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Abstract. This study is a preliminary work of a global pmaijeaiming at a new clean recrystallization /
fractionation process of cocoa butter (CB) assistedupercritical C®(SC-CQ). The knowledge of properties
of the SC-CQ@/ CB system such as reciprocal solubility of thedoy system, density and viscosity of phases
appears to be a pre-requisite for this study. Tteeaglack of such thermophysical properties inlitieeature.

In this study, we focus on viscosity measuremesmtsch were carried out at 313 and 353 K and pressaf 0.1
up to 25 MPa. The experimental procedures weredatdd with CB viscosity measurements at atmospheric
pressure with a rheometer, for which literatureadate available [1]. In a first step, we made dgnsi
measurements, using the vibrating tube princip]e TBis volumetric property is crucial to determipeecisely
the viscosity. Lastly, we carried out high pressuiseosity measurements in a new device, spedi@bigned to
perform these experiments. The procedure usingitippler viscosimeter principle is based on the taoimg of

a falling aluminium ball in a glass tube placedaimigh pressure vessel equipped with sapphire wiad@he
determination of the terminal velocity of the hallthe melted media allowed deducing viscosity sTWelocity is
obtained by the analyses done on the images @tadpieed digital video camera, with a software ezl with
Matlab®. CFD calculations by finite elements methods w@dmsof Multiphysics were carried out to determine
viscosity and corroborate results obtained wittingpéified model. Indeed, this model based on thestderation
of a falling body in an infinite tube and in a noompressible Newtonian medium at rest, is in agezerwith
CFD calculations. The density of GGaturated CB increases with pressure whereas iftesity decreases
because of the higher G@issolution in the melted medium, previously meadwsing a gravimetric procedure
in the same operating conditions. Furthermore, viseosity decreases also with increasing tempezatife
compared and discussed our results with those aiteveet al. who performed density and viscosity
measurements using a vibrating quartz viscosinfigter
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1. INTRODUCTION

Supercritical fluid processes are technologies laancand efficient alternative to conventional
methods in several fields such as extraction, allyzation, chromatography, material processing Tje
supercritical carbon dioxide is commonly used aaddmes a solvent of choice for food processing and
pharmaceutical industries, because of its non ityxdnd its moderate critical properties (critipagssure:
7.38 MPa, critical temperature: 304.35 K). In aiddit the knowledge of vapour-liquid equilibrium and
thermophysical properties as densities and videssidf binary mixtures over an extended range of
temperature and pressure are necessary for praesigg. Cocoa butter (CB) is used in the manufagur
of chocolate and may have other potential appbaoati It is a complex natural compound composed of
different types of triglycerides (TG) whose propams vary according to the origin of the CB. Thigdy
is the preliminary step of a study aiming at a ré®an recrystallization / fractionation procescotoa
butter (CB) assisted by SC-GGsupercritical crystallisation of CB has alreadyeb described [3] while
its fractionation has not yet been fully exploredugh Bhaskaet al [4] were the first to show that it was
feasible. They used the difference of solubilitysiG-CQ of the three predominant triglycerides contained
in CB. This work as any other process design reguihe knowledge of properties of the SCQOB
system such as reciprocal solubility of the binaygtem, density and viscosity of phases. They are
necessary to go further in the understanding ofptienomena implied in the processing of lipids., Yet
there is a lack of such thermophysical propertiethe literature. In this work, we describe a ndghh
pressure viscosimeter based on the principle ofaffiag body viscosimeter. This study has beeritéoh
to the heavy phase composed of molten CB satureie8C-CQ and for which we carried out
experimental and modelling work of the densityto$ phase [2].

2. MATERIALS AND METHODS

2.1. Materials

Cocoa butter was obtained from Gerkens Cacao (Woffime Netherlands) and was already used by
Venteret al [1]. Carbon dioxide (purity 99.995 %) was purathérom Air liquide S.A. (Paris, France).



2.2. High pressure viscosimeter and experimental proceds

A schematic diagram of the viscosimeter is showhign 1. The apparatus has been designed to carry
out investigations under high pressure and highp&ature, respectively up to 44 MPa and 473.15 K.
The stainless steel autoclave with a capacity ®1.2(Top-industrie, France), was previously loadetth
melted CB and heated to the desired temperatuig.euipped with eight sapphire windows (SW) for
visualization purpose using a lighting device antligh speed digital video camera (Photron, USA)
connected to a computer. Liquid €®as pumped with a high pressure membrane pumpgLErance)
and preheated by a heat exchanger (Separex, Froeftee flowing into the autoclave equipped with a
mechanical stirrer (Top-industrie, France). Thersydnge pump (Model ISCO 100HLX) previously
filled with melted CB and operating in the same perature conditions than the autoclave, was used to
adjust the level of the liquid phase (becausesoéipansion) so as to immerge totally the glass.tlihe
pressure and temperature set-up of the viscosimeter kept constant within +0.1MPa and +0.1K.
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Fig. 1 Scheme of the viscosimeter. a and b: openagj principle of the ball distributor

Once the equilibrium is reached, stirring is stappad viscosity measurements are performed ataminst
pressure and temperature. Measurements consistamding through a sapphire window (SW3) the fall
of an aluminium ball (2 mm diameter) in a glassetyB.1 mm diameter and 20 cm length). The ball
distributor (ball capacity: 60) allows to releasal® one at a time by means of an electrical inmpaols
given to the solenoid (Fig. 1(a), 1(b)). The fiosil is not considered and ensures the homogeoizati

the tube, taking into account the narrowness ofttbe even if the whole volume in the autoclave has
previously been homogenized during 24 hours. Thaital velocity values are obtained by the analyses
of the images of a high speed digital video, wito&ware developed with the Image Processing Tmolb
of Matlab’.

2.3. Viscosity calculation

2.3.1 Simplified falling ball model

This simplified model allows determining viscositgm the falling ball velocity and the fluid densit
measurements. In order to be used in the wholeerahgperating conditions, these experimental diessi
were previously correlated to an empirical modekhres modified Tait equation. We checked that ball
velocity is constant and reproducible at a giveaspure and temperature. Furthermore, from visual
observations, the fluid flow in the tube seems ¢osimilar to a Poiseuille-type flow. The open sgste
considered is the internal volume of the tube witd exclusion of the ball, as it is shown in Fig. 2
(hatched part).

Furthermore we consider the relaxation timg, (which corresponds to the time for the ball to
approach its terminal velocity, such as:

_ 2p(R

Oy
whereR, is the tube radius (m) ang is fluid viscosity (Pa.s). For the CB experimewts compared its
maximal value (0.3 s) to the minimal time of f&0(s) - defined by the tube length (0.2 m) divitgdhe
terminal velocity. That is why we can considereasly flow for the fluid inside the tube.
According to the momentum balance for the flui), (the forces exerted on a volume of fluid are the

pressure forces (2), gravity forces (3) ani visdaason forces (4), such as:
”Spf\"/(v [H)dS= jjs— P HdS+ mvpf gdv + jjsav mdS
1) 2 3) 4)
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For which:
- S is the surface of the considered system conspofsur domains, such ag:= S,US,USu.USu
- vis the velocity of the fluid (m3

- Pis the pressure of the fluid (Pa)
-J:V is the viscous stress tensor (N)m

- Vis the internal volume of the system*m

- p is the density of the fluid (kg.f) at given pressure (MPa) and temperature (K),raeted from the
modified Tait equation [2] such as:

with  B(T)=B,+B, [T +B, T?
0, (T,P)= p(TB'F_)?)_‘_P (T) o ! 2
1-cin/ (BM+P)
B(T)+ P,
In which parameters are given &s: 0.0505;B,= 791.54960B,= -5.112478,= 0.00847P,=0.1 MPa
t Se
§ =2MR 0,
Téz Sb Vt =M th DL!
S,
Ss

Fig. 2 Representation of the system considered ftiie simplified falling ball model

o Term (), corresponding to “In-Out” mass balance, is cdesed to be null because of the following
hypothesis:

- v is null on the tube surface,

- The ball does not roll, thus the fluid velocity (m.s?) is identical on the surfac®, and equal to the
velocity of the ball,:

vy =-v, 8,

-The vertical component of the velocity distributj@ [, is identical at the entrance tuli)(and the exit

tube &).

which leads to:
@ = [, (w8 )(we, Mds = p,vie, (&, Tffrids) =0

o Term @), corresponds to the pressure stress balanceasuch

@ =[P dS+[] -PU-€)dS-FR -F(} =(R-R)S, -F [} -F(} = (0, 0L) &, - F(? -F(}

whereL, is the length tube (m) in the hydrostatic pressem. £ and (") are respectively, the pressure
forces exerted by the fluid on the tube and orbtile However, the resultant gf® is null because of the

axisymmetry hypothesis. Moreover, we consider om ¢ntrance surfacg&. (and respectively on exit
surfaceS) that the pressurB, (and respectivelys) is uniform, constant and equal to the hydrostatic
pressure in the fluid supposed to be motionlessideiof the tube. Then:

(G ——

ydrostate

o Term @), corresponds to the gravity forces balance, sisch
@ =-p&, (v, -V,) whereV, is the ball volume ().

0 Term @), corresponds to the viscous forces balance, asich

(@ =[] o, mds+ [[_o, HdS-F Y -F) =-F) -F ()

where g and g are respectively, the viscous friction forces ety the fluid on the tube and on the
ball. It is supposed thaf, mJSE -0, Eﬁls;



Finally, the momentum balance for the flukg) (s reduced to:
v, &, - [ff(lpk)n - [ff(\//k)n - [ff(\lli) =0

According to the fundamental principle of dynam(ES) applied to a ball which falls at constant velgcit
without rolling:
0=p,9V, & -F® -FY) where g, is the density of the ball (kg

Thus, the combination oE] and E’) leads to:

'Ef(\l/l) ==(p, PV, [E,

As a first approximation, the fluid flow is a Paigée laminar flow (low Reynolds number).
Consequently, the flow disturbances near to thé dmi be neglected because of the geometric ratio
between the ball diameter (2 mm) and the length {Gk2 m). In this way:

HR‘YRH=27RLtD%pfv§Df with (-2 and Re=72pf;fbvb

wheref is the friction factor for a laminar flovReis the Reynolds number afi is the ball radius (m).

Thus, after simplifications, it leads to:

P - L
fmod ~ g L o,

This model allows to evaluate the viscosity of filuél Ht o 10 initialise CFD calculations of the falling
ball for the a more efficient valug; .

2.3.2 A more efficient falling ball model

Falling ball was modelled using Laminar Navier-S&sknodel implemented in commercial software
Comsol® Multiphysics 3.4. CFD calculations wererigat out in the ball reference (Fig. 3), considgrin
an unsteady and axisymmetric flow wigh = ¢ for t=0.

“I5)
Fig. 3 Representation of the system considered ftine CFD falling ball model

The Partial Differential Equations (PDE) systenthis 2D geometry is formed by the Laminar Navier-
Stokes and the continuity equation for a Newtomiad incompressible fluid:

pf%/"'lof(ElDV)V=_[|P+:uf|jz\7+'f

(O =0
whereF is the volumetric force exerted on the fluid.

The problem is solved in the accelerating referesyséem of the ball. In this system is such as:
Fo==p.(,+[g) andF, =0
in which the acceleration of the bal] is described according to the fundamental prinaildynamics
such as:

my, =(FQ+mage, ~ With  FQ=FR+F @)
where g is the total volumetric force (viscous and prespererted by the fluid on the ball described by
the following integral:

Fm :”s,, APl + , OV + (CV)" d9) with [ identity matrix

Boundary conditions are imposed on the boundathietonsidered system as it is shown in Fig. 3.
o Boundary(1), representing the ball surface on which therenis-alip condition:v =0,
0 Boundary(2) and(6), representing axial symmetry of the tube,



0 Boundary(3), representing the entrance tube. It is an opendrny with a fixed pressure,

0 Boundary(5), representing the exit tube. It is an open boundath a fixed pressure equal to the
pressure of the boundaf¥) increased by the hydrostatic pressure due tcetigth of the tube,

0 Boundary(4), representing the internal wall surface of theetuh the reference system of the ball,
this wall has a vertical velocity which is calc@dtat each time step by the integration of the QDE

For each CFD calculations, the initial value of thed viscosity is estimated by the simplified nedd
value and auto-adjusted with an iteration loopluhé ball velocity converges on the measuremelieva

2.4. Validation of the experimental set-up

Rheological measurements were achieved with a dignestational rheometer (Haake Rheostress
600, Thermo electron, Germany) with cone-plate ggom(1° angle cone and 60 mm diameter). CB
viscosity was measured for temperature ranging fBir8.15 to 353.15 K at atmospheric pressure and
compared with results obtained with the Fallingl B&B) viscosimeter and the literature data [1]. BB
Newtonian fluid and its viscosity decreases exptalywith temperature (Fig. 4).
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Fig. 4 Comparison of the measured and literature Vaes for the dynamic viscosity of CB as a
function of temperature at atmospheric pressure

Uncertainty in CB viscosity measurements is +1 %tfee FB viscosimeter and the absolute average
deviation (AAD) with measurements obtained with theometer is 4.5 %.

3. RESULTS AND DISCUSSION
Viscosities were measured for SC-£€aturated CB mixture for pressures ranging froint6.25 MPa at
313.15 and 353.15 K and compared to the resultsired by Venteret al. who performed viscosity
measurements using a vibrating quartz viscosingeigrs(a), 5(b)). The viscosity decreases expoa#ti
with the pressure.
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Fig. 5 Comparison of the measurements and literate data for the dynamic viscosity of SC-CQ
saturated CB at different pressures and at 313.15 Ia, ¢) and 353.15 K (b, d) and representation of
the simplified and the numerical models (e, f)



The magnitude of decreasing viscosity is about 98t%13.15 K and 85 % at 353.15 K. The maximal
reduction is reached at approximately 15 MPa asrobd by Venteet al [1]. This tendency is attributed
to the CQ dissolution in the melted media which increaseth whe pressure (Fig. 5(c), 5(d)). From 15
MPa, the weak decrease of the viscosity is linketh¢ slow lowering of the CGolubility. Furthermore,
this behaviour is typical for a binary system inieththe components are Newtonian fluids.

Table 1 Experimental results

T (K) [P (MPa)| v (mm.sY| ps (kg.m®) | B mod (MPa.S)| Hcrp (MPa.s) Confidence interval (mPa.s] R
0.10 0.39 894.97 38.28 45.38 0.84 .02
4.23 0.97 902.88 15.28 18.12 0.75 Q.10
8.45 2.04 909.89 7.27 8.62 0.25 0|43
313.13 10.60 4.15 911.25 3.57 4.20 0.11 1,80
15.90 4.87 920.10 3.03 3.58 0.19 2150
19.93 5.42 925.12 2.72 3.21 0.22 3112
25.22 5.54 930.93 2.65 3.14 0.06 3129
TM)P@W@\Mmmé)ngmﬁumme&$lmmmPaSCmﬂmmemame%s R
0.10 1.44 868.18 10.50 12.45 0.35 0.20
5.26 2.76 873.05 5.49 6.51 0.16 0|74
353.11 10.09 4,71 876.89 3.21 3.80 0.15 2117
15.82 7.45 883.15 2.02 2.40 0.03 5149
19.94 8.70 884.14 1.73 2.05 0.02 7151
24.10 9.27 887.72 1.62 1.92 0.03 8157

u(mPa.s) | p(mPa.s)
P (MPa)| T (K) |v (mm.sY)| pr (kg.m®) | He mod (MPaLS)[ Hcrp (MPa.s) Confidence interval (mPa.s] Re measured by measured b
Rheomoter | Venter et al.

313.15 0.39 894.97 38.28 44.83 0.84 Q.20 43.99 42.0p
323.19 0.55 888.28 27.24 32.29 0.88 Q.74 30.14 29.21
0.10 [333.15 0.78 881.59 19.32 22.91 0.83 4.17 22.11 20.98
343.19 1.03 874.90 14.74 17.54 0.72 5.49 16.54¢ 15.59
353.15 1.44 868.18 10.50 12.45 0.35 1.51 13.0% 12.14

Fig. 5(e) and 5(f) show a deviation between thelipted and the numerical values of the viscositjctvh

is equivalent to 15.6 % whatever the pressure hademperature. Thus, taking into account a cavesct
factor1=1.185, the simplified model is in very good agreetwith the numerical model (AAD=0.12 %).
Indeed, CFD calculations show that state of flowaiminar (Re<10) but there are recirculating loops
between the ball and the tube. Hence, it meanswikatannot consider a Poiseuille-type flow as first
approximation in the simplified model. However, théroduction of2 permits to take into account this
effect and to simplify easily the determinatiortlod viscosity.

4. CONCLUSIONS

A specific device has been developed for high preswsiscosity measurements of the SC,CO
saturated CB mixture. Our results show a good ageeé with literature data. This falling ball
viscosimeter is a precision tool for the viscogitgasurements under high pressure and temperature
conditions. Indeed, the relative standard deviafR8D) ranges between 0.4 and 3.3 %. Thus, thae is
good reproducibility between repeated measurem&his.precision on measurements is only £3 %. Our
device is now available for further studies abaiieo systems as SC-G@olymer and SC-C&organic
solvent in order to go further in the understandofgthe phenomena implied in the crystallization
processing.
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