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To help the fight against climate change, the Kigali deal has
planned to eliminate hydrofluorocarbon’s use (HFC) in in-
dustrial systems. HFCs are powerful greenhouse gases with
a high global warming potential. Moreover, HFCs are com-
monly used as a refrigerant within secondary refrigeration
processes for cold production. A solution to limit their nega-
tive environmental impact would be to reduce the amount of
HFC by using a phase change slurries (PCS) in the second-
ary loop. A PCS is composed of solid phase change particles
(solid-liquid) in a liquid transportation phase. Clathrate
hydrates are crystalline particles where gas molecules are
trapped in water cages. Due to their high energy densities,
hydrate slurries, in particular CO, hydrates, are relevant two-
phase secondary fluids because they enhance the energy ef-
ficiency of secondary refrigeration systems. In this study,
the rheological behaviour of CO, hydrate slurries in various
experimental conditions on a dynamic loop for cold distribu-
tion was investigated. An exhaustive state-of-the-art rheolog-
ical study of hydrate slurries in aqueous solution has pointed
out that hydrate slurries are non-Newtonian fluids. However,
the rheological behaviour could be different for the same kind
of hydrate slurry according to the literature. Moreover, the lit-
erature review also highlighted that the most used measure-
ment method for the apparent viscosity is the capillary vis-
cometer. We used a semi-empirical Herschel-Bulkley’s model
for determining the apparent viscosity of the CO, hydrate slur-
ry as a function of the hydrate slurry fraction. This work is pri-
mordial for designing and sizing a new efficient refrigeration
system based on this innovative material.

Keywords: CO,, hydrate slurries, rheology, dynamic loop,
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INTRODUCTION

Indeed, it is responsible for approximately 8% of
greenhouse gas emissions. To reduce this negati-

In many industrial fields the production of cold is
primordial, especially in agroalimentary, chemis-
try or transport. Producing the necessary energy
for refrigeration has a real environmental impact.

ve impact, the problematics has been discussed
during international protocols, such as Kyoto
in 1977 or Montreal in 1985 and more recently
at Kigali in October 2016. The need to find new
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refrigerants, neutral for the environment is an ur-
gent matter.

Secondary refrigeration is a method that con-
sists of using an environmental neutral fluid for
the transport of cold in order to reduce the use of
hydrofluorocarbon that has a negative greenhou-
se effect. Two-phase refrigerants (solid-liquid) are
relevant because of their energetic density higher
than single-phase refrigerants thanks to the latent
heat in melting. These refrigerants are composed
with phase change material (PCM) as solid par-
ticles in a liquid transportation phase. The most
common phase change slurry (PCS) used in the in-
dustry is ice slurry. However, an important amo-
unt of energy is lost by the mechanical processes
needed with ice slurries. Relevant two-phase re-
frigerants for secondary refrigeration are hydrate
slurries formed by hydrates crystals in aqueous so-
lution [1].

Hydrate clathrates are caged structures formed
from water molecules connected by hydrogen
bonds. A guest molecule (CO,, CH, ...) is trapped
inside the clathrates cages that suits the molecu-
le size. CO, hydrates have a higher dissociation
enthalpy (550 k] kg ' or 374 k] kghydmte*‘) [2]
than water (333 kJ kg™). To form hydrate slurry,
the suitable temperature is more than 273 K, which
is in the range of temperature for refrigeration
application such as air conditioning, cold produc-
tion for fridges, etc.

To use hydrate slurries in refrigeration appli-
cations, good fluids conditions at the pressure and
temperature equilibriums are required. In order to
get those conditions, multiple studies have been
made to understand the kinematic and rheological
behaviour of CO, hydrate slurries.

During the last decades, lots of rheological stu-
dies to determine hydrate slurries behaviour have
been carried out. Different methods have been
used to define the rheology of this refrigerant. De-
pending on the chosen equipment, the study phase
(aqueous, organic or with additives) and the me-
thod, diverse behaviours of hydrate slurries have
been found. In previous works, CO, hydrate slur-
ries have been studied in aqueous phase [3-7]. HC
hydrate slurries are usually studied in an organic
phase [8-19]. Viscometer methods to categorize
the behaviour of the slurry can be of several types:
capillary, rotating, magnetic or plate. The most
used one in rheological studies is the capillary

viscometer method (describe in paragraph 2.3).
Ovyama et al. [3] have characterized the dynamic
viscosity of CO, hydrate slurries in aqueous pha-
se as increasing before nucleation starts and then
decreasing. In 2008, Delahaye et al. [4] have per-
formed rheological study of CO, hydrate slurries
in aqueous phase using the capillary viscometer
method by which they have defined the slurries’
behaviour as Ostwald-de Waele shear thickening,
Hershel-Bulkley shear thinning and with an appa-
rent viscosity from 4 to 42 mPa s. A few years later,
Jerbi et al. [5] tested CO, hydrate slurries in a diffe-
rent system and described the fluid’s behaviour as
Ostwald-de Waele and shear thinning.

To characterise the fluids, Clarke and Bishnoi
measured CO, hydrates particle size distribution
with a focused beam reflectance method (FBRM)
probe [20]. Their results show that the chord leng-
th and diameter variate between 0 and 18 microns.

To work with CO, hydrate slurries, the forma-
tion of these hydrates happens at a pressure higher
than 1 MPa. The addition of promoters, as quater-
nary salt is a solution to reduce the equilibrium
pressure. Previous studies revealed that TBPB (te-
tra-n-butylphosphonium) can be an effective pro-
moter [21]. Indeed they have the ability of being
stable at the atmospheric pressure.

This article presents the rheological research
of mixed CO, and TBPB hydrate slurries carried
out on a dynamic loop. The behaviour of hydrate
slurries is measured with the capillary viscometer
method.

MATERIALS AND METHODS

Dynamic loop

During precedent studies [7, 15, 22], a dynamic
loop (Fig. 1) was used to characterize rheological
properties of hydrate slurries. The loop is com-
posed of stainless steel pipes with an internal di-
ameter of 8 mm and a thickness of 2 mm. The to-
tal length of the loop is 2 m. The loop is placed
in a thermo-regulated by PID cold room, equip-
ped with a control opening. The loop is equipped
with a visualisation glass tube, with an inner vo-
lume of 3 10~ m’® for detecting the formation of
hydrate particles. The liquid is flowing thanks to
a pump (AxFlow GC-M25) that has a maximum
flow rate for pure water of 0.08 m*h". The device
is also composed of a differential pressure gauge
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Fig. 1. Scheme of the dynamic loop

(ABB 265 DS, up to 0.02 MPa, +0.04%), placed
on a straight line that measures the pressure drop
due to the fluid flow. The maximum pressure in-
side the loop is kept at 3.5 MPa by a safety val-
ve that frees gas above this maximum pressure.
The loop is equipped with 6 T-type thermocouple
(£0.3 K) and 2 pressure gauges within a range of 0
to 5 MPa (accuracy 0.05%).

The materials used for this experiment are
water, TBPB salt, and CO, gas that is injected in
the loop, as described in the following paragraph.

Protocol for gas injection

After filling the loop with water, the tempera-
ture is decreased to the minimum conservation
temperature. Once the temperature is reached,
the loop is injected with gas. In order to control
the injection of CO, inside the loop, a syringe
pump (1000D ISCO) is used. At first, the syrin-
ge pump, which is a cylinder of the volume of
1000 cm?, is filled with gas. By knowing the pres-
sure, temperature and volume inside the cylin-
der, we are able to calculate with the real gas
equation the number of CO, gas moles inside
the syringe pump. The pressure inside the sy-
ringe pump decreases once the gas is injected
in the loop. As the volume and temperature of
the cylinder are constant, the number of CO, gas
moles injected inside the loop can be calculated
by the difference between the number of mo-
les when the pump was filled and the one after
the injection.

Capillary viscometer

Rheology allows us to determine the fluid flow
properties and study the deformation of the fluid
subjected to stress. Fluids are classified into two
principal categories, Newtonian or non-Ne-
wtonian fluid. If shear stress has an impact on
the fluid viscosity, the fluid is called non-Newto-

nian. Otherwise the fluid is Newtonian, as water’s
viscosity is independent of shear stress.

Non-Newtonian fluids behaviour indepen-
dent of time can be classed as pseudoplastic or
shear thinning, dilatant or shear thickening,
Bingham or Herschel-Bulkley, depending on
the influence of the yield stress. To describe
the behaviour of these fluids, we use the Bin-
gham generalized model:

-1, =ky,

where T is the shear stress (Pa), y is the shear rate
(s7), T_is the yield stress, k is the fluid consistency
coefficient (Pa.s"), and # is the behaviour index.
If n is different from 1, then the fluid is non-Ne-
wtonian. On the contrary, if n = 1 and t_= 0, then
the fluid is called Newtonian.

For the dynamic loop presented, the expe-
rimental method that will be used to determine
the fluid’s rheogram is the capillary viscometer.
In order to apply this method, some hypotheses
were taken. The fluid is incompressible; the flow
is laminar, with no-slip and no heat condition to
the walls. With the balance equation, we can use
the generalized form of Rabinowitsh and Moo-
ney’s equation. The shear rate can be expressed
with the shear rate at the walls:

9
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where Q is the volume flow (m’.s™), R is the pipe
radius (m), v, and T,, are, respectively, the wall
shear rate and shear stress at the walls. The shear
stress is calculated as a function of the experi-
mental data obtained for the pressure drop AP.
The pipe length is called L and its diameter D:
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The shear rate is expressed as a function of
the flow rate

Ir= D(4nj

Thus, the index n can be determined as follows,
from the experimental data:

d lnlgl]dj
D

The apparent viscosity is expressed as the ra-
tio between the shear stress and the shear rate at
the walls:

L. (6)

P
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RESULTS AND DISCUSSION

Liquid water in the dynamic loop

In order to verify the proper accuracy of the me-
thod and the equipment, the first experiment was
carried out on liquid water. As the water behav-
iour is known as Newtonian at 274 K and under
atmospheric pressure.

At a different flow rate (from approximately
251h™ to 80 | h™'), temperature inside the loop
and pressure drop were measured. To find the be-
haviour index and thus to characterise the fluid,
the method of capillary viscometer (as described

in the precedent paragraph) was used. The behav-
iour index obtained with experimental data was
around 1, as it should be for a Newtonian fluid.
Moreover, the yield stress T_Wwas equal to 0.

Mixed CO,-TBPB hydrate slurry

The experiment was carried out in the system de-
scribed on paragraph 2 with tetra-n-butylphos-
phonium bromide (TBPB) and CO, gas injected
in a cold liquid (in our case, the liquid is water).
TBPB is quaternary salt used for gas separation
and cold transportation. TBPB hydrate can trap
a small gas molecule, such as CH , or CO,. More-
over, TBAB hydrate slurries are already used as
a secondary refrigerant in various air-condition-
ing systems [22].

The temperature of the water in the loop is about
10°C and the pressure studied is about 12 bar. In
the slurry, three different volume solid fractions
were formed: we tried to compare the experimen-
tal rheological behaviour of mixed TBPB-CO, hy-
drate slurry with the ones found in the previous
studies. By using the experimental data of the dif-
ferential pressure and the flow rate, we were able to
describe the behaviour of the slurry.

First, the behaviour index n is found with
the experimental data. The method is represented
in Fig. 2. The behaviour index is determined by
the slope steering coefficient for each volume sol-
id fraction. For a solution with mixed CO,-TBPB
hydrates, the behaviour index is really differ-
ent from 1, which characterize these slurries as
non-Newtonian.

35 *14.20%
= 16.40%
y=0.251x+ 1.690 11.50%
30 - /
y =0.3786x + 0.2839
—
3 25 -
a
<
Q
2.0
5 y = 0.363x — 0.654
15 4
Fig. 2. Determination of the beha-
10 ‘ viour index n of a mixed CO,-TBPB
5 6 7 hydrate slurry for differentvolume
Ln (8u/D) solid fraction
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For the cases with 11.50% and 16.40% vol-
ume fraction, there are only two points to draw
the line. In these cases, the hydrates are not suf-
ficiently stable. Indeed, the agglomeration of
the particles happens too fast to allow more read-
able experiments. However, the error of each
point is less than 5% and is based on the numer-
ous experimental data that have been carried on.

Figure 3 presents the behaviour index n evo-
lution of the mixed hydrate slurries of CO, and
TBPB for a volume hydrate fraction from 0% to
16.4%. The index is decreasing as the volume hy-
drate fraction is increasing, which characterize
the fluid as pseudoplastic. For 0%, the behaviour
is significantly above 1, which presents the fluid
as non-Newtonian.

The evolution of the consistency coefficient k is
presented in Fig. 4 with a comparison with some

previous works on TBPB hydrate slurries [1] and
CO, hydrate slurries [2].

The coeflicient becomes more than 1 above
15% of the volume solid fraction.

As for other results in the literature, the Ost-
wald-de Waele behaviour is obtained as the yield
stress is considered equal to 0. The apparent vis-
cosity law is expressed as a function of the volume
solid fraction:

B, = 5:0.107exp(52.78 - @ )y 13 w1037 (7)

Figure 5 is a comparison of the apparent
viscosity obtained with the model and the one
obtained with the experimentation. The model
describes precisely the experimental values.
However, the fluid behaviour changes depend-
ing on the volume solid fraction, and it can be

Fig. 3. Variation of the behaviour

index n as a function of volume
hydrate fraction
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Fig. 5. Apparent viscosity of the mixed CO,-TBPB
hydrate slurries

discussed. It is difficult to explain the shear thick-
ening behaviour of the slurry without hydrates
and the change of behaviour when the volume
fraction increases.

On Fig. 6, the variation of the apparent vis-
cosity of simple and mixed hydrate slurries for
a volume solid fraction between 0 and 16% is
presented. The shear rate is fixed at 400 s and
compared to the results obtained for CO, [2],
TBPB [1] and CO, with SDS (Sodium Dodecyl
Sulphate - anti-agglomerate surfactant) [3] hy-
drate slurries. The simple hydrate slurries (gas
or salt) exhibit a conventional shear-thinning
behaviour. Their apparent viscosity increases
when the solid fraction is greater because the re-
sistance of the flow increases due to the stronger
particle-particle interactions. The mixed hy-

drate slurry also behaves as a shear-thinning up
to 12% vol. with very reasonable viscosities and
close to those of the CO, hydrate slurries alone.
Beyond this, the viscosity increases rapidly. At
low shear rates, the flow velocity is too low to
ensure good homogeneity and sufficient disper-
sion of the hydrates in the slurry. Agglomeration
phenomena occur and the apparent viscosities
increase to reach very high levels. The addition
of gas to the simple hydrates of TBPB appears to
increase markedly and to amplify the agglomer-
ant character of the slurry. The addition of a ki-
netic inhibitor is therefore necessary to main-
tain easy flow conditions. Finally, these results
call into question the hypothesis of considering
the yield stress as null, in particular beyond
the solid fraction of the slurry of 15% vol.

20 1 —— o, hydrate slurry (Jerbi et al., 2013)
18 | — TBPB hydrate slurry (Clain et al., 2012) .
16 { *© CO,+TBPB hydrate slurry (present work)
144 — CO, + SDS hydrate slurry (Qignet et al., 2017)
—~
w
< 12 4
=¥
& 10 A
N
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<
=
6 -
4 4
2 - . .
0 T T T
0 0.04 0.08 0.12

Volume hydrate fraction, ¢,

0.16

Fig. 6. Comparison of the apparent viscosities of hydrates
slurries for a shear rate at 400 s
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CONCLUSIONS

A lower equilibrium pressure and higher tem-
perature make mixed CO_-TBPB hydrate slurries
a good phase change material for cold storage ap-
plication.

The behaviour of the mixed hydrate of CO,
slurries in the presence of TBPB was studied in
a dynamic loop with a capillary method. The slur-
ries were characterised as non-Newtonian and for
the presence of the volume solid fraction, the be-
haviour of the fluid becomes shear thinning.
The apparent viscosity of the mixed hydrate slur-
ry follows the Ostwald-de Waele law. However,
beyond the solid fraction of 15% vol., the appar-
ent viscosity of the slurry increases significantly
and reaches very high values. The addition of an
antiagglomerant agent may then be necessary to
maintain proper flow conditions. This study must
be followed to obtained more results in order to
approve the model developed. Moreover, differ-
ent volume solid fractions can be studied (above
16.4% vol.).
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CO, HIDRATUY SUSPENSIJOS PANAUDOJIMO
ANTRINIAM SALDYMUI REOLOGINIAI
TYRIMAI

Santrauka
Kovojant su klimato kaita, vadovaujantis Kigalio susi-
tarimu, planuojama apriboti hidrofluorangliavande-
niliy (HFC) dujy naudojimg pramoninése sistemose.
HEC yra Siltnamio efektg sukeliancios dujos, galincios
turéti didele neigiamga jtaka klimatui. Be to, HFC dujos
dazniausiai naudojamos kaip Zemos temperataros $al-
tinis $al¢io gamybai antriniuose $aldymo procesuose.
Neigiamg poveikj aplinkai buty galima apriboti su-
mazinant HFC dujy kiekj naudojant faziniais virsmais
pasizymincias suspensijas antriniame kontiire. Fazinio
virsmo suspensija yra sudaryta i§ kietos agregatinés
busenos daleliy (kietasis kiinas-skystis) skystoje trans-
portavimo fazéje. Klatrato hidratai yra kristalinés
dalelés, kuriose dujy molekulés jstrigusios vandens
kristaluose. Dél didelio energijos tankio hidrato su-
spensija, ypa¢ CO, hidratai, yra svarbis dviejy faziy
antriniai fluidai, nes jie didina $aldymo sistemy efek-
tyvumg. Siame darbe buvo tiriamas CO, hidraty su-
spensijos reologinis elgesys esant jvairioms salygoms
dinaminéje $al¢io pernesimo sistemoje. I$samus hidra-
to suspensijy reologijos tyrimas parodé, kad hidraty
suspensija yra neniutoninis skystis. Tac¢iau literataro-
je aprasoma, kad tos pacios rasies hidraty suspensijy
reologinis elgesys gali buti skirtingas. Be to, literattiros
apzvalgoje taip pat pabréziama, kad dazniausiai nau-
dojamas klampos matavimo prietaisas yra kapiliari-
nis viszometras. Autoriai naudojo pusiau empiriska
Herschel-Bulkley modelj, skirtg nustatyti CO, hidraty
suspensijoje esamg klampumg kaip hidrato suspensi-
jos frakcijos funkcija. Sio darbo rezultatai leis sukurti
naujg efektyvia $aldymo sistema.

Raktazodziai: CO,, hidraty suspensija, reologija,

dinaminé kilpa, antrinis $aldymas



