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RESUMEN

Descompresiones muy réapidas de recipientes de alta presion disminuyen la temperatura
de sus paredes por debajo de -10 °C, volviéndose quebradizos. Por ello, la
descompresion podria limitar el tiempo de extraccién en plantas industriales de
extraccion con CO, supercritico (aumentando los costos de produccién). Este trabajo
estudio descompresiones de CO, inicialmente a 30 MPa en un recipiente de 3.96 L
venteado controladamente a través de una valvula de aguja. Esta apertura controlada
evitoé que el CO, formara una mezcla liquido-gas en el recipiente. Las caidas de presion
fueron réapidas al comienzo y al final de las descompresiones, y comparativamente lentas
en el intervalo entre 10-15 MPa, antes que el CO, cruzara la linea pseudocritica. La
temperatura cayd al comienzo de las descompresiones, se mantuvieron estables en el
intervalo intermedio y aumentaron al final. El tiempo de descompresion fue
inversamente proporcional a la apertura de la valvula, y fue menor partiendo a 60 que a
50 °C. La caida de temperatura fue proporcional a la apertura de la véalvula. Al empacar
semillas de rosa mosqueta o frambuesa prensadas o prensadas y peletizadas previamente
extraidas, el tiempo de descompresion dependidé de la porosidad total del sustrato.
Observandose flujo ahogado en el asiento de la valvula, el flujo evacuado depende de su
apertura. Para estimar los cambios en la energia interna del CO, en el recipiente, se
necesita incorporar al balance de energia transiente tanto el calor provisto por el fluido
de servicio, como el calor cedido por la pared del recipiente y el sustrato cargado. Los
resultados de este trabajo sirven para validar un modelo que simule descompresiones de
extractores industriales en funcion de su tamafio y forma, las condiciones de extraccion,
y el sustrato empacado. Los tiempos de descompresion predichos restringirian los
tiempos de reacondicionamiento de extractores en estudios de minimizacion de costos de

produccion.

Palabras Claves: Flujo ahogado; Descompresion; Recipiente de alta presion;

Transferencia de calor; Lecho empacado; CO; supercritico.



ABSTRACT

Fast decompressions of extraction vessels reduce the temperature of their walls below
the —10 °C limit which turns them brittle. Therefore, decompression of large vessels
operating at high pressure may set a lower limit of extraction time in industrial multi-
vessel supercritical CO, extraction plants (thus negatively influencing production cost).

This work studied decompression of CO; initially at 30 MPa in a 3.96 L vessel vented
through a partially opened needle valve. Slow CO, venting avoided a two-phase (liquid-
gas) mixture in the vessel. Pressure drop was abrupt at the beginning and the end of
decompressions, and comparatively smoother within the 10-15 MPa interval, before
CO, crossed the pseudocritical line. Temperature dropped at the beginning of
decompressions, remained comparatively constant in an intermediate period, and
increased at the end. Decompression time was inversely proportional to valve opening,
and was shorter when starting at 60 compared to 50 °C. The initial drop in temperature
was proportional to valve opening. When packing pretreated (either pressed or
pressed/pelletized) and extracted rosehip or raspberry seeds depressurization time was
proportional to the porosity of the packed bed and independent on other properties of the
substrate. Being flow through the needle valve choked, venting rate was determined by
its opening and the physical properties of CO; in the vessel. To estimate the changes in
internal energy of the CO; in the vessel that define vessel wall’s temperature, the heat
provided by the service fluid, the heat yield by the material of the high-pressure vessel,
and the heat yield by the substrate charge need to be incorporated to the transient heat
balance. The results obtained in this work can be used to validate a model of the
depressurization process that could simulate decompressions of industrial vessels as a
function of their size and shape, the extraction conditions, and the packed substrate.
Predicted decompression times would restrict the setup times of industrial vessels in

studies of minimization of production cost.

Key words: Chocked flow; Decompression; Extraction vessel; Heat transfer; Packed
bed; Supercritical CO..



1 INTRODUCTION

Supercritical CO, has a great potential as an extraction solvent, but the profitability of
the industrial process is still questioned (del Valle 2014). Because the solvent power of
supercritical CO; is easily tuned by changing system pressure and temperature, a good
tradeoff between yield and selectivity is obtained (Brunner 2005), but production cost
can be high. Changing operational conditions with the purpose of lowering production
cost (e.g., decreasing particle size, increasing solvent flow rate, increasing extraction
pressure) lower extraction time as well (del Valle 2014; Nufiez & del Valle 2014). On
the other hand, increasing the number of extraction vessels of the plant with the same
purpose of lowering production cost may decrease setup time (the time when the
extraction vessel in an industrial plant is out of the solvent cycle), even if the optimal
extraction time increases (del Valle 2014; Nufiez & del Valle 2014). Finally, because of
economies of scale, production cost also decrease when increasing the size of extraction
vessels (del Valle 2014; Nafez & del Valle 2014). The aforementioned alternatives
reduce the available time for setup, but this could be particularly slow for large
extraction vessels operating at high pressure, exactly the conditions recommended to

reduce production cost (del Valle 2014).

Decompressing extraction vessels may limit setup time because of the limited heat
transfer rate in these systems. The setup of an extractor consists in recovering/venting
the CO, remaining in the vessel after an extraction cycle, replacing the exhausted
substrate with fresh one, and filling the vessel with CO, up to the required extraction
pressure (Eggers & Jaeger 2003). Temperature descends along with pressure during
decompression; temperature drop due to the Joule-Thomson effect in adiabatic
decompressions (Stanley 1998; Reverchon & Osséo 1994) may even reach a level where
dry ice is formed. Although heat is transferred from the vessel’s walls and the substrate
to the expanding CO,, heat transfer may be limited and temperature may drop to a very
low level if depressurization is fast (Eggers & Green 1990; Green & Eggers 1991).
Depressurization of industrial vessels should be as fast as possible under the restriction

of preventing low temperatures below -10 °C to prevent their stainless steel walls



from becoming brittle (Smallman & Ngan 2007). A computational model could
determine a minimum decompression time. This model should be based in momentum
and heat balance and transport equations, and include the size and shape of the
extraction vessel, the initial conditions of CO,, and the properties of extracted substrate

as parameters.

The mechanisms of heat transfer for the controlled decompression of supercritical
CO, from an extraction vessel have been rarely studied. Previous works in
decompression were done concerning the safety of pressure vessels (Eggers & Green
1990; Gebbeken & Eggers 1996; Zhang et al. 2014). Because the most dangerous case is
when the vessel is full of fluid, the influence of the packed bed on pressure and
temperature changes was barely studied. Eggers and Green (1990) described the effect
of the packed bed on decompressions, but they only guessed reasons of changes as
compared to a vessel full of fluid, and did not relate these changes to the properties of
the substrate. Other authors studied heat transfer from a packed bed to a flowing gas
(Sheikholeslami & Watkinson 1998; Laguerre et al. 2006). Finally, heat transfer to
supercritical fluids is faster than to gases or liquids (Pioro & Duffey 2007), with special
correlations for Nusselt numbers in pipelines or packed beds as function of Reynolds,
Grasshof, and Prandlt numbers being proposed (Bae 2011; S. M. Liao & Zhao 2002;
Guardo et al. 2006). Unfortunately, these separate studies were made in different fields
and applications and the interaction between all factors is not clear. Therefore, the
merged model to calculate heat transfer during the venting of a vessel with an extracted
substrate mentioned at the end of the previous paragraph cannot be validated without an
experimental study of the process.

1.1 Hypothesis and objectives

The purpose of this work was to validate a mathematical model that optimizes
decompression time of industrial vessels. Experiments at pilot scale should check mass
and energy balance, and heat transfer in the system. Also, experiments should provide

curves of pressure and temperature versus decompression time for validation. The



working hypothesis was that the substrate, the initial pressure and temperature, and the
venting rate will affect the venting time, the lowest temperature at the wall of the vessel,

and the temperature profiles within the packed bed.

This thesis is organized as follows: Section 2, Literature Survey, describes the state of
arts introducing the reader to supercritical fluid extraction and its processes, and
description of existing work in heat transfer and packed bed characterization. Sections 3
to 5 are Materials and Methods, Results, and Discussion, as they were written in the
article published in The Journal of Supercritical Fluids by Richter et. al (2015). Finally,
Section 6 collects the principal conclusions of this research and poses the state of the

future work on the topic.



2 LITERATURE REVIEW

The following section is structured as follows. Subsection 2.1 introduces the reader to
supercritical fluids, their advantages as a solvent for separation processes, and the
advances in industrial applications of supercritical fluid extraction. Subsection 2.2
briefly reviews the state of art on heat transfer that could apply to the studied problem,
including heat transfer in supercritical fluids, and heat transfer due to natural convection
on plates and within enclosures. Finally, Subsection 2.3 covers packed beds; reviewing

the properties that describe them, and heat transfer in them.

2.1 Supercritical fluid extraction and its applications to industrial
processes

A Supercritical (Sc) Fluid (ScF) is defined as a substance whose pressure and
temperature are above its corresponding supercritical conditions. Under these conditions,
no condensation takes place either under an isotermic compression or an isobaric
cooling. Thermophysical and transport properties of supercritical fluids can vary
strongly with changes in pressure and temperature. ScFs have two distinguishable
regions, with gas-like properties and liquid-like properties, respectively. The boundary
between both regions is defined as the pseudocritical line; which coincides with the local
maxima of the specific heat (Pioro et al. 2011). This pseudocritical line nears the
isochoric line that passes through the critical point. For the specific case of carbon
dioxide (COy), the critical pointisat 30.7 °C and 7.3 MPa. Saturation and solidification
lines, the critical point, the pseudocritical line and the supercritical region, and densities

and specific enthalpies of the CO, are shown in a P versus T diagram in Figure 2-1.
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Figure 2-1. Pressure versus Temperature diagram for CO, (Lemmon et al. 2007). (—)
Saturation or solidification line; (®) critical point; (— ) pseudocritical line; (=)
supercritical region; ( ) isochoric line; and, () adiabatic line.

Sc CO, has many advantages to be used as a solvent for industrial extraction
processes. Solubility of interest compounds in Sc CO, depends sharply on its
temperature and density (or pressure) (del Valle & Aguilera 1988). Thus, Sc CO; is a
tunable and selective solvent: tunable because changing from a high to a low solubility
(e.g., for separation of solutes from the solvent) is achieved changing pressure; selective
because conditions can be tuned to solubilize some compounds and not others (e.g., for
fraction). Other advantages are its harmlessness, low polarity, low corrosivity or
reactivity, and its relatively low price (del Valle & Aguilera 1988). In conclusion, Sc

CO; is a good alternative to organic solvents for separation of natural compounds.

The first industrial application of Sc CO; in the ‘70s was decaffeination of coffee
beans; nowadays it is used for a wide number of processes in the food industry. Some of
the most common industrial applications of ScF Extraction (ScFE) in the industry are (1)
extraction of flavourings (e.g., essential oils) from herbs and spices; (2) extraction of
hops for brewing industry, (3)extraction and refining oils and fats; (4) extraction of
natural colorants and antioxidants (e.g., lycopene, astaxantin); (5) removal of

undesirable compounds from a valuable matrix (e.g., caffeine, nicotine, or cholesterol);



and, (6) fractioning of solutes from aqueous mixtures (e.g. ethanol, natural flavour)
(Brunner 2005; del Valle & Aguilera 1999).

Industrially, Sc CO; is used mainly in two different extraction processes: extracting a
solid material as shown in Figure 2-2A or fractioning a liquid mixture as shown in
Figure 2-2B. Both processes present a solvent cycle consisting mainly of pressurizing
CO, stored in a buffer tank, and heating or cooling it to the extraction conditions,
contacting it with the mixture or material, decompressing and heating it to separate the
solutes, and cooling it to store it as saturated liquid. Fractioning is performed in packed
columns to maximize the mass transfer area and are done in a continuous process.
Extraction of solid materials is perforce a batch process; with a setup time to replace
depleted substrate by fresh one. Designs of an extraction plant that continuously charges
fresh material into the high-pressure vessel and removes depleted ones (Eggers 1996)
have not been implemented at industrial scale to replace the traditional batch process. To
emulate a counter current arrangement, one extractor is in setup, while the rest are in the

solvent cycle.

o

20

b

Figure 2-2. (A) Diagram of a supercritical fluid extraction plant for solid extraction; (B)
Diagram of a supercritical fluid extraction plant for liquid fractioning. Legend: (1) CO,
storing tank; (2) solvent buffer tank; (3) solvent pump; (4) heat exchanger; (5a—5c)
extractors; (5d) column; (6) back-pressure regulator (BPR); (7) heating coils; (8)
separation cyclons; (9) condenser; (10) Substrate tank; (11) substrate pump



2.2 Packed beds and their physical properties.

A packed bed is a vessel or recipient filled with small particles. They are widely used
in chemical engineering applications because they have a large specific surface that
enhances heat and mass transfer in a small volume (Thadani & Peebles 1966).
Therefore, substrates for SCFE are almost always charged in the extraction vessels as
packed beds with particles as small as possible. The properties of particles and packed
beds used in the present work are described in the following subsections.

2.2.1 Particle size and shape

Particle size (and its distribution) and particle shape are the most important
parameters to characterize a sample of particles and determine characteristics of packed
beds they conform. For particles of irregular shape there is no unique measure to
describe particle size, opposite to regular particles such as spheres or cubes. An
equivalent diameter D, is therefore defined as the diameter of a spherical particle that
shares a given property with the measured particle (McCabe & Smith 1968). It can be
the distance between two parallel tangent lines (e.g., for sieving), the longest dimension
of the particle, same volume, same terminal velocity (e.g., for sedimentation), etc. For
heat and mass transfer processes the relevant particle size is the diameter of equivalent
specific surface (or Sauter diameter). This diameter assures that for a given volume of
particles (i.e., mass of particles if particle density is known), the same specific surface
for transport phenomena will be available than in a packed bed formed of spheres of the
equivalent diameter. However its usefulness, this diameter is hard to determine unless
assumptions on the particle’s shape are done. The shape of irregular particles is even
more difficult to determine, and either numerical or verbal descriptors are used. One
useful descriptor is shape factor A, which relates the ratio between the volume and the
surface of a particle V, and S, respectively with its diameter, as shown in Eq. (1)
(McCabe & Smith 1968):

S _ 1)



2.2.2 Density

For a volume of particles, different densities can be defined, depending on the volume
used in the definition of density. As described by Maguet et al. (2005), three different
volumes can be distinguished for a bed of porous particles: volume occupied by solid
material V;, volume occupied by particles V;, (i.e. volume of the solid plus volume of
pores within the particle), and bulk volume V; (i.e. volume of the particles plus
interparticle space volume). The difference between these three volumes is shown in
Figure 2-3. Solid density (p,), particle density (p,) and bulk density (p,) are the

relationships between the packed mass and the corresponding volumes.

Figure 2-3: Schematic cut of a packed bed showing volumes of the solid (lll), the pores
() and the interparticle space (C)

2.2.3 Interparticle, intraparticle, and total porosity.
Porosity is a property of two-phase materials, defined as the volume fraction that

could be occupied by a displacing fluid. Intraparticle porosity &; refers as the fraction of
the particle volume corresponding to intraparticle pores, or the compliment to the
fraction of solids within the particles. Interparticle porosity ¢, refers to the fraction of
the bed volume not occupied by particle. Total porosity &; refers to the fraction of the

bulk volume not occupied by solid material. Porosities can be calculated as relationships



between densities as well (Mauguet et al. 2005). Assuming that the particle mass equals
the particle volume (i.e., the fluid in the intraparticle pores has no measurable mass),
intraparticle porosity Eq. (2), and interparticle porosity Eq. (3) are calculated as a
function of densities, while total porosity Eq. (4) is calculated as a weighting between

interparticle and intraparticle porosity.
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Bed porosity is determined by the size and shape of the packed particles. For regular
shapes like spheres or cylinders with an equal height and diameter, the mean porosity
was correlated to the ratio of the diameter of the particles and the diameter of the
cylindrical vessel. Generally, bed porosity reaches a constant value when this ratio is
below 0.1. For a same size, packed beds of spheres have a higher porosity than those of
cylinders (Benyahia & O’Neill 2005; Dixon 1988). The porosities of packed beds of
spheres and cylinders are plotted versus standardized particle size in Figure 2-4. For
small particles, in both models cylinders have less bed porosity than spheres for the
same size. In both models the asymptotic porosity (i.e., the bed porosity for particles
packed in a vessel at least 10 times larger than the particle size) of spheres and cylinders
are around 0.39 and 0.37 respectively. Also, both models predict a maximum porosity
around a relative particle size of 0.6. The effect of aspect ratio H/d, of cylinders on its
asymptotic porosity was studied by Benyahia & O’Neill (2005), but the variation was

within the standard error of the correlation.
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Figure 2-4 Comparisson of the porosities of spheres (black) and solid cylinders (grey) as
a function of the relative particle size (i.e., the relationship between the particle size and
the diameter of the containing vessel as proposed by Dixon (1988) (solid lines) and
Benyahia & O’neill (2005) (dashed lines)

In fact, local bed porosity near the wall of the vessel oscillates as function of the
particle size. Also, for similar particle sizes, the shape of particles affects the bulk
porosity, where less spherical particles give rise to beds of lower porosity (Thadani &
Peebles 1966; Montillet & Coq 2001).

2.3 Heat transfer during decompression of high-pressure vessels

Heat transfer in fluids has been postulated as the exchange of kinetic energy between
molecules vibrating with different internal energies (Kaka¢ & Yener 1987). For
convection, this exchange is improved due to the movement of the fluid, which mixes
molecules with different internal energies. When a fluid is near a surface at a different
temperature, molecules near the surface will exchange energy and will be carried away
by the motion of the fluid. Therefore, a thin boundary layer will be formed, where the
temperature lies between the temperatures of the fluid and the solid surface. The heat
flux Q/A, where Q is the heat transferred, and A is the contact surface between the solid
and the fluid, is proportional to this temperature difference (Kaka¢ & Yener 1987). The
dimensionless Nusselt number Nu relates the heat transfer between a surface and a fluid
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due to convection (expressed as a convective heat transfer coefficient h), compared to
the heat transferred through a characteristic dimension L only due to the thermal
conductivity of the fluid k (Pletcher 1987). Thus, it can be written as Eq. (5):

h

Nu :
k

(5)

The most common approach to estimate a heat transfer coefficient is to correlate Nu
with other dimensionless numbers. None of the sources reviewed for this work treated
the problem of transient heat transfer of a SCF in an enclosure. Therefore, stationary
heat transfer in SCF, heat transfer of normal fluids under natural convection, heat
transfer in enclosures, and heat transfer in packed beds are reviewed separately in
Subsections 2.3.1, 2.3.2, 2.2.3, and 2.3.4, respectively.

2.3.1 Heat transfer in supercritical fluids

Heat transfer in ScF has been studied lately for their use in power plants. All works
coincide that heat transfer in ScF is faster than in liquids or gases. The majority of the
studies are related to convective heat transfer in natural or forced flow through pipes or
annular sections; a few are reviewed next. To the best of the author’s knowledge, the
only work on convection from particles of a packed bed in a supercritical fluid was done
by Guardo et al. (2006) to model fixed bed catalytic reactors, and is reviewed at the end

of this subsection.

All correlations found for Nusselt number of supercritical fluids flowing in pipes are
modifications of the Dittus-Boelter equation adjusted to fit the enhancement of heat

transfer in supercritical fluids. They can be resumed in Eq. (6):

Nu = A(Re)® (Pr)° (‘;—:] (EL] f (RGer“ j , (6)

vpL Cou . .
where Rel|=——1, and Pr :T are the dimensionless Reynolds number and
il

Prandtl number, respectively (p, p, cp, and k are the density, viscosity, specific heat and
thermal conductivity of the fluid, while v is the velocity of the fluid and L is the pipe’s
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diameter) . A — E are best-fitting parameters, where D and E quantify the enhancement

of heat transfer in ScFs due to the sharp change of density and specific heat as

. r -
temperature changes. Finally, f (%j correct the heat transfer coefficient due to the
e

high buoyancy, as a relationship between the dimensionless Grashof number and the
Reynolds number. The Grashof number (Eq. 7)

or - 9B (TWZ—T:,o)p2 -

0
compares the buoyance to the viscous force opposing buoyancy, where g is the

o : 1dv . . : -
gravitational acceleration, (:\7d_T ) is the volumetric thermal expansion coefficient.

The parameters A to E are shown in Table 2-1. Each parameter was not necessarily in
the same order than in correlations for normal fluids; either a higher proportionality
coefficient or a higher dependence on Prandtl number was observed, factors that

quantify the enhancement of heat transfer near to the supercritical region.

Table 2-1. Coefficients for the correlation for Nusselt dimensionless number as

proposed for several authors, following the general form:
D E
C
Nu = A(Re)® (Pr)° (p_wj i
Pob Cow
Study Type of flow A B C D E

(S-M. Liao & Zhao 2002b) ool 0128 0.8 03-04° 0842 0,384

(S.M. Liao & Zhao 2002a) Ascendant 0.354 0.8 0.3-04" 1.297 0,296
Descendant ~ 0.643 0.8 0.3-0.4 2154 0,751
(Bae 2011) - 0.021 0.8 0.55 - 0.35

*The value of C may vary from 0.3 to 0.4 depending if the fluid is being cooled or
heated.
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If the forced flow is not high enough, then buoyancy will be significant as well. To
consider this effect, a buoyancy correction factor will be applied to the forced
convection coefficient, which will be a function of Grashof number. Since the Grashof
number of supercritical fluids is normally high, buoyancy is relevant even at high

Reynolds numbers. The corrections for buoyancy are listed in Table 2-2.

Table 2-2. Buoyancy correction f (%j for Nusselt correlations
e

Study Type of flow ; E Gr j
Re®
(S. M. Liao & Horizontal Gr \°%®
Zhao 2002b) Re? )
(S. M. Liao & Ascendant Gr \%
Zhao 2002a) WJ
Descendant T
Re2,7
(Bae 2011) 05
(1—8000(%)) if ( RG! 7 j <10*
e” e~
Ascendant .
Gr Y . Gr
15(@] ,|f (F] >:|.04
Descendant Gr 0.3
(1+ 30.000(7)]
Re*

Guardo et. al. (2006) analysed particle-to-fluid heat transfer in a packed bed using
Computational Fluid Dynamics to model fixed bed reactors. They created an
arrangement of 44 spheres in a cylinder, overlapping 5% of the particles to avoid
convergence problems and to have real contact points. They assumed a constant

temperature within the particles and a flow regimen ranging from 0,33<Re<3300.

They identified that heat transfer was due to combined forced and natural convection

in laminar flow. They proposed a mixed correlation for the dimensionless Nusselt
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number, valid for 9 <Re <96; 2.2 <Pr <3.3, and 1x10° <Gr <4x10%, which is the
addition of natural Nusselt (Eg. 8) and the forced Nusselt (Eq 9):

0.33

Nu Pro** and (8)

natural

= Nu, +0.001(GrPr)

Ntz = 0.269RE°PT?, ©

where Nuo as a reference Nusselt number (e.g. Nup=2). Although this equation was near
to the application studied in this work, it only includes convection from the particle to
the fluid in the interparticle space, and does not take in account heat propagation from

the walls of the vessel to the bulk of the packed bed.

2.3.2 Heat transfer due to natural convection in normal fluids

Natural convection is the mechanism in which convective flow is solely produced by
density gradients within the fluid due to temperature (or concentration) gradients.
Buoyant forces (i.e., the difference in the gravity attraction of the more dense fluid) will
cause a flow around a body of different temperature than the surrounding fluid. The flow
pattern of the fluid will depend on the temperature difference and the decrease in density
as a result of an increase in temperature, rising if the fluid takes heat, and sinking if the
fluid releases heat. Because it is observed in many natural and artificial processes,

natural convection is widely treated in books (Kaviany 1994; Kakagc et al. 1987).

Since the driving force for natural convection is buoyancy, the Grashof number is of
mayor relevance. Together with the Prandtl number, the Grashof number is used to
correlate the Nusselt number for different geometries, being the vertical plate the most
commonly studied. Particularly the correlation proposed by Ede and reviewed by
Kaviany (1994) is frequently used (Eg. 10):

b7

2Pr (GrPr)’s (10)

5@+2JF?+2PQ

Nu =

Alw

The correlation for a vertical plate could be used for other vertical geometries if the

boundary layer of buoyant flow is small enough in comparison to the curvature of the
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vertical shape. Boundary layer x; can be calculated as a function of the height of the plate
L, as proposed by Gebhart et al., as reviewed by Kaviany (1994) in Eq. (11):

U
3.93L(Pr +§(1))
Xy = (11)
\/(a/Gr Pr)
2.3.3 Natural convection in enclosures

An enclosure is defined as a space with solid boundaries filled with a fluid. Heat
transfer within an enclosure occurs due to buoyancy induced at the boundaries at a
different temperature. Natural convection in enclosures was studied in a variety of
applications, including furnaces and ovens, heat losses in solar collectors and insulating
double windows, and cooling of electronic devices. These subjects are reviewed in
books covering convective heat transfer (Yang 1987). The more correct approach is to
model the streamlines using theoretical or numerical methods, which is beyond the
scope of this work. However, it is anticipated that general descriptive correlations for the
average Nusselt number in an enclosure could be a function of Rayleigh and Prandtl

numbers, and geometrical factors such as aspect ratio height to width of the enclosure.

An asymptotic analysis can predict whether heat transfer in an enclosure is limited by
conduction or by convection in a boundary layer. If the Rayleigh number is very small,
then the fluid could be considered as stagnant, and heat will be transferred by
conduction. On the other hand, if the Rayleigh number is sufficiently high, thin
boundary layers will be formed along the transferring walls, whereas the core of the

fluid will remain relatively stagnant.

Correlations for Nusselt numbers in enclosures have been estimated either by
experimental measurements, or by numerical calculations. These correlations are
classified into two-dimensional (e.g., rectangles or circles) or three-dimensional (e.g.,
cylinders, spheres, cubes). The more relevant functions for our work are vertical

cylinders or vertical rectangles (i.e. an axial cut of our cylinder). Many of the

correlations reviewed by Yang (1987) were of the form Nu=aRa”, where a and b are
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best-fitting parameters, that depend on the size and shape of the enclosure, and the range
of the Prandtl and Rayleigh numbers. The values of the parameters varies between 0.05
<a <1.3, and 0.23 <b <0.33, and correlations were valid for a wide range of Prandtl and

Rayleigh numbers.

Nevertheless, these equations were proposed for stationary state. To measure heat
transfer inside an enclosure in stationary state, experimental equipment must include a
heat source and heat sink, to avoid temperature changes in the fluid. In the case of
cylindrical shapes, correlations include two concentric cylinders as heat source and sink
respectively. There is a general lack of transient or pseudostationary correlations for
Nusselt number in vertical cylinders as enclosures. One exception could be the work

proposed by Cherkasow (1985), who studied pseudostationary free convection in a
cylinder heated from its sides or bottom. He correlated heat transfer as Nu=aGr®,

which, using a fixed Prandtl number, would be equivalent to a Nu=aRa’ correlation.
However this experiment was performed in a cylinder partially filled with a liquid
instead of a gas (Gr=1.6x10"). Therefore, this correlation cannot be applied to estimate

heat transfer in our system.

2.3.4 Heat transfer in packed beds

Heat transfer in packed beds can be divided in many modes of conduction, and
convection (and radiation, which won’t be studied in the present work). Reviews on heat
transfer in packed beds describe the following mechanisms (Adeyanju & Manohar
2009; Dixon 1985): (1) Convection between the wall and the fluid; (2) convection
between the particles and the fluid; (3) conduction between the wall and the particle; (4)
conduction between particles; and, (5) mixing of the fluid (i.e., bulk convection). The
relative significance of the heat transfer modes depends on the system studied. If the
outer wall is adiabatic, the important modes will be axial conduction and convection
from the particle to the fluid; but if this wall has a temperature gradient (as in the studied
case), then wall to particle conduction and wall to fluid convection will be relevant as

well.
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Also, the relative relevance of heat transfer modes will depend on Biot number (Bi) that

relates conduction inside the particle with convection between the particle and the fluid,

as shown in Eq. (12):

_hd,
k

S

Bi , (12)

where ks is the solid conductivity. For example, if Biot nhumber is small (Bi<0.1), then
conduction inside the particles is very fast, and heat transfer from the particles to the
fluid depends solely on convection between the particles and the fluid. Since most of the
work reviewed by Adeyanju and Manohar (2009) proposed global coefficients for
effective conductivity or global convective heat transfer, they recommend to check

which model is better adapted to a specific application.

Heat transfer in a packed bed by effective conduction entails heat being transferred by
conduction in parallel between the solid and the fluid phase (Dixon 1985). This model
assumes that heat transferred due to the mixing of the fluid is lower than the heat
transferred through the solid phase or comparable to it. The interphase resistances (i.e.,
resistance in the wall, between particles) were included in the effective conductivity of
the solid material. The effective conductivity without flow A can be calculated as a
relationship between the conductivity of the solid As and the conductivity of the fluid As,
as proposed by Krupiczka and reviewed by Wen and Ding (2006) (Eq. 13):

A= an_l , being (13)
f

m=0.28—0.757log(s, ) — 0.057 log @—j .

f

Then, in the presence of a crossflow, the effective conduction should be enhanced by
some mixing of the fluid. Several authors (Wen & Ding 2006; Dixon 1985) propose
enhancement factors for the effective (radial) conductivity A, as function of the product
of Reynolds and Prandtl numbers, as shown in Eq. (14):

Ae = 29 + aRePr, (14)
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where the coefficient a was reported by different authors ranged between 0.1 and 0.5.

In cases when the mixing of the fluid is high, the conductivity of the solid material
becomes less relevant, and the closest approach to calculate heat transfer is through
correlations of the Nusselt number. Phanikumar and Mahajan (2002) state that a porous
material can either enhance or impede convective heat transfer. If the conductivity of the
solid is high, then heat transfer is enhanced due effective conduction in the solid phase
parallel to the convection. On the other hand, when the conductivity of the solid material
is small, the conduction is completely irrelevant for heat transfer, and only convection is
presented. Depending on properties like porosity and tortuosity of the packed bed,
convection will be more or less impeded in comparison to convection without any

packed bed due to a reduction of the buoyant flow.

Correlations proposed for convection in packed media were reviewed by Bejan
(1987). Studies have been done either under forced flow or under natural convection.
Correlations for natural convection were proposed by many authors, being the majority
of them of the form Nu = aRa”. Unlike natural convection in a pure fluid, parameters for
the correlation for convection in packed beds range more widely, 0.44 <a <1.47 and 0.25
<b <0.5. This high variability could be product of differences in the calculation
procedure or differences in properties of the packed beds used in the experiments, like

particle size and shape, porosity, among others.
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3 MATERIAL AND METHODS

3.1 Preparation and characterization of samples

Four different substrates similar to those remaining in a vessel after supercritical
extraction were produced. Rosehip and raspberry seeds deoiled by pressing were kindly
provided by Granasur S.A. (Santiago, Chile). They were grinded and sieved (+4/-6
mesh) to obtain a uniform particle size. Substrates were pelletized in a PP85 pellet mill
(PelletPros®, Dubuque, 10) with 4.5 mm openings. Pellets were cut into cylinders ca. 4.5
mm long. The four substrates were deoiled using 19 kg of CO, at 60 °C and 30 MPa
(i.e., the conditions chosen for decompressions) per 1 kg sample. Table 3-1 tabulates the
moisture of the samples after extraction using a Sartorius (Gottingen, Germany) MA 30
infrared balance, and the residual content of oil of the samples (measured by Soxhlet

extraction with n-hexane).

Table 3-1. Moisture and residual oil content of supercritical CO, extracted substrates.

Substrate Moisture Residual oil
(% w.b.) content (% d.b.)

Pressed rosehip 4.9 0.4
Pelletized rosehip 35 0.5
Pressed raspberry 5.8 0.7
Pelletized 4.5 0.4
raspberry

Particle size distributions were measured using image analysis as described by
Mauguet et al. (Mauguet et al. 2005). A sample of about 100 to 200 particles was
photographed with a Powershot® SD900 camera (Canon, Tokyo, Japan). Images were
analyzed with the software ImageJ (The National Institutes of Health, Bethesda ML).
The equivalent diameter d, was calculated as the diameter of a circle with the same

projected area A, Eq. (15):
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dy = ﬂ (15)

P I
Intraparticle  porosity (si:I—Vsoﬁd/VpamC,e) and interparticle  porosity  (

ge =1—Vparticle /Voulk ) Were determined using relationships between densities, as

described by Mauguet et al. (Mauguet et al. 2005). An Ultrapyc 1200e gas pycnometer
(Quantachrome®, Boynton Beach, FL) was used to measure solid (true) density ps.
Alumina powder (50-um particle size) was used to measure particle density p, by
displacement, as described by Mauguet et al. (2005). Bulk density p, was estimated as
the ratio between the weight of substrate loaded and the empty volume of the high-
pressure vessel described in Subsection 3.2 during packing. Intraparticle porosity, Eq.
(2), interparticle porosity, Eqg. (3), and total porosity, Eq. (4), were calculated as

described in Subsection 2.2.

The effective thermal conductivity of the substrates A, was measured using a Lambda
50 device (Eurotechnica GmbH, Bargteheide, Germany). This device compares the
conductivity of a sample with the conductivity of a reference material. The sample and a
14-mm thick disc of PMMA having a thermal conductivity of 0.195 W m™ K™ are
stacked between the heating and cooling elements that produce a temperature gradient,
interposing copper discs with thermocouples. Since heat flux is equal for both

resistances in series, the heat transfer equations are combined in Eq. (16):
AT

Ao =y [—j# , (16)
XI’ (ATb/Xb)

where AT, and X, are the temperature gradient around the sample and the sample’s

thickness; and A, AT,, and X, are the reference’s thermal conductivity, the temperature

gradient around the reference, and the reference’s thickness.

3.2 Equipment, instrumentalization and experimental procedure
Figure 3-1 shows the equipment built to measure temperatures, pressures, and flow

rates during decompressions. An Autoclave Engineers AH-1496 (Erie, PA) one-gallon
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reactor (1) was connected by a three-gate valve (2) to either the pumping system or the
venting line. A 5.6-m heating coil (3), a 15F-11INFB needle valve (4) with a
micrometering handle (HiP, Erie, PA), and a 0.5-um pore diameter filter (5) were placed
between the three gate valve and the vessel. A heating bath (6) circulated water through
the jacket of the high-pressure vessel, the heating coil, and the micrometering valve’s
seat. The water’s inlet and outlet temperatures were measured with type K
thermocouples (TR1 and TR2, respectively), and its flow was measured with a standard
water rotameter (FM1). Temperatures of the CO, were measured at the exit of the vessel
(TR3) and before the three-gate valve (TR4) with type K thermocouples. Pressures of
the CO at these same points (PR1 and PR2, respectively) were measured with DMP 331
pressure transmitters (BD sensors, Thierstein, Germany). All temperature and pressure
sensors were connected to a Multicon v.2.23.0 (Eurotechnica GmbH, Bargteheide,
Germany) data logger (not shown in the figure). A p200 (Thar Technologies, Pittsburgh,
PA) pump (7) pressurized CO, stored in a cylinder (8) and cooled in a 12 m coil (9).
Antifreeze solution from a 15 L chiller (10) (Polyscience, Niles, IL) cooled both the coil
and the pump’s piston heads. The venting line allowed switching between a H271B-010
(Headland, Atlanta, GA) flow meter (FM2) and a standard gas rotameter (FM3) to
measure between 4 and 70 standard liter per minute.
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Figure 3-1. Components, piping, and measuring instruments of the system arranged to
measure decompressions: (1) High-pressure vessel; (2) Three-gate valve; (3) Heating
coil; (4) Micrometering valve; (5) Filter; (6) Heating bath; (7) Piston pump; (8) CO,

cylinder; (9) Cooling coil; (12) Cooling bath; (TR1-TR4) Type K thermocouples; (PR1
and PR2) Pressure transmitters (0-60 MPa); (FM1) Water rotameter; (FM2) Gas flow
meter (7-70 standard liter per minute); and, (FM3) Gas flow meter (4-40 standard liter

per minute).

Figure 3-2 shows the high-pressure vessel adapted for the decompression
experiments. The inner volume of the vessel was 3.96 L and its weight (i.e., walls,
bottom, lid, screws, and direct fittings) was 66.0 kg. A 22-mm wide jacket with a 30-mm
pitch helicoid covered the side of the vessel. Three type K thermocouples placed inside a
6.3-mm OD tube along the central axis of the vessel (i.e. T1, T2, and T3), and two more
freely placed at 30 mm of the wall (i.e. T4) and at the vessel’s wall (i.e. T5), were
connected to the data logger (cfr Appendix 1 for the calibration of the thermocouples).

The vessel was insulated with 19-mm thick Aeroflex® MSR (Samutprakan, Thailand).
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Figure 3-2. Geometry of the high-pressure vessel: (T1-T3): Type K thermocouples
intubed at the axial center of the vessel; and, (T4 and T5) Type K thermocouples freely
placed in the vessel (measures in mm).

Decompression experiments consisted in charging the vessel with supercritical COo,
waiting to equalize its inner temperature and pressure, and venting the CO,. To charge
the vessel, CO, was cooled at -5 °C and then pumped at 100 g/min up to the desired
initial pressure. The heating bath was set to the desired initial temperature while the
micrometering valve was fully open. To compensate pressure changes due to
temperature equalization, CO, was either pumped in or vented out during this process. In
about 30 minutes the required steady state conditions were reached (i.e., neither a
change in inner temperature nor a difference between inlet and outlet temperature of the
water in the vessel’s jacket were observed). For venting, the micrometering valve was
fully closed and the three-gate valve was changed to connect the vessel to the venting
line. Then the micrometering valve was opened to either 0.3 turns (hence slow venting)
or 0.6 turns (hence fast venting) and kept constant while venting. The heating bath was

set at the initial temperature during decompressions as well.
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3.3 Experimental design

The effects of the valve opening, initial temperature, and substrate packed in the high-
pressure vessel were studied in decompressions starting at 30 MPa. Four conditions were
chosen for decompressions with empty vessel (without any substrate charged),
consisting of an initial temperature of either 50 or 60 °C combined with either a slow or
fast venting. These conditions were chosen to avoid the formation of two-phase fluid in
the vessel. An initial temperature of 60 °C and slow venting were chosen for replicas.
For decompressions of a packed bed (a vessel charged with substrate), the substrates
described in Subsection 3.1 were randomly charged. An initial temperature of 60 °C and
slow venting were chosen for decompressions of packed beds, and replicas were done
with pressed rosehip.
Temperatures and pressures were recorded every 10 seconds. Vented flow and heating
water flow were registered manually every minute, and values for 10-s intervals were
interpolated as required (cfr. Appendix 2 for calibration of vented flow measurement).
All thermophysical properties of CO, (i.e., density, internal energy, enthalpy) were
estimated as a function of temperature and pressure using NIST Database (Lemmon et
al. 2007).

34 Statistical analysis and calculations

A multifactorial analysis of venting time and temperature drop in decompressions of
an empty vessel was carried out using Statgraphics Centurion XVI software, version
16.1.11 (Statpoint Technologies, Warrenton, VA). The significance of the difference
between curves was determined by comparing them with the standard deviations of

experiments.

Mass flow rate of the vented CO, F was obtained from volumetric flow rate and the
density as a function of pressure and temperature after expansion. Remaining mass in

the vessel was integrated backwards from the mass flow rate, Eq. (17):

M 1 =M, +F At, 17)
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where M, and M; are the CO, mass in the vessel before and after flow measurement,
and At the time interval (i.e., 10 s). The initial mass in the vessel M, was calculated with
the density of CO, at the initial conditions. A correction factor was applied to the vented
mass flow rate to fit the total integrated mass flow with the initial mass charged in the

vessel (cfr Appendix 2).

The internal energy of the CO; in the vessel was calculated using the integral form of
the heat balance for transient systems described by Himmelblau and Riggs (2011). Since
net accumulation of heat in the walls, bottom, and lid of the high-pressure vessel could
not be calculated, only the change in internal energy of the CO,, the heat transferred
from the substrate and heating bath to the CO,, and the enthalpy lost with the vented

current were quantified in Eq. (18):

Miup =M U4 +(icphATh -F hv)At—msts (Ti-Tea), (18)
where ui.; and u; and are the specific internal energies of the CO, in the vessel before
and after measurement, Fy, is the flow rate of the heating water, cyy is the specific heat of
water, ATy is the temperature difference of the heating water between inlet and outlet

current, and hy is the specific enthalpy of the vented CO; before its decompression. The

term mgCpg (ft —ft_l) refers to the sensible heat transferred from the substrate of weigh

my at the mean temperatures inside the vessel of T, and T,_;, respectively. The specific

heat of the substrates c,s was estimated using the Choi-Okos correlation for food
materials reviewed by Sweat (1994) using their proximal compositions found in
literature (Ilyasoglu 2014; Bushman et al. 2004). The initial internal energy of the CO,
was calculated with the mean properties in the vessel. Rearranging Eg. (18) for the heat
added to the system through the vessel’s inner walls Q, an internal heat transfer
coefficient U can be calculated from the temperatures at the inner wall of the vessel Ty,
and the bulk of the vessel T and the transfer area A (i.e., the area of the cylindrical wall
of the vessel), Eq. (19):
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4 RESULTS

Results are divided in three subsections. Subsection 4.1 describes temperature and
pressure evolution for decompressions of empty vessels. Subsection 4.2 describes
temperature and pressure evolution for decompressions of packed vessels. Finally,
Subsection 4.3 compares the mass balance, energy balance, and heat transfer with the
theoretical background to ascertain the mechanisms defining momentum and heat

transfer to a high-pressure vessel during decompression.

4.1 Pressures and temperatures for decompressions of empty vessel

Figure 4-1 shows temperatures and pressure versus time for decompression of an
empty vessel with a slow venting starting at 60 °C (cfr. Appendix 3 for decompressions
of a vessel at other starting temperatures and valve openings). Three stages were
observed, the same as in the experiments of Gebeken and Eggers (1995) using
supercritical CO,, although there was no phase change in our experiments. Pressure and
temperatures descended sharply in the first stage. In the second stage, pressure
descended slowly and temperatures remained comparatively constant. The bulk
temperatures differentiated from the wall temperature in the third stage. All bulk
temperatures were statistically similar during the whole decompression. Therefore, the
mean value of all bulk temperatures was used in empty vessels to describe the
temperature of the CO,. Unlike in our experiments, when decompressing a gas-liquid
mixture of saturated CO,, Eggers and Green (Eggers & Green 1990) observed that bulk
temperatures were homogeneous and equal to the wall temperature only below the gas-
liquid interphase, where conditions of liquid CO, were measured. They observed axial

differences in bulk temperature, because the gas-liquid interphase descended in time.
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Figure 4-1. Changes in (A) pressure (£ 0.5 MPa) and (B) temperatures (+ 0.7 °C) as a
function of decompression time for slow (C, = 0.003, corresponding to 0.3 turns of the
valve handle) decompressions starting at high temperature (60 °C) in a high-pressure
vessel with pure CO,.

Figure 4-2 compares decompressions as a function of initial temperature and
decompression rate. The multifactorial analysis revealed that valve opening and initial
temperature had a significant effect (p < 0.05) in decompression time, whereas only the
initial temperature had a significant effect (p < 0.05) in it. Increasing venting rate
reduced the time to reach 1.5 MPa in 56%, and increased the drop in temperature in 41%
(using a °C scale). Increasing the initial temperature reduced decompression time in
29%, without a change in the drop in temperature. In fact, temperature versus time
curves with the same valve opening but different initial temperatures have the same

shape, but in a different vertical position). The effect of initial temperature on
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decompression time was observed also by Gebbeken and Eggers (1995) and can be
explained by the lower density of CO, at higher temperatures.
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Figure 4-2. Changes in (A) Pressure and (B) Mean temperature as a function of
decompression time for different decompression rates (C, = 0.003 for Slow venting; or
C, =0.006, corresponding to 0.6 turns of the valve handle, for Fast venting) and initial

temperatures (50 or 60 °C) in a high-pressure vessel with pure CO..

Figure 4-3 shows the temperatures of all decompressions versus pressure. Transitions
between the three stages of decompressions were related with thermophysical properties
of CO,. Temperature in the first stage dropped near to the adiabatic line (i.e., points with
the same internal energy as the initial conditions of decompression) regardless of the
valve opening or the initial temperature. Decompressions were initially so fast that heat
transfer from the vessel walls was insufficient to maintain a constant temperature. At the
second stage temperatures rose from the adiabatic temperature, indicating that heat

transfer counterweighted the drop in temperature. The third stage was marked by the
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surpassing of the pseudocritical line. The differences between bulk and wall
temperatures indicated that the properties of CO, at this stage provided actually a poor

heat transfer from the vessel walls to the fluid.
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Figure 4-3. Mean temperature as a function of pressure for different decompression
rates (C, = 0.003 for Slow venting, or C, = 0.006 for Fast venting) and initial
temperatures (50 or 60 °C) in a high-pressure vessel with pure CO, in comparison with
the adiabatic lines (~~~) and the pseudocritical line (= ).

4.2 Pressure and temperatures for decompressions with packed beds

Table 4-1 list the physical properties of the substrates. Although pelletized substrates
had larger equivalent diameters than pressed substrates, all samples had equivalent
diameters d, small enough in comparison to the diameter of the high-pressure vessel D
(18.4 < D/d, < 22.7) to be considered as homogeneous beds (Roblee et al. 1958; Thadani
& Peebles 1966). The solid densities of all substrates were alike. Pelletization increased
particle density and bulk density, and decreased interparticle porosity and total porosity.
Intraparticle porosity was higher for rosehip than raspberry, and did not vary with
samples pretreatment; this can be related with the oil content of the substrates before
extraction (72 and 44 g/kg for rosehip and raspberry, respectively). Compared to
literature correlations for interparticle porosities of regular particles (Roblee et al. 1958;
Thadani & Peebles 1966), pellets had a porosity similar to packed bed of cylinders

(0.37), whereas pressed substrates had a higher porosity than packed beds of spheres
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(0.40). Effective thermal conductivity increased slightly due to pelletization, but in all
cases neared the thermal conductivity of CO..

Table 4-1. Physical properties of the substrates used in this work.

Physical property Pressed Pelletized  Pressed Pelletized

rosehip rosehip  raspberry  raspberry

Equivalent diameter (mm) 6.1°" 6.9 5.6% 6.7°
Solid density (kg/m®) 1410 1430° 1380° 1420°
Particle density (kg/m?) 1000° 1100° 1160° 1160°
Bulk density (kg/m®) 498 688 549 711
Intraparticle porosity () 0.30° 0.23° 0.16° 0.18°
Interparticle porosity (-) 0.50 0.37 0.53 0.39
Total porosity (—) 0.65 0.52 0.60 0.50
Effective thermal conductivity (W m™ K™ 0.10° 0.13° 0.14° 0.18°

*  The same letter in a single row indicates that values of the property are not
significantly different (p > 0.05).

Figure 4-4 shows decompression of a high-pressure vessel charged with pressed
rosehip (cfr. Appendix 4 for decompressions of a vessel filled with other substrates).
Decompression in this case followed the same three stages described for empty vessels
in Subsection 4.1. The packed bed reduced decompression time and the drop in
temperature in the first stage as well. Eggers and Green (1990) observed also this effect,
and explained that a packed bed reduces the amount of CO; initially filled in the vessel
and stores energy as sensible heat. During the third stage, bulk temperatures descended
again, and local differences appeared. Temperatures on the upper portions of the vessel
were higher than temperatures at the bottom. Temperature T4 at a position closer to the

vessel wall than T3 was the lowest, which could not be explained by the authors.
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Figure 4-4. Changes in (A) Pressure (£ 0.2 MPa) and (B) Temperatures (+ 1.0 °C) of
CO; as a function of decompression time for slow (C, = 0.003) decompressions starting
at high temperature (60 °C) in a high-pressure vessel packed with pressed rosehip.

Independent on the substrate charged, the CO, in the high-pressure vessel had similar
decompression curves. Decompressions with packed beds differed in their duration. The
vessel packed with pelletized raspberry took 24 min to reach 1.1 MPa, whereas the one
packed with pressed rosehip took 32 min. This difference was proportional to the
amount of CO, initially charged (i.e., the total porosity). Plotted against dimensionless
time (i.e., time divided by total decompression time), Figure 4-5 (A) shows that no
factor other than the porosity appeared to affect the drop in pressure in decompressions
using different substrates. In a similar way, Figure 4-5 (B) shows the evolution of the
temperature inside the vessel versus dimensionless time. As the temperature inside the
vessel, the average of T2 and T3 (the two lowest axial temperatures) was considered

because they were statistically similar during the whole experiment (Figure 4-4).
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Temperatures versus dimensionless time were statistically similar for all packed beds,

regardless of the thermal conductivity of the substrates.
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Figure 4-5. Changes in (A) Pressure and (B) Mean temperature of CO, as a function of
decompression time for slow (C, = 0.003) decompressions starting at high temperature
(60 °C) in a high-pressure vessel packed with different substrates.

Figure 4-6 shows the temperature versus pressure of decompressions of packed
vessels. Although a similar drop in temperature was observed in the first stage of
decompression, temperatures in packed vessels did separate from the adiabatic line more
than temperatures in empty vessels (compare Figure 4-6 with Figure 4-3). This was
probably due to the large amount of heat transferred from the substrate due to its large
specific surface. The sharp drop in temperature at the third stage coincided with the
surpassing of the pseudocritical line. No significant difference was observed between

substrates, despite differences in thermal conductivities between them.
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Figure 4-6. Mean temperature of CO; as a function of pressure for slow (C, = 0.003)
decompressions starting at high temperature (60 °C) in a high-pressure vessel packed
with different substrates in comparison with the adiabatic lines (=~ ~) and the
pseudocritical line (" ).

4.3 Mass balance, energy balance and heat transfer

Vented flow appeared to behave like a choked flow in the valve’s seat. Previous
modeling of decompressions of supercritical fluids calculated a critical mass flux and
fitted the venting area to a constant value (Zhang et al. 2014). Particularly, flow in a
venting needle valve behaves as chocked flow if the pressure drop is high (Long & Guan
2011). A compressible flow through a nozzle becomes chocked when the velocity of the
fluid at its exit equals the speed of sound and the flow does not increase as a result of a
decrease in downstream pressure (Oosthuizen & Carscallen 2014). Figure 4-7 plots mass
flow rate against choked mass flux (i.e., the product between sound speed and density at
the vessel’s exit). A linear relationship between flow rate and chocked flux was
observed, where fast venting curves differed from slow venting curves, and the slope of
the regression can be related to the area of an orifice that restricts the flow rate similarly
to the valve. These equivalent areas were 18.4x10° mm? for slow venting and 39.1x10

mm? for fast venting, respectively. The predicted areas were much smaller than the areas
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of orifice plates used by Gebbeken and Eggers (1996), but their experiments had larger

flow rates as well.
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Figure 4-7 Linear regression between vented mass flow rate and choked mass flux (i.e.
the product between the density and the speed of sound) of the CO, at the seat of the
valve.

Added heat did not fit the change in internal energy of CO; in the system, unless heat
accumulation in the walls of the high-pressure vessel was considered. This internal
energy as well as the integrated heat descended with time due to the enthalpy loss with
the vented current, as shown in Figure 4-8A. Although heat yielded by both the heating
jacket and the packed bed raised the internal energy significantly, it was not enough to
close the energy balance of CO,. This can be explained by the net accumulation of heat
in the steel of the wall, bottom, and lid of the high-pressure vessel. In fact, Green (1991)
measured temperatures within the wall of the vessel at different depths, concluding that
mean temperature in the wall dropped 35 °C for a 38 min decompression. A mean
temperature was estimated for the walls of the high-pressure vessel (i.e., assuming that
its bottom and lid were adiabatic) and the whole vessel as shown in Figure 4-8B. These
mean temperatures were higher for decompressions of packed than empty vessels (cfr
Appendix 5), due to the lower amount of CO, vented and the heat yielded by the

substrate. In the experiment with an empty vessel, the mean temperature calculated only
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for the walls of the high-pressure vessel sank lower than the minimum temperature of
the inner wall, and therefore the assumption of adiabatic lid and bottom was discarded.
Although the mean temperature calculated for the whole extractor was lower than the
temperature in the inner wall of the vessel at the end of the experiments, it must be
accounted that the vessel’s lid and bottom did not have any jacket, and therefore were

not heated from the jacket again.
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Figure 4-8 (A) Energy balance for CO; as a function of decompression time for slow
(C, =0.003) decompressions starting at high temperature (60 °C) in a high-pressure
vessel packed with pressed rosehip. Legend: (—) Internal energy of the CO,; (===*)
Heat yield by the packed bed + heat yield by the heating bath — enthalpy lost with the
vented current; (= = ') Heat yield by the packed bed — enthalpy lost with the vented
current; and, (= =) Heat yield by the heating bath — enthalpy lost with the vented
current. (B) Estimated mean temperature of the steel of the walls of the high-pressure
vessel as a function of decompression time for decompressions starting at 60 °C in the
high-pressure vessel packed with pressed rosehip. Legend: (= = ') Estimated temperature
of the steel asuming that the whole vessel yields heat to the CO,; (= =) Estimated
temperature of the steel asuming that only the walls of the vessel yields heat to the CO,;
and, () Inner and outer walls of the high-pressure vessel.
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Figure 4-9 compares experimental values of the heat transfer coefficient for
decompression of empty and packed vessels to literature correlations for natural
convection in liquids and gases, and effective conduction. In the case of empty vessels,
experimental data was compared to Ede’s correlation for natural convection in vertical
plates under laminar flow conditions that was reviewed by Kaviany (1994), given that
the diameter of the high-pressure vessel was 10 times thicker than the boundary layer for
buoyancy (Kaviany 1994). As expected for the enhancement of heat transfer under
supercritical conditions proposed by several authors (Green & Eggers 1991; Bae 2011,
S. M. Liao & Zhao 2002), the correlation for liquids and gases underestimated heat
transfer in the super- and near-critical state in our experiments. Heat transfer in packed
vessels fitted the effective conduction correlation of Dixon (1985) only in the third stage
of decompression. The measured heat transfer coefficient at supercritical conditions
appeared like the attenuated convective heat transfer described by Phanikumar and
Mahajan (Phanikumar & Mahajan 2002) for porous media.

10° 4

02 04 06 08 10
Dimensionless time

Heat exchange coefficient (W/m2K
o
o

Figure 4-9. Heat transfer coefficient for decompression of empty vessel (o) and packed
vessel (©) compared to correlation for natural convection in normal fluids (- - ),
correlation for effective conductivity in packed beds (- - ), and correlation proposed by
authors for natural convection in supercritical fluids with best-fitted parameters (— —).
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Given the lack of a suitable correlation for natural convection in supercritical fluid, a

regression of Nu=a Ra® was proposed, where Nu and Ra are the dimensionless Nusselt

and Rayleigh numbers, and a and b are best-fitting parameters. The obtained correlations
were Nu =1.73x10~* Ra%"1 +9.10x1073 for  empty  vessels, and

Nu =1.90x10~* Ra®8% +5.30x1072 for packed vessels (cfr Appendix 6 for the regression
of the Nusselt number in empty and packed vessels as a function of the Rayleigh
number). The stronger dependence on the Rayleigh number than literature correlations

reflects the aforementioned enhancement of heat transfer in supercritical fluids.
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5 DISCUSSION

Regarding the conditions of the decompression, venting rate affects directly the
decompression time and drop in temperature; a higher initial temperature only shortens
the decompression time, due to the smaller amount of CO; stored initially in the vessel.
The venting conditions applied are probably impractical for industrial processes, because
of our need to avoid formation of two phases in the high-pressure vessel to allow
computations of density and internal energy during decompression. If the venting area of
the decompressions of Gebbeken and Eggers (1996) were matched, decompressions
would have been about 30 times faster. Temperatures would have dropped to very low
levels and the adiabatic stage of decompression would have crossed the saturation line.
Obviously, this is another extreme that is not practical for industrial decompressions
either; the optimal venting condition for each initial temperature would be between these

two cases.

Regarding the packed substrate, it can be concluded that only the total porosity had an
effect on the pressure descent, and changes in temperature change the decompression.
Principally, the theory that the effective conductivity of the substrate could rise the
internal temperature in the vessel was discarded, indicating that the substrate worked as
an insulator and a heat reservoir. While internal temperatures at decompressions of
empty vessels were homogeneous, axial and radial differences in temperature were
observed for decompressions of packed vessels. Decompressions of packed vessels
should do less damage to the material of the vessel, because the changes in the estimated
mean temperature of the steel of the high-pressure vessel was lower in this case, than in

decompressions of empty vessel (where it was about 5 °C smaller, data not shown).

The decompression of larger extraction vessels could be simulated mathematically,
considering the principles observed in our experiments. Choked flow in the valve should
be used to model the venting flow, varying the venting area if necessary. The mass
conservation should consider the vented flow; while the energy conservation should

consider the heat yielded from the jacket, the packed bed, and the steel of the high-
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pressure vessel besides the enthalpy loss with the vented current. It is important to
remark that unless the lid and bottom of the vessel were a small fraction of the mass of
the vessel, they should be taken into account to calculate the internal energy in the

vessel.

Heat appeared to be transferred by convection even in packed vessels. Since there is
no literature correlation for the heat transfer coefficient suiting the conditions of the
studied system nor the experimental values, correlations based on the dimensionless
Rayleigh number were proposed, whose precision was however limited. If a
mathematical simulation were to be developed, more precise values of the heat transfer

coefficient should be correlated.
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6 CONCLUSIONS AND PERSPECTIVES

The present work fulfilled the proposed objectives. It was observed that the proposed
mass and energy balance could explain the evolution of a decompression of high-
pressure vessels. The principle of chocked flow was an important discover for modelling
the decompression process, as well as the observation that heat transfer was much higher
in supercritical fluids compared with gases or liquids. In fact, the author had the chance
to codirect the work in modeling decompressions of high-pressure vessels as well. This
work advance was in concordance with experiments of decompressions; for example,
the principle of chocked flow was applied to the mass balance, improving substantially

pressure evolution during decompressions.

The future work in this topic should center in determining a suitable heat transfer
correlation for supercritical fluids in an enclosure. The proposed correlation still had a
too high variability. Moreover, since the packed materials had similar thermal
properties, no influence of the packed bed could be observed. To better understand the
heat transfer phenomena in decompressions of packed vessels, experiments with model

materials are proposed.

Porous stainless steel was generated to emulate natural substrates. A screening of
metallic foams with different porosities and pore sizes was generated; the combination
that resembled vegetable substrates the most was replicated. These cylinders have a
controlled and homogeneous size, shape, and pore distribution. These materials will be
used both to study heat transfer in decompression of packed vessels, and to study mass
transfer in ScFE. Preliminary test of impregnation and extraction of model materials
with supercritical Sc CO, showed a “clean” extraction curve; it is expected that

estimations of heat transfer coefficients will be precise as well.
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NOMENCLATURE

Latin letters

A

Cp

Gr

3

Nu

Pr

Ra
Re

Area (m?)

Specific heat (kJ kg™* K™?)

Diameter (m)

Mass flow rate (kg/s)

Dimensionless Grashof number ()

Specific enthalpy (kJ/kg)

Convective heat transfer coefficient (kJ m? K ™)
Mass (kg)

Mass of CO; in the vessel (kg)

. . hL
Dimensionless Nusselt number (Nu = k—)
f

Dimensionless Prandtl number (Pr = C’JT”)
Heat (kJ/s)
Radius (m)

Radial position (m)
Dimensionless Rayleigh number (Ra = GrPr)

. . L
Dimensionless Reynolds number (Re = %

Surface (m?)

Temperature (°C)

Time (s)

Specific internal energy (kJ/kg)
Volume (m®)

Velocity (m/s)

Thickness (m)

Height (m)

Axial position (m)



Greek letters

A Differential

€ Porosity

A Conductivity (W m™ K™
o Density (kg/m®)
u

Dynamic viscosity, (Pa s)

Subscripts

b Bulk

bl Boundary layer
d Dust

e Interparticle

forced Forced component of Nusselt number
h Heating bath current
[ Intraparticle

natural Natural component of Nusselt number

p Particle

r Reference

S Solid

t Time

v Vented current (before decompression)

w Wall
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APPENDIX 1: CALIBRATION OF THERMOCOUPLES

To check if all thermocouples were calibrated and read the same values, they were
compared in a bath at homogeneous temperature before mounting the experimental
device. All thermocouples were submerged to the heating bath with a temperature
ranging between 57 and 58 °C. They were connected to the MultiCon Data Logger, and
data was recorded every 10 seconds. The result of the temperatures is shown in Figure
Al-1 (A). The mean difference between each temperature measurement and the average
was calculated. Then, these differences were applied as a correction factor. The effect of
this correction factor is shown in Figure Al-1 (B). Although the variability was reduced
approximately to the half or middle as the correction factors were applied, it is to be
remarked that some thermocouples (e.g., TR4) still presented a high variability.
Therefore, the authors decided not to apply any correction factor, since temperature
differences could as well come from experimental variability and not only from
decalibration of the sensors. Only if necessary, a correction factor was applied to equal

TR1 with TR2 if they remained different after a long equalization time.
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Figure Al-1. Comparison of all temperature measurements placed in a homogeneous
heating bath over 90 s. (A) raw data; (B) applying a correction factor that minimizes the
mean difference between each thermocouple and the average temperature.
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APPENDIX 2: CALIBRATION OF VENTED FLOW MEASURING
EQUIPMENT

The transient mass balance equation (Eq. 17) was integrated for the whole
decompressions, to obtain the mass of CO, in the extractor as a function of time. Then,
the integrated mass was compared to the mass in the extractor calculated as a function of
the density of the CO, in the vessel calculated with the mean temperature of the
thermocouples T1 to T4 (T5 was discarded for being the wall temperature) and the
pressure in the vessel. As can be seen in Figure A2-1, the mass integrated from the mass
balance was always higher than the mass calculated with internal density, whether the
high-pressure vessel was charged only with CO, or with a packed bed as well. However,
if a correction factor was applied to the mass flow rate of the vented current, the mass
integrated from the mass balance fitted with the mass calculated with the internal density
at the whole experiments. The higher density difference was observed near to the
pseudocritical line, and was higher for experiments with a packed bed (Figure A2-1 B)
than for experiments of empty vessels (Figure A2-1 A). This is because experiments
with an empty vessel showed higher temperature differences than experiments with

empty vessels, which leaded to uncertainty in the estimation of internal density.
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Figure A2-1. Checking of mass balance during decompressions starting at 60 °C with a
slow venting for (A) an empty vessel, and (B) a vessel packed with pressed rosehip.
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DECOMPRESSIONS OF AN EMPTY VESSEL WITH
DIFFERENT INITIAL TEMPERATURES AND VALVE

APPENDIX 3: PRESSURE AND TEMPERATURES FOR
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APPENDIX 4: PRESSURE AND TEMPERATURES FOR

DECOMPRESSIONS OF A VESSEL CHARGED WITH
DIFFERENT SUBSTRATES STRATING AT 60 °C WITH A SLOW
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APPENDIX 5: ENERGY BALANCE FOR A DECOMPRESSION OF AN
EMPTY VESSEL
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Figure A5-1. (A) Energy balance for CO, as a function of decompression time for slow
(C, = 0.003) decompressions starting at high temperature (60 °C) in an empty vessel
Legend: (—) Internal energy of the CO,; and (==-*) Heat yield by the heating bath —
enthalpy lost with the vented current; (= = ') Enthalpy lost with the vented current; (B)
Estimated mean temperature of the steel of the walls of the high-pressure vessel as a
function of decompression time for decompressions starting at 60 °C in the high-pressure
vessel packed with pressed rosehip. Legend: (= - ') Estimated temperature of the steel
asuming that the whole vessel yields heat to the CO,; (= =) Estimated temperature of
the steel asuming that only the walls of the vessel yields heat to the CO,; and, ()
Inner and outer walls of the high-pressure vessel.
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APPENDIX 6: REGRESSION FOR THE CORRELATIONS BETWEEN
NUSSELT AND RAYLEIGH NUMBERS
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Figure A6-1. Estimation and correlation of the dimensionless Nusselt number as a
function of the dimensionless Rayleigh number for an empty vessel (black) and a vessel
packed with pressed rosehip (orange) during a slow decompression starting at 60 °C.




