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a b s t r a c t

The dynamic characteristics of gas-particle spout fluidized bed in a pulsed spouted microwave-vacuum
drying system (PSMVD) were investigated. The spout fluidization process in a pseudo-2-D spout fluidized
bed was simulated by computational fluid dynamics (CFD) using the inviscid two-fluid theory method
(TFM) based on the kinetic theory of granular flow. The dynamic characteristics of the spout fluidized
bed and the effect of spout elevation on the particle movement were revealed, which could be used to
improve the uniformity of particle mixing and microwave heating. The mathematical model demon-
strated that the spout fluidization process includes isolated, merged and transitional jets and the fluid-
ization at a specific spout gas velocity has a start-up stage and a quasi-steady fluidization stage. The
spout velocity was an important factor controlling particle status in the spout fluidized bed and a critical
velocity was identified for effect transition of the flow pattern. There was an approximately linear corre-
lation between the jet penetration depth and the spout velocity. When the spout gas velocity increased
up to the critical velocity region, the pressure drop tended to convert from negative pressure to positive
pressure.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, microwave-vacuum drying (MVD) has been ten-
tatively applied in food industry as a potential drying method for
obtaining high quality food products, including dried fruits, vegeta-
bles and grains (Zhang et al., 2010; Li et al., 2011). MVD possesses
the advantages of both microwave heating and vacuum drying. The
combination of low temperature and fast mass transfer conferred
by vacuum drying and rapid energy transfer by microwave heating
generates a very rapid, low temperature drying process and has the
potential to improve energy efficiency and product quality.
Although MVD can offer unique advantages, the inherent problem
preventing its widespread application is the nonuniform tempera-
ture distribution caused by uneven spatial distribution of the elec-
tromagnetic field inside the drying cavity, which results in hot and
cold spots in the dried product (Li et al., 2011). The nonuniform
temperature distribution in microwave drying also causes an issue

of microbial safety in food products (Vadivambal and Jayas, 2010;
Jangam, 2011).

The heating uniformity of MVD is influenced by many factors,
such as vacuum cavity effects, product physical attributes and
geometry, spatial location, and spatial electromagnetic field inten-
sity in the microwave cavity (Zhang et al., 2006, 2010). Many
researchers have studied the MVD characteristics of food materials,
both experimentally (Hu et al., 2006; Huang et al., 2011; Nahimana
and Zhang, 2011) and theoretically using analytical and mathemat-
ical methods (Giri and Prasad, 2007; Han et al., 2010; de Jesus and
Filho, 2011). Various field-averaging methods have been developed
to achieve the heating uniformity. The MW energy averaging can
be accomplished by either mechanical means (Torringa et al.,
1996) or through pneumatic agitation (Feng and Tang, 1998;
Balakrishnan et al., 2011).

Fluidization provides a pneumatic agitation for particles in the
drying bed. It also facilitates heat and mass transfers due to a con-
stantly renewed boundary layer on the particle surface (Feng et al.,
2001; Jambhale and Barbadekar, 2008). Therefore, combination of
fluidized or spouted bed drying with MVD is considered as an
effective means of solving the uneven heating problem. It is well
known that coarse food particles such as diced or sliced materials
are difficult to be fluidized by a conventional fluid bed, especially
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when their moisture content is relatively high and surface is sticky.
However, pulsed spouted bed can be used for fluidizing the coarse
particles. Although a few researchers have performed some exper-
imental investigations on the drying characteristics of food materi-
als by this new technique (Wang et al., 2012; 2013a,b), more work
about fluidization need to conducted to understand the drying
mechanism in pulsed spouted microwave-vacuum drying
(PSMVD).

Computational fluid dynamic (CFD) approach has been recog-
nized as a useful tool to obtain detailed hydrodynamics of a com-
plex gas–solid flow (Rahimi et al., 2013). Two different methods
are generally used for modeling dispersed phase flows in fluidized
and spouted bed, namely, Eulerian–Eulerian (EE) and Eulerian–
Lagrangian (EL) methods (Pai and Subramaniam, 2009). In EL or
discrete element method (DEM), the continuous phase flow is eval-
uated by Eulerian approach, while the individual particle trajecto-
ries are evaluated by Lagrangian approach. Although the EL
approach requires less modeling assumption for the particulate
phase, it requires highly efficient computation to analyze dense
gas–solid fluidized beds (Pritchett et al., 1978; Bouillard et al.,
1989). Two-fluid model (TFM) based on the EE method is a popular

approach requiring smaller CPU and memory resources, and has
been used in a large number of studies (Gidaspow, 1994;
Gidaspow et al., 2004). In the TFM model, the two phases are trea-
ted as interpenetrating continua. This approach has been success-
fully utilized for predicting and validating hydrodynamics of the
gas–solid systems. For example, Passalacqua and Marmo (2009)
used the TFM to predict bubble diameter in a bubbling fluid bed
with a central jet and the bubble diameter distribution in a uni-
formly fed bubbling fluidized bed. Zhong et al. (2010), Wang
et al. (2007) and Pei et al. (2009) have also applied the TFM in
studying hydrodynamics of spout-fluid bed, fluidized bed coal gas-
ification, circulating fluidized beds and jet fluidized beds, respec-
tively. The success of a TFM depends on the proper description of
the interfacial forces and the constitutive models for solid and fluid
stresses. The interfacial forces are used to describe the momentum
transfer between the phases, which significantly affects the hydro-
dynamic behavior of the two-phase flows.

In the present study, the effect of combining a pseudo two-
dimensional spout fluidized bed in a pulsed spouted microwave-
vacuum drying system (PSMVD) was investigated using the TFM
method. The dynamic characteristics of the gas-particle spout

Nomenclature

CD drag force coefficient
dp particle diameter (m)
~F net force (N/m3)
g acceleration due to gravity (m/s2)
H bed height (m)
L nozzle width (m)
P pressure (N/m2)
DP bed pressure drop (N/m2)
Re Reynolds number
t time (s)
Dt time step (s)
~u velocity vector (m/s)

uspout spout velocity (m/s)

Greek symbols
e volume fraction
q density (kg/m3)
l viscosity (N s/m2)

Subscripts
g gas
p particle

Fig. 1. Schematic diagram of a laboratory pulsed spouted microwave-vacuum drying system. 1. Feeding ball valve, 2. plate valve, 3. microwave heating cavity, 4. magnetron,
5. circulating water unit, 6. drying chamber, 7 and 13. pressure gauge, 8. solid–gas separator, 9. vapor condenser, 10. vacuum pump unit, 11. gas flow electromagnetic valve,
12. gas flow adjustable valve, 14. gas source, 15. control panel, 16. water load pipe, 17. gas distributer, 18. spout pipe, 19. silicon rubber stopper, 20. sample, 21. drying
chamber, 22. fixed unit, 23. fiber optic temperature sensor.
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