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Abstract

This paper presents a numerical model for the process of microwave freeze-drying within a cylindrical porous media

with cylindrical dielectric cores. The set of transient governing equations developed are solved numerically with variable

time-step finite volume method. Analysis of numerical results may lead to following main conclusions for the new

freeze-drying process: (1) Proper usage of cylindrical dielectric cores could dramatically reduce the drying time. (2)

The loss factor e00 of the cylindrical dielectric core is an important parameter influencing the drying behavior. (3)

Two sublimation fronts do exist within the porous media due to the existence of inner dielectric cores. (4) The impact

of cylindrical dielectric cores on drying could not be ignored even though the initial saturation is low (S0 = 0.2).
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1. Introduction

Freeze-drying (lyophilization) is used as a gentle

dehydration method for heat sensitive materials espe-

cially in food and pharmaceutical industries, usually

for the purpose of preservation. It is well known for

its ability to sustain the high quality of products (colour,

shape, aroma, texture, biological activity, etc.) than any

other drying methods due to its low processing temper-

ature and no oxygen involved in the process. Other

advantages of freeze-drying include its protection

against chemical decomposition, ease of rehydration,

etc. However, freeze-drying is an expensive dehydration

process because of low drying rates, high capital and en-

ergy costs generated by refrigeration and vacuum sys-

tems, and relatively long drying time required [1–5]. As

a consequence, the use of freeze-drying on the industrial

scale is restricted to high added-value products. Freeze-

drying by microwave heating, however, has proven to

overcome those disadvantages as it has the characteristic
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of heating up materials volumetrically. Experiments and

numerical predictions all showed that the microwave

freeze-drying appears to be one of the most promising

techniques to accelerate the rate of dehydration and en-

hance overall quality [6–14].

Copson, in 1962, firstly modeled the microwave

freeze-drying process with pseudo steady- state assump-

tion that had been used in conventional freeze-drying

modeling. Much efforts have been devoted afterwards

to this area by many researchers [7,15,10,11,16,17]. Ma

and Peltre [18] presented a transient one-dimensional

model, which was the first transient analysis of micro-

wave freeze-drying. A more general analysis was under-

taken by Ma and Peltre [10,11] to improve the accuracy

of the Copson model, and was later extended to be two-

dimensional by Ang et al. [12] to take into account of the

material anisotropy. Chen et al. [19] studied volatile

retention in microwave freeze dried model foods. Wang

and Shi [20–24] developed a model which took into ac-

count the sublimation or condensation by vapor trans-

port in the unsaturated frozen region, and saturation

change was considered. Further research on microwave

freeze-drying focused on optimization of combined radi-

ant and microwave aided freeze-drying [17] and solid

entrainment [25,26].

Although ordinary microwave freeze-drying could

dramatically accelerate the drying process, it has much

room to be enhanced further by adding dielectric cores

to the porous materials to be dried. The dielectric core

is functioning an another heat source because the dielec-

tric core has to be properly selected high loss factor than

ice so that the microwave energy will be mainly taken by

the core during drying. In this way, the porous material

will be heated from both inside and outside at the same

time, which could remarkably increase the drying pro-

cess. Adding dielectric cores is, therefore, a novel, inter-

esting, and also industrially relevant drying technique.

Wu et al. [27] presented a double sublimation front

model within spherical porous media with dielectric

cores in microwave freeze-drying. By now, there is not

a single report on using dielectric materials within cylin-

drical porous media in microwave freeze-drying.

In the present study, a numerical simulation is car-

ried out to investigate the microwave freeze-drying with

Nomenclature

a coefficient

A area, m2

b source term

c specific heat, J/(kg �C)
D diffusivity, m2/s

E electric field strength, V/m

f frequency, MHz

DH sublimation latent heat of ice, J/kg

I vapor source intensity, kg/(m3s)

J mass flux, kg/(m2s)

Jvs mass flux of vapor in icy region, kg/(m2s)

KD permeability, m2

Kr relative permeability,

m mass, kg

P pressure, Pa

PR vacuum pressure, Pa

q density of microwave power absorbed,

J/(sm3)

r polar coordinate direction

R water vapor gas constant, m2/(s2K)

Rd radius of cylindrical dielectric core, m

RP initial radius of porous material, m

S saturation (ice volume)/(void volume)

t temperature, �C
T temperature, K

TR vacuum temperature, K

u velocity, m/s

usat moisture content, kg/(m3)

V volume, m3

Greek symbols

a heat transfer coefficient, W/(m2�C)
e porosity

e 0 permittivity, F/m

e00 loss factor

/ generalized variable

k thermal conductivity, W/(m �C)
l viscosity, kg/(ms)

q density, kg/m3

s time, s

n small value

Subscripts

0 initial

1 first sublimation front

2 second sublimation front

a with cylindrical dielectric core

b without cylindrical dielectric core

d cylindrical dielectric core

e effective

f sublimation front

F final time

i ice

I initial time

nb neighbor

p current control volume

s solid body

v vapor

w wall of porous material
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