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A B S T R A C T

A sensitivity analysis was performed to study a hydrofluidization system, using a previous partially validated
model that considers multiple fluid immersed jets and moving food spheres. The inputs were the average velocity
of jets at the orifices (V), the refrigerating medium temperature (T), the distance between orifices (S), and the
number of spheres (E). The outputs were the fluid and spheres velocities, the turbulence level, the dispersion
level of the spheres, and the mass and heat transfer in the food. In general, the transfer phenomena in the fluid
were mainly affected by E, S and V. In the food, the energy transfer was influenced by all variables, while its mass
counterpart mainly depended on T. This study showed that a combination of computational fluid dynamics, a
discrete element method and a discrete phase model is a simple but powerful tool to simulate food processing
systems with relatively low computational requirements.

1. Introduction

As mentioned in a recent review by James et al. (2015), hydro-
fluidization (HF) is one of the novel freezing technologies designed to
improve the economics and production quality of frozen foods, ori-
ginally developed by Fikiin (1992) and Fikiin and Fikiin (1998). This
technology uses an unfreezable liquid which is pumped through orifices
or nozzles in a vessel to create agitating immersed liquid jets (Fikiin and
Fikiin, 1998). The highly turbulent liquid and moving products ensure
therefore extremely high surface heat transfer coefficients and high
freezing rates (Fikiin, 2003, 2008; Fikiin and Fikiin, 1998).

The modeling approach of HF has evolved through different config-
urations (Belis et al., 2015; Peralta et al., 2007, 2009, 2010, 2012;
Verboven et al., 2003). Although, the main heat and mass transfer para-
meters were thoroughly studied and related to the operative variables, the
movement of the particles and its effect on the transport phenomena
needed to be modeled. On one hand, computational fluid dynamics (CFD)
represents a powerful tool that helps to describe fluid systems and their
main heat and mass transfer variables. Its versatility allows researchers to
use it to design, operate and optimize fluid systems (Norton and Sun,
2010; Thévenin and Janiga, 2008). On the other hand, the discrete phase
model (DPM) and the discrete element method (DEM) are novel techni-
ques used to estimate the particle movement in fluid systems (Fryer et al.,
2011; Norton and Sun, 2007; Tsotsas and Mujumdar, 2014).

Recently, Orona et al. (2017) developed a model that additionally
takes into account mobile foods. The strategy consists in combining
CFD with DPM and DEM. DPM allows tracking the food spheres through
the flow field calculated by CFD while DEM allows obtaining in-
formation related to sphere-sphere and sphere-wall interactions. The
model was completed with the necessary parameters, the restitution
coefficients being experimentally obtained. The combination of CFD-
DPM-DEM applied to a study case of 13 potato spheres in a domain with
69 immersed jets within a representative operative scenario allowed
studying the main features of the system.

Although, the proof of concept presented by Orona et al. (2017) laid
the groundwork for the use of DEM as a tool to study HF systems, a
detailed investigation of the individual and combined effect of the main
operative variables on the heat and mass transfer (i.e. sensitivity ana-
lysis) is needed. The objective of this work was to study a HF system
through a sensitivity analysis of the main variables involved using the
model described by Orona et al. (2017). This methodology will improve
the understanding of HF systems by analyzing the effect of the main
operative variables ranged within the values commonly found in the
literature on the main phenomena involved.
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2. Materials and methods

2.1. System studied

The studied hydrofluidization system was described by Orona et al.
(2017). Briefly, it consisted of a cylindrical vessel of 100-mm diameter and
100-mm in height and a plate with 3-mm diameter (d) round orifices to
produce jets at its base (Fig. 1a). A regularly spaced squared array of 10-mm
diameter (D) spheres initially placed at a distance H0 of 50mm from the
orifice plate was used. The liquid-air interface was considered as an adia-
batic wall to simplify computations (Orona et al., 2017). As food samples,
spheres were considered made by potato (Solanum tuberosum L.). As re-
frigerating medium, an aqueous solution of NaCl 0.231 kg kg−1 (w/w) was
considered.

2.2. Geometric arrays and operative conditions studied (inputs)

The orifices to produce jets were squared arrays of 21 orifices
(minimum distance among the geometric orifice centers, S=2 cm) and
69 orifices (S=1 cm), while the spheres were regularly spaced in
squared arrays of 13, 29, and 61 spheres (E = 13, E = 29, E = 61,
respectively) (Fig. 1b).

The operative conditions studied were the refrigerating medium tem-
perature (T =−5 °C, T = −10 °C) and average velocity of the re-
frigerating medium at the orifices (V= 0.30m s−1,V = 0.59m s−1,
V = 1.18m s−1). The conditions studied are codified as TxxVxxxSxExx,
where the x's are replaced by the absolute values of the operative conditions
used. For example T5V030S1E13 refers to the condition where T=−5 °C,
V=0.30m s−1, S=1cm and E=13.

2.3. Mathematical modeling of the transport phenomena

The mathematical modeling of the transport phenomena of the system
studied was thoroughly described by Orona et al. (2017). Briefly, each si-
mulation consisted in first solving the fluid phase using the Continuity and
Navier-Stokes equations through CFD until steady state conditions were
obtained (3 s of simulated time). Turbulence was modeled using the −κ ω
SST model. Then, spheres were injected at positions described in Fig. 1 and
particle interactions (particle-fluid, particle-particle and particle-wall) were
solved using a combination of CFD, DPM and DEM (additional 5 s of si-
mulated time). When spheres appear in the domain, heat and mass transfer
in the solid and fluid domain were solved. Each time step consisted in: (a)
the heat, mass and momentum transfer in the liquid refrigerating medium
by combining CFD with DPM and DEM, and then, (b) the heat and mass
transfer inside the food sample. In the first step, the velocity and position of

the particles are estimated through DPM and DEM. An average surface heat
transfer coefficient for each sphere is obtained and used to transfer in-
formation from the liquid to the solid phase. In the second step, a heat and
mass transfer model proposed in previous studies (Peralta et al., 2010, 2012;
Zorrilla and Rubiolo, 2005a, 2005b) is used.

It is worth recalling that DPM allows estimating the velocity vector of
each sphere accounting different forces: the drag force per unit sphere mass
FD (Gidaspow, 1994) and the force per unit sphere mass due to interactions
between spheres or between spheres and the domain wall F DEM , composed
by the normal component F N and the tangential component FT . Particu-
larly, DEM accounts for forces F DEM (Crowe et al., 2012). In Table 1, the
main data used for simulation in DEM are shown. Additional details related
to the computational domain, the partial validation process and conditions
of the simulations are thoroughly discussed by Orona et al. (2017).

2.4. Variables analyzed (outputs)

In Table 2, a summary of the variables analyzed is shown. The main
features related to those expressions can be found in Orona et al.
(2017).

3. Results and discussion

3.1. Mesh independence test

The mesh independence was checked by Orona et al. (2017) using
the local values of vp , vf at 3 s, Tu at 3 s, and hc at 3 s, as re-
ference variables. A mesh composed of 170770 elements was con-
sidered appropriate for simulations.

Fig. 1. (a) Schematic diagram of the hydrofluidization system studied and (b) geometric arrays of orifices and spheres used in this study.

Table 1
Data used for simulations in DEM.

Force Data Source

F N K =10,000 s−2 (a)
ηw =0.52 (b)
ηp =0.77 (b)

FT μstick =0.5 (a)
μglide =0.2 (a)

μlimit =0.1 (a)
vglide =1m s−1 (a)
vlimit =10m s−1 (a)
slimit = 100 sm−1 (a)

(a) Assumed; (b) Measured, Orona et al. (2017).
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3.2. Velocity contours and streamlines

Fig. 2 shows illustrative velocity contours and streamlines of the
cases studied. It is worth mentioning that results corresponding to
T=−5 °C are shown because a similar behavior was observed at
T=−10 °C. An arbitrary cut plane is used to show the 3D information
more easily. Moreover, the flow field corresponds to t=3 s, im-
mediately before the injection of spheres.

In general, the velocity contours were similar to those described by
Belis et al. (2015). High local velocities are observed close to the zones
where jets are developed. Also, a higher number of orifices produce
higher local velocities.

The analysis of the streamlines showed that the smallest number of
orifices produced larger interaction zones among jets and recirculation
zones. Also, jets were less perturbed as the number of orifices increased. It is

Table 2
Variables analyzed (Orona et al., 2017).

Variable Mathematical representation Eq.

Volume-averaged velocity of
spheres

∫=v v dVp VT VT
p f

1 (1)

Volume-averaged relative
fluid velocity

∫ ∫= = −v v dV v v dVslip VT VT
slip f VT VT

p f f
1 1 (2)

Volume-averaged turbulence
intensity

∫=Tu Tu dV
VT VT

f
1 (3)

Average minimum distance
= = ∑ =

≠ =
d dmin{ }t

d t
d d i

E

i j
ij j

Emin
min 0

1
min 0 1 1

(4)

Volume-averaged surface heat
transfer coefficient

∫=h h dVc VT VT
c f

1 (5)

Time-averaged surface heat
transfer coefficient

∫=h h dtc t s t s
c

1
Re

Re

(6)

Fig. 2. Velocity contours and streamlines for the
studied conditions and t =3 s (T = −5 °C).
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important to mention that periodic eddies form and dissipate in the domain.

3.3. Behavior of spheres in the fluid domain

Figs. 3–5 show the behavior and the trajectories of the spheres after
injection as a function of time. In general, it can be observed that
spheres ascend at different velocities according to their initial position.
In the cases of E=13 and E=29, the sphere trajectories are ascendant
without descents. The relative velocities of the spheres are close related
to the streamlines, that is, when a primary flow is observed (S = 1 cm),
the fastest spheres are those injected in the central zone of the domain
in agreement with the distribution of fluid velocities. The spheres in-
jected close to the periphery are slower than those injected close to the
domain axis. Moreover, a delay is observed due to the presence of ed-
dies. When a secondary flow is observed (S = 2 cm), the spheres in-
jected close to the domain periphery ascend faster following the cana-
lization trend observed in the streamlines (Fig. 2). This behavior shows
that for the cases E=13 and E=29, the spheres did not perturb the
fluid field. All the spheres finished their ascending at the liquid-air
interface approximately 1 s after being injected, and with similar initial
distribution.

In the case of E=61, the initial close distance of the spheres pro-
duces a rapid local increase of the fluid velocity when it passes between
the free spaces of the initial array (Fig. 1b). This phenomenon produces

the dispersion of spheres in axial and radial directions (Fig. 5). The
spheres ascend faster close to the domain wall until reach the liquid-air
interface (t=3.42 s). In this case, due to the high number of spheres
close to the domain exit, the fluid moves to the domain center. As a
result, a secondary flow of liquid occurs while the spheres move
downwards (t=3.62 s). The secondary flow remains until find the
main fluid flow close to the orifices, causing a direction change of the
spheres and their ascent (t > 3.82 s). In general, an increase of V and a
decrease of S produce an acceleration of the phenomena described. The
effect of S was more pronounced than the effect of V.

3.4. Volume-averaged velocity of spheres

The volume-averaged velocity of spheres ( vp ) for the studied
conditions as a function of time is shown in Fig. 6. For the cases E=13
and E=29, vp increases to a maximum due to the initial contact of the
spheres with the refrigerating medium. Then, an approximately plateau
region is observed. Finally, a subsequent reduction to zero velocity
values is obtained when the spheres reach the liquid-air interface.

The effect of the operative variables on the profiles of vp was more
pronounced for the case E =13. The more important effect was the
number of orifices, secondly the area-average fluid velocity at the or-
ifices and marginally the temperature. In general, high values of vp are
obtained for small small S or high V and T . Small values of S produces

Fig. 3. Behavior of spheres after injection for the case E =13 for the studied conditions (T = −5 °C). Color of spheres represents the velocity of spheres. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Behavior of spheres after injection for the case E =29 for the studied conditions (T = −5 °C). Color of spheres represents the velocity of spheres. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Behavior of spheres after injection for the case E =61 for the studied conditions (T =−5 °C). Color of spheres represents the velocity of spheres. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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zones with high fluid velocities causing profiles with a higher maximum
and a velocity decrease less pronounced. An increase in V produces a
slight increment in the maximum and a shorter period of constant ve-
locity due to the shorter residence time.

For the case E=29, most of the profiles were similar except for the
conditions S=1 cm and V=1.18m s−1. In that case, the synergic ef-
fect of the number of orifices and the fluid velocity produced a higher
maximum in the profiles of vp .

It is interesting to notice that Fig. 6 also shows the representation of
the displacement of spheres in the domain, that is, the integration of

vp over time. If the displacement of spheres is similar, the area under
the curve of vp will remain approximately similar. That effect is
clearly observed for the cases E =13 and E =29, the sphere trajectory
was almost vertical and the displacement was approximately equal to
0.05m. For the case E =61, the effect of the operative variables on the
profiles of vp is less noticeable.

3.5. Volume-averaged relative fluid velocity

The volume-averaged relative fluid velocity ( vslip ) for the studied

Fig. 6. Profiles of volume-averaged velocity of spheres ( vp , Eq. (1)) for dif-
ferent number of spheres (E=13, 29, 61) as function of time. The codification
for T , V and S appears in the legend.

Fig. 7. Profiles of volume-averaged relative fluid velocity ( vslip , Eq. (2)) for
different number of spheres (E=13, 29, 61) as function of time. The codifi-
cation for T , V and S appears in the legend.
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conditions as a function of time is shown in Fig. 7. For the cases E =13
and E =29, an initial velocity equal to the fluid velocity is observed at
the injection point of the spheres due to the zero initial velocity of the
spheres. A subsequent decrease is observed due to an initial velocity
increment of the spheres and a slight decrease of the fluid velocity
while the spheres ascend inside the domain. Then, a minimum is ob-
tained when vp and the fluid velocity are equaled. A zero value is
obtained at this point but is not shown due to the time discretization
used. Then, a second maximum is observed when spheres reached their
maximum vp (Fig. 6). Later, a slight decrease or plateau according to
vp profiles and small values of fluid velocity are obtained. Finally, a
value of vslip equal to the fluid velocity is obtained due to the spheres
reached the liquid-air interface and vp =0.

For the case E =61, although both maxima of vslip are observed,
the decrease after the second maximum occurred because of the sphere
dispersion (i.e. more spheres are placed in zones with low fluid velo-
cities). Then, a plateau related to the upward movement of the spheres
especially close to the wall domain is observed (Fig. 5). Finally, a
continuous decrease during the secondary descendent flow and a later
movement to the liquid-air interface are observed.

For all cases, when V=1.18m s−1 and S=1 cm, the initial char-
acteristics of the vslip profiles were similar to those of the other con-
ditions studied. However, the final vslip values were higher and no
descendent behavior was observed.

The effect of the operative variables on the values of vslip was si-
milar to the one observed for the vp profiles. In the case of E =13, a
decrease of S and an increase of V and T produce an increase in vslip .
In the cases E=29 and E=61, the effects are less pronounced.

3.6. Turbulence levels

The effect of the operative variables on the turbulence levels was
studied evaluating the relative turbulence at t =4 s ( Tu rel). This
output was determined with the relation Tu Tu/ ref , where Tu ref is
the lowest turbulence level at t =4 s. Fig. 8 shows the values of Tu rel

for the studied conditions. The condition T5V030S2E13 was selected as
the reference condition.

The more important effect on Tu rel corresponded to V , then S and
then T . An increase in V and a decrease in S and T produce an increase in
Tu rel. For the cases E =13 and E =29, the relations ≅Tu V V0.4( / )rel min ,

≅ −Tu S S1.35( / )rel min and ≅ −Tu T T0.39( / )rel min are observed. The

number of spheres in the cases E =13 and E =29 did not have a sig-
nificant effect because the spheres did not considerably modify the fluid
behavior (Figs. 3 and 4). In the case E =61, the values of Tu rel are higher
due the number of spheres affected the fluid behavior, causing more eddies.

3.7. Dispersion level of the spheres

The dispersion level of the spheres measured through the average
minimum distance ( d t) as function of time for the conditions studied is
shown in Fig. 9. The values of d t increase until reaching a maximum
for 3.2 s< t <3.4 s. The dispersion of spheres can be related to the
interaction of spheres with the fluid, between them and with the walls.
Then, a decrease of d t is observed due to spheres are grouped together
until reached the liquid-air interface.

For the case E =13, the fluid carried the spheres without per-
turbing their initial position when S =2 cm and for low values of V
(Fig. 3). As a consequence, d t remains almost constant with time. For
the case S =1 cm, asV increases, the values of d t decrease faster. This
behavior can be explained considering that a higher flow favors the
grouping of spheres at liquid-air interface. However, spheres did not
reach the value =d 1/2t,min during the period of time studied (i.e.
spheres touched each other).

For the case E =29, a decrease in d t was observed after reaching
the zone of maxima. For the case S =2 cm, an increase in V produces
less spheres grouping while ascending in the domain (Fig. 4). This be-
havior is not observed for S =1 cm. In general, profiles converge to

=d 1/ 2t,min at different rates.
For the case E =61, the profiles of d t show a second region of

maxima. This behavior is explained through the secondary flow of the
fluid and spheres for t >3.62 s (Fig. 5) that allows the spheres grouping
in those streamlines and reaching lower values of d t. Then, d t in-
creases again due to the ascendant movement of the liquid. In general,
profiles converge to =d 1t,min at different rates. It is important men-
tioning that the maxima observed for t <3.5 s are higher for the case
S =1 cm. Moreover, the effect of V was more pronounced in these
cases. This behavior can also be observed through the distribution of
spheres in Fig. 5.

The higher the number of spheres, the higher the initial rate of in-
crease in d t. This behavior can be explained considering that for a
higher value of E , the spheres are closer each other and any movement
produces a significant relative increment. In general, temperature did

Fig. 8. Values of Tu rel for different number of spheres (E=13, 29, 61). The codification for T , V and S appears on the left of the graph. The reference condition is
T5V030S2E13.
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not show an important effect on the profiles of d t.

3.8. Surface heat transfer coefficient

The profiles of the volume-averaged surface heat transfer coefficient
( hc ) as a function of time for the studied conditions are shown in

Fig. 10. Values are shown in the range of 3 s< t < 4 s. The behavior
observed is similar to that observed for vslip (Fig. 7) due to the re-
lationship of these variables.

The time-averaged surface heat transfer coefficient hc was cal-
culated for = − =t t t 5 sRes f 0 . In Table 3, the values of hc for the
studied conditions are shown. An increment of E and V and a decrease

Fig. 10. Values of volume-averaged surface heat transfer coefficient ( hc , Eq.
(5)) for different number of spheres (E=13, 29, 61) as function of time. The
codification for T , V and S appears in the legend.

Fig. 9. Values of the dimensionless average minimum distance ( d t , Eq. (4)) for
different number of spheres (E=13, 29, 61) as function of time. The codifi-
cation for T , V and S appears in the legend.
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in S produce an increase in hc . The effect of T on hc was mar-
ginal. In general, the relations ≅h h E E/ 0.035( / )c c min min ,

≅h h V V/ 0.2( / )c c min min and ≅ −h h S S/ 1.7( / )c c min min
were observed for the ranges of the conditions studied.

3.9. Mass and heat transfer in the food domain

The mass and heat transfer in the food domain was studied through
the average NaCl concentration (CNaCl) and through the temperature at
the geometric center of the spheres (Tc), respectively (Peralta et al.,
2012). Fig. 11a shows the profiles of CNaCl as function of time for the
different conditions studied. The refrigerating medium temperature was
the variable with more important effect. The variables V , S and E did
not have a noticeable effect. This behavior can be explained taking into
account that the internal transport phenomena are mainly influenced

by the temperature and that any variable combination ensures the de-
crease of the external mass transfer. It is worth mentioning that the
CNaCl values for the conditions at T = -5 °C were approximately 22%
higher than for the conditions at T = -10 °C.

Fig. 11b shows the profiles of Tc for the studied conditions. The ef-
fect of the variables was similar to that observed for CNaCl. To sum-
marize the information, a characteristic freezing time necessary for the
center to reach −4 °C (tC) was defined (Belis et al., 2015). To compare
the freezing times, a relative freezing time (tR) was defined as the ratio
of tC at a certain condition to the tC corresponding to the condition
T10V118S1E61 (Fig. 12). The refrigerating medium temperature was
the more important effect. An increase in temperature from −10 °C to
−5 °C produces an increase of approximately 2.5 times in the values
oftR. An increase of 1 cm in S produces an increment of 6% in tR, while a
decrease to half V decreases 10% in tR.

Table 3
Values of hc for the studied conditions.

Condition hc
[W m−2 K−1]

Condition hc
[W m−2 K−1]

T5V030S1E13 1009 T10V030S1E13 962
T5V030S1E29 1159 T10V030S1E29 1090
T5V030S1E61 1226 T10V030S1E61 1131
T5V030S2E13 780 T10V030S2E13 776
T5V030S2E29 875 T10V030S2E29 850
T5V030S2E61 1060 T10V030S2E61 1057
T5V059S1E13 1395 T10V059S1E13 1291
T5V059S1E29 1539 T10V059S1E29 1402
T5V059S1E61 1385 T10V059S1E61 1179
T5V059S2E13 831 T10V059S2E13 824
T5V059S2E29 964 T10V059S2E29 890
T5V059S2E61 1093 T10V059S2E61 1053
T5V118S1E13 2152 T10V118S1E13 1987
T5V118S1E29 2189 T10V118S1E29 2120
T5V118S1E61 2276 T10V118S1E61 2243
T5V118S2E13 1116 T10V118S2E13 1000
T5V118S2E29 1150 T10V118S2E29 1111
T5V118S2E61 1177 T10V118S2E61 1164

Fig. 11. (a) Average NaCl concentration and (b) temperature at the geometric center of spheres for the studied conditions grouped by the refrigerating medium
temperature (T=−5 and −10 °C). Dashed lines represent the standard deviations.
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4. Conclusions

Coupled CFD-DPM-DEM simulations were used to study a hydro-
fluidization system with moving food spheres and multiple jets. The
effect of operative variables (flow rate and temperature) and the
number of spheres and orifices on representative variables of the mo-
mentum, heat and mass transfer was studied. In general, the number of
spheres, the number of orifices and the averaged fluid velocity at the
orifices were the main variables affecting the transfer phenomena in the
fluid phase, while the refrigerating media temperature had a marginal
effect. The energy transfer in the food domain was affected by all the
variables analyzed, while the mass transfer was mainly affected by the
refrigerating media temperature.

This study, involving a sensitivity analysis, shows that CFD-DPM-
DEM is a powerful tool to perform relatively low cost simulations of
food processing systems, allowing a more realistic description of the
system. That is, essential variables (local and averaged) of heat and
mass transfer can be estimated taking into account complex phe-
nomena, such as fluidization and phase change processes. The general
nature of the mathematical model presented here can be used by sci-
entist, engineers and technicians to correctly design, develop, operate
and optimize similar equipments and processes dealing with complex
phenomena.

Acknowledgments

This research was supported partially by Universidad Nacional del
Litoral (projects CAI + D: 501 201101 00031 LI and 504 201501 00002
LI) (Santa Fe, Argentina), Consejo Nacional de Investigaciones
Científicas y Técnicas (project PIP 2015–2017 11220150100185)
(Argentina), and Agencia Nacional de Promoción Científica y
Tecnologica (projects ANPCyT: 2011-182, 2012-1413, 2015-365)
(Argentina).

Nomenclature

Ay cross sectional area to the domain axis at the height y [m2]
CNaCl volume-averaged NaCl concentration in the potato spheres [g

Kg−1]
D diameter of the spheres [cm]
d diameter of the orifices [cm]
dij Euclidean distance of geometric centers [m]
d t dimensionless average minimum distance defined by Eq. (4)

[−]
d t,min minimum value of d t for a certain condition [−]
d tmin average minimum distance at t defined in Eq. (4) [m]

dmin 0 value of d tmin at t =0 s defined in Eq. (4) [m]
E number of spheres [−]
Emin minimum value of E [−]
FD drag force per unit sphere mass [m s−2]
F DEM force per unit sphere mass due to the interactions between

spheres estimated by DEM [m s−2]
F N normal component of F DEM [m s−2]
FT tangential component of F DEM [m s−2]
H0 initial position of spheres relative to the orifice plate [mm]
hc surface heat transfer coefficient [W m−2 K−1]
hc volume-averaged surface heat transfer coefficient define by

Eq. (5) [W m−2 K−1]
hc time-averaged hc defined by Eq. (6) [W m−2 K−1]
hc min minimum value of hc [W m−2 K−1]

K spring constant per unit mass [s−2]
S minimum distance between the geometric centers of the or-

ifices [cm]
Smin minimum value of S [cm]
slimit parameter determining how fast μfriction approaches μlimit [s

m−1]
T refrigerating medium temperature [°C]
Tc temperature of the geometric center of the spheres [°C]
Tmin minimum value of T [°C]
t time [s]
t0 initial time [s]
tC characteristic freezing time necessary for Tc = -4 °C [s]
tf final time [s]
tR ratio of tC to tC for T10V118S1E61 [-]
tRes total residence time of the spheres in the domain [s]
Tu local turbulence intensity ( κ v/ f

2
3 ) [−]

Tu volume-averaged Tu defined by Eq. (3) [−]
Tu rel ratio of Tu to Tu ref [−]
Tu ref minimum value of Tu evaluated at t =4 s [−]

V area averaged fluid velocity at the orifices [m s−1]
Vf refrigerating medium volume [m3]
Vmin minimum value of V [m s−1]
VT volume of the fluid domain [m3]
v f fluid velocity vector [m s−1]
v p sphere velocity vector [m s−1]
vglide gliding velocity [m s−1]
vslip magnitude of −v vp f [m s−1]
vlimit limit velocity [m s−1]
vf area-averaged v f at Ay[m s−1]
vp volume-averaged v p defined by Eq. (1) [m s−1]
vslip volume-averaged vslip defined by Eq. (2) [m s−1]

x y z, , Cartesian coordinates [m]

Fig. 12. Values of tR for different number of spheres (E=13, 29, 61). The codification for T , V and S appears on the left of the graph. The reference condition is
T10V118S1E61.
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Greek symbols

ηp coefficient of restitution for sphere-sphere interactions [−]
ηw coefficient of restitution for sphere-wall interactions [−]
κ turbulence kinetic energy [m2 s−2]
μfriction friction coefficient [−]
μglide gliding friction coefficient [−]
μlimit high velocity limit friction coefficient [−]
μstick sticking friction coefficient [−]
ω specific turbulence dissipation rate [s−1]
Acronyms

CFD computational fluid dynamics
DEM discrete element method
DPM discrete phase method
HF hydrofluidization
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