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Abstract

A great deal of attention is paid to secondaryigefation as a means of reducing excessively
high emissions of refrigerants (most of which haygotent greenhouse effect) due to leaks in
large cooling units. Among the environmentally midéy fluids that can be used in secondary
circuits for transporting and storing cold, hydraterries offer the advantage of significant

latent heats of fusion associated with good flyidResearch programs have focused attention

on hydrate systems, including GO BPB (tetra-n-butyl-phosphonium-bromide), and eaix
CO,-TBPB hydrates. In addition to feasibility conceresergy efficiency is also a crucial

concern requiring an objective analysis of the imvpments likely to result from these new
materials. A numerical model of secondary refrigjerasystem was built for slurries ranging

from ice-slurry to TBPB-CO2 mixed hydrate slurrieS§he circuit was designed for



maximizing performance under various constrainiatirey to power rate, heat transfer areas,
and flow ability. The effects of phase change kosebn thermal exchanges were introduced
in the model and in the exergy balance. The resalialyzed in terms of exergy losses,

demonstrate the couplings through which kinetiéisi@mces global performance.
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Nomenclature

Usual notationsT{ for temperatureR? for pressure,Q for heat flux, etc.) are not recalled here.

A heat-transfer area ﬁfh
B exergy [J]

COP coefficient Of Performance of the
primary cooling unit

D diameter (hydraulic) [m]

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

u flow velocity [m.s'l]

U global heat transfer coefficient
[W.m2K™Y
x additive concentration in the liquid

phase [kg.kd]
X solid fraction in the slurry [kg.ka
Y component fraction in the solid phase
[kg.kg ]
Greek symbols
X mass fraction in the total flow [-]
¢ solid volume fraction in the slurry [-]
n efficiency (isentropic) [-]
@ volume fraction of solid in the slurry
Indexes
0 initial liquid solutionwater + additive
1-7 pointsin Fig. 1
A additive

C condenser

CD carbon dioxide (C§
cr crystallization

dis by thermal dissipation
E evaporator
eqgequilibrium

f fusion

G gas phase

HX_referred to the corresponding heat
exchangerC, Eor U.

| insulation

in inlet of a HX section

kin by phase change kinetics
L liquid phase

O outdoor air

P slurry pump

PC primary compressor
PCU primary cooling unit
S solid phase (crystals)

T total

U user

vis by viscous friction

W water (HO)



1 Introduction

One of the challenges facing the refrigeration stduis the need for drastic reduction of its
contribution to global warming. Large cooling undse often affected by extensive leaks,
while current refrigerants have a Global WarmindelRbal (GWP) on the order of several
thousand [1, 2]. As a result, this industry as alttontributes up to 8% of total greenhouse-
gas emissions. Research on new refrigerants withGOVP is underway, but one solution
already exists. It consists of splitting large @oglunits into two parts. The first part is the
primary cooling unit itself, whose volume is reduced ascimas possible in order to limit
leakage, and which can thus be contained withiecarical room. The second part is a
secondarycircuit designed for transporting and distributocwd, and in which the refrigerant
is replaced by an environmentally friendly fluidm&ng all potential secondary fluids, a new
class has become the focus of interest: hydrateiedu Clathrates hydrates are ice-like

crystals in which HO molecules form cages around host molecules. Thesemolecules

can be a gas (GHCO,, etc.), or a quaternary salt such as tetra-n-kartylhonium-bromide

(TBAB), tetra-n-butyl-phosphonium-bromide (TBPB); others.Mixed hydrates may also

form, e.g. CQ-TBPB hydrates [3-5]. These solid-liquglurries offer several advantages,

including the transport of latent heat or fluidityloreover, thanks to their wide variety, the

phase-change temperature can easily be adaptedetaldsign application. Readers are
referred to the bibliography given in Part 1 oftktudy [9]. As hydrate slurries are attractive
options for the purposes of secondary refrigerasind cold storage, they have been studied
extensively, particularly with respect to their olagy, thermal properties, and phase-change
kinetics [6-8]. Analysis of the energy performarafesecondary refrigeration systems is the
general objective of this study. A robust analyfssnework was constructed and used for
comparing and analyzing performance obtained wittsetection of slurries [9]. This

framework (described in Section 2) was supplemewni#id the exergy analysis of the system



as a whole (section 3) followed by the introductadrphase-change kinetics (section 4), with

unexpected consequences on performance (Section 5).

2 Thermodynamic framework and process optimization

The thermodynamic system considered herein isltt®bprocess — the primary cooling unit
plus secondary loop — described in Fig. 1. Whetutating in the secondary loop 123451 by
means of pump, the slurry transports the heat extracted fromues’sheat exchanged XU

to the primary cooling unit, i.e. its evaporatéKE, which is located at a distante The

primary compressdPC consumes mechanical power, while the conded¥&s releases heat

outdoors.
L OUTDOOR
UseR e _ HXC\ A\%C
R 0 v
QuEsy” Co ] <{DMMAR\(
HXU SECONDARY;" REFRIGERATIO > :COOUNG

/LOOP R PC|

I

Fig. 1: Schematic of a secondary refrigeration @ssc
123451: slurry loopP: slurry circulation-pumpHXU, HXE andHXC: heat exchangers on the
user’s side, at the evaporator and condenser gfrtheary cooling unitPC: primary
compressorY: throttling valve; 67: return line for gaseous £&ndCg: gas compressor
(when involved)L= distance between user and primary cooling unit.

Four slurries are considered in this study: twaheim include carbon dioxide in the hydrate
crystals and release gaseous,@@on melting. This vapor is separated from therglfiow
at the outlet of thédXU heat exchanger and returns to the crystal geoergtiocess in the

HXE heat exchanger via a specific pipe 67 and a mimmef recompressionCG

compensating for the various pressure drops. Thehamécal energy of the two pumpsand



CG dissipates into heat, which adds to the fl@x entering the secondary circuit through its

thermal insulation. Equation (1) gives the Firstilaalance of the system as a whole:

Q=Q+Q+W+ W+ Wc= QUL+ COP) (1)
where the Coefficient of Performance of the coolingt (COP= Q/\MC) is given by
COP="E Wpcy/( - To).

For the sake of fair comparison, the configurafmmeach case under consideration (one case

= one slurry + one kinetics time constant) is desthaccording to an optimization approach
where the total electrical consumptioty =Wpe + Wp + W5 is minimized under the

following prescribed constraints, whose meaningsdégcussed in engineering terms in [9]:

1. The heat fluxQ, extracted from the user (i.e. the duty of the pss} is prescribed
(30kW).
2. The area of the heat exchangdXE between refrigerant evaporation and crystal

generation in the slurry is prescribed f()m
3. The total area of the two heat exchang#xd) + HXC is given (35rﬁ).

4. The Reynolds numbers lies above 4000 everywheteeitoop tubes and in thdXE, and
above 2500 in thelXU heat exchanger.

In addition, the transport distanteequals 50m, the indoor and outdoor air temperatare

Ty=25°C andT5=40°C, respectively, and the internal Second Laficiehcy of the primary
cycle 7pcy is 0.75.

The four slurries considered herein range fromwed-known ice slurry (codéG) to the
prospective slurry of mixed hydrate with G&BPB (code MH). Their thermo-physical

characteristics vary widely in terms of enthalpyfo§ion, melting temperature, apparent

viscosity, and involvement or non-involvement of {@ee Table 1).



. T, AH 7] Y7}
Code Description f f ¢=0.1 ¢=0.2
P C) | (kIkg) | (mPas) (mPa.s)
Ice crystals in solution of
G monopropylene-glycolx=0.08) 2T 333.6 3.5 45
CcO CO, hydrate in waterR;=3.03MPa) 7.2 374.0 4 9
T8 TBPB hydrateln solution of TBPB 73 204.0 . 17
(%=0.20)
TBPB+CO, mixed hydrate in solutior
MH of TBPB (,=0.20;P5=0.72MPa) 121 223.6 ! 17

Table 1: Description of the four considered slgrieision temperaturg, enthalpy of fusion
AH; (per unit mass of melted crystal), and effectiyaainic viscosities witlg=0.1 andg=0.2
(slurry velocityzlm.él; tube diameter=30mm).

3 Exergy and performance analyses

3.1 Exergy analysis

Like in any thermal process, kinetic energy is fgigle compared to the enthalpy changes

under consideration. Moreover, the phenomena ceraicherein are heat transfers, pumping,
and compression cooling cycle. Exergy is thus @efiby its differentialdb=dh- Ty (s,

whereh ands are the enthalpy and entropy of the two- or tlpkaselow (including the gas
phase when present). As there is no mechanicaiteffeahe heat exchangers, one may write:
ds=dh/ T, whereT is the locaflow temperature. Deriving literal expressions of exdhgxes
and losses is greatly simplified when using theamoof entropic mean temperatugefined

as follows: when a system undergoes a transformatith the enthalpy and entropy changes
Ah andAs, its entropic mean temperature during that tramsédion isT =Ah/ As [10]. The
change of exergy is then simply written d&b=Ah[{1- Ty /Ei'). When temperature is
uniform, i.e. for the heat sourcesTg or T, and for the primary refrigerant &g or T, the
entropic mean temperature simply equBlswith <=0, U, E, or C. The flow temperature,

however, is not uniform along the heat exchande¢xd) and HXE. Two entropic mean



temperatures then aris@iu for HXU and +i51 for HXE. The three equations below describe

the exergy losses in the three heat exchangers.

DBxy = Q [QTO/%4_ o/ TJ) 2)
ABHXE:(QU+Q|+V\b+V‘é)[ﬂB/ E- -B/DJl) (3)
DBrxc =(Qu+Q +Wo+ W+ W [{1- B/ F) (4)

Using the same concepts and the usual entropydwmalarcooling cycles, thimternal exergy

loss in the Primary Cooling Unit can be writtenigeass:

DBpcy =Wec o/ Te+(Qu+ Q+ Wor WI{ B & F 1 (5)
Considering that the heat fluxes related to visdoigtion (dissipation oWy +Wg) and to
imperfect thermal insulation of the secondary dtr(:Q, ) are smaller than the heat extraction

Q, by two orders of magnitude, the corresponding gixéosses may be written with the

simplifying approximation that the correspondingheates would be generatedHXE:
BByis = (Wp + Wg) TTo/ 1y (6)

AByis = Q) E(To / %1‘1) (@)
It will be shown below tha\B,;,; and ABy;,, are by far the smallest in the entire budget and

play no real role in the analysis. Summing up th&geequations leads to the following

balance:

Woe +Wp+ W=~ Qi- B/ T)+ 2.0 B+ Qf /'~ /5  @®
The left-hand side is the total exergy supplieth® system. The first term on the right-hand

side is the exergy delivered by the process touder. The second term sums up the six

8



exergy losses listed above. The last term can tepireted when considering the slurry
temperature during phase change. When phase cbanges with infinitely fast kinetics, the

slurry temperature precisely follows the equililbnitemperature described by the equation of
stateT:Teq(x, Ry) . Combining this equation of state with 1) the tiela between the
additive fractionx in the liquid phase and the solid fractigg in the flow, resulting from
mass conservation, and 2) uniformity of pressuréhenheat exchangers, leads to a unique
correlationTeq()(S), irrespective of the direction of phase changee $isstem then exactly
follows reverse paths during crystallization angidnm, so that the two entropic mean
temperature@m and J@51 are equal: when kinetics is infinitely fast, tlastl term of eq. (8)

vanishes. When phase change proceeds at a fitgearanon-zero driving force takes place

between the actual conditionE, P, x) and those corresponding to equilibrium. Amongeoth

possibilities, this driving force may be statedaatemperature differencel (- Teq). As this

difference takes opposite signs during crystalierea(T <Teq) and during fusion > Tgg),

the two temperature@% and 1$51 are indubitably different, With$51< 34. When also

considering that these two entropic mean temperat@ccount for all the phenomena
involved in the enthalpy and entropy changes, ebiscluded that the last term of eq. (8) is the

exergy loss due to phase change kinetics:

DByin = Qy [ﬂTo/E%r To/ EEA) )
Using QU as the reference heat flux, non-dimensional entuges and exergy losses can be

introduced. They are denoted with lowercase leftestead of uppercase ones according to

w, =W / Q andAh, =AR / QJ . The non-dimensional exergy balance is written as:

Wpc+Wp+ WG:(TO/ TU_1)+ZAb , (10)



with D{ dis, HXC HXE HXU kin PCU v}s The various terms of eq. (10) are interpreted in
the exact same way as those in eq. (8).

3.2 Analysisof performancewith infinitely fast kinetics
Figure 2 shows the four non-dimensional exergy ktglgone per slurry, calculated with the
assumption of infinitely fast kinetics. The totadeegy supplied to the process (symide)
consists of the delivered exergg {g/ Ty —1=0.0503 symbolo) plus the six exergy losses
in play. It reproduces the values of total energgstimptionw; presented in Table 1 of ref.
[9]: the exergy budget is thus correct. The bestop@ance is obtained with the sludyH,

which requires the smallest compression wesk (0.20 compared to 0.27 fuB).

0.3

Total energy consumption
per unit cold production [W/W]

°
N
|

T PC

] dis R —
0.1 1S HXU vis

Exergy rate, produced, lost, or supplied [-]

G—=>© Reversible process

0— T T |
IG co B MH
Slurry

Fig. 2: Non-dimensional performance and exergyyamafor each slurry under consideration
(IG=Ice+MPG,CO=CO, hydrate, TB=TBPB hydrateMH=Mixed TBPB+CQ hydrate) in
thermodynamic equilibrium. The delivered exef@y / Ty —1) (symbolo) plus all the

exergy losses (in the user’s heat exchaky€d, by viscous frictiorvis, by dissipation
through thermal insulatiodis, in the evaporatddXE, in the primary cooling unC, and in
the condensdadXC, respectively) equals the total exergy input (sghv).

10



Beyond this raw result, it can also be noticed thatcurvews (&) very closely follows the
changes of the fusion temperatufg reported in Table 1, and not those Ail; nor of
viscosity. It is moreover well-known that the COPtle primary cooling cycle is highly
dependent on the temperature differefige- Tz. As the evaporation temperatufe from IG
to MH (-2.7<Tg<+12°C) changes in parallel g (-9.5T; <+4.4°C), the slurryMH finally

consumes less mechanical work than the other thnes for the same duty. The exergy

analysis also gives another insight. Figure 2 shibvag among the six exergy losses, the one

that is reduced when changing slurry fré@ to MH is not Ay in the primary cooling

unit, but Abyy, in theuser’'sheat exchanger. Increasing the temperature afritigireduces

the differencel —T; (from 22 forlG to 13K forMH): the heat transfer arég,y, must be

extended accordingly (from 5 to 92)nin order to keep the heat rag;, unchanged

(constraint #1). Increasing heat transfer arepsasisely one means of reducing exergy losses

due to heat transfer, and thus of improving thégoerance of thermal process.

The fact that the exergy loss in the condehf¢€ is not significantly modified from slurry

IG to MH is the result of two opposite trends. On one haémel,improved COP reduces the

heat rate transferred by the conder®ggc . On the other hand, the reduction in heat transfer
areaAnxc (due to the largefx under constraint #3) tends to raise the tempexdigrin
the present case, these two trends practicallyet@ut each other.

The exergy budget also shows tH#i,;; and Abyis are negligible. The general design of the

process succeeds in keeping both pumping pamer heat fluxthrough the insulation at
auxiliary levels. This also retroactively justifiethe simplification mentioned above

concerning these two exergy losses. Finally, it lbarseen that the last three exergy losses

11



Abyxy , Abpc, and Abyxc have similar weights in the budget, as would bgeeted in a

consistently designed unit.

4 Modelling heat transfer with phase change kinetics

The equations describing heat exchanges in a twthree-phase flow, as presented in Part 1
of this study, must be reconsidered in presengehate change kinetics because the systems
departs from equilibrium. This fundamentally changee relation between temperatiirand

solid mass fraction s the two quantities involved in the enthalpy diffetial

dh =c_p T -AH; Odys. (Considering that the pressure drops along thé éechangers are

limited and that they only affect the enthalpy lo¢ gas phase, the mass fraction of which in
the flow is also limited, it is approximated that the prgsscontribution to the enthalpy
differential is negligible). In steady-state and d&bmetry, the transport equation for enthalpy

in the heat exchangers is then written as:

e T_ Xs - _
mtﬁcp% AH dyj (UM)OT - (11)

where U, is the global heat transfer coefficient [in V\'lz.rK'l] between either the primary

refrigerant £=E) or the air-conditioned roome£U), and the secondarffow in the heat

exchanger, and whef@, is the corresponding heat transfer area per ength along the heat
exchanger 1. =dA,x. / dy).

4.1 A general law for kinetics

Active research is currently underway on phase gadmetics in hydrate slurries [11-14] as
well as in ice slurries. Kinetics is a two-fold ugs First, induction, i.e. the time delay before
the very first crystals forms in a subcooled solutiThis rather unpredictable phenomenon is

best avoided in secondary refrigeration systent, @y preventing the solid phase from

12



melting completely so that the remaining crystadsve as nucleation seeds for the next
crystallization. Induction is thus not a concerrthis article where the minimal value for the
crystal mass fractioiX is set to 0.03. Hereirkineticsthus means theate of phase change
once initiated. Phase change proceeds in the kglidl system out-of-equilibrium at a rate
that is related to the distance between the aditete and equilibrium. Equilibrium is
described by the general equation of stRi x, Ps) , where the system temperature depends
on the mass fractior of additive in its aqueous solution (when releyaand on the CO
pressuréPs (when present). During phase change, the systempeteturel departs fromg,
with T<Tg, during crystallization and>Tg, during crystal fusion. Similarly, it can be said
that, for a given temperatufle the actual compositiondiffers from its equilibrium valug,,

defined byTe,(xq Po) = T- Moreover, as the total content of additive in sherry is given

and constant, there is a unique relationship betvlee additive fractiox and the solid mass

fraction in the multi-phase flowys. Consequently, for a given temperatilirghe actual solid
fraction xs differs from that at equilibriumys ey and the difference()(s,eq—)(g also

measures the distance of the system from equitibrivhatever its expression, the distance

from equilibrium is the driving force for phase oige. The ratio betweefXs eq— X 9 and

Xs introduces &inetics time constarttaccording to:

Xs=(Xsedm-x4g/7 (12)
Whenris constant, eq. (12) is a kinetics law of thetforder. It becomes a general law when
r may depend on the actual state of the slurry, @gmicroscopic parameters such as the
number of crystallites per unit volume or theirrdeter, quantities that are beyond the scope

of this study. Herein, only constant valuesrodre considered, but over such a wide range

13



(from 1 to 1000s) that the detailed mechanismsimdtics become less significant than the

effects of that time constant.

In steady-state, the total derivatidys / dy of eq. (11) becomegs/u, whereu is the flow

velocity. Resolution of eq. (11) also requires Keetics law to be expressed in terms of

temperature, i.e. with the temperature differemteTeq) as the driving force for phase-

change. At this point, two cases arise.

4.1.1 Slurries IG and TB, without CO

There is no vapor phase flowing with these slurr@ee thus hady,(x, P) = Te( ¥ and

Xs=X. Once the compositiox, of the initial water-additive liquid solution isvgn, there is a

unique relationship between the equilibrium tempugeand the crystal mass fractignn the
slurry. One pointT, X) describing the system out-of-equilibrium can thesassociated with

two points in equilibrium: Tee, X) and T, X), as shown in Figure 3. The difference

(xs,eqT) — x 5) Of €q. (12) thus can be translated into a tempeeatifference(T - Toq(xs)) -

The rate of phase-change is then writteryas- (T —Teq()(s)) / (Br) , whereg stands for the

partial derivative (aTeq/a)(S)m at constant total mass in the solid-liquid sluriyhe
parameterS is derived by combining the equation of statg(x) and the conservation of

additive between liquid and solif € 0):

[ = (dTeq / dx) {oxaxs) . (13)
Along the heat exchangers, the compositions of lipeid phase and the equilibrium

temperature change according to the amount of sojstallized or melted.

14
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Fig. 3: Description of out-of-equilibrium states the slurriedG andTB in the [T, X) axes.

The two lines (dashed féG, solid forTB) represent equilibrium. One system out-of-

equilibrium @) can be associated with two systems in equilibrftijnone with the same
temperature, one with the same mass fraction ctais;

4.1.2 Slurries CO and MH, with C©O

For these two slurries, the gas pressBgeis a state variable. For th@éO system the
equilibrium variance is one and the equilibrium pemature depends on the gas pressure
alone:T = Teq(Pg) - For theMH system, the equilibrium variance is two, and theation of
state isT = Teq(% Rs) - Carbon dioxide also plays a role in the kinetitse phrasghase

change kineticas given a strict meaning in this article, i.e. @s intrinsic phenomenon

occurring between the solid and liquid phases axobfly. Any transport phenomenon related
to phase change, e.g. dissolution of,df@o water, transport of CQOor of additive in the

liquid phase, or heat transfer by conduction/adeacis assumed to be non-limiting, e.g. due
to efficient mixing by turbulence. Concentratiomglgemperature are thus assumed uniform
in the slurry, and the rate of phase changeis governed by the kinetics law (12). As phase
change equilibrium and distance from equilibriunpel®d on the interactions between the

solid and liquid phases, the governing parametsgstemperature, solid mass fractigg

15



concentrationx of TBPB in the liquid phase (when relevant), amhaentration of CQ
dissolved in the liquid phase. The latter conceinnais described by the solubility of CO,

in the aqueous phase in equilibrium with S@por at pressuré; defined as:

UZ)(CD,L/()(W,LU(CD,L):erﬂ_equ (14)
Combining the equation of statg,(x, Ps) with eq. (14) makes the equilibrium temperature

Te a functon of x and o the differential of  which is

q
dTeq:(aTeq/aa)x Hj0+(6Teq(0>90Ed><. Moreover, the amounts of TBPB and carbon

dioxide present in the liquid phase are involvedhe mass balance invoked by the partial

derivative at constant total maééTeq/a)(S)m = 3. Mass conservation for TBPB and €0

between solid and liquid leads to the two derivei{do/dxs) —and (dx/dxs).,- The

m
expression off can be obtained directly as:
B=(0Teq/00), o0/oxs),+(9Tefox) doxax &,
These four partial derivatives are detailed inAlppendix.
4.2 Enthalpy balance with kinetics

Combining the kinetics lawyg :(T —Teq()(s)) / (Br) with the enthalpy balance (11) leads

to:

nic, - - AH Gﬂ}u.n. -
mtﬁcp dy f Bru qt-T1 (15)

Each heat exchanger is sub-divided into sectionsrevkhe mass fractiofg changes by a

prescribed quantity x5 that is small enough for the various paramete_lg,s, Ur1, B, u) to be

16



assumed constant as well. The equilibrium tempeeafy, governing the phase-change

driving force can be linearized in each sectionoadiog to: Teq = Teq int VX s= X s ik,

where the indein refers to the inlet of the section under consitl@naln this framework, the

problem [(15) plus kinetics law] has a solutiorthie form of:
Xs=T +N\y+3, ,E &MY (16)

and T=Teqin+ VE(F *AY+ T B €M - xs i”) Ay E(A "2t E kéyky) &

where the six unknown parametérs\, E,, E,, 14 et/ satisfy the equations:

AL cy=AH; ) = UM T = Tqin= ¥ 0N = s d =ATAT Y (18)
yI\=0 (19)

ey UBry 07 - ul) nif gy-AH)+ nQpryj+youm=0 (20
M+ B = Xsiin (21)

and A= 21, oMEy = (Tin —Teq in)/(ﬁru) (22)
The temperatur&;, and the solid mass fractigy ;, are prescribed for the first section (inlet

of the heat exchanger), and they are known for @hgr section as soon as the previous
section has been resolved. The length of eachoseyiis adjusted in order to make the solid

mass fraction change by the safyps in each section. For thdXU heat exchanger, the
external temperatur@ is prescribed and the total lendthy, is calculated as the one for

which the values ofs andT at the outlet oHXU are such that return to equilibrium falls on

17



the prescribed valu¥s. The aread,y, is then obtained byAyxy = Lyxy U1y . For HXE,
the heat exchange aréqyg is prescribed and the total length WKE is thus adapted for
equating Ayxe / M g. The external temperatufig: (refrigerant evaporation) takes the value

for which the values ofs andT at the outlet oHXE are such that return to equilibrium falls
on the prescribed valu¢,. The data and formulae used for evaluating the tneasfer and

friction coefficients are described in [9].

5 Exergy analysis of the effects of kinetics on global performance

Figure 4 shows how the exergy budget changes Wwéhite constant, for the two extreme
casedG andMH, respectively. One piece of information shouldno¢ed at this point: the
calculated breakthrough time of the slurry flow either heat exchangédiXU and HXE
(circuit length divided by slurry velocity) is alws of the order of one or two minutes. If
merely considering time -and the fact thegp(-t /7)=0.05 fort =3[%- one would expect a
kinetics time constant of 100s to have a noticeablect on phase change in those heat
exchangers, and thus on global performance. Howesadculations show that the total
mechanical energy consumed by the process is $gatt@nged with7=100s, and increases
by 5% only for7=200s (slurryMH) or 500s (slurryG) and even 1000s with the sluri.
Such values of the time constant are much longan thhat would be expected from the

breakthrough time of the slurry flow in the heatleangers.
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Fig. 4: Effect of the kinetics time constandn the non-dimensional performance and exergy
analysis for the ice sluri{s (left) and for the mixed hydrate slur§H (right). Same legend
as in Fig. 2, plus the exergy loss due to phasegehkineticsKin).

This counter-intuitive result requires a deeperhmim Figure 5 displays the profiles of

crystal mass fractiofys and slurry temperature along the two heat exchang@culated with
r=1000s for the slurrieks andMH. The lack of processed (melted or generated) als/s
clearly shown; it is very significant for the slurMH. However, constraint #1 prescribing
extraction of the heat qu>QJ =30kW from the end user is always satisfied: the veoyvsl

kinetics does not prevent the duty from being figlfi. Indeed, the temperature shift acting as

a working force for phase change (up to 4.8 an& 608 IG andMH, respectively) involves
an amount of sensible heat (18.8 and 23.7k1\].kgspectively) that compensates the lack of
latent heat (-18.3, and -23.4kJ’.%gespectiver). In other words, the temperaturé shat
drives the phase change also reduces the needaeé piinange for a prescribed transferred
heat flux QJ . This temperature shift has other consequenceghwdre specific to each

exchanger.
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Fig. 5: Profiles in the heat exchangers with kiceetime constant=1000s for the two slurries
IG (left) andMH (right): crystal mass fraction (top) and temperesubottom), presented
with a rightward flow in the evaporatbtXE (symbols“3), and a leftward flow itdXU

(symbols=). The indoor and evaporation temperatures (res@dgu ande) are also
reported.

5.1 Crystal meltingin HXU

As a first consequence, the average temperatuierehite between indoor air and slurry is

reduced. When using the values of entropic mearpaeatures, the differencs, - 7,

decreases by 3.3K for both slurries, by 12 and 25% folG andMH respectively. In order

to transfer the same heat flug,, the heat exchange are§,., must be extended
accordingly, i.e. by 0.7 and 3.§mespectively. It results from that area extendiwat the
corresponding exergy los8byy; drops by 13 and 27% fdG and MH respectively, as
shown in Fig. 4. These ratios are fully in line lwihe above-mentioned reduction of the

temperature differencg —%4. This development perfectly illustrates the speityf of the

present approach where the constraints are exahditbased on an engineering point of view.
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If the time constant alone were changed (i.e. with the implicit constrahat all the heat
exchange areas are kept constant), then the heaQf) would also change, and the study

would compare equally sized units but with différeluties. The same design cannot be
optimal for all of them. In the present approachg¢te unit under consideration is sized
according to its own thermophysical characteristidsile fulfilling explicit global constraints

that enable a fair comparison.

The changes described above have another consequkacarea of the condend¢XC is
reduced so that the total amay +Anxc IS kept constant (constraint #3). As the akgac is
much larger thar\,x, its relative reduction is 2 and 13% only, f& andMH respectively.
This area reduction makes both the condenser tetupeif- and the exergy los&byxc

increase, the former by 0.2 and 0.7K, the latteB laynd 12%, fotG andMH respectively. As
the contribution ofHXC to the total irreversibility is weak (11 and 17%spectively), the
effect on global performance ranges from completelgligible forlG to weak forMH. It can

be seen, however, that the cddl with 7=1000s reaches a limit beyond which any further

extension of the ared,y, will have a non-negligible impact of\byxc. This short

development shows how the interaction between coemts and phenomena may operate
and demonstrates the interest of using global aghes to address energy-efficiency

challenges.

5.2 Crystal generation in HXE

When the phase change kinetics slows down, crygéaleration also occurs with a
temperature shift, which is almost symmetrical iattoccurring during fusion as shown in

Fig. 5. However, the ared g is prescribed (constraint #2). Consequently, wihenaverage
slurry temperature decrease@sl( decreases by 3.5K for both slurries), the evapmrat

temperature does as well, practically in paralblebach other (-3.9 and -2.3K respectively),
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depending on the changes in heat-transfer parasnelee evaporation temperature has a
direct influence on the mechanical energy consuimgdhe primary compressor; in the

present framework (prescribed duty and given irgteefficiency), the compression power

rate should be proportional t§Tc —Tg)/ Tg. With the values given above, the ratio

(Tc —=Tg)/ Tg increases by 9.0 and 8.8%, i@ and MH respectively. These figures fully

explain the 8.8% increase in consumed energy fdr bloirries. As when comparing various
slurries, the changes in evaporation temperaturest! entirely account for the observed

changes in energy efficiency.
5.3 A question of temperaturewith various couplings

Figure 6 presents the changes in the entropic rlwraperature@a4 and@51 for both slurries

when 7 changes from 1 to 1000s, and to relate them tother important temperatures with
respect to energy efficiency. As expected, the aetvpe shapes of these four curves
reproduce the changes in exergy losses due toidgndisplayed in Fig. 4. One of these
graphs highlights how thBIXU heat exchanger is affected by the temperaturé ghé to
melting kinetics: for the secondary refrigeratialogess to maintain its duty, the size of this
exchanger must be adapted to the actual valug,cfR,, the relative variation of which
may be significant. The other graph highlights temperature difference that governs the
energy consumption of the procesg — Tg. This temperature difference is much greater
than the former one, its relative variation thumaes weak. This is why phase change
kinetics has a quite limited effect on energy éficy. It is, however, important to stress that
this conclusion holds true on the condition that design of the heat exchangers accounts for

the thermal effects of kinetics.
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Fig. 6: Entropic mean temperaturglg and'f; as functions of the kinetics time constant,
and interpretation with respect to energy efficierieft side: Transfers in HXU are ruled by
the temperature differencgy - %4, represented by the grey vertical arrows. Rigté siotal

energy consumption is mainly governed by the teatpee differencels — Tg (grey vertical
arrows), with the latter temperature following tregiations off, .

6 Accuracy assessment

Some data used in the present calculations arertamceparticularly the viscosity and the
heat transfer coefficients. The dependence of tegemt results on those quantities, as well as
on the latent heat of fusion (often invoked asrapdrtant parameter for energy efficiency)
and the internal efficiency of the primary coolicgrle, has been investigated. The latent heat
and the heat transfer coefficient on the slurrg sittheat-exchange were both changed by the
factors 0.9 and 1.1, the apparent viscosity ofdluery was changed by the factors 2/3 and

1.5. Lastly, a reduction of the primary cycle a#fecy 77pc, by 6% was also tested. The data,

presented in Fig. 7, first show that the resultiiigpersion on the total energy consumption
cannot change the ranking between the four slurfibe qualitative result of this study still
holds: the melting temperature remains the mostential parameter with respect to energy

efficiency. In a second time, among the quantitésted in this section, the efficienggcy
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appears to be the most influential on global eneffigiency. Indeed, most of the energy
consumption of the process is that of the primanmygressor. Reducing the efficiency of the
primary cycle directly increases the latter eneogynsumption by the same proportion,
whatever the slurry. The ranking between slurriesaains the same. Among the slurry
properties, the heat transfer properties are tkeinfuential parameters. Indeed, they have a
direct effect on the evaporation temperature, &edefore on the primary cycle efficiency.

The other properties, latent heat and viscosity tlae least influential ones.

e
w

o
()

wr [dispersion]

| l | |
IG Cco B MH
Slurry

Fig. 7: Dispersion of the calculated valueswpf Closed triangle® with solid line: values of
Fig. 2. Crosses: dispersion obtained with changes in latent haatosity, or heat transfer
coefficients. Open triangle& with dashed line: reduction g

7 Conclusion

All the information shown by the present analysis be summarized as follows. The energy

efficiency of secondary refrigeration with presedb duty depends primarily on the
evaporation temperaturB:, or more precisely on the rati@c — Tg) / Tg, whereTc is the

condensation temperature. These two temperatueegi@rnal temperatures and are highly
dependent on other design parameters. The firghase is the melting temperature of the
selected slurry. This temperature is important bseait creates a link between the
irreversibility due to heat transfer from user tory and the evaporation temperature. This
link explains how a reduction in that exergy los®aly induces a decrease in the power

consumed by the primary compressor.
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Introducing kinetics into the analysis splits thaion of phase change temperature, which is
unique when in equilibrium, into two different efteve temperatures, one for crystal fusion
and the other for crystal generation. The formanperature helps sensible heat to
compensate for the lack of latent heat caused bgtiks. The latter temperature directly

influences the evaporation temperatlige and indirectly affects the energy efficiency loét

whole process via the ratiflc — Tg)/ Te. The irreversibility related to kinetics can be
interpreted clearly when using the notion of enttapean temperature.

Finally, the analysis demonstrates that, from tleevgoint of energy efficiency, temperature

IS more important than time when considering tlieat$ of phase change kinetics.
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Appendix: Partial derivativesin the expression of 8

The total derivatives of the general equation caftestreq(x, P;) and of the solubility

Teq(Teq Po) Of CO, in water are: dTgq = (aTeo/a PG)x [dPg+ (a TedO %PG [d » and

do = (aaeq/aTeq)PG LeT ot (60 e%ap ()’Teq [tP . Combining them leads to:

(A.1)

0| (0Teq/oPe) mPds  (or,y  (9Teq/X)
( Jx_l—(aTeq/aPG)XEdeT ’ [ Ox ja_l—(aTeq/aPG)x[deT

wheredPdsanddPdTare given by:
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-(0g, /6T
dPds= 1 dPdT = (0929 eq)PG

(00eq /aPG)Teq ! (900 /aPG)Teq

The expressions of;, eq. (14), and ok, x=xa /(xaL*Xw,1). lead to the following

relations:

XeoL _oll-x) XaL_xM-o0) _ 4 AwL_({A-x)1-0)
oo A-xv) " x  @Q-xo)’ X (1-xLo)

(A.2)

Mass conservation in the solid-liquid slurry is teen: dy. | +Y. [ys = 0, wheree stands

for CD, A, or W. Combining the latter relation with the first tveguations of (A.2) leads to

the following set of two equations:

(1—x)ma—a[(1—a)tbb<:[\@3 0= X& F+0o 0 x0E Xb jmy(s

(A.3)
~x[{1- X) [do + (1- o) (k= [YA - xo f+ (o & Xb j Ods
A straightforward resolution gives the partial datives:
(9%/0xs), = (Yat x+ XD~ X&) / (1-0) "

(00/axs).,,=(Yep+ o +o DY)~ X&) [ (1- ¥
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Energy analysis of two-phase secondary refrigeration in steady-state operation,
Part 2: exergy analysis and effects of phase change kinetics

Highlights

e Entropic mean temperatures of non-isothermal heat exchangers lead to exergy

e The exergy budget of secondary refrigeration process is fully established

e The exergy loss between user and slurry influences the total energy consumption
e The size of heat exchangers must account for kinetic effects

e Then, energy efficiency is weakly affected by kinetics



