA = 0.342 and
YC = 0.071 [12].

Thermophysical properties

From the thermal point of view, hydrate crystallization
and gas dissolution are exothermal. The latent heat of
crystallization of the mixed-hydrate is about two-
thirds that of ice: DHS = −200 kJ (kg_hydrate)−1

[11, 12]. When referring to the amount of dissolved CO2,
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the latent heat of dissolution is not negligible:
DHCL = −340 kJ (kg_dissolved_CO2)

−1 [28, 29].
For the condensed phases, there is no difference between

cp and cv. The values used herein are 2685 J kg−1 K−1 for
the hydrate, around 3900 J kg−1 K−1 for the TBPB solu-
tion, and 5500 J kg−1 K−1 for the dissolved CO2 [30, 31].
The specific heat at constant volume cv of gaseous CO2
was adjusted to the data of ref. [32] in the domain of
interest; the resulting phenomenological function is:

cmG = C0 + C1 � p + C4 � p4, with C0 = 541 + 0.98 T,
C1 = 37.2 exp(−0.01277 T), and C4 = 0.715 exp
(−0.07 T), all in J kg−1�K−1.

Tabulated data

The main data displayed in Figures 4 and 5 are presented in
the following tables

Data for P = 0.5 MPa and x0 = 0.20 vC T [�C] h [kJ�kg−1]

Central point 8.9 � 10−3 10.9 7.4
End of the 0L line 0.1 � 10−3 7.5 −2.8
End of the SL0 line 19.8 � 10−3 10.6 −28.2
End of the 0LG line 20.0 � 10−3 10.9 7.3
End of the L0 line 7.5 � 10−3 16.5 29.4

Data for P = 0.3 MPa and x0 = 0.20 vC T [�C] h [kJ�kg−1]

Central point 5.7 � 10−3 9.6 3.5
End of the 0L line 0.06 � 10−3 7.5 −2.8
End of the SL0 line 19.8 � 10−3 9.1 −41.4
End of the 0LG line 20.0 � 10−3 9.6 3.4
End of the L0 line 4.65 � 10−3 16.0 28.3

Data for P = 0.5 MPa and x0 = 0.15 vC T [�C] h [kJ�kg−1]

Central point 9.6 � 10−3 10.3 7.6
End of the 0L line 0.1 � 10−3 6.8 −2.8
End of the SL0 line 19.7 � 10−3 9.0 −28.4
End of the 0LG line 20.0 � 10−3 10.3 7.5
End of the L0 line 8.2 � 10−3 15.5 28.5
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