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Abstract 

A great deal of attention is paid to secondary refrigeration as a means of reducing excessively 

high emissions of refrigerants (most of which have a potent greenhouse effect) due to leaks in 

large cooling units. Among the environmentally friendly fluids that can be used in secondary 

circuits for transporting and storing cold, hydrate slurries offer the advantage of significant 

latent heats of fusion associated with good fluidity. Research programs have focused attention 

on hydrate systems, including CO2, TBPB (tetra-n-butyl-phosphonium-bromide), and mixed 

CO2-TBPB hydrates. In addition to feasibility concerns, energy efficiency is also a crucial 

concern requiring an objective analysis of the improvements likely to result from these new 

materials. An impartial framework was thus constructed based on the principles of 

optimization methods. This approach was applied to these three hydrate slurries as well as to 

the well-known ice slurry for comparison purposes. A numerical model of secondary 
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refrigeration system in steady state was built, on the basis of which optimized systems 

subjected to common external constraints can be designed for each slurry according to its 

thermophysical properties. Global performance can then be compared on a sound basis, which 

also makes it possible to identify the hydrate property that is most influential on energetic 

performance. Part 2 of this study is dedicated to exergy analysis and phase change kinetics. 

Keywords 

Refrigeration, phase change material, hydrate, slurry, process optimization, CO2, TBPB, ice. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

3 

Nomenclature 

Usual notations (T for temperature, P for pressure, Q&  for heat fluxes, Re for Reynolds number, etc.) 
are not recalled here. 

A heat-transfer area [m2] 

COP Coefficient Of Performance of the 
primary cooling unit 

D hydraulic diameter [m] 

f Fanning friction factor [-]. 

L distance between the primary cooling 
unit and the end-user [m] 

K, n rheology parameter for non-
Newtonian fluids 

u flow velocity [m.s-1] 

U overall heat transfer coefficient 
[W.m-2.K-1] 

x additive concentration in its aqueous 
solution [kg.kg-1] 

X solid mass fraction in the slurry 
[kg.kg-1] 

y axial position [m] 

Y component fraction in the solid phase 
[kg.kg-1] 

Greek symbols 

χ mass fraction in the total flow [kg.kg-1] 

ϕ crystal volume fraction in the slurry 
[m3.m-3] 

η efficiency (isentropic) [-] 

σ carbon dioxide solubility in aqueous 
phase [kg.kg-1] 

 

Indexes 

0 initial liquid solution (W + A) 

1-7 refer to points in Fig. 1 

A additive 

C condenser 

CD carbon dioxide 

E evaporator 

eq equilibrium 

f fusion 

G gas phase 

HX• referred to the corresponding heat 
exchanger, C, E or U. 

I insulation 

in inlet of a HX section 

L liquid phase 

P slurry pump 

PC primary compressor 

S solid phase (crystals) 

T total 

U user 

W Water (H2O) 
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1 Introduction 

One of the challenges facing the refrigeration industry is the need for drastic reduction of its 

contribution to global warming. The Global Warming Potential (GWP) of current refrigerant 

fluids is on the order of several thousand [1, 2], yet large cooling units unfortunately 

experience significant leakage rates. After adding in the indirect effects due to energy 

consumption, this industry contributes as much as 8% of all greenhouse gas emissions. 

Research on new refrigerants with low GWP is underway, but secondary refrigeration is an 

already existing solution: when distributing cold via a loop containing an environmentally 

friendly fluid, the volume of refrigerant as well as leaks can be severely limited. Until 

recently, the choice of a secondary fluid was essentially limited to chilled water and ice 

slurry. Chilled water transports sensible heat, which requires significant flow rates, while the 

latent heat transported by ice slurries is delivered at temperatures below 0°C. However, a new 

class of phase-change materials is emerging for refrigeration applications: hydrate slurries. 

Well-known in the petroleum industry, semi-clathrate hydrates are ice-like crystals where 

H2O molecules form cages around host molecules. These molecules can be a gas (CH4, CO2, 

alkanes, SO2, etc.) or salts like tetra-n-butyl-ammonium-, or phosphonium-bromide 

(respectively TBAB and TBPB). Mixed hydrates may also form, e.g. with CO2-TBPB [3]. 

These two-phase solid-liquid materials offer several advantages: the transport of latent heat 

[4, 5], good fluidity [6], and such a wide variety that the phase-change temperature can be 

adapted to the design application [7]. Hydrate slurries are thus good options for secondary 

refrigeration [8-10] or cold storage [7, 11]. Their rheology [12, 13], thermal properties [14, 

15], and phase-change kinetics [11, 16, 17] have been studied extensively. Apart from these 

characterization studies, performance analyses of secondary refrigeration systems using 

hydrate slurries are still scarce [18-21]. They may invoke various features as efficiency 
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arguments, including significant latent heat of fusion, fusion temperature, low viscosity, rapid 

kinetics, etc. This makes it difficult to compare the various slurries on common criteria.  

The purpose of this article is to build a thermodynamic framework for evaluating the energy 

efficiency of secondary fluids and comparing them on a sound and impartial basis. The 

approach adopts the fundamental principle of optimization, i.e. minimization of an objective 

function under given constraints equally applied to each system under comparison. Four 

slurries were considered, three with either CO2-hydrate, TBPB-hydrate, or CO2-TBPB mixed 

hydrate, as well as the ice slurry for comparison purposes. These four slurries were chosen for 

their variety of thermodynamic properties, enthalpy of fusion, viscosity and rheological 

behavior, melting temperature, and presence or absence of gaseous CO2. Rather than simply 

ranking these slurries, one purpose of this study is to ascertain which slurry property has the 

leading influence on energy efficiency by using thermodynamics-based arguments. A 

numerical model of secondary refrigeration system in steady-state was built. For each of the 

four slurries, this model was used for designing the system that minimizes the energy 

consumption and fulfills the prescribed constraints. The four systems can then be compared 

on a fair basis.  

2 Thermodynamic framework 

In thermodynamic terms, a secondary refrigeration loop simply transports heat from the user, 

e.g. an air-conditioned room or food needing to be preserved, to the primary cooling unit, or 

more precisely to its evaporator. The loop itself is merely a dissipative process, while the 

primary unit converts electricity into cold production. As the notion of energy efficiency only 

makes sense for energy conversion processes, energy analysis of secondary refrigeration can 

be relevant only when it considers the whole system, secondary loop plus primary unit, as 

presented in Fig. 1. This framework contains all the basic components of secondary 

refrigeration. The loop (123451) transports cold to the user over the distance L. Ice- or 
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hydrate-crystals are generated in the HXE heat exchanger, which also is the evaporator of the 

cooling unit. The slurry circulates in the loop via the pump P and receives the heat flux IQ&  

from ambient air through the thermal insulation of the secondary circuit. Most of these 

crystals melt in the user’s heat exchanger HXU. The cooling unit consumes mechanical power 

for its primary compressor (PC) and rejects heat outdoors through its condenser (HXC). When 

the hydrate contains CO2, crystal fusion produces gaseous CO2. This gas is separated from the 

slurry at the outlet of HXU; it is re-pressurized in the gas-compressor CG and circulated via 

the line (67) toward the HXE, where it contributes to formation of new hydrates.  

 

Fig. 1: Sketch of a secondary refrigeration process. 123451: slurry loop; P: slurry circulation-
pump; HXU, HXE and HXC: heat exchangers on the user’s side, at the evaporator and at the 
condenser of the primary cooling unit, respectively; PC: primary compressor; V: throttling 

valve; 67: return line for gaseous CO2 and CG: gas compressor (when involved). L= distance 

between user and primary cooling unit. 

 

When applied to this global system, the First Law in steady state gives the following balances: 

 E U I P GQ Q Q W W= + + +& & & & &   (1) 

 1(1 )C E PC EQ Q W Q COP−= + = ⋅ +& & &&   (2) 

The COP of the primary cooling unit ( )/E PCQ W& &  is related to the internal exergy efficiency 

of the primary cycle ηPC (accounting for non-isentropic compression and expansion) by: 
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( )PC E C ECOP T T Tη= ⋅ − . The total consumption of mechanical energy is 

T PC P GW W W W= + +& & & & ; among these three terms PCW&  is expected to be largely dominant, 

while the other two should only represent a small percentage of UQ& .  

3 Principle of process optimization 

Essentially, optimization consists designing various configurations for a given purpose and 

with prescribed constraints, and then selecting the configuration that minimizes a given 

criterion called cost function. Constraints are an important facet of optimization, although 

rarely explicit. Applying the same constraints to any configuration under consideration makes 

each designed configuration independent and self-consistent, so that the configuration that 

minimizes the cost function is truly optimum. 

Globally, the process consists of extracting the heat flux UQ&  from the user while consuming 

the total mechanical energy TW& , and the main concern is energy efficiency. Prescribing the 

duty of the process, i.e. the heat flux UQ&  ( 30kW)UQ =&  forms constraint #1. The cost 

function to minimize herein is then exactly represented by TW& . The next constraints are 

economic ones: investment costs must be roughly the same for all cases. As the total 

investment cost is impacted primarily by the size of heat exchangers, this economic condition 

is reflected as conditions on heat exchange areas. For constraint #2, the area of the heat 

exchanger HXE between evaporation and crystal generation in the slurry is prescribed 

(AHXE=6m2). Constraint #3 is that the total area of the two heat exchangers, HXU and HXC, is 

given (AHXU+AHXC=35m2). Indeed, both heat exchangers involve a forced flow of air and 

have similar technologies. Moreover, the HXU area depends on the crystal fusion 

temperature. Constraint #3 allows for redistributing the total area between the two heat 

exchangers in the same way a designer would do. 
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The last constraint is a technical one: it is important to prevent the slurry flow from being 

blocked by sedimentation and aggregation of crystal particles anywhere in the secondary 

circuit. This can be done by forcing the slurry flow to be turbulent. For non-Newtonian 

pseudoplastic fluids, turbulence is fully developed for Reynolds numbers above 4000. This 

value is thus imposed as a minimum for the Reynolds number almost everywhere (constraint 

#4). Indeed, the heat flux from the user makes this condition less crucial in the HXU heat 

exchanger, where the minimal Reynolds value ca thus be lowered to 2500, a value that still 

lies within the laminar-turbulent transition domain. An a posteriori check was performed to 

ensure that the slurry velocity always lies above 0.5m.s-1, another condition for preventing 

blockage according to [22]. 

Several other design parameters are also prescribed. The first is the transport distance L 

between the user and the primary unit (L=50m). Next, the indoor (user’s space) and outdoor 

air temperatures for an air-conditioning application are TU=25°C and TO=40°C. Finally, the 

internal Second Law efficiency of the primary cycle is ηPC=0.75. This efficiency accounts for 

non-reversible compression and expansion, and has no reason to depend on the properties of 

the slurries. 

The four slurries investigated herein are: 

1. Slurry IG: Ice crystals in an aqueous solution of monopropylene-glycol (MPG) at the 

initial mass fraction x0 of 0.08.  

2. Slurry CO: Carbon-dioxide hydrate in water under CO2 pressure PG of 3.0MPa;  

3. Slurry TB: Hydrate of Tetra-n-Butyl-Phosphonium Bromide (TBPB) in an aqueous 

solution of TBPB at the initial mass fraction x0 of 0.20;  

4. Slurry MH: Mixed hydrate of CO2-TBPB in an aqueous solution of TBPB at the initial 

mass fraction x0 of 0.20 and under CO2 pressure PG of 0.72MPa. 
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Their main thermophysical characteristics are reported in Table I. Usually, ice slurries are 

based on more concentrated solutions, so that phase change occurs well below 0°C; this 

constraint is not necessary for air-conditioning applications. By its low viscosity, a low 

fraction x0 is a priori beneficial while still presenting a case with melting temperature below 

0°C. The slurries CO and TB strongly differ by their enthalpy of fusion and their viscosity; the 

values of PG and x0 were chosen in order to equate their melting temperatures and 

discriminate the effect of this temperature on energy efficiency. Lastly, the slurry MH has 

almost the same properties as TB except the melting temperature. All these choices have been 

made in order to compare the impacts of the various properties.  

Operation of the secondary circuit, as represented in Fig. 1, depends to a large extent on the 

maximal and minimal crystal mass fractions X1 at the outlet (point 1) and X5 at the inlet (point 

5) of the HXE heat exchanger where crystallization occurs. In order to ease crystallization in 

HXE, the slurry is assumed to always contain a small amount of crystals. This avoids 

nucleation delays (induction time) and subsequent supercooling, which may be significant and 

rather out-of-control [3]. A low but non-zero value is the given to X5 for each slurry: 0.03. 

Various values of X1 are explored in order to determine numerically the optimal operation 

conditions.  

For given values of these two fractions, only one value of the slurry flow-rate satisfies 

constraint #1 on UQ& . Constraint #4 on the Reynolds number then leads to the hydraulic 

diameters for the loop and the heat exchangers. Once these diameters are known, the pressure 

drops and heat transfer coefficients can be evaluated, leading to the refrigerant temperatures 

in the cooling unit. This data makes it possible to know all the fluxes mentioned in the energy 

balances (1) and (2), and consequently to assess the total energy consumption.  
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Slurry code: IG CO TB MH 
Tf  (°C) -2.7 7.2 7.3 12.1 

∆Hf  (kJ.kg-1) 333.5 374 204 223.5 

µφ=0.1 (mPa.s) 3.7 4 7 7 

µφ=0.2 (mPa.s) 5.7 9 17 17 

YW 1 0.746 0.612 0.587 

YA 0 0 0.368 0.342 

YCD 0 0.254 0 0.071 

Optimal X1 0.20 0.16 0.14 0.14 

wT  [-] 0.27 0.22 0.22 0.20 

TE  [°C] -9.5 +0.27 +0.77 +4.36 
Table I: Thermophysical properties of the four slurries under consideration: fusion 
temperature Tf, enthalpy of fusion ∆Hf, effective dynamic viscosity with φ=0.1 and φ=0.2 

(slurry velocity=1m.s-1; tube diameter=30mm), and stoichiometry of the crystals (mass 
fractions Y• of water, additive and carbon dioxide). Results of calculations in the last three 
lines: optimal value of X1, non-dimensional total energy consumption wT, and evaporation 
temperature TE. 

 

4 Numerical model 

4.1 Mass balances 

Although they consist of a liquid phase containing solid crystals, usual slurries are considered 

as single fluids. When no gas molecule is involved in the solid phase (slurries IG and TB), the 

flow consists of the slurry alone and is ruled by the two-phase equilibrium between solid (ice 

or salt-hydrate) and liquid aqueous solution. When the solid phase involves a gas molecule 

(slurries CO and MH), a difference is made here-under between the slurry, i.e. the liquid plus 

solid phases alone, and the flow produced by the slurry plus the CO2 vapor phase when 

present. The flow is then ruled by the three-phase equilibrium between solid hydrate, liquid 

water or salt solution (plus dissolved CO2) and vapor, particularly in the heat exchangers 

where phase change occurs. The mass balances here-under are established for the most 

complex configuration, three components (water, additive, and carbon dioxide) in presence of 

gas. For the sake of stationarity, the mass fractions χW, χA, and χCD are constant and uniform (
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1W A CDχ χ χ+ + = ), where χA or χCD may equal zero, but not both. The phase composition 

of the flow is given by the mass fractions χS, χL, and χG respectively for the solid, liquid and 

gas phases ( 1S L Gχ χ χ+ + = ). As water and additive only exist in the solid and liquid 

phases, one has: , ,S Lχ χ χ• • •= + , for •=W or A. When present, carbon dioxide exists in each 

phase, hydrate, liquid (dissolved) and gas (pure CO2): , ,CD CD S CD L Gχ χ χ χ= + + .  

Each crystal under consideration has its own stoichiometry written as: ,S SYχ χ• •= ⋅  , with 

•=W, A or CD and 1Y•• =∑ . The four sets of Y•  are given in Table I. Once the material 

compositions and the solid fraction χS are determined, all the other mass fractions mentioned 

above can be deduced.  

However, for the slurries with additive (IG, TB and MH), the equilibrium temperature Teq 

depends on the additive concentration in its aqueous solution ( ), , ,A L A L W Lx χ χ χ= + , see 

Fig. 2. The relationship between x, its so-called initial  (before crystallization) value 

( )0 A A Wx χ χ χ= + , and the mass fractions χ•, is given as: 

 
( )

( ) ( )
0 1

1
CD A S

CD A W S

x Y
x

Y Y

χ χ
χ χ
⋅ − − ⋅

=
− − + ⋅

  (3) 

The crystal mass fraction in the slurry, X, is also a key parameter for many thermophysical 

properties of the slurry (density, heat capacity, conductivity, viscosity) described in the 

Appendix. It is simply given as ( ) ( ),S L S S A W CD L CD SX Yχ χ χ χ χ χ χ χ= + = + + + ⋅ . 
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Fig. 2: Equilibrium temperature as a function of the additive concentration for the three 
slurries IG, TB, and MH. The crosses indicate the initial  concentrations x0 in the completely 

melted solutions. 

 

Even with the slurries CO and MH, it is assumed that a gas-free slurry is supplied to the 

secondary circuit. Indeed, in real installations a storage tank is usually implemented at the 

outlet of the crystallizer HXE [23]. There, separation between gas and slurry occurs naturally 

due to gravity. Moreover, the gas generated by crystal fusion in HXU would make the slurry-

gas flow in the return line (45) rather complex and difficult to control. The gaseous CO2 will 

likely be separated from the slurry, e.g. in a cyclone implemented at the outlet of HXU. In 

such a case, the lines (123) and (45) are free of gas ( 0Gχ =  and X=χS) while the gas returns 

to crystal generation in HXE via a separate line (67). Although finally negligible, the 

mechanical work required for recompressing this gas flow was considered in this study, as 

well as the mass balance at the separation between the lines (67) and (45):  

 ( )7 1 5 1 1 5 5Cm m m Y m X m X= − = ⋅ ⋅ − ⋅& & & & &   (4) 

4.2 Enthalpy balances and heat exchanges 

In addition to eq. (1), the enthalpy balances involved in the secondary loop are: 

 5 4 3 7 6 3( ) ( )UQ m h h m h h= ⋅ − + ⋅ −& & &    ,   5 1 5 7 1 7( ) ( )EQ m h h m h h− = ⋅ − + ⋅ −& & &  (5) 
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 1 3 1( ) 0.5 I Pm h h Q W⋅ − = ⋅ +& &&    ,   5 4 5( ) 0.5 Im h h Q⋅ − = ⋅ &&  , (6) 

 ( ) ( )1 1 23 45/P HXU HXEW m P P P Pρ= ⋅ ∆ + ∆ + ∆ + ∆& &  (7) 

 7 7 6( ) Gm h h W⋅ − = &&  when relevant (8) 

The enthalpy gain (h7-h6) by compression of gaseous CO2 in the compressor CG at the outlet 

of HXU is based on an isentropic efficiency of 0.8. Herein, the enthalpy of the flow is a 

function of both temperature and composition, and not of pressure. First, only the gas phase is 

compressible, and its weight is weak. Second, the extra pressure related to pressure drops in 

the loop is applied to the flow by the pump P without adding any CO2 into the liquid phase. 

The amount of dissolved CO2 in the liquid phase, with which the solid phase is in 

equilibrium, is thus unchanged, and remains unchanged when pressure decreases along the 

loop. It can be inferred that the CO2 partial pressure PG is uniform along the circuit. After 

introducing the average heat capacity pc  of the flow, the isobaric change of enthalpy is 

written:  

 d d dp f Sh c T H χ= ⋅ − ∆ ⋅   (9) 

In each heat exchanger, HXE or HXU, the gradient of the flow enthalpy in steady state with 

negligible longitudinal conduction is ruled by:  

 d
( ) ( )

d

h
m U T T

y
Π& • •• •• •• •⋅ = ⋅ −⋅ = ⋅ −⋅ = ⋅ −⋅ = ⋅ −   (10) 

where (UΠ) is the global thermal conductance per unit length [in W.m-1.K-1] between either 

the primary refrigerant (•=E) or the air-conditioned room (•=U), and the flow in the heat 

exchanger. The tube diameter in each heat exchanger is determined from the total flow rate m&

, the rheological properties of the slurry, and constraint #4 on the Reynolds number. The 

wetted perimeters Π• can then be evaluated. Equations (9) and (10) can be solved once the 
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relationship between dT and dχS is known. As phase change is assumed to occur at the 

equilibrium temperature ( ), Geq x PT , two cases must be considered before global resolution. 

4.2.1 Slurries with additive 

For the slurries IG, TB, and MH, Teq depends on the additive concentration x. Using the 

partial derivative ( )
G

eq P
T x∂ ∂  and the relation between x and χS at constant total mass 

(liquid+solid+gas), eq. (3), the partial derivative ( )eq S m
T χ∂ ∂ , denoted as β in the following, 

can be defined such that:  

 
d

d d d d
d

G

eq
eq S S

S mP

T x
T T

x
χ β χ

χ

 ∂   
 = ≡ ⋅ ⋅ = ⋅   
 ∂    

  (11) 

The enthalpy gradient can be rewritten in terms of temperature gradient:  

 
d

( ) ( )
d

f
p

H T
m c U T T

yβ
Π& • •• •• •• •

∆∆∆∆    
⋅ − ⋅ = ⋅ −⋅ − ⋅ = ⋅ −⋅ − ⋅ = ⋅ −⋅ − ⋅ = ⋅ −    
    

  (12) 

This equation is non-linear because the coefficients pc , β, and U depend on χS. Each heat 

exchanger is discretized into sections where eq. (12) can be linearized. Along one section, the 

equation of state is linearized as ( )eq in S S inT T β χ χ= + ⋅ − , where the index ‘in’ refers to the 

inlet of the section under consideration. The solution of the linearized equation (12) is an 

exponential function of the distance y from the section inlet: ( )1 y
inT T T e µ−= + ∆ ⋅ − . 

Introducing this expression into (11) and (12) leads to:  

 ( )( / ) 1 y
S Sin T e µχ χ β −= + ∆ ⋅ −   (13) 

with inT T T•∆ = − , and ( )( ) p fU m c Hµ β β•  = ⋅ Π ⋅ ⋅ − ∆
 
& .  
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4.2.2 CO2 single hydrate slurry 

The slurry CO falls into the second case: there is no additive (x≡0), and Teq only depends on 

the CO2 pressure PG. In this case, temperature is uniform as is pressure: inT T= , and equation 

(10) becomes 

 d
( ) ( )

d
S

f inH m U T T
y

χ
Π& • •• •• •• •−∆ ⋅ ⋅ = ⋅ −−∆ ⋅ ⋅ = ⋅ −−∆ ⋅ ⋅ = ⋅ −−∆ ⋅ ⋅ = ⋅ −   (14) 

the solution of which is:  

 
( ) ( )in

S Sin
f

U T T
y

m H
χ χ • •Π ⋅ −

= − ⋅
⋅ ∆&

  (15) 

4.2.3 Global resolution 

The values of Sχ  at the inlet and outlet of each heat exchanger are prescribed. Each heat 

exchanger (HXU or HXE) is sub-divided into sections where the flow composition Sχ  

changes by given Sχ∆  and the flow thermophysical properties are almost uniform. The length 

of each section ∆y thus depends on the local rate of phase change. Global resolution is not the 

same for HXU and HXE. For HXU, the temperature TU is known but not the heat exchange 

area. The length of HXU, LHXU, is calculated as the one for which the value of χS at the outlet 

of HXU is consistent with the prescribed value of X5. The area AHXU is then given by 

HXU HXU UA L= ⋅ Π . For HXE, the heat exchange area AHXE is known, but the evaporation 

temperature TE is not. The section lengths are adapted for their sum to equate /HXE EA Π , and 

TE takes the value for which the value of χS at the outlet of HXE corresponds to the value of 

X1 under consideration. 

The data and formulae used for evaluating the heat transfer and friction parameters are 

described in the Appendix. Lastly, the rheological laws given in the Appendix result in 

pressure drops in the heat exchangers ∆PHXE and ∆PHXU. 
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5 System optimization, results, and discussion 

5.1 Numerical results 

The relations and rules described above leave two degrees of freedom in the design of the 

slurry loop: 1) the crystal mass fraction X1 at the outlet of the crystal generator HXE, and 2) 

the tube diameter D of the slurry loop. Once X1 and D are given, the only value of m&  that 

satisfies the equations (5) to (8) is calculated iteratively. This calculation simultaneously gives 

the heat exchanger parameters (tube diameter and length), and thus the values of ∆P23, ∆P45, 

∆PHXE, ∆PHXU, PW& , IQ& , GW& , EQ& . A third short iteration solves the values of TC, COP, and 

PCW& , which results in the total electric consumption TW& . 

Two figures of merit related to energy efficiency arise from the derivation above: 1) the 

pumping power for the secondary loop (P GW W+& & ) and 2) the total mechanical (electrical) 

power TW& , which is the quantity minimized by the optimization procedure. For the sake of 

generality, they are made non-dimensional according to: ( ) /P P G Uw W W Q= += += += + && &  and 

/T T Uw W Q&&==== . As the pumping power wP is an auxiliary cost on the order of 10-2, the total 

power consumption wT is mainly due to the primary compressor and thus lies slightly above 

1/COP. Those two figures of merit are complemented by the total pressure drop and by the 

Reynolds number in the loop line (123), where the risk of crystal deposition is the highest. 

The results for slurries IG (ice-glycol) and MH (mixed hydrate) are given in Figures 3 and 4 

respectively; they exhibit similar trends. The results for the slurries CO and TB, which are 

very similar, are not displayed herein.  

Those figures first show the extent to which the optimization criterion is crucial. If the 

analysis solely considered the secondary loop, then the configurations denoted as ‘A’ in those 

figures would seem optimal: the pumping power and the pressure drop are both minimal with 

a strongly turbulent flow ( 4000Re> ). The selected mass fraction X1 would be low (0.10-

0.12, and probably less if such range had been investigated). The present global approach 

leads to quite different optimal values, as shown by points ‘B’: the optimal value of X1 now 
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lies around 0.20 for the IG slurry, and around 0.14 for MH. Meanwhile, from points ‘A’ to 

points ‘B’, the total electrical consumption is reduced by 12-15%, which is not insignificant.  

 

 

Fig. 3: Flow conditions (velocity, Reynolds number in the line 23, total pressure drop) and 
energy consumption (pumping power and total) calculated with the slurry IG (ice-glycol) for 
various values of the mass fraction X1 and loop tube diameter D. The configuration described 

by Point A would be declared optimal when considering the secondary loop alone (lowest 
pumping power wP), while that described by Point B emerges as globally optimal (lowest 

total mechanical power wT). 
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Fig. 4: Flow conditions calculated with the slurry MH (CO2-TBPB mixed hydrate).  

Same legend as for Fig. 3. 

 

5.2 Existence of an optimal value of X1 

This section analyzes the effects of the upper bound of the solid fraction X1. The following 

text only considers increases in X1 in order to avoid tedious repetitions. Readers are thus 

asked to complete incomplete-looking phrases with ‘…when X1 increases’. Numerical 

examples are calculated for the slurry IG: the notation [•1->•2] means that the specified 

quantity changes from •1 to •2 when X1 increases from 0.12 to 0.22. 

The slurry mainly transports latent heat, the cooling power UQ&  may thus be approximated by 

1 5( ) fX Xm H−⋅ ⋅ ∆& , where X5=0.03. When X1 increases from 0.12 to 0.22, ∆X=X1-X5 is 

multiplied by a factor slightly above 2. If X1 were changed alone without changing anything 
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else in the process design, then the fluxes UQ& , EQ& , and CQ&  would approximately double 

while keeping the same heat exchange areas. A same design of the process cannot correctly fit 

to such a range of power rates, and such an approach forcedly leads to the smallest possible 

X1 as optimal, just because it trivially minimizes the rate of irreversibility. The present 

approach differs completely and leads to quite different conclusions.  

5.2.1 Mass and heat transport phenomena 

In order to keep UQ&  constant when X1 increases (constraint #1), the slurry flow rate m&  must 

be reduced [1.0->0.47kg.s-1]. Moreover, the increase in X1 also modifies the properties of the 

flow in the heat exchangers: the viscosity of the slurry noticeably increases with the crystal 

mass fraction, as described in the Appendix. In order to fulfill the constraint #4 on the 

Reynolds number, the tube diameter D and the flow velocity u in the heat exchangers must 

follow significant changes: [80->22mm] and [0.2->1.25m.s-1], respectively. Integration of the 

local pressure gradient 2(d / d 2 / )P y f u Dρ= − ⋅ ⋅  over the length of each heat exchanger 

leads to the respective pressure drop ∆PHX•. The formulae giving the local Fanning factor f as 

functions of D, u and X are reported in the Appendix. Due to the slightly different constraint 

on the Reynolds number, ∆PHXE is larger than ∆PHXU. In addition, the heat exchange area 

AHXE is prescribed (constraint #2), the tube length in the HXE also changes like 1/D, so that 

∆PHXE finally is a quasi-exponential function of X1, with an increases close to three orders of 

magnitude [0.5->200kPa], see Figure 5. 

Besides, the local heat transfer coefficient between the slurry and the heat-exchanger tube also 

depends on D, u, and X (see the Appendix). After addition of the heat transfer resistance 

between tube and refrigerant and resolution of the temperature field for the slurry (see section 

4.2), one obtains the average temperature difference between slurry and refrigerant along 
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HXE, f EE TT T∆ = − . Figure 5 shows that ET∆  significantly decreases over the investigated 

range [14.6->6.1K], and that the curve admits a lower asymptotic bound, close to 3.3K in the 

present case (the total heat transfer resistance between the slurry and the refrigerant does not 

vanish).  

5.2.2 Minimization of total energy consumption: an optimal value of X1 

The total energy consumption wT sums up that of the primary compressor, wPC, plus that of 

the two circulation pumps, wP+wG. When present, wG is very weak and scarcely depends on 

X1: only wP and wPC are important in the analysis. The pumping power wP 

1[ ( )]T UP m Qρ= ∆ ⋅ ⋅ && , curve with black + in Figure 5, increases very significantly 

[6×10-5->660×10-5], with a much stronger slope for the large values of X1. The consumption 

of the primary compressor is given by: 

 
1 P G C E

PC
PC E

w w T T
w

Tη
 + + −

= ⋅  
 

  (16) 

Figure 5 shows that wPC depends on X1 with the same trend as ET∆  (solid curve bottom). All 

those results show that there exists an optimal value of X1. When X1 increases in the low 

range [0.12 - 0.14], the pumping power wP is so low compared to wPC (6×10-5 vs. 0.33) that 

even a factor of 3 leaves it negligible in the total balance. Meanwhile, the substantial increase 

in the evaporation temperature (+3.3K) significantly reduces the difference (TC-TE), and 

therefore the power rate wPC. When X1 lies in the high range [0.20 - 0.22], the pumping power 

wP has become significant (2.8×10-3) and the evaporation temperature gets closer to its 

asymptotic limit. With the same increase in X1, wP increases by a factor of 2.3, i.e. by 

+3.8×10-3, and TE increases by (+0.7K) only, so that the resulting decrease in wPC is of 

(6×10-3) only. This development shows that there is a trade-off between the increasing power 
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consumed by the circulation pumps and the decreasing power consumed by the primary 

compressor. This trade-off could not be evidenced if the analysis were limited to the 

secondary loop only. 

The existence of an energetically optimal value of X1 is an argument supporting the efficiency 

of two-phase fluids for the purpose of secondary refrigeration compared to single-phase 

fluids. 

 

 

Fig. 5: Bottom: thermo-hydraulic data in the HXE heat exchanger calculated with the IG 
slurry as functions of the mass fraction X1. Dashed red line: pressure drop ∆PHXE; solid blue 

line: average temperature difference ET∆  between slurry and evaporation. 

Top: Components of the non-dimensional total energy consumption. Dashed line with circles: 
power of primary compressor wPC; solid line with crosses: pumping power wP. 

 

5.3 Fusion temperature is the main parameter for energy performance  

A comparison of Figs. 3 and 4 shows that using the slurry MH rather than IG reduces total 

energy consumption wT by 25% Although both enthalpy of fusion and viscosity adversely 
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impact MH (see Table I), the pumping power can be maintained at an auxiliary level via an 

adapted circuit design. In parallel with the 15K increase in fusion temperature, the 

evaporation temperature rises from -9.5 (IG) to +4.4°C (MH), i.e. an increase of +14K. With 

TC=46°C, the difference ( )C ET T−  is thus decreased by 25%, and the total energy 

consumption decreases by the same proportion.  

 

 

Fig. 6: Calculated total power consumption wT for each slurry (symbol ⊳) compared to that of 

the reversible process (symbol ○). The dashed lines show the fusion and evaporation 
temperatures (respectively � and �). 

 

Two other slurries were considered in this study, TB and CO. They have the same fusion 

temperature, but with respect to latent heat of fusion and viscosity, CO is closer to IG and TB 

closer to MH. They also exhibit an optimal value of X1 given in Table I. Figure 6 compares, 

the global performance obtained for each of the four slurries, after having optimized the 

system individually as described above. If the process were reversible, the non-dimensional 

energy consumption would be the same for all slurries (solid line with open circles). The 

calculated values of wT (solid line with closed triangles) clearly exhibit three levels (within 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

23 

accuracy of calculations), closely reproducing the three values of fusion temperature (see 

Table I). It can thus be concluded that, among the characteristics under consideration herein, 

the temperature of fusion is what governs the energy efficiency of a secondary refrigeration 

process, while changes in enthalpy of fusion and viscosity can be compensated for by 

adapting the design of the circuit and heat exchangers.  

6 Comparison with experimental data 

The literature reporting experimental data measured on secondary refrigeration systems of 

industrial size is more than rare. Most of the experimental data published are obtained from 

lab-size setups. One of the largest experiment reported is that of Shi and Zhang [24]. They 

produce 185kg of tetra-n-butyl-ammonium-bromide clathrate hydrate (which is rather similar 

to TBPB) in a double-tube heat exchanger cooled by a refrigerator. The hydrate slurry is 

stored in a 0.314m3 large vessel. The slurry is then melted in a plate heat exchanger. There are 

many differences between the two studies: cyclic crystallization/melting vs. steady-state, at 

least one order of magnitude regarding power rates, one setup tested with various maximal 

values of X vs. optimal design according to the maximal value of X), but some features are not 

in contradiction. First, depending on the crystallization method, they obtain their best 

performance for crystallization up to X=0.10 (homogeneous crystallization) and X=0.20 

(heterogenous crystallization), when our optimal value of X1 with TBPB is 0.14. Second, 

those authors obtained values of COP around 2.6 when we claim for 4.3. However, their 

refrigerator only supplies 2-3kW cooling, when our calculations considered a cooling power 

of 30kW. Larger refrigerators are more efficient. Third, the difference in cooling rates must 

also be considered when comparing the pressure drops: 10 to 15kPa in their double-tube heat 

exchanger and 70-100kPa in our HXE. Our calculations are not in contradiction with their 

experimental data. 
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7 Conclusion 

A global approach following the principles of optimization (minimization of an objective 

function under explicit given constraints) was applied to the process of secondary 

refrigeration in order to compare various hydrate slurries in terms of global efficiency. 

Analysis shows, that for given heat-exchange areas, there exist optimal operating conditions, 

which are specific for each slurry. Analysis also shows that among all their thermophysical 

characteristics, the crystal melting temperature is the leading parameter for global 

performance of the process. 

The difference between the calculated values of energy consumption and the one given by a 

reversible process is interpreted in terms of exergy losses in Part 2 of this article [Pons et al., 

Energy, present issue]. The effects of phase change kinetics are also investigated. Further 

perspectives include modelling transient behaviors in secondary refrigeration loops. 
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Appendix: Thermophysical properties 

This appendix does not intend to review the state-of-the art on the thermophysical properties 

of the four slurries under consideration, but rather to provide the values or simplified 

correlations that were used in the calculations.  

A.1 Equations of state  

The equations of state Teq(x) for the slurries IG, TB, and MH, as established from initial data 

of [25-28], are shown in Fig. 2 and the values used herein are given in Table I.  
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For the slurry CO, the equilibrium temperature Teq depends on the gas pressure only. The data 

of [29-31] are linearized in the range of interest according to: ( ) 0.098 0.1Ln 39P T= + ⋅ , with 

T in Celsius and P in MPa.  

For the solubility σ of CO2 in the water-CO2 solution, a model was adjusted to the data 

published in [32] leading to the following formula (mass concentration):  

 
2

,
2

, ,
( , )

1 0.5907 ( 1)

CD L G G
G

CD L W L G G

P P
T P

P P

χ
σ

χ χ
Α ⋅ + Β ⋅= =

+ + ⋅ Α ⋅ + Β⋅ −
  (A.1) 

where 5( 126 5 ) 10T −Α = − + ⋅ × , and 4(138 4 ) 10T −Β = − ⋅ × , with T in Celsius and PG in 

MPa.  

A.2 Density  

The flow density is obtained by summing up the volumes of each phase: 1 1ρ χ ρ− −
• ••= ⋅∑ , 

with •=S, L, and G. For one slurry, temperature is fixed by the solid-liquid equilibrium, so 

that ρS and ρL are either constant or x-dependent, see Table A.I [33]. Density of gaseous CO2 

(a non-ideal gas) is given by / ( )G P Z r Tρ = ⋅ ⋅ , with 

20.997 0.298 0.344 ( )r r r rZ T P T P= − ⋅ ⋅ − ⋅ ⋅ , where Tr and Pr are the reduced temperature and 

pressure, respectively.  

A.3 Heat capacity 

The flow average heat capacity is: .p pc cχ• ••= ∑ . The various heat capacities, constant or x-

dependent, are taken from [28, 33-35] and given in Table A.I. The values of cpS for hydrates 

involving TBPB were replaced by those with TBAB, which has a similar hydration number 

and which has been more widely investigated. The difference is likely to be negligible 

compared to the role of enthalpy of fusion. The values of cpG (gaseous CO2) are deduced from 

[36]. 
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Slurry Code:  IG CO TB MH 
ρS [kg.m-3] 917 1066 1145 1233 

ρL [kg.m-3] 1002 85.2 x+ ⋅  1000 1000 80 x+ ⋅  

cpS [J.kg-1.K-1] 2050 2085 2560 2685 

cpL [J.kg-1.K-1] 4258 1070 x− ⋅   4198 4180 1568 x− ⋅   

cpG [J.kg-1.K-1] - 902 - 848 

1000·K 2.4·exp(4.36·φ) [Pa.s] 1.8·exp(18·φ) 7.4 exp[13 (1 1.3 )]φ φ⋅ ⋅ ⋅ − ⋅   
n 1 1 1.8 φ− ⋅  0.98 exp[ 3.59 (1 1.3 )]φ φ⋅ − ⋅ ⋅ − ⋅  

kS [W.m-1.K-1] 2.2 2.2 0.42 0.42 

kL [W.m-1.K-1] 0.55 0.55 0.49 0.49 

Table A.I: Material properties used in the calculations (x is the mass concentration of additive 
in the aqueous solution). 

 

A.4 Viscous friction and heat transfer 

These two phenomena depend much more on the solid volume fraction φ  in the slurry than 

on the mass fraction X. The expression of φ  is given by simple algebra: 

[ ]. / . .(1 )L L SX X Xφ ρ ρ ρ= + − . Moreover, most slurries are non-Newtonian fluids where the 

shear stress τ depends on the shear rate γ&  according to the Ostwald-de Waele (OdW) law: 

nKτ γ= ⋅ & . Although the question is still open, the ice slurry IG with low crystal fraction can 

be seen as Newtonian (n=1, and with K as the dynamic viscosity) [37], when the three other 

slurries CO, TB, and MH, are pseudo-plastic fluids (n<1). The values of K and n used herein 

were obtained from [12, 38-40], and simplified formulae are given in Table A.I. For OdW 

fluids, the Reynolds number is given by the Metzner-Reed formula [41]: 

 
2

8
6 2

nn nu D n
Re

K n

ρ− ⋅ ⋅  = ⋅ ⋅  + 
  (A.2) 

where u is the slurry velocity and D the tube diameter. For laminar flows, the Fanning friction 

factor f is given by the same formula as for Newtonian fluids ( 16 /f Re= ), but the relation 

for turbulent flows is:  
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 ( )1 /2
100.75 1.2

1 4 0.4
log . nRe f

f n n

−= ⋅ −    

Transition from laminar to turbulent flow takes place for 2000 < Re < 4000. Therefore, flows 

are considered herein as fully turbulent, and thus preventing crystal deposition, for Re=4000. 

As turbulence is imposed everywhere, the latter formula on f gives way to the four pressure 

drops ∆P23, ∆PHXU, ∆P45, ∆PHXE, from which the pumping power is evaluated by eq. (7).  

Studies about heat transfer in non-Newtonian slurries are scarce, with the exception of the 

review [42]. Following the latter reference, we used the empirical formula: 

 ( ) ( )0.8 0.4 7 0.562 0.8270.023 1 0.076 exp( ) 1 647 10SLNu Re Pr Reφ φ− = ⋅ ⋅ ⋅ + ⋅ − − ⋅ ⋅ ⋅
 

  (A.3) 

complemented by the expression given by [43] for the slurry thermal conductivity kSL: 

( )1 1 (0.33 0.04 )SL Lk k φ ε φ ε ε= ⋅ + ⋅ ⋅ + ⋅ ⋅ + ⋅   , where ( ) / [(1 ( ) / 3]S L S Lk k k kε = − − − . The 

values of kS and kL given in Table A.I are extracted from [33, 42].  
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Highlights 

 

 Global optimization must be conducted with explicit constraints 

 Energy efficiency can be optimized only globally, i.e. including the primary cycle 

 The process design is optimized independently for each slurry 

 Each slurry presents an optimum for the maximal solid mass fraction in the process 

 Energy efficiency mainly depends on melting temperature 

 


