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FOREWORD 

Dehydration has been used for millenia to extend storage life of food 
products. If properly done and followed by appropriate packaging, a wide 
variety of food products can be maintained without significant change at 
ambient temperatures for very long periods. Weight savings may be as high 
as 90%. Accordingly, dehydration has always played an important role in the 
preparation of military rations. 

Efforts to improve the process have culminated in freeze-drying or 
dehydration by sublimation. The results have been dramatic and with many 
products consumer acceptance approaches that for fresh or frozen counterparts. 
'lhe cost of freeze-drying is high due to the equipment required and low 
through-put rate. Present procedures are slow because as the product dries 
from the surface inward the energy for sublimation must pass by conduction 
through dry product which is an effective thermal insulator. Transfer of 
microwave energy is nearly unaffected by the dry layer. Thus, theoretically, 
microwave freeze-drying should permit drying much more rapidly. 

Investigations of microwave freeze-drying have indicated many problems. 
'!his study covers theoretical and experimental approaches toward their solution. 
Included is .a mathematical simulation of the drying process which it is 
hoped will constitute a valuable tool for future process design, optimization 
and control. 

This study was undertaken under a grant from US Army Natick Laboratories 
No. DAAGl?-71-G-0001, Project Number 1Tl61101A91A07, In-House Laboratory 
Independent Research. This manuscript was previously submitted to 
Worcester Polytechnic Institute in partial fulfillment of requirements for 
the PhD degree in Chemical Engineering. The project Officer for this 
grant was Dr. Clarence K. Wadsworth. 
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- Chapt er I -

INTRODUCTION 

For many years, dehydrated food products have received a lot of 

attention as they greatly simplify storage and conservation problems. 

In effect, dehydrated food products can be kept at room temperature 

over long periods of time if properly packaged. On the other hand, 

the loss of the moisture content represents a saving in weight of 

approximately 75%. 

Various means of dehyd1·ation have been developed to suit the 

needs of the industry. Among these, the freeze-drying process is of 

special interest as it is most suited for heat sensitive materials 

such as biologicals and food products . 

In this technique, which was developed in the early 1950's the 

material to be dried is first deep frozen and then dehydrated by 

sublimation of its frozen moisture content. As the dehydration pro­

ceeds an outer dried layer forms while the frozen core retreats. It 

has been observed experimentally that a sharp suplimation zone separates 

distinctly the nearly completely dried layer, and the fully hydrated 

and frozen core . The sublimation is maintained by keeping the sub­

limation zone temperature below the melting point of the frozen material. 

A low partial pressure of water vapor in the surrounding atmosphere 

provides the driving force necessary tor the dehydration to take 

place. Water vapor partial pressures of the order of .1 mmHg are 

usually maintained by means of a low temperature condenser (-40 to -50°C). 

The dehydration is generally conducted under vacuum ( . 1 to 1 mmHg) 

in order to decrease the resistance to the water vapor flow through 



the porous dried layer, although, a s ubl i mation under atmospheric 

conditions is physically possible (Hohner (1970)) . 

Although it has proven very successful and is widely used, 

conventional freeze -drying processes use an external, surface 

heating (i.e., hot pl~tes, infra red lamps) to supply the necessary 

enthalpy of sublimation to the product. The poor thermal conductivity 

of food products results in long drying time s due to upper-limits on 

the temperature gradients allowable in the product in order to avoid 

melting and/or thermal degradation of the dried material . Overheating 

of the dried product is particularly undesirable with respect to t h e 

reversibility of the freeze-drying process as poor rehydration 

characteristics may develop (Kuprianoff (1961)). 

Microwave dielectric heating has shown a great potential in 

accelerating freeze-drying (Hoover et al. (1966)) . Its feasibility' 

was demonstrated on an experimental scale in the late 1950 ' s by 

Jackson et al. (1957) and Copson (1958) . Hoover et al. (1966) 

have shown that use of microwave energy to replace conventional 

(external) heating may reduce drying times by factors of 3 - 13 

which would allow the use of a continuous or at least semi-continuous 

process. The shorter drying times are due to the fact that microwave 

energy is dissipated throughout the bulk of the material being dried, 

particularly in the frozen core. Th us, t he problem of supplying 

the enthalpy of sublimation by conduction from the surface can be 

overcome . 

However, the microwave freeze-drying process has remained in t h e 

experimental stage. The lack of a systematic theoretical study of 

the process as well as problems with the relatively new microwave 

heating technology seem to have hampered the development o f this 

new technique. Among the problems involved in t h e design of a 

microwave freeze - dryer, the most critical ones are the corona dis ­

charge occuring at low pressures , the difficulty of obtaining a 

uniform heating of the frozen product, and the difficulty of coupling 

efficiently microwave energy with the material being dried. 

The question of corona discharge in the microwave applicator is 
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of prime importance as its formation drastically decreases the power 

efficiency and may result in severe burns of the product. Thus, the 

electric field in the microwave applicator must be kept below its 

break - down value. This constitutes an additional constraint imposed 

on the process. Previous studies have shown that the electric field 

strength at which breakdown (corona discharge) occurs is a function 

of . the press.ure in the vacuum, the design of the microwave generator 

and the geometry of the microwave applicator (MacDonald (1966), 

Gould & Kenyon (1971)). Experimental results Ly Gould & Kenyon on 

the phenomenon of gaseous breakdown with reference to freeze-drying 

indicate breakdown fi(~ld strengths of 200 to 300 V/cm RMS in the 

pressure range 2 to .1 mmHg. In this pressure range, the highest 

strengths are reached for the low~st pressure values. 

Research has been undertaken at the U.S. Army, Nati~k Laboratories, 

in an effort to develop the microwave freeze-drying technique. 

As part of this work, the present investigation is intended to 

provide a mathematical simulation of the freeze-drying process using 

microwave dielectric heating. It will constitute a useful tool 

in the future for process design, optimization and control. 

The objectives of this work can be stated as follows: 

1. Develop a mathematical m~del to describe the process. 
2. Study the response of the mathematical model to various 

freeze-drying conditions in order to test its validity 
and provide design guidelines. Of prime concern will be 
the effects of the process constraints and variables on 
the drying time. 

3. Obtain experimental drying curves of beef samples and 
compare them with predicted drying curves as a verification 
of the simulation. 
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- Chapter II -

LITERATURE SURVEY 

During the la st twenty -five years, there have been numerous 

publications on the various aspects of c onven tional freeze drying. 

However, very little information could be found on mic rowave freeze­

drying. It should be po i nted out that ther e s till i s a need for 

a systematic theoretical study of the conventional freeze-drying 

process. 

1. The microwa v e freeze-drying process 

Most of the work done on this s ubject falls in a few isolated 

experimenta l st udies which were directed toward the d e velopment of 

this n ew technique. Jackson et al. (1957), Copson (1 962 ) s uccessf ully 

accelerated freeze-drying with microwave energy on a n experimenta l 

scale. They found that microwave heat ing should allow drastic 

reduction s of the drying time, although engineer ing problems , particu­

larly g l ow discharge may complicate its a pplicat ion. Har per (1961), 

Kan & Yeaton (1961) obtained experimental data on t h e dielectric 

properties of various food product s between microwave frequencies 

of 500 a nd 3000 MHz . Hoover et al. (1966) obtained comparative 

drying curves for r a dia nt a nd microwave (at 632 a nd 9 15 MHz) freeze­

drying of various food products . They demon str ated that use of 

micr owave freeze-drying may reduce drying times by factors of 3 t o 13 

as compared to radiant (s urface ) heating. They found that with 
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microwave heating the drying times were essentially independent of 

the thickness of the sample. It should be noted that the microwave 

power input level was increased in their experiments, in the same 

ratio as that of the . thickness. They reported variations of the 

glow power vs pressure for the microwave applicator which they used. 

In a succeeding paper, they used engineering data derived from their 

experimental results to discuss the feasibility of the microwave 

freeze-drying process. 

General analyses about the microwave freeze-drying process 

have been reported in the recent years. Copson (1962) published 

a book in which he described in detail the theoretical and engineering 

problems arising in the application of microwave heating to freeze­

drying. Parker (1968) made an extensive use of the data of Hoover 

et al., to illustrate the possibilities of microwave freeze-drying, 

as one of the multiple applications of microwaves in Power Engineering. 

Other reviews have been done by Decareau (1962), Meryman (1964), 

and Harper et al. (1962). 

Based on Hoover's experimental data for microwave freeze-drying 

at 915 MHz, Hammond (1967) made an economic evaluation of microwave 

vs radiant heating and concluded that both methods were economically 

competitive . However, he also pointed out that his analysis was 

very sensitive to the assumptions which he made. 

More recently, Gould and Kenyon (1971) studied experimentally 

the problem of corona breakdown in microwave freeze-drying at 2450 MHz. 

They also derived an equation which shows the effect of a dielectric 

load on the gas discharge in a microwave cavity. 

2. Modeling the freeze-drying process 

There has not been, yet, any comprehensive analysis of the 

freeze-drying process using microwave heating. Previous analyses 

have been limited to simplified approaches using a quasi-state 

assumption and were aimed at preliminary design applications (Copson 

(1962)). 

·On the other hand, there have been many publications concerned 
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with a theoretical description of the conventional freeze - drying 

process using external heating. The reader is referred for more 

information to the excellent review of King (1971), and an extensive 

collection of articles on Lyophilisation edited by Rey (1964). 

Although theoretical studies of conventional freeze··drying are 

not · applicable to microwave freeze-drying (thi s point will be 

discussed below), it is of interest to review s ome of the most 

recent and complete st udies as they emphasize t he need for a general, 

transient analysis of the freeze-drying process . 

These studies have generally employed the simplifying assumption 

of a pseudo-steady state. This as s umption i s not applicable to 

microwave freeze-drying because of the fast temperature transient s 

occ urin g in the sample. However, this assumption is generally quite 

good in the radiant heating case as shown by Sandall et al. (1967). 

Hill and Sunderland (1971) have presented a theoretical analysis 

considering the simultaneous energy and mass transfer during dehy­

dration . Although they considered the time variation of the interface 

temperature, they have neglected the transient behavior of temperature 

and concentration both in the ice -core and in the dried layer. 

Fox and Thompson (1972) considered the tran sient tran s port equations 

in the dried layer for two limiting cases: quasi-steady stat e with 

heat leakage in the ice-cor e and transient sol utions with a uniform 

ice-core temperature. Hohner (1970) considered the transient 

behavior of both mass and energy transport equation with a numerical 

technique. 

Thus , there is seemingly a need for a general analysis of the 

freeze-drying process which would account for all transi ent effects 

in both the frozen and the dried regions. S uch a study would permit 

the simulation of the radiant freeze-drying process a nd thus, allow 

a systematic theoretical study. 

The objective of this work i s to develop a general st udy using 

microwave dielectric heating. Microwave freeze-drying is indeed a 

more general case. In effect, it includes a heat generation term 

in the energy equation, whereas , conventional freeze-drying, us{ng 



surface h eating does not. A model of the microwave freeze-drying 

process would be readily applicable to the conventional one by 

setting the volumetric · heat generation term to zero and adjusting 

the boundary conditions of the equations governing the process to 

account for the surface heating . 

3. Physical properties of beef meat with reference to microwave 

freeze-drying 

3.1 Thermal conductivities 

The thermal conductivity of dried beef meat has been measured 
- 3 3 

by Harper (1961, 1962) at various pr essures in the range 10 - 1 0 mmHg. 

The measurements were made using hev.t flow transduc2rs, locatE!d on 

both sides of the sample. He also derive d an equation to predict 

the thermal conductivity of the porous material which s howed very 

good agreement with his experimental data. Other thermal conductivity 

values have been reported for dried beef. However, . they are generally 

the results of calculations from the drying rate data and may lack 

accuracy as they depend on the assumptions employed in the calculations 

(Massey and Sunderland (1967)). 

Quite a few data (see Chapter 6, Sec. 2) have been reported 

on the thermal conductivity of frozen beef meat as it is of prime 

importance in refrigeration applications. The various literature 

sources have been listed in Table 2. 1 with the composition of th e 

beef samples us ed in the measurement s. 

Lentz 

Table 2.1 -Sources of thermal conductivity 
data for frozen beet 

Source % moisture %fat 

(1961) 75 .9 

Miller & Sunderland 
69.5 

Hill et al. 

Hill et al. 

(1963) 
(1967) 

(1967) 

76.5 

78.7 
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These data have generally been obtained by measuring the heat flux 

through a sla~ of the sample placed between a cold and a hot plate. 

Accuracies better than 3% are quoted by the authors. 

3.2 Diffusivities 

The exp~rimental data on the effective diffusivity of beef 

meat are very sparse. They are practically limited to measurements 

by Harper (1962 ) and Dyer & Sunderland (1966). Harper (1962) has 

measured the diffusivity of water vapor in dried beef at 38°C 

under 1 atm. He mentioned that the measurement s were not easy 

to reproduce and that there was an uncertainty of 10 to 15% on the 

results. The measurements cons isted of recording the gain in weight 

of sodium perchlorate placed above the sample through which water 

vapor was allowed to diffuse under atmospheric pressure . 

Dyer & Sunderland (1966) have obtained diffusivity data in the 

range 1.44 to 2.28 mmHg, at an unspecified temperature. These 

data were compared to the results of a theory which they derived, 

to predict effective diffusivities in the transition flow regime. 

The agreement is of the order of 15 - 20%. They measured the water 

vapor flow by means of humidity transducers located on both sides 

of the sample within an evacuated chamber. 

3.3 Dielectric properties 

There has been data reported in the literature on the dielectric 

properties of beef meat, a nd other food products. A review of these 

data has been published by Nelson (1971). However, most of these 

data have been obtained for microwave heating applications and are 

usually limited to the fresh product at temperatures above freezing. 

Indeed, no data could be found for frozen and dried beef meat at 

2450 MHz. The most readily applicable data were those reported 

by Kan & Yeaton (1961) at 3000 MHz. These data cover the range 

-59.4°C to 4.4°C for frozen beef (in 5.6 °C increments) and -5l.l°C 

to 82 . 2°C (in ll .2°C increments). The measurements were made using 

the shorted line method with coaxial standing wave detectors. 
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Results of measurements at 1000 MHz and 150 MHz are also reported. 

Additional data points have been obtained by Harper et al. 

(1962 ) for frozen beef at -4° and -l0°C for a frequency of 2000 MHz. 

Bengtsson & Risman (1971) also reported measurement s for frozen 

raw beef at 2.8 MHz, by the cavity perturbation technique, at two 

temperatur~s: -20°C and -l0°C. 

3.4 Specific heat of frozen and dried beef 

Experimental data for frozen and dried beef have been reported 

by Awbery & Griffith (1933) and Rey (1964). 
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- PART I -

MATHEMATICAL SIMULATION OF A FREEZE-DRYING PROCESS USING 

MICROWAVE ENERGY 

Chapter III: The Freeze-Drying Process 

Chapter IV: The Mathematical Model 

Chapter V: The Method of Sol ution 
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- Cha pt er III -

THE FREEZE - DRYING PROCESS 

Although this investigation has been conducted with reference 

to the freeze - dehydration of beef meat. it can easily be extended 

to the freez e - drying of other products, The simulation can also 

be applied to separation processes involving sublimation . Dielectric 

heating is considered in this investigation but, it should be 

noted that it does not limit the applicability of the analysis to 

the specific area of dielectric heating . On the contrary, it 

deals with a more general case than the conventional freeze - dehydration 

process using external heating. In effect , the present analysis 

includes a volumetric heat generation term in the governing energy 

balance equations. The present analysis can be used to simulate 

the conventional (surface heating) freez e - drying process by choosing 

the appropriate boundary conditions . 

However, in extreme cases where the process parameters are 

drastically different from those assumed here, a revision of some 

of the assumptions may be necessary . For example, for much greater 

pore s izes and/ or higher operating pressures, the description . of 

the water vapor flow through the dried layer by Fick's equation 

may not be adequate as hydrodynamic flow predominates . 

1 . General description 

In the freez e - drying technique, the material to be dried is 
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tirst deep trozen (around -35 °C) and then de hydrat e d by direct 

sublimation of the fro z en moisture absorbed in its pore structure. 

As the dehydration proceeds, the frozen core retreat s inward while 

a porous, dried outer layer forms . A sublimation zone separates 

distinctly the frozen core and t he dried layer, as observed ex­

perimentally by this inves tigator and other previous studies 

(Clark (1968), Hatcher (1964), Hardin (1965)). 

For the s ublimation to take place, the temperature s in the 

s ublimation zone must be kept below the triple point of the absorbed 

moisture (around - l.5°C for beef meat ). The water vapor from the 

phase change at the frozen front flows through the porous dried 

layer to the s urrounding atmosphere where it is condensed by a 

vapor trap (moisture sink). Low operating pressures are usually 

used (.OS to lmmHg) in order to insure a s mall resistance to mass 

transfer. In the case under investigation, the heat necessary 

for sublimation is supplied to the material by means of dielectric 

heating at a microwave freq uency of 2450 MHz . 

2 . Sharpness of the s ubl imation zone 

The assumption of a uniformly retreating ice front with a 

s harp boundary (URIF Model), has been commonly used by previous 

investigators, and is generally in good agreement with experiments. 

However, some questions have been raised regarding the degree of 

sharpness of the front . Bralsford (1967), while using the URIF 

Model, s uggests that liquid diffusion is likely to broaden the 

sublimation zone , part icularly as the temperature approaches the 

melting point of the frozen material. Moi st ure measurements by 

Brajnikov e t al. (1969), and Hatcher (1964), indicate the pos­

sibility for a diffuse sublimation zone as thick as 1 to 2 mm . 

But, as suggested by King (1971), it could reflect the limit of 

resolution of the moisture measurement meth od which they used . 

Oth er evidences for a diftuse front have been reported and are dis­

c us sed by King (1971). 

On the other ha nd, visual examination of partially dri ed meat 
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samples (Hardin (1 965 )) and meas urement of temperature histories 

during t he drying process by Hatcher (1964 ) have s hown a sharp 

transition zone. It should be note'd that Hatcher ' s results seem 

to show some broadening of the t ran sition z on e in the latter s tage 

of drying, although the y could be interpreted by a non - planar but 

stiil-sharp f~ont. An additional fact in support of the s harp 

frozen front is that, as already mentioned, models of conventional 

freeze-drying which have used the URIF Model of an infinitely 

sharp front have been in good agreement with experimental results 

(Bralsford (1967), Sandall et al. (1967)). 

Thus the hypothesis of a sharp sublimation front seems to be 

a reasonable assumption for the description of th e freeze - drying 

mechanism, despite the fact that some broadening of the front may 

occur as the temperature approaches the melting point. 

3. Heat transfer 

An important characterization of the freeze-drying process is 

its high energy needs. As compared to other processes, such as. 

drying by vaporization, freeze - drying requires a greater amount of 

energy . · In effect, the heat of sublimation corresponds to the 

sum of the heat of vaporization (595cal / g at 0°C) and the heat of 

fusion (80cal/g) and is 675 cal/g for ice . 

Thus, one may expect that the rate of heat transfer to the 

sublimation front will be a determining factor for the total drying 

time . Indeed, vacuum freeze-drying processes are heat transfer 

limited as shown by studies with conventional, surface heating 

and, microwave dielectric heating (Ma & Peltre (1973)). This 

is due to the fact that the· maximum temperature is to be kept below 

6o~c to avoid thermal degradation in the dried layer, and below 

- l.5°C in the frozen region to eliminate melting or vaporization. 

This results in an upper limit for allowable temperature gradients . 

The sublimation front acts as a heat sink toward which the 

heat flows from both the frozen and dried regions . The heat transfer 

in both regions is essentially due to conduction. The use of 
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:t:l! otiv t h r mnl oonduotivitie nd :f:teotive peoi:f io h t n bl 

on to t:r eo. t t ho poroue modi um a o. continuum. A amo.ll but o.ppre-

cio.ble o.mount o:t hent is ~oa t to t ho subl i mation in t he dried l a yer 

due to convection a s shown by Dye r ·&· Sunderland (1968). 

Regarding the very low thermal conductivity of the solid 

matrix, the gas filling the pores, in the dried layer, is expected 

to ·have a significant contribution t o the overa ll th e rmal conductivity 

of the dried l a yer. Indeed, experimental results (Har per (1962), 

Sandall et al . (1967)) s how the effective thermal conduct ivity in 

the dried layer to be a function of pressure. On the other hand, 

the effective thermal conductivity in the frozen region varies 

significantly with the temperature (Lentz (1961)) . These effec ts 

have been taken into account in the derivation of the model . 

4. The microwave power conversion 

With the microwave dielectric heating, energy is generated 

throughout the volume o{ the material due to the interaction of 

the electric field with the free and bound charges of the dielectric. 

The magnetic component of the electromagnetic field does not 

ge nerate any energy because it s direction is norma l to the velocity 

of the charges. From thes e con s iderations , and assuming a linear 

and conductive dielectric, a formula can b e derived to relate 

the time-averaged powe r generated in a unit volume of dielectric 

to the electric field peak strength in the dielectric , Ed' 

(3 .1) 

It c a n be further transf ormed by e x pressing the electric conductiv­

ity rs in terms of the loss f a ctor of the dielectric €" (also known 
e 

as the imaginary part of the complex dielec tric constant). 

(3. 2 ) 

where f i s the frequency of th e wave . 

If a polariza tion of the e lectric field normal t o the s urface 
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of the dielectric material exists, then the peak s trength in the 

dielectric near the outer surface can be related to that in the 

surrounding vacuum by, 

E = E/ (€
12 

+ €112 )~ 
d 

{3.3) 

On the other hand, if the field is tangent to the surface, 

it is continuous. Then, one has, 

E = E (3. 4) 
d 

Equation (3.3) is used as a dominant polarization of the 

field normal to the sample surface is expected in the experiments 

(see Chapter VIII, Sec. 2.3) . However, it should be no t ed that 

the true situation must lie between these two extreme cases, 

depending on the amount and the direction of polarization of the 

electric field. 

If one neglects the attenuation effect, the str~ngth of the 

electric field is constant throughout the sample and equal to 

the value at the surface (for a uniform field distribution in 

the applicator). Penetration depths(E decreased to 1 / e of its 

value at the surface) at 2450 MHz, for the operating conditions 

encountered, are greater than 3.5 em, as opposed to the maximum 

half sample thickness used of 1.27 em. 

With these assumptions, the power conversion formula reduces 

to, 

2 
w = K E 

where the dissipation coefficient K is defined as, 

(3.5) 

(3.6) 

The effect of the temperature on the dissipation coefficient 

for both the frozen and the dried regions is of special importance. 

According to data by Kan & Yeaton (1961) as the temperature 

increases, K can increase by a factor of 4 for the frozen meat 
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between -40°C and 0 °C, and by a factor of 2 f or the dried meat 

between 0°C a nd 50°C . Th e increase in K val ue with i ncreasing 

temperature ha s an accele~ation effec t on the power absorption 

by the dielectric . This ma y lead to a situation known as a 

"runaway" condition. 

Finally, it is desired to avoid any melting of the fr ozen 

region in the course of the dehydration because of the very high 

loss factor of the wet meat which may trigger t he runaway situation 

previously mentioned. Therefore, the constraint on the temperature 

in the frozen core will be that no melting occurs at any time. 

5. Ma ss transfer 

Although operation under atmospheric pressure is possible 

(Hohner (1 970)), freeze -drying i s generally conducted under vacuum 

( . 05 to 1 mmHg) in order to decrease the resistance to the flow 

of water vapor through the dried layer . This type of operation 

is referred to as vacuum freeze - drying. The higher mass transfer 

rate reached under vacuum yields lower temperatures of the frozen 

core. This permits a higher heat input to the sample and leads 

to shorter drying times. The vacuum operation is practically 

necessary for microwave freeze-drying as short drying times are 

normally required for the effective use of microwave energy. 

At the operating pressur e range mentioned above, the mean 

free path of t h e molecules inside the pores of the dried layer is 

of the order of magnitude of the mean pore diameter (100 ~ as 

observed by Harper (1962) for beef meat). Thus the flow regime 

corresponds to the transition region between molecular flow and 

slip fl ow. Table 3.1 shows the values of the Knudsen number at 

various press ures for dried beef meat. 

The variations of the thermal conductivity of the dried 

layer with pressure (cf . Fig. 6.4) supports the fact that the 

flow is in the transition regime . Fig. 6.4 shows that the effective 

thermal conductivit y is constant at press ures below .01 mmHg 

and corresponds to that of the s olid matrix. As the pressure 
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increases t he effec t i ve therma l conduc t i vi t y i ncreases. When 

th e press ure reaches a bout 10 mmHg , the effective therma l c onduc tiv ­

ity s t ar t s to l eve l off a nd beco~~s inde pendent of the pressure 

again . Thi s latter s tage corresponds to th e beginning of th e 

continuous flow regime for which the kinetic t heory of gases 

predicts that the thermal conductivity does not depend on the 

pressure . 

Table 3.1 - Variation s of Knudsen Number as a 
function of pres s ure (Temperature: 38°C) 

Pres s ure 

mmHg 

760 

10 

1 

.1 

.OS 

Mean free 
path 

~ 

.065 

s 

so 

soo 

1000 

Knudsen 
Numbera 

.OS 

s 

10 

a - calculated assuming a pore diameter of 100 ~ and t hat 
the mean free path varies inversely with the pressure 

Rather complex equations have been proposed t o describe 

the gas flow in the transition region (Wakao et al. ( l96S ) ). 

However, previous studies particularly by Sandall et al. (1967) 

and Dyer & Sunderland (1966) show that it is possible to describe 

the flow by Fick's Equation using an effective diffusivity. 

Values of the effective diffu~ivity have been determined experi­

mentally (Harper (1962 ), Dyer & Sunderland (1966), see Chapt er 

VI, Sec. 4). Thus, Fick's Equation is used in thi s study . 

6. Moisture sorption in the dried layer 

As the water vapor from the sublimation flows through the 
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dried lnyor a tinite amount ot moisture is expected to be adsorbed 

by the dried meat. Sorption isotherms have been obtained t or 

bee:f meat by Saravacos & Stinch:f'icHd (1965 ) . However, calculations 

by Sandall (1966) for typical conditions of freeze - drying of 

turkey breast have shown that the average sorbed moisture content 

"is approximately 3% of the initia l moisture content or 1. 5% 

moist ure by weight . These calculations were based on adsorption 

data of King et a l. (1968) and assumed an externa l heating 

through the dried layer . This s urprisingly low number has been 

attributed to the fact that rather high temperatures and low 

pressures exist in the pores of the dried layer. A larger amount 

of adsorption may be expected for microwave freeze-drying as the 

temperature through the dried layer is somewhat lower. However, 

our own experimental observations s how that the total moisture 

remaining in the dried layer once the ice core has been removed 

is less than 5% of the initial total weight of the sample. 

On the basis of these observations and in order to s impl ify 

the model it seems reasonable to neglect the adsorption effect 

as the drying is generally limited to the removal of the ice. 
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- Chapter IV -

THE MATHEMATICAL MODEL 

A one-dimensional model of the freeze-drying process using 

microwave dielectric heating is derived with the following assumptions 

which were discussed in detail in Chapter III: 

i - The sublimation zone has a zero thickness and retreats 
uniformly. 

ii -An effective diffusivity can be used to describe the vapor 
flow through the dried layer by Fick's Equation. 

iii - The power generated by the microwaves in a unit volume 
can be calculated by Eq~ (3.5) and (3 . 6) from the field 
strength in the dielectric (if one assumes a polarization 
of the electric field normal to the slab surface). 

iv - The moisture sorption effect in the dried layer can be 
neglected . 

The material to be freeze-dried is assumed to have the geometry 

of an infinite slab as shown in Fig . 4.1. The left edge of the 

slab is insulated (or center line of a symmetric slab) while the 

right edge is exposed to a vacuum at temperature TR and water vapor 

concentration CR. 

1 . The transport equations 

Application of the principles of conservation of mass and 

energy in the dried layer gives 

aw ac 
= - ~~ ax 

(4.1) 

aQD aT0 
= - Poco ~ + w 

ax D (4 . 2) 
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Figure 4 . 1 - Model with expected forms of the concentration 
and temperature profiles for the microwave freeze­
drying process . 
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where t h e concentration C is that of the water vapor in t h e gas 

phase inside the pores. All other values are effectiv e quantities. 

In the frozen region, one has 

(4.3) 

Assume that Fick 1 s Equation can be ·used to describe the mass trans ­

fer in the dried layer. Then 

w = - o ac (4.4) 
ax 

Assume that the heat transfer in the dried layer is governed by 

conduction and convection. Then 

(4.5) 

where T f is the reference temperature for enthalpy. Assume that 
re 

heat transfer in the frozen region is due to conduction . Then 

(4.6) 

S ubstitution of Equations (4.4), (4.5), and (4 . 6) into Equations 

(4 . 1), (4.2), and (4 .3 ) gives 

a2c 1 an ac a ac 
0 (4.7) -- + --- = 

ax
2 D ax ax D a t 

a2
T +(l ak0 C W.) aT0 l 

aT0 WD D - pw l. (4.8) - = -
ax

2 kD ax kD ax aD at kD 

a
2

T 
1 okF aTF 1 aTF WF F 

(4.9) -- + ---- = -
ax2 kF ax ax aF at kF 

The variation of the mass flux W with location has been 

neglected in the convection term of the heat transfer equation (4.8). 

It has been shown that the convective term is small compared to 

the other terms in the energy equation (Dyer & Sunderland (1968)). 

It also has been s hown that the mass flux does not vary significa ntly 
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thr ough t he drie d layer (Ma & Pe l tre {1973)). 

2 . The boundary conditions 

At the in s ulated s urface (or center line ) we have 

At 

Due 

fer 

X : 0 · 
aTF 
-- = 0 OX . 

the outer surface of 

X = L h(TR -

to the low ambient 

for t ~ 0 

the dried layer, we have 

Ts) 
(oTD) 

= kD ~s for t~ 0 

pres sure, the resistance to 

at the outer surface can be neglected. Thus 

X = L C(L,t) = CR for t '\ 0 

the 

(4.10) 

(4.11) 

mas s tran s -

(4.12) 

At the interface (ice-front) a thermodynamic equilibrium between 

ice and vapor is assumed. Thus, the concentration of the water 

vapor can be reiated to the ice temperature by the equilibrium 

relationship, or mathematically by 

X = X(t) C . = fE(T.) 
~ ~ 

From Fick' s Equation, we have 

x = X(t) 1 = - - w D i 

for t '::::.. 0 

for t~ 0 

An energy balance at the interface al s o gives 

X = X(t) 

(4.13) 

(4.14) 

There should not be any di s continuity in temperature at the inter ­

face. Thus 

X = X(t) for t \ 0 (4.16) 

Finally, the rat e of movement of the interface po s ition can 

be related to the rate of s ublimation by 

(4.17 ) 
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3 , Initiftl ynluo~ 

Ae the t hickno~ H ot thQ dried la yor is i nitially zero , it is . 
not poseibl0 to dotin0 the init~al temperature and conc0ntration 

profiles i n the dried layer . I n order to facilitate the s olution, 

an arbitrary, but s'mall initial thickness 8 of the d ried layer is 
0 . .. 

· chosen. An initial thickness of .1% of the total slab thickness L~ 

is used in the numerical solution . Thus, in th e f rozen region, we 

have 
+ 

t = 0 T = T F o 
for 0 L x L L - 8 

- - 0 
(4. 18) 

In the drie d l a yer, the initial temperature profile is assumed linear 

and is g iven by 

+ 
t = 0 for L-8

0 
~ x ~ L (4.19) 

where the s urface t emperature is given by the boundary condition 

at th_e outer s urface, Eq . ( 4.11). 

The initial concentrati on profile, which is also assumed to 

be linear, i s determin e d from the initial rate of sublimation as 

no equilibrium is established yet between the water vapor and ice 

at the int erface. 

+ 
t = 0 

+ 
C(x,O ) = c + 

R 

W. 
__!_a..2. 

D 
(L - x ) for L-8 

0 
~ x f L 

(4. 20 ) 

The initi a l rate of s ublimat ion W. i s given by the energy balance 
l., O 

at the interface, Eq. (4.15). 

4. Fixed bounda ry transformation a nd normalization 

Eq uat i on s (4. 7 ), (4.8), and_(4.9) are a set of partial differ­

ential equation s which are to b e solve d with a moving boundary. 

In order to facilitate the s olution of these equations, Landau' s 

transforma tion (Ba nkoff (1 964 )) i s used to convert the problem 

of a moving boundary to that of a fixed boundary. The following 

transformations 
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L - x 
z = L - X(t) 

X 
y = X(t) 

( 4.21 ) 

(4 . 22 ) 

are use d in conjunction with the following normalized variables 

0 
t aF 

~= L (4.23) 

s = 2illl 
L (4.24) 

c - CR . 
r = 

CTP -CR 
(4.25) 

T - T 
e 0 = T - T 

R 0 

( 4.26) 

and 

D* 
D = 
0 

(4.27) 
aF 

a* = a 
0 

(4 . 28) 
aF 

w* = w 
0 

(4.29) 
wF 

S ub s titutio n of the transformation and normalization equations 

i n to Equations (4.7), (4.8), and (4 .9) gives 

clr + [1 ao 1 z(l-S) ~ 1 ar _ .JL(l-S) 2 ar = O 
2 D* az - D* d'C" az D* a-c az 

(4. 30) 

(4 .31) 
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[
1 aa~ 1 dS ] aeF 1 2 aeF _ 

+ -- + - y S- --- s - -a;. ay a;. . d~ ay a.;. at 

The boundary and initial conditions become 

y = 0 
aGF 

0 for ?;'~ 0 = ay 

z = 0 
c * 0 ae 

en 
Pn Da.Da.F D 

1 - = h L ( 1 - S) az 

r = o for ~~ 0 

At the interface where y = z = 1, one has 

a;. aeF 
---- + s ay 

for ~~ 0 

L llH 
s 

for ~~ 0 

for 't'~ 

w. 
~ 

and the movement of the interface is given by 

dS 
dt 

W. L 
~ 

P r5 ao 
F 

0 

where the rate of sublimation can be represented by 

The initial conditions become 

for 0 f y f 1 

en = (1 - z ) e s,o f or 0 f z f 1 

* o L2 5 2 WF WF 
- a; -k ::..0 -( T---T- ) 

F R· o 

(4 . 33) 

( 4. 3 4) 

(4.35) 

( 4. 36) 

(4 . 37 ) 

( 4. 38) 

(4 . 39) 

(4.40) 

(4 . 41) 

(4.42 ) 

where e is given by the boundar y condition at the outer s urface, s,o 

e 
S,o 

= h L ( 1 -S} 
hL (1 - S )+kg 

for z = 0 (4.43) 
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Finally, one has 

f or 0 f z f 1 (4 .44 ) 
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- Cha pter V -

THE NUMERICAL METHOD 

Under the assumptions made earlier, the set of partial 

differential Equations (4.30), (4.31), and (4 . 32) with the initial 

and boundary conditions, Equations (4 . 33) through (4.44), constitutes 

a one -dimensional mathematical model of the microwave freeze-

drying process . Solutions of these equations will provide one 

with a means to predict the time variations of the dependent 

variables such as temperature and concentration whithin the 

sample in the course of the dehydration and obtain some information 

on drying rate and drying time, necessary for design purposes. 

The partial differential equations to be solved form a set 

of three parabolic equations with phase change at a moving boundary. 

Even in the simpler case of one equation, it is known mathematically 

as a very cumbersome problem and a general solution has been 

found only in special instances (Bankoff (1964)), such as that of 

a semi-infinite slab, often referred to as the Von Neumann problem. 

No general solution has been found yet for the finite slab with 

different properties on both sides of the moving boundary. In 

the case under consideration, there are three equations which are 

coupled through their boundary conditions at the moving boundary 

(interface). Moreover, all physical properties of the sample 

are considered as a function of the dependent variables (temperature 

and water vapor concentration) . Thus, they are considered to 
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vary with both time and location. Consequently, an analytical 

or even a semi -analytical solution are discarded as most unlikely, 

and a numerical technique is used to obtain the solutions. 

1. The finite - difference method of approximation 

The fixed boundary domain of Chapter IV, Sec. 4, is divided 

into intervals as shown in Fig. 5.1. The space -axis is divided 

into M intervals of equal length ~y in the frozen region and K 

intervals of length ~z in the dried layer. The time axis is divided 

in intervals of duration ~~. 

FROZEN REGION 

// 'I 

l 
,, 

~y 

I/ t 

. ~z 

L 
II ' I 

Figure 5.1 - Numerical grid in the fixed bouridary domain 

The size of ~~is chosen so that the numerical solution 

is stable and accurate with reasonable computation . time (see 

discussion, Sec. 4). The numerical grid thus obtained is used 

VACUUM 

to derive finite - difference equations from the partial differential 

equations. 

For this purpose the partial ·differential equations are approx­

imated by the Crank -Nicolson method which offers the best approx ­

imation for the time-derivatives and thus the smallest truncation 

error (Smith (1965)). 

The general technique used in the derivation of the finite­

difference equations is described here and the reader is referred 

to Appendix A for the complete equations which are rather voluminous 
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due to the complexity of the mathematical system. 

If one uses U as ~ dummy variable, then according to the 

Crank -Nicolson method, the following approximations are made: 

with 

u 
k,n ( 5.1) 

one has 

u = ~ 
k,n+~ (uk +1 + uk ) ,n ,n (5.2) 

(5 . 3) 

(
U - 2U + U U - 2U + U ) = ~ k+l.n+l k,n+l k-l,n+I + k+l,n k.n k - l.n 

~x2 ~x2 

(5.4) 

u -u 

(
au) k,n+l k,n 

a~ k, n+~ = ~rc 
(5 . 5) 

where ~ stands for zk or yk. This procedure is used to derive 

all the finite -difference equations. Typically, an equation s uch 

as 

a2u au au 
--2 + a(x,'t) ax+ b(x,'t;') at: = c(x,-z;) 
ax 

( 5. 6) 

is approximated by 

U 2U + U U - U U - U 
+ k+l,n - k,n k-l,n + ak k+l.n k - l,n + b k,n+l k,n = ck,n+l+ c 

~x2 ,n 2~x k,n ~~ k,n 

( 5 . 7) 

It sho·uld be noted that the means of the products are evaluated as 
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(5.8) 

2. Method of solution 

Although it is clear that the coefficients in Equation (5.6) 

are time de pendent and therefore unknown at time t:n+l, let us 

suppose for simplicity that they are indeed known. Their 

determination will be discussed in the next section. Equation 

(5.7) can then be rearranged by grouping all known terms on the 

right hand side of the equal sign, to give the general form 

k = 2, . .. ,K (5.9) 

Eq. (5.9) actually represents a set of K-1 linear equations at 

K-1 grid points between the boundaries: x2 , x3 , ... , xK. Two 

more relations are obtained from the boundary conditions which 

are written in a general manner: 

at the outer edge (center-line or external surface) 

and at the interface 

at X : X K+l 

(5.10) 

(5.11) 

Details on the derivation of these relations as well as their 

actual complete form are given in Appendix A. 

Equations (5.9), (5.10), and (5.11) form a set of K+l linear 

equations . which are to be solved with K+l unknowns Uk' with 

k = l, ... ,K+l. The set is solved in a sequential manner by 

elimination (Gauss's elimination technique -Smith (1965)). A 

forward elimination reduces Equation (5 . 9) to the form 

k = 1, . .. ,K (5.12) 

where the 8's and A's are known. Equations (5.11) and (5.13) 

are solved simultaneously for UK+l' The Uk's are then determined 

by Equation (5.12) through back subsitution. 
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(5.13) 

(5.11) 

Details of the algorithm are given in Appendix B. 

3. The general numerical scheme of solution 

Before the equati'ons can be solved to obtain the temperature 

and concentration profiles at ~n+l by the method outlined in 

the previous section, the current position of the interface and 

values of the properties, (i.e., thermal diffusivity, diffusivity 

and dissipation coefficient) must be evaluated. As they are functions 

of the dependent variables (temperature and concentration), their 

values have to be assumed on the basis of their previous history 

and iterated if necessary. 

The interface motion is related theoretically to the rate 

of sublimation, or the rate at which energy is consumed at the 

interface, by Equation (4.39) 

dS 
d'Z: 

L W. 
~ 

This equation is used to calculate the position of the interface 

at ~n+l' 

s 
n 

.., l:!."t: L W _..:;;... __ i,n+~ 

0 
p C! a F 

(5.14) 

The rate of sublimation at ~n+l is not known. One only knows the 

rate at 't; and earlier . Thus, W. 1 is approximated by 
n ~,n+~ 

W. 1 = W. 1 + (W. - W. 
1

) = W. 1 + (I:!.W . ) 1 (5.15) 
· ~,n+~ ~.n -~ 1,n ~.n- ~.n-~ ~ n-~ 

From the profiles calculated at ~+l' a value of W. +1 is obtained 
n 1, n ~ 

by an energy balance at the interface (see Appendix A for details 

of the calculations) and used to recalculate the interface position 
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Sn+l' This process is repeated until the varia tion ot Sn+l 

is only on the 7th digit. A fixed number of two iterations was 

found to be sufficient in most cases. 

The properties, . i.e., diffusivity, thermal diffusivity and 

dissipation coefficient, vary with both time and location. They 

are functions of the dependent variables (temperature and concen-

· tration). They are calculated from their current value through 

functional relationships derived from literature data (see 

Chapter VI). Consequently, as their ~xact value cannot be known 

unless the dependent variables are estimated, their value at 

't:'n+l is approximated by that at 'tn and iterated if need be. 

In fact, the physical properties ar~ not strong functions of the 

temperature and concentration. Thus, they are not expected to 

vary significantly over one time - increment, considering the small 

size of the time-increment used (6t ~ 7.2 sec as compared to a 

total drying time of 2 to 10 hours (7,200 to 36,000 sec)). This 

approximation proved to be satisfactory tor the thermal diffusivlty 

and the dis s ipation coefficient. 

Howev~r, th~ approximat1on is not sufficient tor the diffus -

as small fluctuations on D* are magnified in the term ivity, 
ao* in Equation (4.30), which results in high fluctuations on 

concentration. It is necessary to obtain a better accuracy 
az 
the 

of D* to eliminate the concentration fluctuations. This was 

done by inserting the calculation of the diffusivity inside 

the iteration loop for the interface position, so that the 

value of D* is updated once the temperature and concentration 

profiles have been calculated at~ +l' 
. n 

This problem does not occur with the thermal diffusivity 

for the time-increment used, although the energy equations 
· · '1 t aan* aaF* Th' b 1 · db h compr1se a s1m1 ar erm ___ or ___ . 1s can e exp a1ne y t e 

. az a y fact that a0 and a;. have a much smaller value than that of D*. 

Fig. 5.2 gives the flow chart of the general numerical scheme. 

The boundary conditions at the interface ar~ such that, 

once the interface position and the properties have been estimated, 
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a second iteration loop is needed to calculate the profiles. 

In effect, as the heat a~d mass transfer equation s are coupled 

a t the interface , no explici t form of the boundary condition -

such as Eq. (5.11) - can b e obtained for these equations ((4.30), 

(4.31), and (4.32)). Thus, the temperature at the interface 

is assumed · on the basis of its previous history, 

T. +l = T. + ( T. - T. l ) = T. + ( 6.T . ) 1 1,n 1,n 1,n 1,n- 1,n 1 n-~ (5.16) 

and then iterated. From the assumed interface temperature, the 

concentration at the interface can al s o be calculated through 

the equilibrium relationship. Thus, the temperature and con­

centration profiles at~n+l can be calculated. A theoretical 

value is then computed from a full energy balance at the interface 

and compared to the assumed value. Unless an agreement on the 

6th digit is reached, a new value is assumed for the interface 

temperature T. according to 
1 

(5.17) 

and the iteration proceeds. The coefficient 5 in Equation (5.17) 

is used to force and accelerate the convergence . It is constantly 

updated, by the scheme described and justified in Appendix B. 

With this scheme, convergence is generally attained in 2 to 4 

iterations. The general flow chart of the algorithm is described 

in Fig. 5.2. 

4. Stability, accuracy of the solution, and simulation speed 

The stability and the accuracy of the solution, as well as 

the simulation speed are essentially affected by the size of the 

space and time increments. In simple cases, a Fourier analysis 

of the mathematical system can provide a stability criterion in 

terms of the ratio 6.t2 . It often results in a maximum value for 
(j,x 

this ratio, beyond which the solution becomes unstable (i.e . , 

the numerical solution oscillates about the true solution). 
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Figure 5.2- General algorithm flow chart -Subroutine MFWD. 
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Unf ort unately, d ue to th e h igh degree of c omplexity of th e 

mat he matical system enooun1ered here , 1uoh an anal ysis is expected 

to be ext remely cumbersome . Thus , var i ations of~ are used 
to s tudy the behavior of the solut ion. 

The s pac e i ncrement is usually fixed and i t s value de cide d 

on the ground of the accuracy desir ed in the determination of 

the profil e s of the dependent variables . When the profiles are 

smooth curves with no sharp slope changes, 20 space intervals are 

sufficient to give a good description of the curves. This is done 

here. Both the frozen region and the dried layer are divided 

into 20 equal intervals ( ~z = ~Y = 0 . 05). As the time -variation 

of the variables is s mall, one may think that a large value of 

the time increment ~t can be used wi thout an appreciable loss of 

accuracy . For instance, for a total drying time of 6 hours 

(216,000 sec), one might be able to use a ~t as high as 3 . 6 min 

(216 sec) with a reasonable accuracy, and thus a high simulation 

speed. However , the stability requirement is such that much smaller 

values of ~t had to be used, especially at the beginning of the 

simulation . Table 5.1 shows the results of the stability study 

for different 6t, as a function of time for a typical calculation . 

Table 5.1 - stability of the numerical solution 

Time increment 

number 

0 - 100 

100 - 500 

500 - 00 

Value of the time increment 6t 

0.072 sec 

stable 

stable 

stable 

0. 72 sec 

unstable 

stable 

stable 

7 .2 sec 

unstable 

unstable 

stable 

Hence, a 6t of .072 sec is us ed for the f i rst 100 time increments. 

A ~t of .72 sec is used for the next 400 time increments and a 6t 

of 7 . 2 sec was used for the rest of the computation. The corres ­

ponding, normali zed time increment ~~ is computed from the norm ­

al ization equation (4 .23). The total number of time increments 

necessary to reach the end point (S = 0 . 001) varied from 1,500 
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to 8,000 depending on the total drying time. The average total 

number of iterations per time increment is of the order of 

6 to 10. The computer time requi'red is of the order of 3 to 5 min 

of CPU time per hour . of total drying time on a PDP-10 digital 

computer. 
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- PART II -

APPLICATION TO THE FREEZE -DRYING OF BEEF MEAT AT 2450 MHz 

Chapter VI : Nume rical Data Used in the Calculatio n s 

Cha pter VII: The oretica l Res ult s and Disc us sion 
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- Chapter VI -

NUMERICAL DATA USED IN THE CALCULATIONS 

This chapter is concerned with the presentation of the 

numerical values of the physical constants and the functional 

relationships of the non-constant properties used in the mathe­

mathical simulation of the freeze-drying of a one-dimensional 

beef meat slab using microwave dielectric heating at 2450 MHz. 

The slab is cut normal to the fibers. 

1 . The constants 

The numerical values used for the physical constants are 

summarized in Table 6.1. Some were assumed because of the lack 

of experimental data in the literature. This was the case for 

the heat transfer coefficient. Although vacuum freeze-drying 

has been on the industrial scene for many years, no value of the 

heat transfer coefficient could be found. This is apparently 

due to the general feeling that it is not a significant parameter 

and, should be determined according to a particular design. The 

value given in Table 6 . 1 was estimated from the initial slope 

of a preliminary experimental drying curve. Introduction of a 

continuous recording of the sample weight during drying permitted 

a more accurate estimation of the heat transfer coefficient 

from the start-up portion of the drying curve (see Chapter IX). 
-4 2 

It was then found that an h value of the order of 2xl0 cal/cm ;sec/°C 
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Table 6 . 1 - Numerical values of the constants used 
in the simulation . 

Constant 

h 

p 

Numerical value 
used 

- 4 2 
SxlO cal/cm I 

sec/°C 

3 .92 g/cm 

3 
.32 g/cm 

3 
.96 g/cm 

. 36 cal/g/°C 

.43 cal/g/°C 

675 cal/g 
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Origin 

assumed 

CRC Hdbk 

measured 

measured 

assumed 

Awberry & Griffiths (1933) 

Rey (1964) 

Hohner (1970) 
after Threlkeld (1962) 



would be more suitable for the freeze - dryer used in the experiments. 

This value is used for the comparison of the experimental drying 

curves with those predicted. 

It was also assumed that the specific heat of the water 

vapor at the . usual freeze-drying operating conditions (-50°C to 

60°C; .05 to 1 mmHg) could be approximated by that at l00°C and 

1 atm. (exactly .4836 cal/g/°C after Lange's Handbook of Chemistry). 

It may be somewhat different, due to the difference in temperature 

and pressure as well as the relative importance of the wall effects 

in the transition flow regime. 

The average porosity (void fraction) is computed from the 

initial moisture content and the densities of pure ice and frozen 

meat, 

(6.1) 

The shrinkage effect occuring on the dried product is neglected 

and the same porosity value is used for the frozen region and 

the dried layer. It is taken as that of the frozen meat. 

2. Effective thermal conductivity of frozen beef 

Numerical data from various literature sources were gathered 

for heat flow parallel to the fibers. An attempt was made to 

fit the data with a functional relationship of the following 

form, 

k = a + b r;---::-:r F 1'-f .1f - .1 (6.2) 

This form is chosen because a plot of kF vs temperature resembles 

a parabola with axis parallel to the horizontal temperature 

axis, and tangent at the vertex parallel to the vertical axis at 

about 0°C. A rather good fit, as shown in Fig. 6.1 was obtained. 

The parameter Tf is adjusted in order to reach the best fit, 

and could correspond to to the average fusion temperature of the 

frozen meat. 
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Some further interesting correlations were found. A plot 

of a in Equation (6 . 2) vs fat content shows that a varies linearly 

with the fat content while it does not seem to vary significantly 

with the water content. On the contrary, Fig. 6.3, b does not 

seem to depend on the fat content but varies linearly with the 

water content. It is found that, approximately 

(6 . 3) 

b = ~02 + 1.8 (x - .6s) J x 10-
3

, cal /sec/cm/(°K)l.
5 

w (6.4) 

and on the average, 

(6 . 5) 

Equation (6.2 ) , along with (6.3), (6 . 4), and (6.5), is used to 

determine kF i n t h e simulation, with t he temperature T expressed 

in °K. a and b are determined from t h e fat and water ~ontent of 

a given choice of meat by Equat i on s (6.3) a n d (6.4) . 

3. Effective t h erma l conductivity of dried beef 

The experimenta l data, obtained at various pressures by 

Harper (1962), are used to determine a functional relationship 

between the thermal conductivity and the total pressure. For 

this purpose a 4th degree polynomial is least square fit to 

Harper's data in terms of t h e natural logarithm of the pressure 

expressed in mmHg (see Fig. 6.4). The following expression was 

obtained 

kD = 10- 4 (1 . 126 + 0.1351 Log P + .01565(Log P) 2 

(6. 6) 
-3 3 -4 4 

- 3.187 x 1 0 (Log P) - 5.483 x 10 (Log P) 

where P is in mmHg and k
0 

in cal/sec/cm/°C. 

Additional data have been obtained b y other i nvestigators, 

particularly by Massey & Sunderland (1967) . However, they are 

mostly the results of calculations for typical treeze-drying 
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Figure 6.1 - Thermal conductivity of frozen beef vs y/T - T 
for various moisture and fat contents. f 

Symbol Literature Source 

• Lent z (1961} 

• Miller & Sunderland 
(1963) 

• Hill et al. (1967) 

• Hill et al. (1967} 

% moisture 

75 

69.5 

76.5 

78.7 
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experiments, based on a quasi -steady state model . 

4. B¢#actiye ditt usiyity 
A simplified t wo-paramet er model, as proposed by Sandall et al. 

(1967), is used to describe the variations of the effec tive dit ­

f usivity D with the pressure in the transition flow regime, 

D = (6 .7) 

where P is the pressure in atm , 0° the bulb diffusivity at _1 atm, 

and nK the Knudsen diff us ivity. 

Although the description of the water vapor mass transfer 

in vacuum freeze -drying processes by Fick's Equation seems widely 

accepted, few experimental data could be found on the diffusivity 

tor dried beef in t he transition flow regime. Sandall et al. 

(1967 ) diffusivity measurements for no and nK in the case of 

turkey breast were used in the theoretical study. They were 

corrected to the expected average temperature ot the dried layer 

(20 °C) , . th t no . Tl.S d n TO . S assum1ng a var1es as an K as . 

Further temperature effects were neglected in the model as the 

relative variation on n is less than 20%. So that the following 

relationship was finally used to calculate the diffusivity as a 

function of pressure, 

D = 78.5 
3.4 + p (6 . 8) 

2 
where P is in mmHg and n i n em / sec. This was done a s an approx-

imation, due to the lack of experimental data on OK for beef 

meat. It seems to be a reasonable approximation at low pressures 

it one c onsiders the rather good agreement between the diffusivity 

calcula ted at 1.44 mmHg , from Sandall's no and nK values (for 

turkey breast ) by Eq. (4. 7 ), and that reported by Dyer & Sunderland 

(1 966 ) f or beet meat at the same pressure. These data are shown 

.in Ta ble 6. 2. 
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Table 6.2 

Material T 

used OK 

Turkey/ . 265 

breast 265 

Beef 311 

Beef ~65 

Beef --

I 

~ 
I 

- Reported diffusivity data and computed values (superscripted) 

DK oo D Tortuosity Porosity Literature 
2 2 2 1.44 torr 

Source em / sec em / sec em / sec --
22 . 09 15c 1.5a -- Sandall et al . (1967) 

20 . 1345 16c l.Oa -- Sandall et al . (1967) 

-- .045 -- 4.4 .64 Harper (1962) 

-- . 037b lOc 4.4 .64 Harper (1962) 

-- -- 14 -- - - Dyer & Sunderland (1966) 

a - Computed in this investigation from the ratio 0°/0° 
free gas 

reported by them, assuming a porosity of .64 for the dried material. 

b - Corrected at 265°K for comparison to Sandall s value, 
. h Do . Tl.5 assum1ng t at var1es as . 

c -Computed by Equation (4.7) for comparison to Dyer & Sunderland's 

value, assuming DK = 21 cm
2
/sec. 



S. Dissipation coefficient of frozen and dried beet 

The diel ectr i c properties of frozen and dried beet are expected 

to be a function of th e tat, moisture and salt contents as well 

as the t emperature and the frequency of the microwave tield. 

Unfortunately, only the temperature effect tor frozen and dried 

beet is available at 3000 MHz as reported by Kan and Yeaton 

(1 961 ). Kan and Yeaton's data were assumed to hold at 2450 MHz 

and used to determine the dissipation coefficient K defined by 

Equation (3.6). Figures 6.5 and 6.6 show the plots of K0 and 

KF vs temperature. The analytical expressions reached tor these 

polynomials are (K is in cal/sec/cm3/(V/cm) 2 ; Tin °K): 

(6 . 9) 

(6. 10) 

6. Ice -water vapor eguilibrium relationship 

The equilibrium data of pure ice, were used in this work 

although a depletion ot the equilibrium vapor pressure of as 

much as 20% may occur in frozen beet as reported by Dyer et al. 

(1966). The equilibrium vapor pressure at the ice front was 

related to the concentration of water vapor in the pore using 

the perfect gas law. Fig. 6.7 shows the plot ot the equilibrium 

water vapor concentration and pressure in the pore vs ice temperature. 

The following analytical expression is used in the simulation 

to depict the ice -vapor equilibrium, 

C , = exp ( - 63.23 + 0 . 2969 T. - 4 .038 x l0 -4T~ ) 
1 1 1 

(6.11 ) 

where c. is the equilibrium concentration ot water vapor at the 
1 

ice -front inside the pore, in g/cm3 , and T. is the ice equilibrium 
1 
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- Chapter VII -

THEORETICAL RESULTS 

The mathematical model derived earlier has been applied to 

the freeze - drying of beef meat with microwave energy at 2450 MHz. 

The sample is assumed to have the geometry of a one-dimensional 

symmetric slab with drying on both sides. Using the previous 

numerical data {Chapter VI), calculations were carried out in ,order 

to study the effects of the physical constraints of the process 

upon the total drying time as a function of the process variables . 

The results of these calculations are presented and di$cussed 

below. 

It should be noted that the following results are obtained 

by employing a typical set of numerical data. Care must be exerted 

to extend the present results to other 11practical 11 systems as it 

is important to have more specific and comprehensive experimental 

data. These results are primarily intended as a verification 

of the response of the mathematical model under typical operating 

conditions to serve as design guidelines. 

1. Typical s imulation outcome 

It is possible to investigate quantitatively the variations 

of an·y characteristic properties through simulation. Of special 

interest are the temperature and water vapor concentration profiles 

within the sample. The variations of the sample weight (or the 
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io •front po ition) nd t h oh r ot ris t ic t mpar tur s wi th time 

nre ~lao of i n t t o t h y refl ct th g n ar~l freez · dr ying 

partorm~nc tor given opara t i ng condi tion s . 

Of i mportanoa , t oo is th e quest i on of energy convers ion 

efficiency for sublimation, which can be illustrated by the com ­

parative histories of the microwave power absorbed in the sample 

an:d the power consumed by the sublimation. 

The operating conditions used in the calculations are shown 

in Table 7 .1. 

Fig. 7 . 1 shows typical concentration and temperature profiles 

during the freeze -drying process. 

The concentration profiles in the dried layer exhibit a 

rather small curvature. In a previous study (Ma & Peltre (1973)) 

of the same process using a simpler model in which the properties 

were assumed uniform and constant, the concentration profiles 

were found to be essentially straight lines. Thus, this small 

curvature may be attributed to the variation of the diffusivity 

with location, as the t1me derivative in the mass balance 

equation is negligible compared to the space derivatives, due 

to the slow motion of the interface and high value of the diffus ­

ivity. 

On the other hand, the temperature profiles in both the 

frozen and dried regions are parabolic in shape which is expected 

from a q.uasi - steady state analysis. The locations of the temperature 

maxima in both the fro zen and dried layers have specific signi ­

ficance as they represent the maximum temperature in these regions 

at any time. In fact, the temperature in the frozen region always 

should be kept below the melting point of the frozen material 

(around - l.5°C) while an upper limit of 60°C is often quoted f ·or 

the dried layer in order to avoid the thermal degradation of the 

dried product . As shown in Fig. 7.1, the maximum temperature 

is at the insulated wall (center line) in the frozen region 

while in the dr i ed layer it is located at the external surface 

during the major portion of the dehydration process. However, 
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th e ver t ex of the parabola shif t s fr om r ight to lef t a s time elapses . 

Near the end ot th e pr ocess , the maximum t emperature i s locat ed 

inside the dr i ed l a yer . Thus , hot spots inside the dried layer 
'' ' 

may be cr eated. 

Fig. 7.2 shows the maximum temperatures in the frozen and 

dried regions, and the interface temperature and position as a 

function of time. 

The temperatures drop to a minimum at the beginning of the 

process, during the start-up stage as the ice -front temperature 

drops to the "wet bulb" temperature of the chamber . This may 

be attributed to the high mass transfer rate resulting from the 

small initial thickness of the dried layer, as indicated on 

Fig.' 7. 3 by the high initial value of the power consumed by 

sublimation. The power consumed by sublimation at the interface 

is given by, 

Q. = t!H W. 
l. s l. 

(7.1) 

Table 7.1 - Assumed operating conditions 

E 125 V/cm 

PR .29 mmHg 
pw 

R 
.075 mmHg 

TR 20°C 

T - l5°C 
0 

L 1. 27 em 

X .73 w 
xf .009 

The high sublimation rate causes the loss in sensible heat of 

the frozen core. 

As the "wet bulb11 temperature is different from the frost 

temperature in the chamber, a small drying rate exists due to 
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heat supplied from the surrounding atmosphe r e to the sample. 

As the thickness of the dried layer increases due to the subli­

mation, the mass transfer resistance through the dried layer 

increases. · Thus, the ice-front pressure and temperature increase . 

The slow decrease of the power consumed by the sublimation 

(supplied from the surrounding) at the interface in Fig. 7.3 

reflects the augmentation of the resistance to the heat transfer 

as the thickness of the dried layer increases. 

As the microwave power is turned on at time t = 30 min, 

and as the mass transfer resistance is increased due to the 

relatively fast receding of the ice-front, the temperatures start 

to rise to a maximum and then decrease again . As the majority 

of the microwave power is absorbed by the frozen region, it will 

absorb less energy when its volume is reduced as shown in Fig. 

7.3. Thus, as the power input decreases the drying rate slows 

down. The decrease of the ice-front temperature indicates that 

the continuous increase of the resistance to the mass transfer 

(due to the growth of the dried layer) is less significant than 

the s low down of the drying rate (as the power input decreases). 

It indicates that the process is essentially heat transfer con­

trolled. As the ice-front temperature decreases the entire 

frozen core cools down. 

The maxima of the total microwave power absorbed (!lT) and, 

in the frozen region only ((lF), (Fig. 7.3) reflects the fact 

that the diss ipation coefficient increases with the temperature 

in the frozen and dried regions . ...0. T and .Q F in Fig. 7 . 3 have 

been calculated by, 

( 7 .2) 

(7.3) 

and similarly for lln· Thew's are defined by Eq. (3.5). 

The strong similarity of the drying rate curve with that 
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of the power input, suggests again tha~ the heat transfer is the 

controlling mechanism. However, the resistance to the mass transfer 

and ~he driving force are significant as they cause the actual 

sample temperature variations. 

The relative positions of the power input and the drying 

rate curve · (Fig. 7.3) require additional comments . As t he micro­

wave power has just been turned on, the power input is slightly 

less than the actual power consumed by the sublimation. This 

is due to the extra energy coming from the heat supplied from 

the surrounding atmosphere to the sample, as its surface temperature 

is well below the chamber temperature. As more microwave power 

is absorbed in the dried layer the external surface temperature 

continuously increases (Fig. 7.2) and exceeds the chamber temper­

ature. Thus, the heat flux at the surface, which is initially 

from the surrounding to the sample, continuously decreases, and 

finally reverses itself as T5 becomes greater than TR . This 

effect is shown on Fig. 7.1 by the shape of the temperature 

profiles in the dried layer and by the time history of T5 (Fig. 7 . 2). 

It accounts for the fact that {1T crosses over Qi in Fig. 7.3. 

2. Process variables 

For a given sample composition, the microwave freeze drying 

process can be characterized by the following process variables: 

the vacuum chamber total pressure PR' the vacuum chamber partial 

pressure of water vapor P~, the ambient temperature TR' the 

initial temperature T , the sample size or thickness for the 
0 

one - dimensional case, and the electric field peak strength in 

the vacuum E. The operating conditions are determined by a given 
w 

set (E, PR' PR' TR' T
0

, L) of the process variables which will 

be referred to as operation point. It should be noted that the 

solution of the mathematical model does not require that the 

process variables be constants a~d they could be programmed as 

a function of time. However , this possibility is not considered 

in this application. 
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Al so, th e c ha mber t emperature is really mentioned here t or 

r ef e r enc e , but i s t aken con s t ant a nd equa l to 20°C as it i s not 

expected to be a signif ica nt parame t er. Moreove r, i ts mea s urement 

is questionable under vacuum s ince heat conduction i s limited 

and mostly radiant hea t transf er predomina tes. Indeed, one could 

think of the heat transfer coefficient h as a lumped pa r amete r 

which contains all possible forms of heat exchanges between the 

sample and the surrounding vacuum at TR (20°C here) . 

Similarly, the initial temperature of the fro zen sample 

is a difficult parameter to control due to the various manipulations 

which precede the actual drying. Fortunately, it is not expected 

to be a significant parameter either, as dielectric heating is 

a r apid process. In effect, a very small amount of time is necessary 

to bring the material up to the same state as the one which would 

have been obtained with a different initial temperature. cal­

culations were made for a one - inch thick slab at two different 

initial temperatures: - l5°C and -30°C with an electric field 

E = 125 V/cm and pressures PR = P; = .075 mmHg . The drying 

curv·es were found to be practically identical . The difference 

on the normalized interface position S is less than .002 for 

most of the drying. The temperature profiles in both the frozen 

and dried region s are essentially the same except during the 

start-up stage of the process. But the temperature difference 

is only significant in a short period of time at the begi nning 

of the process and reduces to less than l°C. As the microwave 

power is turned on, the original temperature difference becomes 

unnoticeable. Thus, a constant initial temperature of -l5°C i s 

assumed. 

3. Feasible domain of operation 

The operating range for the process variables is limited 

to a finite domain which will be referred to as feasible domain 

of operation. This is due to the f act that ther e exist upper 

limits on the electric field strength in the vacuum and the 
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temperature maxi ma in the frozen and dried portion of th e ma terial 

being dried . These physical con straints which have been di s cussed 

earlier can be expressed mathematically by, 

(7. 4) 

w 
TF . (E,PR' PR ' L) f: T l . (around - l.5°C) ,max . me t~ng (7.5) 

w 
TD,max. (E,PR' PR' L) f Ttherm. degrad. (7. 6) 

Constraints (7.4 ) , (7. 5), and ( 7. 6) are to be satisfied at any 

time in order to ensure a satisfactory operation without corona 

discharge, melting of the frozen material and thermal degradation 

of the dried product. 

It ha s been demonstrated (Gould and Kenyon (1971)) that the 

break - down electric field strength in an industrial microwave 

applicator for given gases is a function of the vacuum pressure 

and the design of the microwave applicator. It is particularly 

sensitive to the geometry of the applicator . Thus, although 

Constraint (7.4) ha s a great practical importance, it cannot be 

incorporated in this theoretical application as it must be 

determined for each particular des ign . 

The feasible operation domain is then determined by Constraints 

( 7 .5), and (7.6) . In the four - dimen s ional s pace of the process 

variables (E, PR' P;, L) this domain corresponds to the innermost 

volume enclosed by the coordinate frame planes and the two limiting 

surfaces defined by the tight constraints, 

w 
T (E PR' PR' L) = -l .5°C F,max. ' 

(7 . 7 ) 

TD (E, PR' PwR' L) = 60°C (7.8) ,max . 

This i s illustrated in Fig. 7 .4. The limiting surface 

defined by the tight constraint 

TF (E, PR' PwR' 1.27 ) = - l.5 °C ,max . 
(7. 9) 
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has been calculated tor a one - inch thick symmetric slab (L = ~~~ or 

1.27 em) . The maximum electric field strength , allowable before 

melting ot the frozen material oqcurs, was determined at various 

pressures. The accuracy ot the electric field is 5 V/cm. The 

feasible domain with respect to Constraint (7.5) is the inner 

volume comprised between the limiting surface, the first bisector 

plane PR = P; (since PR ~ P;) and the planes E = 0 and P; = 0. 

Thus, it the operating conditions correspond to a point inside 

this volume, no melting will occur at any time during the process. 

On the contrary, if an operation point is taken outside this 

domain it will result in melting of the frozen material in the 

course of drying. However, Constraint (7.5) is not necessarily 

satisfied and the upper limit of 60°C may well be exceeded. 

Figs. 7.5 and 7 . 6 show the orthogonal projections of the 

limiting surface in the plane PR = o, and P; = 0. Fig. 7.6 

shows the variations of the maximum allowable electric field 

strength E , (such that no melting occurs) with the water max. 
vapor partial pressure at various total pressures. Fig. 7.5 

shows the variations of E with the total pressure at various max. 
partial pressures. Fig . 7.5 indicates that melting occurs at 

a lower E value as the pressure increases . This is to be expected 

as the diffusivity in the dried layer decreases with increasing 

total pressure, resulting in a higher mass transfer resistance 

of the dried layer. This gives a higher ice-front pressure and 

temperature for a similar drying rate (same E). As the pressure 

approaches 100 mmHg, the electric field has to be decreased drasti­

cally in order to ensure drying without melting. Similarly, 

Fig. 7.6 shows that at a given press ure, an increase of the 

partial p.ressure of water vapor it'! the vacuum requires that the 

electric field be decreased . Thus, the mass transfer driving 

force is decreased, which results in a higher pressure and temper­

ature at the ice-front in order to maintain the same drying 

rate. However , the plateau in the curves indicates that at 

higher pressures PR this effect becomes insignificant 
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w 
~ntil t he partial press ure PR reaches a h i gh enough va lue , t hen 

t he electric f i e ld mus t be dec r eased dras tically again in or der 

to keep the sample f rozen. The triple poi nt, which corresponds 

<1pproximately to P; = 4 .6 mmHg, constitutes an absolute limit 

beyond which it i s not possible to keep the sample fr om melting. 

Another absolute limit i s con s tituted by the curve P; = PR on 

both Figs . 7 .5 and 7 . 6. It reflect s the phys i cal cons traint 

P; f PR since a parti al pressure cannot be great e r than the total 

pressure. 

Considering the fact that the drying time is expected to 

decrease substantially as the electric field is increased, Fig. 

7 .4 shows that an optimal operation would be to use pressures 

PR and P; as low as possible, as a higher field strength could 

be applied without melting . Figs. 7. 5 and 7.6 also show that as 
w PR or PR decrease and approach .2 mmHg, little gain is ma~e on 

the maximum allowable field strength . This is due to the fact 

that at low pressures the vapor flow regime in the dried l a yer 

is mostly Knudsen diffusion and thus the dif fusivity becomes 

independent of the pressure. This is why a lower limit of 

about 50 ~Hg is considered for vacuum freeze -drying. Lower pressures 

would represent cos t increase for the vacuum s ystem but no signi­

ficant gain in keeping the sample fro zen. A likely point of 
w operation is at pressures PR £ . 2 mmHg and PR close to 75 ~Hg, 

using a low temperature condenser (vapor trap; below - 40°C). 

The entire feasible operation domain would be determined by 

a similar study conducted at various thicknesses, including the 

last Con straints (7 .6) in order to en s ure also tha t no t hermal 

degradation of the dried product will occur due to excess ive 

heating of the dried layer. 

Figs. 7. 7 and 7.8, show typical variations of the maximum 

temperatures at any time in the fro zen and dried l a yers with the 

electric fie ld strength at various pressures, for a vapor press ure 
w PR = .075 mmHg. The temperatur e maximum at any time in the frozen . 

region i s found to vary linearly with the square of the electric 
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field strength in the vacuum. The operation domain is limited to 

the region enclosed within the lines (1), (2), and (3) on both 

figures. Line (1) reflects the no melting constraint (TF ~ ,max. 
-l.5°C) while line (2) corresponds to the physical constraint 

w 
(PR ~ PR). Line (3) corresponds to the constraint of no thermal 

degradation· (T0 L 60°C). It is also found that while the ,max.-
temperature maximum at any time in the frozen region is relatively 

sensitive to variations of the total pressure, particularly at 

higher pressures, the temperature maximum in the dried layer does 

not vary significantly with it. It has been pointed out earlier 

that the temperatures in the frozen region are expected to 

increase as the resistance to the mass transfer through the dried 

layer is increased when the total pressure becomes higher. The 

decrease of the temperature maximum in the dried layer as the 

total pressure is increased can be attributed to the increase of 

the effective thermal conductivity (Fig. 6.4). Thus, for the 

same heat transfer, the temperature in the dried layer is expected 

to be somewhat lower. Both temperature maxima are found to be 

strong functions of the electric field. It can be also seen from 

Fig. 7.7 and 7.8 that for pressures PRof .075 and .29 mmHg, the 

process will be actually limited by the overheating of the dried 

layer as the temperature exceeds 60°C before melting of the frozen 

core. 

Figs. 7.9 and 7.10 show typical variations of the maximum 

temperature reached in the frozen region (TF a ) and in the ,m x. 
dried layer (T ) with respect to the sample size (slab D,max. ' 
half thickness L) . The calculations have been carried out tor 

PR = P; = . 075 mmHg, a reduction of a 1/411 thick slab by l/6411 

would result approximately in a 40°C drop of the temperature maximum. 

Although one may not have expected such a strong dependency of 

the temperature maxima upon the slab thickness, it is comprehensible 

tor the temperature and pressure of the ice-front to decrease 

as the slab thickness is reduced because of the lower resistance 

to the mass transfer in the dried layer~ which results in a general 
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cooling of the sample. The sharpness of the dependency at high 

electric field strengths may be attributed to the fact that the 

energy generated in the sample for a given thickness varies as E2 . 

Thus, the quantitative variations of the temperature maxima at 

various field strengths will constitute a very critical information 

for t he de~igner when deciding on an optimal slab thickness. 

Lower temperatures will allow one to increase the microwave 

power input and thus shorten the drying time. This point will 

be discussed in the next section . 

Figs. 7 . 9 and 7 . 10 show that the 60°C limit is exceeded at 

the assumed operating pressures before melting occurs for all 

values of L considered. However, it must be noted that these 

findings depend on the assumptions which we made for the numerical 

value of certain properties (particularly t he diffusivity). 

It was found (Part III) that the effective diffusivity might have 

been overestimated. The true temperatures in the frozen region 

may~ thus, be substantially higher than those indicated here . 

4. Effects of the process variables on the drying time 

Calc ulations have been carried out at various total pressures , 

electric field strengths and sample size in order to study the 

variations of the total drying time (including t he start-up 

period) with these parameters. The partial pressure of the water 

vapor in the vacuum is a less important parameter. In effect, 

the drying time is not expected to vary significantly over the 

small feasible range of the partial pressure of water vapor . 

As 

of the 

in Fig. 

of Fig. 

one may 

electric 

7.11 vs 

7.11 is 

have expected, the drying time is a strong function 

field strength. The drying time has been plotted 

the square of the electric field (the abscissa 

a quadratic scale) at various pressures and a 

vapor partial pressure of . 075 mmHg . From the small curvature 

of the curves it can be seen that the drying time varies approx­

imately with E2 , within a relatively small range. In other words, 

the drying time is approximately proportional to the microwave 
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power input. 

It is r ound also that an incr ease of the total pressure ha s 

an appreciable effect, although small, in decreasing the drying 

time, as s hown on Fig. 7.12. This is due to the increase of the 

dissipation coefficient (mainly in the frozen region) as the 

temperatur~ increases in the sample with the resistance to the 

mass transfer. This effect has been discussed earlier. On the 

other hand, the increase of the resistance to the mass transfer 

should result in a slow down of the mass transfer rate . The fact 

that the drying time actually decreases rather than increases is 

another indicati on that the freeze - drying process using dielectric 

heating is heat transfer controlled. However, if the pressure 

is further increased the upper curve on Fig. 7. 12 would be ex ­

pected to go to a minimum and start to rise as the process becomes 

mass ~ransfer controlled. However, for this to happen a field 

strength low enough would have to be used, otherwise melting of 

the frozen core would occur first. The lower curve on Fig. 7 . 12 

illustrates the effect of the pressure increase in raising the 

frozen core temperature due to the higher resistance to the mass 

transfer in the dried layer . 

The different calculation points used to determine the 

limiting surface in Sec. 3 of the melting -free domain of operation, 

have also been plotted in Fig. 7.11 . It is interesting to note 

that, although they were obtained at different pressures and vapor 

partial pressures of water, they all fall on the same smooth curve. 

This suggests that the drying time depends only on the electric 

field strength. This supports the argument presented in the 

previous paragraph. The pressures affect the drying time because 

of their effect on the temperatures, which in turn affect the 

dissipation coefficient . Thus, if the temperatures are approx­

imately the same, as it is the case along the limiting surface, 

the effects of the pressures on the drying time are nil . 

The variations of the total drying time with L in Fig. 7 .13 

seem to be in contradiction with Hoover et al. (1966) results, 
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who have obtained experimental drying times essentially independent 

of the thickness. The results s hown in Fig. 7 .13 may be s upported 

by an approximate calculation of the total drying time t2 as 

showrr below. The total drying time can be obtained by rearranging 

Equation (4.17) to give 

dt = -p ~ dX w. 
1 

(7 . 10) 

The drying rate W. can be related to the microwave power input, 
1 

by neglecting the variations of the sensible heat and the losses 

at the outer surface. A combination of Equations (7.1) and (3.5) 

gives 

(7 .ll) 

where the variations of KF and K0 with location have been neglected. 

Thus, 

dt - - (7 .12 ) 

Integration of Equation (7.12) between t = 0 and t = t 2 , or 

X = L and X = o, gives (neglecting the variations of KF and KD 

with time), 

(7. l3) 

Equation (7. 13) s hows that when the sample thickness i s 

r educed, the overall drying time t 2 decreases as the fraction of 
X 

product, -l, remaining to dry at the end of the start-up period 

decreases~ If the thickness is further reduced, t 2 reaches 

eventually t
1 

as :l goes to zero (all frozen material removed at 

th e e nd of the start-up period). The drying process then becomes 

only radiant heating, for which the drying time goes to zero 

with the sample thickness L. 
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The abov variation s of t 2 with L are in agreement and 

confirm those predicted by th e model as shown i n Fig. 7.13. 

It should be a dded that the dissipation coefficients K0 and 

KF are expected to affect the drying time as the thickness is 

changed. In effect, they vary with the temperature which is 

a function of the thickness L (see Figs. 7. 9 and 7.10 ) . Similarly, 

although the mass transfer is not the controlling mechanism, 

a variation in L results in a different resistance to the mass 

transfer which in turn may, directly or indirectly, vary the 

drying time. 

The maximum of the ·curves at higher thicknesses in Fig. 7.13 

can be attributed to the temperature increase (mainly in the frozen 

core) due to the increase of the mass transfer resistance when 

the thickness is augmented, as discussed previously. The higher 

temperatures in the sample increase the dissipation coefficient 

in both the frozen and dried regions, which causes more microwave 

power to be absorbed by the sample, and thus, shorten~ the drying 

time. Fig. 7.13 seems also to indicate that smaller slab thick­

n·es-ses would enable one to use higher electric field strengths 

to shorten drastically the drying time without melting . 

Fig. 7.14 shows a plot of the amount of :frozen product 

dried per hour (per unit area) vs the sample half thickness L 

at various electric field strengths . It can be seen :from this 

figure that as the slab thickness is reduced the output o:f the 

microwave freeze-dryer continuously decreases. Thus, :for a given 

electric field strength the optimal thickness yielding the 

highest output of dried product is the largest thickness without 

oc·currence of melting of the frozen material or overheating of 

the dried product. Fig. 7.14 shows that, under the assumptions 

made here, that overheating of the dried product would occur 

earlier than melting o:f the :frozen core. However, it should be 

mentioned again, and as it will be discussed in the experimental 

part of this study, that the numerical value o:f the diffusivity 

may have been overestimated in this case . This would mean that 
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the actual temperatures in the sample are indeed somewhat higher 

than those computed here and thus melting may occur earlier than 

predicted. 

On the other hand, the negative slope of the "overheating" 

limiting curve in Fig. 7. 14, indicates that use of smaller thick­

nesses would increase the freeze-dryer output as higher field 

strengths are made possible . However, as the electric field 

strengt·h is increased, a corona discharge may develop in the 

microwave applicator, reducing drastically the power conversion 

efficiency and possibly inducing burns of the product. Thus, 

the optimal thickness yielding the maximum freeze-dryer output 

is that which would correspond to an operation near corona and 

overheating occ urr ence (or melting). For instance, if corona 

was to develop slightly above 255 V/cm the optimal thickness 

would correspond to the optimal operation point shown in Fig. 7.14. 

It is important to note that the previous discussion had assumed 

an op·eration under low pressures (PR = P; = .075 mmHg) in order 

to en s ure the lowest possible temperatures in the frozen region 

and the dried layer. 

Under these conditions and the assumptions made, if corona 

were to occur beyond 255 V/cm, drying times as short as an hour 

and one half (including the 30 min start-up period), should be 

possible for a ~~~ symmetric slab. This would result in a maximum 

freeze-dryer output of approximately 0 . 4 grams of frozen product 

per hour, per unit area . 
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- PART III -

CORRELATION WITH EXPERIMENTAL DRYING CURVES 

Chapter VIII: Experimental Set-Up and Procedure 

Chapter IX: Experimental Results - Correlation with Simulation 
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- Chapter VIII -

EXPERIMENTAL SET-UP AND PROCEDURE 

1 . Experimental set - up 

1.1 The microwave freeze-dryer 

A schematic of the experimental system is given in Fig. 8.1. 

The microwave generator (A) is a converted microwave oven (Speed 

Range 110) which uses a magnetron Amperex DX-206 to deliver 1 KW 

of adjustable power at 2450 MHz ! 25 MHz. The microwave applicator 

cavity (B) is located inside a vacuum chamber (C) an~ contains 

the sample to be dried (D). The microwave power is transmitted 

to the cavity (B) by a rectangular wave guide WR - 284, through 

various control, monitoring and tuning devices. The power from 

the generator is sent by a four-port circulator (E) into the line 

section where an H-tuner (F) varies the admittance to a dry 

resistor (G) (matched load of less than 1% reflection). The 

fraction of power reflected at the H-tuner (determined by the 

plunger location) travels back to the circulator where it is 

diverted into the termination line section (microwave applicator 

and freeze -dryer). It encounters a bidirectional coupler (H) 

which separates the power traveling forward from that traveling 

reverse (reflected from the termination). The reverse power 

travels back to the circulator where it is sent to a second dry 

resistor (I) in order to prevent harmful reflections to the 
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magnetron . The forward and rever s e powers in the bidirectional 

coupler are sampled by two s ma ll antenna probes. The bidirectional 

coupl er is connected to a twist (J) which rotates 90° the original 

polarization of the electric field. The electric field enters 

the cavity (B) with a vertical polarization (parallel to the 

figure plane). A 3-Stub tuner (K) is us ed in conjunction with an 

E - H tuner (L) to tune the cavity (B). The microwave power enters 

the cavity (B) through a wave guide vacuum transition (M) using 

a fiber glass window. 

The multimode rectangular cavity (B) has dimensions 39 x 39 

x 51 em and is made of perforated aluminum sheet in order to retain 

the microwave power, but let the water vapor from the dehydration 

flow through to the main chamber (C) and finally the vapor trap. 

An oversized condenser is used for the vapor trap. The sample to 

be freeze-dried (D) is hung inside the cavity (B) with its main 

surface horizontal and is located in front of the wave guide 

mouth as shown in Fig. 8.1. It is suspended to a cantilever beam, 

used in the weight measuring system, by means of teflon hooks 

and fiber glass strings. 

Finally, n-propyl alcohol is circulated at a constant flow 

rate in a glass loop inside the cavity. It was intended to serve a 

double purpose. First, in order to obtain a fairly uniform field 

in the multimode cavity, a reasonable load is necessary. By 

increasing the load one decreases the Q of the cavity and broadens 

its frequency band at resonance. Thus, more modes (eigen frequencies) 

can be admitted inside the cavity which superimpose and average out 

to yield a relatively uniform field. The increase of the load was 

found necessary, due to the small size of the sample used (about 
3 

60 to 90 em ) as compared to the large volume of the cavity (about 
4 3 

7.5 x 10 em ). n-propyl alcohol was chosen as the circulating 

fluid because its dielectric constant (€' = 3.7) is comparable to 

that of frozen beef meat (€' = 3.6). Second, it was intended 

as a means of monitoring the electric field inside the cavity, 

as it will be discussed below . 
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1.2 The data acquisi tion s vs t em 

A special s ystem was designed by t hi s investigator to allow 

continuous recording of the sample weight in the course of the 

dehydration. The saiTlpl e is suspended by means of a f -iber glass 

string to the free end of a cantilever beam through a knife edge. 

The s train- induced at the fixed end by the sampl e wei ght is measured 

by fo ur strain gages mounted in a Wheatston e bridge (two in 

compression a nd two in tension). The bridge i s excited with a 

1.5 V DC voltage and balanced for no load conditions (no sample 

hung) . The DC signal resulting from the imbalance of the bridge 

in the meas uring circuit , when the sample is hung, is a measure 

of the weight. Thi s DC signal, of the order of several ~V, is 

amplifi ed and sent to a strip chart recorder. Known weights are 

used to calibrate the meas uring system . The recorder gain is 

adjusted to give a reading of 10 g/in on the chart . Surrounding 

machiner y induces undesirable mechanical vibrations in the beam 

which result in a strong low frequency noise in th e output of the 

DC amplifier. Noise of a frequency less than 10Hz could not be 

suppressed by the built-in filters of the amplifier. A special 

filter was designed by this investigator to suppress all AC 

signals in the range 1 to 10 Hz and proved very successful in 

filtering out th e electrical noise caused by the mechanical 

vibrations . The assembly (DC power supply, balancing unit, DC 

amplifier and strip char t recorder) is referred to in Fig. 8.1 

as data acquisition unit 1. 

The water vapor par tial pressure in the vacuum chamber is 

measured continuously by a Panametrics model 1000 Hygrometer 

(unit 2) which uses a n aluminum oxide transducer probe. The 

total pressure is monitored by a MacLeod Pressure gage (unit 3). 

As mentioned above, an attempt was made to estimate the 

average electr ic field in the cavit y by measuring the amount of 

microwave power absorbed in n -propyl alcohol circulated in a glass 

loop through the cavity at a constant flow rate. The microwave 

power loss in the alcohol is determined from the temperature 
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difference between t h e inlet a nd t h e outlet measured with a Doric 

d igital thermocouple temperature indicator (un~t 4). However, 

only a qualitative monitoring of the average field strength was 

possible due to the difficulty of measuring the effective volume 

of alcohol which absorbed microwav e power . Moreover, the con­

tamination of the alcohol by the Tygon tubing connections makes the 

validity of utili z ing the dielectric data of the alcohol ques tionable. 

However, this system is used as an indicator of melting occurence 

in the frozen sample. In effect, when melting occurs, a s the 

dissipation factor of the wet meat i s much greater than that of 

the frozen meat the power absorption i n the sample rises suddenly. 

Thus, at the same time, the microwave power absorbed in the alcohol 

d rops as indicated by the outlet temperature drop . This is due 

to the fact that the microwave power fed into the cavity is relatively 

constant. 

The total microwave power loss in the termination line 

(including twist, tuners , window , connectors, leakage ~ sample 

and alcohol) is measured from the forward and reverse microwave 

power s detected in the bidirectional coupler. The detected for­

ward and rever se powers are determined by a Hewlett -Packar d 431 

B power meter which uses a thermistor mount (unit 5) . A manu~l 

switch allows one to select either powers . The power mea s urement 

was initi~lly intended to monitor the powe r l oss in the sampl e. 

However, a quantitative measurement wa s impracticable due t o t h P. 

relatively high fraction of power lost in leakage. Determination 

of this fraction was not possible as it was found to be a function 

of the load in the cavity, and the tuning adjustment . Thus, the 

result s of the power measuring unit were limited to comparisons 

between runs. The Hewlett - Packard power meter reading (mW) 

was calibrated against a factory calibrated power meter (Bird 

Electronic, Thru -line) . The latter power meter could not be kept 

for on-line direct power measurements as it could only give re ­

liable readings under low reflection ratios. 
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2 General experimental procedure 

2.1 Tuning of cavity 

Tuning of the cavity is necessary in order to obtain a 

relatively. uniform electric field. The uniformity of the field 

was checked on a test run by visual examination of a partially 

dried sample, cut in several directions. A planar ice-front was 

observed which indicated a relatively uniform heating. The tuning 

consists in performing an analysis of the admittance vs frequency 

of the termination line for a calibrated signal generated by a 

sweep os~illator (cold-test). The frequency band swept by the 

test oscillator corresponds to the frequency band of the magnetron: 

2450 MHz ~ 25 MHZ, The tuning criterion is to adjust the 3-Stub 

or the E~H tuner in order to obtain a flat profile of the power 

dissipated in the termination line vs frequency. A flat power 

profile means that microwave power will be admitted into the 

termination line equally for each frequencies of the frequency 

band generated by the magnetron. It was hoped that this would 

also correspond to a maximum number of modes (a mode corresponds 

to a given eigen-frequency or resonant frequency of the cavity) 

admitted in the cavity and thus yield a more uniform field. With 

this tuning criterion it is believed that a relatively uniform 

field distribution can be obtained . 

The termination line section tested consisted of the line 

section located to the right hand side of the bidirectional coupler 

in Fig. 8.1. 

2.2 Sample preparation 

Two batches of samples of different choices 'of beef meat 

with different preparation were used. The first one, used in the 

study of the effects of the power input on the drying curves 

consisted of an eye of the round choice which offers a rather 

homogeneous fat free texture (moisture: 71%). The outer fat was 

trimmed and the meat deep frozen to. approximately -37°C. Slabs 
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of appr oxima t ely 1. 5 em thickness were cut perpendicularly t o the 

fibers f rom the f rozen muscle with an electric band saw. The 

samples were then wrapped separately and s tored in a f reezer until 

later use. However, there were two drawbacks to this method of 

pr·eparation. The thickn ess and the contour of the slab were irregular 

and difficult to reproduce. Thus another preparation method was 

employed in the s tudy of the effects of pressure on the drying 

curves . However, since a larger muscle cross section was needed, 

a different choice of meat was used. It consisted of top of the 

round (average moisture: 67%, average fat: 2%). The whole muscle 

was temper ed at about -4 oc and then pressed and formed in a cylind:r. ical 

die, with th e general orientation of the f i bers parallel to the 

cylinder axis . The meat cylinder was then chopped automatically 

in slabs of a relatively constant thickness (approximately 1 . 5 em). 

7.5 em diameter discs were then punched out of the meat slab 

with a metal cutting form and th~n placed on a metal tray and re ­

fro zen in a blast freezer. It should be noted that the freezing 

method does not seem adequate since t he fast freezing from the 

bottom of the sample r e sting on the tray yields a concave top 

surface . A different method might have given better results. 

The frozen samples wexe again wrapped separately in paper and 

~~ored in a freezer at about -37°C. 

2.3 Experimental procedure for a run 

Before ea ch run , a known weight was suspended to the cantilever 

beam in place of the sample and the reading of the weight on the 

recorder was allowed to reach a constant value. This normally 

took one to two hours. Once the reading was constant , the gain 

of the r ecorder was adjusted for a direct reading in grams. The 

refrigeration system and vacuum pump were started 30 min to 1 hr 

prior to each run with the vacuum chamber isolated in order to 

achieve a constant condenser temperat ur e of approximately -40°C . 

The meat sample was then taken from the storage freezer, 

weighed and its cross section area and thickness were measured. 
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The sample was t hen attached to t he tiber glass str ing from t he 

cantilever beam weighing system by means of t hree teflon hook s , 

it s s urface horizonta l and i t s edge faci ng the mouth of th e 

microwave power teed (wa ve guide ) . Thus , t he polar i zation of the 

el ectr i c fie ld at t he sample s urface was expected to be mainly 

t ha t in t~e wa ve guide (TE1 , 0 ), i. e ., vertical (normal to t he 

sample surf ace ) . 

The doors of th e microwave cavity and vac uum chamber were then 

shut and the chamber opened to the vacuum. The desired vacuum 

was f ound to establi sh in less than 5 min. A pre s sure less than 

200 ~Hg was not pos sible due to air leakage . 

Af ter usually 30 min the microwave power was turned on. The 

desired power input was selected by using the H- tuner (F in Fig . 

8 . 1 ) . The sample was then allowed to dry . It was considered fully 

dried when the weight reading on the recorder reached a constant 

value . Readings were taken at variable time intervals for the 

following parame t e r s : part i al pressure of water vapor, total 

pressure, forward and reverse microwave power, temperature IN and 

OUT of the alcohol glass loop, and flow rate of the circulated 

alcohol (a constant f low rate could not be achieved) . 

The dryi ng curve (sample weight vs time) was directly given 

by the reading on the strip chart recorder . 

It should be noted that in certain instances, especially 

during the runs at high pressure (3 . 5 mmHg), a corona discharge 

occ ur ed at the end of the dehydration . The high pressure r uns 

(3.5 mmHg) were not relevant due to local melting and vapor i zation 

of the fro zen core . An otherwise, corona -free operation was 

reached. 

The microwave power measurements were not quantitative, as 

mentioned earlier . Thus, the electric field peak strengt h in the 

vacuum near the sample surface was evaluated from the drying rate 

using the die lectr ic data of Kan and Yeaton (1961). This point 

will be discussed in the next chapter, sec. 2. 
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- Chapter IX -

EXPERIMENTAL RESULTS AND CORRELATION WITB MATHEMATICAL MODEL 

Freeze -drying experiments have been conducted for beef samples 

with microwave dielectric heating at 2450 MHz in order to compare 

experimental drying curves with those predicted by the theory . 

The experimental set-up and procedure which were used in the 

experiments are described in the previous chapter . The beef 

samples had the geometry of a slab of about 7.5 em in diameter and 

a thickness of approximately 1.5 em. Two different choices of 

beef meat were used (eye of the round and top of the round). 

The frozen samples were prepared by two different methods (see 

chapter VIII, sec. 2 . 2). 

1. Experimental results 

Drying curves have been obtained at various microwave power 

inputs for a constant vacuum pressure of approximately .3 mmHg 

(referred to as power runs) and at various pressures for a fixed 

microwave power input (referred to as pressure runs) corresponding 

to an electric field peak strength of about 125 V/cm. 

Two different batches of samples were used for the power and 

pressure runs. An eye of the round choice of meat was used for 

the power runs, while the pressure runs were performed with top 

of the round . The two batches further differed by the geometry 

of the slabs and the preparation of the samples, as discussed 
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in the prev ious c ha pter . I t should be noted t hat t he thickn ess 

of the s l ab s wa s not unif or m for any sample and varied be tween 

diff erent samples due to difficulties in the ir preparation. A 

variation of 1 to 2 mm about the mean thickness (approximately 

1.5 em) was observed f or a sample . 

Table · 9.1 shows the operating conditions used for e~ch run 

and the average value used to calculate the theoretical drying 

curves. The values given for the vacuum pressure and partial 

pressure of water vapor correspond to the starting point when the 

microwave power is turned on. They were observed to decrea s e 

slowly during most of the drying (a drop of about .05 to .1 mmHg) 

and relatively faster in the final stage during which an additional 

drop of approximately .05 mmHg was observed. The initial temper­

ature is not given as it was not possible to measure it directly 

from the sample when enclosed in the microwave oven. The results 

from the theoretical s tudy have shown (Chapter VII) that the 

starting temperature i s not a significant parameter of the process. 

As discussed in the previous chapter, the net microwave 

power fed into the cavity could not be used to determine the power 

input into the sample or the corresponding electric field s t rength 

in the vacuum. This was due to unknown power losses in the 

termination line. Moreover, the field distribution in the cavity 

and thus the power loss in the load were observed to be a function 

of the load and the tuning adjustment. Therefore, the power 

measur ement was used primarily for comparison between runs (al­

though this was not always possible as the tuning adjustment was 

changed) and for detecting anomalies during a run. It was 

particularly helpful to detect occurence of melting (shown by 

a drop of the power absorbed in the alcohol loop as more power 

is absorbed i n the sample) and of a corona discharge i n the cavity 

(shown by a jump of the reflected power in the t r ansmission line 

as the admittance of the cavity drops). 

Assuming that the variations of the sensible heat of the 

sample and the heat losses to or from the surrounding atmosphere 
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Table 9.1 - Experimental conditions 

Run Ea 
PR 

pw L 
ml- mf 

hbx 104 
tl Type exp: X R w m - m Number 0 f ... 

2 
cal /cm V/cm mmHg mmHg em -- -- /sec / °C min 

25 125 1.0 .4 . 8 .66 . 923 2.1 30 

27 125 .2 .2 .8 .69 .944 1.6 3 0 PRESSURE 

29 125 3.5 . 5 .75 .67 .952 1.4 30 RUNS 
I 

\0 Average 125 NA NA .78 .67 . 94 1.7 3 0 [\) 
I 

12 103 .32 . 23 .71 . 71 .957 1.3 24 

13 107 - .. 29 .27 .74 .72 .950 -- 19 

14 145 .24 . 23 . 71 . 70 .905 1.9 35 
POWER 

15 125 .30 .30 .78 . 72 . 936 2.1 30 

16 135 .31 . 30 .76 .71 .941 2. 3 3 0 
RUNS 

17 120 .27 .26 . 71 . 71 

Average NA . . 29 .26 . 735 . 71 .94 1.9 NA 

a -Estimated from drying curve as discussed in sec. 1 (Eq . (9.1) and (9 . 2)) . 
b - Estimated from start-up portion of drying curve by Eq . (9.5), see sec. 2 . 



were n egligible compared to the microwave power generated in the 

sample, the e l ectric field strength in the vacuum (near the sample 

surface) was estimated from the drying rate. With this assumption 

the power generated by the microwave field in the sample could 

be equated to that consumed by the sublimation: 

<P = q, + <P = liH m T F D s · 
( 9 .1) 

where the total microwave power generated QDT can be further 

related to the electric field strength by Eq. {3.5) to give 

{9 .2 ) 

The dissipation factors KF and K0 which are a function of the 

temperature were estimated from the numerical data shown in 

Chapter VI by assuming average temperatures for the frozen region 

and dried layer. An average temperature of 5°C was assumed £or 

the dried layer. An average temperature between - l0°C· and 

- l.5°C was assumed for the fr9zen region, as KF does not vary 

significantly between - l0 °C and ooc (see Chapter VI). However, 

a temperature lower than - l0°C may be expected in the frozen region 

for the run at the lowest power level {100 V/ cm in Fig. 9.1). 

Thus, feedback £rom the theory was used to estimate the temperature 

in the frozen core {-20°C ). The volumes VF and v0 of the frozen 

and dried regions were determined using the in~erface position, 

derived from the drying curve at the point where the calculations 

were made (usually half dehydration point and/or maximum of the 

drying rate curve). An average 16% shrinkage (as observed exper­

imentally) was further allowed for the determination of the 

volume of the dried layer. Table 9,1 s hows the results of the 

calculation s for the electric field peak strength in the vacuum. 

The starting fraction of the initial moisture content, 

~l = (m
1 

- mf) / (m
0 

- mf){corresponds to the time when the micro­

wave power is turned on), varied from one run to the other due 

to difficulties in reproducing the operating conditions. Thus, 

the microwave drying curves have been first normalized to permit 
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t heir comparison. The normalized val ues were the n corrected t o 

t he a verage starting moisture con tent (. 94 ) to include t he sta rt­

up stage of t h e pr ocess unde r a v e rage ope r a ting conditions . 

Thus , t he following qua ntity: 

(9 . 3) 

has been plotted vs time in Figs . 9 . 1 and 9. 2 . The avera ge value 

of ~l observe d for bo t h the pressure and the powe r runs is . 94. 

Typical s tart - up portions of the drying curve have bee n plotted 

in Fig. 9 . 1, using data of Run 16 and Fig. 9.2, using da ta of 

Run 27 . 

Fig. 9 . 1 s hows the drying curves obtained at various electric 

field strengths for an average chamber pressure of . 3 mmHg. 

The common portion during the start-up stage of the process 

(before the microwave power is turned on) exhibits the same 

characteristics as that predicted by the theory in Chapter VII. 

An initially high drying rate exists as the dried layer is very 

small and the mass transfer driving force high due to the low 

partial pressure of vapor in the vacuum. It decre~ses rapidly 

as the temperature of the frozen material drops to the wet-bulb 

temperature of the vacuum and becomes practically constant until 

the microwave power is turned on. The drying rate starts to 

increase as microwave energy is absorbed in the sample . 

It can be seen from Fig. 9.1 that the drying rate increases 

substantially when the electric field strength is increased as 

expected from the theory. Toward the end of the drying the curves 

start to level off. This corresponds to the stage in whic h the 

frozen core has disappeared and the residual adsorbed moisture is 

being removed from the dried product . This latter stage is usually 

of little interest as only removal of the frozen moisture content 

is sought in industrial freeze-drying operations . The residual 

moisture content can be determined from a plot of the drying rate 

vs time as the curve exhibits a sudden decrease of the slope when 
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the fr ozen core di sa ppears (less mic r owave power is ab sor be d by the 

s-amp"le ). Thi s i s shown i n Figs . 9. 3 , 9 . 4, 9.5, and 9.6 . It 

has been found by this t echnique that the residual moi s ture 

conte nt i s less than 5% of th e initial sample weight or 7% of the 

initial weight of water . The actual residual moi s ture content 

wa.s found to be approximately 1 . 5% of the initial sample weight 

for all runs except , Runs No . 12 and 15 for which it was of the 

order of 4.5%. Thi s i s refl ected on Fig . 9.1 by the early leveling 

off of the corres ponding drying curves. 

It should be noted that a visual examination of the dried 

sample obtained in Run No. 13 showed local burn s of the ma terial 

which indicated a non uniform field dis tribution for thi s run. 

The tuning of the cavity was readjus ted following this run and the 

problem was corrected. 

When a higher microwave power is used, melting of the frozen 

material starts to occur (Run No. 15), followed by a local vapor ­

ization .(Runs No . 16 and No. 14). The local vaporization indicates 

that the dielectric heating is not perfectly uniform although a 

relatively planar ice -front has been observed at me9ium and low 

power levels . This was done by cutting in different directions 

a partially dried sample . It seems that for the lower power input, 

the drying rate i s small enough to permit the temperature non ­

unifor mities in a cross section to level out . This is less 

likely to occur at the higher power levels. Thus, a non planar 

i ce-front and hot spots may develop in the frozen region inducing 

an early melting of th e frozen core . 

Melting is believed to start occuring with Run No. 15 as the 

drying rate exhibi ts (Fig. 9.3) a sudden increase at time t = .8 hr. 
\ 

This was confirmed during the experiments by the observed drop 

of the mi crowave power loss in the alcohol loop. Indeed, as a 

higher mic r owave power is used (Run No _. 16 and No . 14) local 

vaporization t akes place . As the ice melts and vaporization 

occur s a much higher drying rate develops locally due to the 

higher dissipation f actor of t he wet material . This phenomenon 
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ca n be observe d vi s ually as a dar k spot a nd puff ing deve lop a t 

the sur:tace o:t the sa mple. The occurence of vapori zation is 

al so ref l ected by the drying curve a s its slope increases due to 

the h i gh er drying rate (see Fig. 9.1). 

Fig. 9 . 2 shows similar plots for the drying curves at various 

pressures an4 a fixed microwave power input. ~n electric field 

peak s trength of 125 V/ cm has been estimated for the three runs 

by the method outlined earlier. It can be seen from thi s figure 

that the sample dried faster for a pressure of 1 mmHg than for 

.2 mmHg as expected from the theor y. This can be explained by 

the increase of the dissipation coefficient with the temperature, 

mainly in the fro zen core, due to the higher resistance of the 

mass transfer in the dried layer. In fact, when the pressure of the 

vacuum chamber is increased to 3.5 mmHg, melting of the frozen core 

occurs, early during the dehydration, and is followed by a local 

vaporization . 

2. Comparison with s'imula ted drying curves 

In order to obtain theoretical drying curves for comparison 

with those obtained experimentally, the heat transfer coefficient 

has been estimated from the start - up portion of the drying curves. 

This was done by assuming a linear temperature profile in the dried 

layer. The Dew -Point temperature corresponding to the pressure 

in the vacuum chamber was used to approximate the ice -front 

temperature (essentially equal to the wet-bulb temperature of the 

vacuum) as the drying rate was small. It can be seen from an 

energy balance on the dried layer that, 

(T - T.) 
h(T - T ) = K s 1 1 = Q ~ AH w 

n S 1 D S,l - u s 1 
l\ ' 61 

(9.4) 

h can the n be related to the drying rate before the microwave 

power is turned on by 

(9.5) 
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where ~ is given by 

~ ; Biot Number ; (9. 6) 

and B 1 is the dried layer thickness. 

Values of h calculated in this manner are shown in Table 9.1 
-4 2 

for each run. The average value of 1 .9 x 10 cal / cm / sec/°C 

found for the first batch (eye of the round) was used in the 

simulation. Due to the concave shape of the slab in · the second 

batch, the thickness of the dried layer, could not be determined 

accurately. Thus, this might result in a higher uncertainty on 

h. 

It has been found from preliminary computer runs using the 

average operating conditions of the power runs, that melting 

would occur for an electric field peak strength of 205 V/ cm. 

However, an experimental value of approximately 125 V/ cm was 

observed. Although this discrepancy could be attributed experimen ­

tally to a non - uniform heating, it was felt that the diffusivity 

values used in the calculations might be overestimated. The actual 

values for the beef samples could be somewhat lower by as much 

as a factor 2. Consequently, Eq . (6.8) in Chapter VI was modified 

using Harper's value of 0° for beef (corrected at 265°K) and 

data on DK (at 265°K ) for turkey breast (no experimental value of 

DK could be found for beef in the literature). It constitutes 

a reduction of the diffusivity by as much as 40% at high pressures 

(several mmHg and over). The difference becomes negligible at 

low pressures (near .1 mmHg). This modification led to a new 

value of the maximum field (without melting) of 170 V/ cm (peak 

strength) . 

Theoretical drying curves wer e calculated using the average 

operation conditions (shown in Table 9.1). 

In order to compare the theoretical curves with experimental 

val ues, the experimental drying curves were modified in order to 

represent the variation s of t he ice-front position with time. 
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In effect, the ice-fr ont position can be relat ed to the weight 

loss by, 

s (t) = 
m(t) 

m 
0 

m (t) 
r (9 .7 ) 

~r is the weight of residual water adsorbed in the dried layer, 

and m I (m - mf) the fraction of adsorbed moisture . r o 
Since m (t) was not known it was estimated from its final 

r 
value m 

2 
assuming a linear variation with time. m 

2 
was 

r, r, 
obtained from the drying rate curves (Figs. 9.3, 9.4, 9.5, and 

9.6) . The following formula was used to determine the position 

of the interface at any time from the experimental drying curves, 

s (t) (9 . 8) 

Figs . 9 . 7, 9.8, 9.9, 9.10, and 9.11 show plots of the variations 

of the interface position determined from the experimental results 

by the above method. The theoretical curves predicted by the 

simulation are also shown in these figures . The electric field 

strengths used in the simulation were adjusted iri order to give 

the best fit. It should be pointed out that the final values of 

the electric field strength used to calculate the curves shown 

in Figs. 9.7, 9 . 8, 9.9, 9.10, and 9.11 agree within 4% of those 

determined experimentally. A generally good agreement is also 

found between the theoretical and experimental drying curves as 

shown by Figs. 9.7, 9.8, 9.9, 9.10, and 9.11. The small differences 

observed may just be the inherent differences between the model 

and the experiments. However, they may also reflect an uncer ­

tainty in the numerical data used in t 'he model (especially diffus ·­

ivity and dissipation factor) or non - ideal experimental conditions, 

e.g.' 

1. non - uniform field distribution in the sample 
2. non-constant standing wave pattern in the cavity 
3. non -constant microwave power fed into the cavity 
4. non-uniform thickness of the sample 
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The poss ibility tor a non - un iform tiold is indicated by t ho 

local vaporization which oocured in Run s No. 14 and 16, and the 

local bur ns of t he sample observed in Run No. 13. It would 

explain t h e greater di screpancy observed tor thi s latter r un 

between simulated and experimental drying curves (Fig. 9 . 9). 

Indeed the sudden decrease of slope in Fig. 9.9 of the experimental 

drying curve,. with respect to the theoretical one, corresponds 

to a peak of the drying rate curve (Fig. 9 . 6) at t = 1 hr., which 

may have been caused by a local melting . 

A non - constant standing wave pattern or a non-uniform 

field distribution in the sample may have caused the difference 

observed in Figs. 9 . 8, 9 . 9, 9.10, and 9.11 toward the end of the 

dehydration. Although it may have been the fact of the non ­

uniform thickness (this stands particularly for the pressure 

runs, Figs. 9 . 10, and 9.11). Indeed, it is not possible to differ­

entiate between the multiple causes of non ideality. Given the 

uncertainties on the experimental conditions, the general agreement 

obtained between the theoretical and experimental drying curves 

can be considered as good, considering the small differences observed. 
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- Chapter X -

CONCLUSIONS 

1. A one-dimensional model of the freeze-drying proces s using 

microwave energy has been derived from the analys is of the 

transport phenomena, assuming an infinitely sharp sublimation 

front . The complete transient mass and energy transfer equations 

have been written in both the frozen and dried regions. The trans­

port and dielectric properties are allowed to vary with both 

time and location in the sample as a function of temperature and 

pressure. The adsorption effect of the water vapor in the dried 

layer is neglected . Fick's equation is used to describe the 

flow of water vapor in the dried layer. 

2. The model enables one to describe the sublimation of the 

frozen moisture content before and after the microwave power i s 

turned on . The final drying stage, of little industrial signi­

ficance, in which all frozen material has disappeared and the 

adsorbed residual moisture (less than 5% of the initial sample 

weight) is being removed, is not covered by this study. 

\ 

3 . A numerical solution of the transient energy and mass transfer 

equations in both the frozen and dried layer is proposed . It i s 

based on an approximation of the partial differential equations 

by Crank-Nicolson method. The finite-difference equations are 
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solved by Gauss's elimination technique. An iteration of the 

interface temperature is used to handle the energy and mass 

transfer equations which are coupled at the interface. A second 

iteration loop is used to predict the interface motion. 

4. A new numerical method is proposed to accelerate and control 

the _convergence of an iteration scheme . Use of this method 

enables one to reach convergence in 2 to 4 iterations. 

5. The results of the theoretical study s how that the freeze­

drying process is heat transfer limited. Drying rates are essen ­

tially a f unction of the microwave power input. The total pressure 

and the partial pressure of water vapor in the vacuum mainly 

affect the temperature within the sample during freeze-drying and 

have little effect on the drying time. Low pressures should be 

used in order to ensure temperatures as low as possible in the 

sample and thus allow one to shorten the drying time by using 

a higher microwave power input. However, pressures below 75 ~Hg 

are useless as their effect becomes insignificant while the flow 

regime in the pores becomes mainly Knudsen Diffusion. 

The initial temperature of the sample, prior to drying, is 

not an important parameter. 

6. A reduction of the sample size results in shorter drying times 

and a greater output of the freeze -dryer as a higher microwave 

power level is possible without melting or overheating. An 

optimal operation, yielding a maximum freeze-dryer output, would 

correspond to an operation near corona and overheating (or melting) 

conditions . 

7. With the assumption that a corona discharge would occur in the 

microwave applicator beyond 255 V/cm (peak strength) and that the 

diffusivity values of turkey breast are applicable to beef meat, 

drying time as short as 1~ hours would be possible for a ~in . thick 



-4 2 8. A value ot the heat transfer coefficient (1.9 x 10 cal/cm /sec/°C) 

has been determined from the start-up portion of t he experimental 

drying curves. Use of this value in the·prediction of t he drying 

curves gave an excel l ent agreement between the theoretical and 

experimental start-up portions of the drying c urves. 

9 .. Comparis~n of the theoretical (170 V/cm) and experimental 

(125 V/cm) e l ectr ical field peak strengths at which melting starts 

to occur in the frozen core , seems to indicate that the actual 

diffusivity in the experiments may be somewhat lower than that 

assumed in the calculations . However, the difference may also 

reflect experimental heating non - uniformities. 

10. Finally, the predicted drying curves are in good agreement with 

those obtained experimentally. The small differences observed 

may be due to an uncertainty on the value of t he diffusivity 

(or that of the dielectric properties) or non-ideal experimental 

conditions, e.g., 

1. non-uniform electric field distribution in the sample 
2. non -constant standing wave pattern in the cavity 
3. non - uniform thickness of the sample 

11. The mathematical model can be used to simulate with a good 

accuracy the sublimation-dehydration process using microwave dielec­

tric heating. 
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- Chapt~r XI -

RECOMMENDATIONS 

1. Future improvement of the mathematical model may include the 

moisture adsorption effect in the dried layer . This would enable 

one to account for the variations of the dissipation factor of the 

dried product with the sorbed moisture content, as experimental 

data are obtained. It would also permit one to describe the final 

drying stage in which the residual sorbed moisture is removed 

from the dried product. 

2. There is a need for more experimental data on th~ phys ical 

properties of frozen and dried beef meat . These data should 

include especially the following: 

1. the effective diffusivity in the operating pressure 
range (.05 to 1 mmHg) 

2. the dielectric properties in the temperature range, 
-50°C to ooc for frozen beef and -50°C to 60°C for 
dried beef as a function of composition (moisture, fat, 
and salt contents) 

3. Shorter computer times in the mathematical simulation may be 

obtained through a more efficient organization of the numerical 

scheme and the determination of an optimal time increment size 

strategy. The latter would require an extensive stability analysis. 

4 . More extensive and comprehensive experimental data on the 

microwave freeze-drying process are still needed . There is a need 
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for a systematic experimental study of the effects of the process 

constraints and variables on the drying time, in order to support 

the theory. 

5. Special care should be used in the design of an experimental 

freeze-dryer in order to ensure conditions of: 

1 . corona-free operation 
2. uniform electric field distribution in the sample 
3. constant standing wave ·pattern in the microwave 

applicator 
4. in-process determination of the electric field strength 

in the vacuum near the sample and/or the microwave 
power loss in the sample . 
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- APPENDIX A -

A.l FINITE DIFFERENCE EQUATIONS 

Mass transfer equation (dried layer): 
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Heat transfer eqpation in the dried layer: 
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Heat transfer equation in the frozen region : 
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The properties have not been time indexed for simplicity although they are a function of time. 

Equations (A . l.l), (A.l . 2), and (A . l.3) are rearranged into the general form of Eq. (5 . 9) as 

shown below . 

Mass transfer equation : 

( 1/.1. 3) 
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Heat trans£er equation in the dried layer: 
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Heat transrer equation in the r rozen region: (~I /f5) 

£!,,/11, [ r::.._,+ cJ:,~.,. f (ntr -1} S?+t (~~- sr~J) _ 9~..,+' (:;r-:,"'41+ St.~7-+ s;) 

+ 8;_,1,.,_, { r:llt-' - d~,rl -j (rrn-I)S.,'t"t {Strtt-~ iJ = 

-&.;,/n[~+dt,,m ~j r~J)S.. (Sn,# -s~J-+ o:,~~r~/'1 - ~:, - ~1 

- e:.IJ'II[ r:,,. _df..,IPI -;J ('nJ-1) ~ (&,+/- ~_.. g- q!.,~+l s!, - cf.,'IJ ~ 

wher e: 

jf 

r. c - J>i..., c!i 'Z;' 
~,')') - A~~ 

r; = ou,*.,,., t{~ 
,., L} )~ 

,..., _ cx/l'm,_, 4"C' 
""'..,.. - LJ !:/"' 

c.. (* '*) d,,.., ~ .~'{' ])~-11,71 - ])1-,,~ ~ . 
c:1 J-< .. 

.11 _(, .., cy,.., ) L1'C • 
d4,,= . .Z> ( %i.u,,- ~I- t,"' AJ,_ , 

( 14.1,6) 

( ft,/, 7) 

r ( + ~2'- ) tl?; d"'~'~'~ ::- .25' ~ ... +,,01- F,..,_,J, ay<-

(,&r. ,, .f) 



And : 

~i = Ctw P a -+ ,j_1 
fJJ cl) Ll~ 

(~.I. g) 

J) 

* {J,:C,:- w~ L ~A'C' (f+,J,/0) qR,1! = W~>l ,, ~C,p ~~( TA- To) 

F *' w~ L ~ Ll 7::J (ft. / , (I) qllr!tl'fl = eoftm,tr~ 
~~ {T~- r;.) 
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A.2 ENERGY BALANCE AT THE INTERFACE 

An energy balance is made on a slab one space increment thick, centered 
at the interface: 

where: 

. I ~ndu..~ itJ /- f:.onvect!onou1, j = ;~ccufY!Jo1lD~-/roduc:t£cr/~con8V~P~/ 
(.;!,~ , I) 

I CCh~Y} iJJ I= - k F £It + /;(b ~1b 
- l)l ~~ 

(r.onvtc:flon0()1 ; .. 111;: 9 w ~;o t:f 
/c.ons.u,rnp-h'rn, J. 1-fZ t1#, 

!~/ :: WD~+*~ 
"' R 

'~virJ~ I= · ~C-D ifpt ~ +fr;Cr: EE ~ 
(' . . 1) .:( "Qt;- ~ 

(lf,,Q, ::o 

( f},~, 3) 

(f1 , ~ . ~) 

Substitution of the transformation and normalization equations (see 

Chapter IV, Sec. 4 ) into Equations (A . 2.1 ), (A. 2.2 ), (A.2.3 ) , (A.2.4), 

(A.2.5 ), and (A.2.6 ) gives 

cowv : 

coNS ::: 

f'ROD ::: 

fk'c.UM :: 

with 

_ ~ Q:w L ~ \- {eD 
k~ T } 

JAil L iJ 1-f$ 

k~C:i;z -i") 

w~ L ~ {to; {1-s) tJ::¥. 4- w~ .s ~ } 
k~(JA .. '" ) ~ .;t 

(A . .e, 7) 

(8.~. 1 0) 

foC~ (i-S)~ _o99 +S ~ ~ _ Wl L (PbCo :lv4l ~-ll Act~ \ 
~ C,: .R ~t' .:? 'O'l:' pao(~ lf>,:~ t1 :< 7>)' d ~ --oy ) 

(ft. ~ II) 
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The energy balanc e becom e s 

COND - COAIV c. ltCCUM - Pfl.-o.O + CO N.S (A,.Q ,13 ) 

where the terms COND, CONV, ACCUM, PROD, CONS correspond res pectively 

to the terms of conductioniN' convectionOUT' accumulation, produc t ion 

(microwave), consumption (sublimation) in the energy balance athe int er · 

face. 

The corresponding finite - difference equations are : 

cof\.IJ) :. _ 0( off- _1 ·(b9F \ _ fD(p C(: _1_ (o&D \ 
. hl FM,. VA,tn Stn b J JHt tJ. m f'F Cr. k+IJ~/11 1- 5"' 0 ~ Jl(+f/2 1& 

Yi(; I I 

( ILZ.I~} 

(d ,2lh ) 

with 

\ 
Typica lly, 
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Calculation of the interface temperature 

The temperature at the interface at ~n+l which would have satis ­

fied the energy balance (as opposed to that guessed) is given bya 

8c_,rnt 1 : {)~1 1'11 -+ 4 ?:J COMD"J+U/l - COIV~+J4 -; P~OD"J1-I/~ - CoNShl;ll~ ·'19C. C.2 m1J1~ 
AIA/~1/~ 

Calculation of the interface position: 

From Eq . ( 5 . 14 ) : 

R} (~- To) fcotv Dtt~+IJ.;. - CoNVn,1 v~ .r- PROi:lnt!t( -lttUtimw.z) 
P o- ot; tJ Hs ( c ~ 

Ut~. ~3) 

a- ACC2 in Eq. (A.2.22 ) corresponds to the sum of the two latter terms 

in the right hand side in Eq. (A.2.18). AINT in Eq . (A.2.22) represents 

the coefficient of (llSi)n+~ in Eq. (A.~.l8). 
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A.3 BOUNDARY CONDITION AT THE OUTER SURFACE 

An energy balance at the outer surface of the slab (dried layer s ide) 

is used to derive the boundary condition for the temperature as of Eq. (5.10). 

The energy balance is made on a slab half a space increment thick: 

(11. 3, I) 

Substitution of the transformation and normali zation equations in 

Eq. (A .3.1 ) and use of the finite . difference approximation at'C' +1 n ~ 

will lead to the desired form for the boundary condition. 

Equation (A.3 . 1) becomes 

Let: 

(II. 3. 5) 

(ft-.:J.:-.6) 

(ft, 3, 7) 

Then, the finite difference equation corresponding to Eq. (A.3.2) is 
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Equation (A. 3.8 ) corresponds to an energy balance, in the fixed 

boundary domain, over the slab ( z 1+~ , z1 ) between times ~nand ~n~l' 

It is rearranged to give the final form of the boundary condition as 

required by the numerical scheme of solution {Eq. {5 .10)) . One has 

where 

?..,,fh+.,=-f eti'Y) (-c.-~.,. vvf>/t!l~-+ 1.~ 11c,.,+IJ4 ) 

+ &ttn (~ .. ~tJI.e +•{) /1Cq-t'4. ) 

+ (PI<~~'~~"' .,_ PR.IY) +-<C) J / (-c- CJ)ITJ1-t + Citn-r~ _ J, ) ITCrwb) 
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~ APPENDIX B -

B.l SOLUTION OF THE SYSTEM OF FINITE· DIFFERBNCE EQUATIONS 

The finit e -difference equations of Appendix A are written under 

the general form 

u. + a. u.+1 + ~· u.+2 = ¥. 
1 1 1 1 1 1 

i = 1, ... , I -1 (8 .1 ) 

while the boundary conditions are written as: 

at the outer edge (center line or outer surface) 

(8.2) 

and at the interface (ice ~front) 

(8 .3 ) 

They form a set of I+l linear equations which are to be solved with 

I+l unknowns, the Ui's att;n+l' i=l, ... ,I+l. 

u. l+a. lU.+A, lu'+l 1 - 1- 1 ~"'1 - 1 

One has 

p u + 
~ 

=~ 
1 

=l 
1 

= '{ 
I - 1 

A forward elimination of the lowest subscript unknown Ui' starting 

i =l yields the B.'s and the~. 1 s defined by 
1 1 

i =l, ... ,I (8.5) 
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It comes 

S ~i - 1 = • Ito 
1 ai-l - 0 i-1 

(B.6) 

't -'A >.. = i - 1 8i - 1 
1 a. 1 - . 1 1 - 1 -

(B. 7 ) 

for i =2, . .. ,I. 81 and A1 are given by the boundary condition, Eq. (8.2). 

A backward substitution of the numerical values of the S's and A's 
in Eq . (8 . 5), starting i =I , yields the unknowns U. 's: 

1 

q - p I 

UI+l = 1 - p SI 

ui =)\i - 8i ui+l i=I, ... ,l 

(8. 8) 

(8.9) 

The corresponding FORTRAN IV computer program is given in Appendix F 

(subroutine EMMA). 
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B.2 FORCING AND ACCELERATING THE CONVERGENCE OF AN ITERATION SCHEME 

Theoretica lly, iter a tive procedure s encountered in th e solution of 

mathema tica l pr oblems cor respond to the solution of the equation 

x = \.\J(x) (B . lO) 

by an organized me thod of trial and error . The variable x in Equation 

(B.lO ) may not be a scalar variable, while the functional ~is not 

necessarily known explicitly. lp may for instance result of the solution 

of a more complex problem for a given value of the "parameter" x. 

In order to solve the above equation a value x* of t he variable x 

is "tried". The corresponding value 4J(x*) of the :functional is then 

obtained and compared to that of x according to a predetermined con ­

vergence criterion. 

The usual iteration scheme is such that , if the convergence 

criterion is not satisfied, the current value of the :functional ~ 

is fed back as the next trial for the value of x. This procedure is 

repeated (iterated) until the convergence criterion is satisfied, i.e. 

until the difference /x - t(x)j is less than a given number. Mathemat­

ically, the iteration scheme is given by 

x* = d1(xJ*. ) j+l i (B.ll) 

where X·j represents the jth trial. Geometrically, this iteration 

scheme correspond to the search of the intersection of the curve 

y = ~( x) with the :first bisector y = x in a coordinate :frame of 

abscissa x and ordinate y (see Fig. 8.2.1) . Unfortunately, this 

scheme is not always convergent. Indeed, in many instances it may 

converge very slowly, resulting in long and therefore costly machine 

calculations. In effect, t heoretically this scheme converges only if 

the slope of the c urve y = ~(x), at the so+ution point, is less than 1 

in absolute value: 

(8.12) 

An .alternate scheme is proposed here to force and accelerate the 

convergence of an iteration . This scheme is such that the next trial 

is computed :from the previous trial and the previous value of the 
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Figure 8.2 .1 - Geometrical representation of the iteration schemes . 



functional l}l according to 

x"!"+l = ( 1 - s) x"t + ~ ty(x"t) 
J J J 

(B.l3) 

where the parameter 5 , which will be referred to as acceleration 

coefficient may be adjusted . to force and accelerate the convergence 

of the iteration scheme. Geometrically (see Fig. B.2.l), this scheme 

corres~ond to t~e search of the intersection of the curve 

y : ( 1-~)X + ~~(X) (B.l4) 

with the first bisector y = x. The change is possible since the two 

functionals ~(x) and (1-~)x +~ ~(x) have the same value at the searched 

solution (convergence) point where x = ~(x). 
In theory, practically instant convergence is reached with this new 

scheme if the slope of the curve of equation (B.l4) is equal to zero at 

the solution point (see Fig . B . 2.1) . The main advantage of the method 

is that the slope of the latter curve (B.l4) can be adjusted and forced 

to a near zero value by varying the parameter 5, thus yielding extremely 

fast convergence. 

The optimal value of 5 is given by 

0 : s!_ ( 1 - ~ ) X + 't th( X) = 1 - 'e +} d<l> dx ) T '> dx (B.l5) 

Thus 

r = 1/(1- £1) 
'>opt. dx (B.l6) 

Use of this method in the calculation of the ice-front temperature 

by iteration in the simulation permitted to reache convergence in 2 to 

4 iteration s on the average. The acceleration coefficient~ was cons ­

tantly updated during a given iteration. It should be noted that the 

iteration by the first scheme (direct feed back of the computed va lue) 

was highly divergent. 
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- APPENDIX C -

SAMPLE CALCULATIONS (RUN No. 15) 

C.! Calculation of h 

For drying on both sides (symmetric slab), Eq. (9.5) gives 

1 + fl. = h AHs 
TR-Ti,l 

with 
h 81 

~ = 
kD 

From Fig. 9.3 at t = t 1 

• 
ml 
2A

1 

-3 m1 =.6.2 g/hr : 1 . 7 X 10 g/sec 

Approximate A
1 

by A
0

. Thus from Appendix E 

A 
0 

2 = 61.5 em 

(c . l) 

Assume a room (vacuum chamber) temperature of ~0°C . Approximate 
w Ti,l by the frost temperature of the vacuum chamber at PR = .3mmHg 

(ct. Table 9.1). Then, from the ice-water vapor equilibrium curve 

T. 1 = -29.5°C 
1, 

From m
1

, m
0

, mf, and L 1 ( cf. Appendix E) determine 81 

S - ml - mf 
1 - (1 - m _ ) L1 = (1 - .936)(.78)= .05 em 

o mf 

where L1 is approximated by L
0

• 

From Fig. 6.4, at PR = .3mmHg one has 

k0 = 10 -4 cal/sec/cm/°C 

From Table 6.1 

AH = 675 ca1/g 
s 
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Substitution o£ t he numerical values in Eq. (C.l) g i ves 

h = 2 . 1 x 10 -4 cal/sec/cm2;oc 

C.2 Calculation of E 

. From Eq~ . (9.1) and (9.2) one has 

From Table 6.1 

Assume an 

Assume an 

liH = 675 cal/ g 
s 

average TF = - 5°C. Then from Fig . 6.5 

-6 3 2 
K = 4. x 10 cal/ sec/ cm / (V/ cm) F 

average TD = l0°C. Then from Fig. 6.6\ 

K = -6 3 2 
D .9 x 10 cal/sec/cm /(V/cm ) 

The volumes VF and v
0

are determined by (symmetric 

VF = s vo 
F = 2 s L A 

0 0 

v = D (1 -S) { = 2(1-S) Lf Af 

(C. 3) 

slab) 

(C . 4) 

(c. s ) 

L, A are given in Appendix E . The overall drying rate~ (drying) 

on both sides ) is obtained from Fig. 9.3. The electric field is then 

calculated for two locations of the ice -front (interface). 

At S = . S : 

m = 20.6 g/hr = 5.7 X 10-3 

L 
0 = . 78 em; Lf = . 7 em 

A = 61.5 em 
0 

2 
At ; = 51 . 0 

Thus 

V0 
: 2 X .78 X 61 . 5 

F = 95.7 

~ : 2 X .70 X 51.0: 71.3 
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a2 • 675 x s.? x 10-3 

4 X 10•6 X .5 X 95,7 + .9 X 10•6 X .5 X 71.3 

= 1.8 X 104 (V/cm) 2 

E = 134 V/cm 

Similarly at s = .3 : 

11.8 g/hr -3 
m = = 3 . 28 X 10 g/sec 

and 
2 675 X 3,28 X 10-3 

E = •6 3 96 7 X 10-6 4 X 10 X , X , + ,9 X ,7 X 71.3 

~ ~~38 ·x 104 (V/cm) 2 

E = 117 V/cm 

Average field peak strength, 

E = ~(134 + 117) = 125 V/cm 
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- APPENDIX D -

COMPU:rER OUTPUT 

The computer output pertaining to this investigation are 

in the possession of Professor Yi Hua Ma of the Department of 

Chemical Engineering, Worcester Polytechnic Institute, Worcester, 

Mass. 01609. They are kept in Room 225. 
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- APPENDIX E -

EXPERIMENTAL RESULTS 

The e xperimental res ults are known with the foll owing ac ­

c uracies (on an abs olute ba s i s ): 

6m = .2g 

6L = .2cm 
2 

6A = . Scm 

6PR= .03 - . 09mmHg 

6P~= . OlmmHg 

Th e power measurements, which c o uld not provide quantitative 

information due to calibration problem s , and the start - up portion 

of the drying curves are not reproduced here. They are in the 

possession of Prof e ssor Y. H. Ma of the Department of Che mical 

Engineering, Worces ter Polytec hnic Institute, Worces ter MA 01609. 

Room 225 . 
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RUN No 25 

m 
0 

= 73.0 9 mf = 26 . 2 g 

L = .80 em Lf = .70 em 
0 

A 49.0 em 
2 

Af 45.3 
2 = = em 

0 

t - t 
1 

Pw 
R PR m 

hr mmHg mmHg g 

0 . 24 1.0 70.3 

.5 .45 1.0 63.7 

1.0 . 45 1.0 55.6 

1.5 . 41 1.0 47 . 3 

2 .0 .31 1.0 40.9 

2.5 .~4 1.0 36.3 

3 .0 .20 .9 33.2 

3.5 . 16 .9 30 . 9 

4 .0 .13 .9 29.0 

4.5 .11 .9 27.7 

5.0 ~09 .9 26.8 

5.5 . 07 .9 26.2 
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RUN No 27 

m = 78.0 g mt = . 25.4 g 
0 

L = .80 em Lf = .75 em 
0 

A 48.7 
2 

At 45.0 
2 

= em = em 
0 

t - t 
1 

Pw 
R PR m 

hr mmHg mmHg g 

0 .21 .21 75.3 

. 5 .23 . 23 68 . 7 

1.0 . 21 .21 60.5 

1.5 .20 .20 51.6 

2.0 .18 .18 43.9 

2. 5 .16 .16 38 . 3 

3.0 .15 .15 34.9 

3.5 .14 .14 32 .3 

4.0 .13 .17 30.2 

4.5 .12 .16 28 . 7 

5.0 .11 .12 27 .3 

5.5 .11 .12 26.4 

6.0 25.7 

6.5 25 .4 



RUN No 29 

m = 74.2 g mt = 26.3 9 
0 

L 
0 

= .75 em Lf = .70 em 

A = 49 . 6 em 
2 

0 At 39.1 em 
2 = 

t - t 
1 

Pw 
R PR m 

hr mmHg mmHg 9 

0 
3 . 4 73.3 

.5 .ss 3 . 5 65.0 

1. 0 .52 3.7 5~ . 4 

1.5 . 42 3.7 41.1 

2. 0 .39 3.7 31.3 

2.5 27 . 6 

3, 0 26.6 

3.5 26.3 
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RUN No 12 

m 
0 

= 74.5 g mf = 22.1 g 

L = . 71 em Lf = 
0 

A 58.6 
2 

Af = em = 
0 

t -t1 Pw 
R PR m 

hr mmHg mmHg 9 

0 .23 .32 72. 1 

. 5 .29 .29 66.7 

1.0 .26 .26 60.4 

1.5 .23 .23 54.9 

2.0 . 21 . 22 50.3 

2.5 .20 .22 46.5 

3.0 .19 . 20 43.0 

3.5 .18 .20 39.8 

4.0 .17 .20 36.9 

4.5 .16 .19 34.1 

5.0 . 16 .18 31.7 

5.5 .15 .18 29.3 

6.0 .15 . 17 27.2 

6.5 .14 .17 25.3 

7.0 .1~ .17 23.9 

7.5 .1~ .17 22 .9 

8.0 .10 . 17 22.3 

8.5 22. 1 
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RUN No 13 

m = 88.0 g 
0 mf = 26.2 g 

L = .74 em Lf = 
0 

A = Af = 0 

t - t 
1 

Pw 
R PR m 

hr mmHg mmHg g 

0 .27 .29 84 . 9 

.5 .26 . 26 77.2 

1.0 .25 .21 69 .3 

1.5 .22 . 21 61.1 

2.0 .21 .20 54.3 

2 . 5 .18 .20 49.4 

3.0 .17 .18 45.2 

3 . 5 .16 .17 41.7 

4.0 . 15 . 17 38.4 

4.5 .15 .17 35.3 

5.0 . 14 .16 32.7 

5.5 .14 .16 30.3 

6.0 28.5 

6.5 27 .1 
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RUN No 14 

m 
0 

= 85.6 g mf = 26.0 g 

L = 
0 

~71 em Lf' = 

A 
0 

.. 60.5 em 2 
Af' = 

t-t 1 
Pw 

R PR m 

hr mmHg mmHg g 

0 .23 .24 79.9 

. 5 .26 .26 65.5 

1.0 .23 .23 48.5 

1.5 .19 .19 39.3 

2.0 .17 .17 34.2 

2.5 .16 .16 30.9 

3.0 . 15 . 15 28.3 

3.5 .14 .14 26.6 
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RUN No 15 

m = 87.5 g mf = 25.3 g 
0 

L 
0 

= ·. 78 em Lf = .70 em 

A 61.5 em 
2 

Af 51.0 em 
2 = = 

0 

t - t 1 
Pw 

R PR m 

hr mmHg mmHg g 

0 . 30 .30 83.2 

. 5 . 30 . 30 73.1 

1.0 .28 .28 61.8 

1.5 . 24 .24 51.3 

2.0 .21 .21 44.1 

2 . 5 .19 .19 39.1 

3.0 .18 .18 35.2 

3 . 5 . 16 .16 3 2 .1 

4.0 .15 .15 29 .5 

4.5 .14 .14 27.5 

5 . 0 .13 .13 26.1 

5 . 5 .12 .12 25.4 
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RUN No 16 

m 
0 

= 87 .5 9 mf = 27.0 9 

L = . 76 em Lf = 
0 

A 
0 

= 61.0 em 
2 

At = 

t-tl Pw 
R PR m 

hr mmH9 mmH9 9 

0 .30 .31 83.7 

.5 .32 .32 72 . 4 

1.0 . 30 .30 58.5 

1.5 .25 .25 46.8 

2.0 .21 .21 40.5 

2.5 .20 .20 35.9 

3.0 .19 .19 32 . 5 

3.5 .16 .16 30 . 0 

4 .0 .15 . 15 28 . 0 

4.5 .14 .14 27.1 
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RUN No 17 

m = 94 . 0 g mt = 28.3 g 
0 

L = .71 em Lf = . 62 em 
0 

A 60.8 
2 

At = 56.5 
2 = em em 

0 

t-t 
1 

Pw 
R PR m 

hr mmHg mmHg g 

0 .27 .26 86.3 

. 5 .22 .22 77.5 

1.0 .20 .20 68.4 

1.5 .19 .19 59 . 6 

2.0 .18 . 18 51.8 

2.5 .17 .17 45.4 

3 . 0 .16 .16 44.4 

3.5 .16 .16 36.5 

4.0 . 15 .15 33.2 

4.5 .14 .14 30 . 6 

5.0 .13 .13 28.7 
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c 
c 
c 
c 
c 
C - APPENDIX F -
c 
c 
c 
c 
C SUBROUTINE EMMA · 
c 
c 
C THIS SUBROUTINE SOLVES THE FINITE DI~FERENCE EQUA TIONS 
C FORMING A SET OF M LINEAR EQUATIONS, THE METHOD 
C lJSED IS SIMILAR TO THAT KNO WN AS GAUSS'S EL lMlNATlClN 
C TECHNIQUE, SEE APPENDIX C,l Or PHD THESIS FOR SIGNIFI• 
C CANCE OF ARGUMENTS OF SUBROUTINE, 
C NOTE THAT M IN THE SU6R. ARG, HA S TO BE LT 200 
c 

SUBROUTINE EMMA(M 1 DE1tXLA1,P,Q,U) 
COMMON N,TJME 1 AL(199)tBE<199),GA(l99) 
DIMENSION DE<2~0) 1 XLA(200),U(201) 
DE(l):~OE1 

XLA (1) =XLA1 
DO 1 I :2 ,M 
DENIIAL( 1•1>·DE( 1•1 ) 
IF<DEN,E0,0,)GO TO 3 
DE<I> =RE <I •l> /DEN 

1 XLA( I >=<GAt I P'l>•XLA( IA1) )/DEN 
IF<P•DE<M>~E0,1,) GO TO 3 
U(M +i ):~(Q ~~•XLA (M))/(1,-P*DE(M)> 
DO 2 1:1 1 ,-1 
JDM+1el 

2 UCJ>=XLA<J> aDE <J> • U(J +1 ) 
RETURN 

3 WHITE(5,200) TIME 
200 FORMAT<lX,•DIVISION BY ~ERO IN SUBR1 AT TIME J t, F7,2 ) 

PAUSE 
END 
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c 
c 
c 
c 
c 
c 
c 
C SUBROUTINE MWFD 
c 
c 
C THIS SUBROUTINE SIM ULAT ES THE FREE~E-DEHYDRATION 
C PROCESS USING MICROWAVE DIELECTRIC HFATING~ IT 
C IS DIHEC TLY APPLICABLE TO THE FREE~E-DRYING OF 
C BEEF MEAT (A DIFFERENT TYPE OF MATERIAL TO AE DRIED 
C WILL NECESSITATE A CHANGE OF THE PHYSICAL DATA 
C OF BEEF MEAT, ASSUMED HERE): 
C ENTER OPERATING cONDITIONS THRour,H ARGuMENTS OF SUB. 
C ROUTINE ACCORDING TD NOMENCLATURE AND UNITS BELOW, 
C FIELD: ELECTR IC FIE~D PEAK STRENGTH IN VACUUM INSIDE 
C .T4E CAVITY, V/CM, 
C PR: TOTAL PRESSURE lN VACUUM CHAMBER, MM-HG , 
C PWRI PARTIAL PRESSURE OF WATER VAPOR IN VACUUM CHAMBER 
C MMeHG, 
C TR: AMB:ANT TEMPERATURE IN CAVITY, OEG K~ 
C T0: INITIAL TEMPERAT URE OF rR02EN PRODUCT, DEG K, 
C THICK: PRODUCT SLAB THICKNESS, CM, 
C WATERI INITIAL PRODUCT MOISTURE CONTENT-WET BASIS (NO T 
C I~ %), •, 
C rATI FAT CONTENT•WET BASIS, e·~ 
C MELTI RETURNS TQ MAIN PROGRA~ 1 IF MELTl~G OCClJRS, OTHERc 
C WISE EQUAL TO ~ERO, 
c 
C GENERAL ~OMENCLATURE: 
C OKCP) I THERMAL CONOUCTIVITY=ORIED PRODUCT, CAL/CM/SEC/ 
C DEG Kl ARGUMENT! LOCAL ·nESSURr., MM ·~G , 
C FK<T>I THERMAL CONOUCTI VITYeFRO~EN PRODUCT, CALICM/SEC 
C /DEG Kl ARGUMENTI LO~AL TEMPERATUkEIDEG K, 
C O(P)I ErrECTIVt. DIFFUSIVITY, 'CM2/SEC, 
C DLCT)I DISSIPATION COEFF,•DRIED PRODUCT, CAL/C~3/SEC/ 
C (V/CM)l ARGUMENT& LOCAL TEMPERATURE lN DEG Kt 
C FLCT>l DISSIPATION COErr,:FROtEN PRODUCT, C AL/CM3/S~C/ 
C (V/CM)J ARGUMENT I TEMPERATURE, DrG K, 
C FE CT)I ICEaVAPOR EQUILIBRIUM RELATIONSHIP; ENTER EQU, 
C TEMPERATIJR~ IN DEG K, RETURNS EQU, CONCENTRATION OF 
C WATER VAPOR IN GR/CM3, 
C WCAPI SPECIFIC HEAT Or WATER VAPOR, CALIGR/DEG K1 
C DCAPI SPECIFIC HEAT OF DRIED PROOUCT 1 CAL/GR/DFG K, 
C rCAPI SPECIFIC HEAT OF FR02EN PRODUCT, C~L/GR/QEG K1 

C D~NSI DENSITY OF ICE, GR/CM3, 
C FDENS: BIJLK DENSITY OF FRO~EN PRODUCT, GR/CM3, 
C DDENSI BULK DENSITY OF DRIEO PRODUCT, GR/CM3, 
C HTC I HEAT TRANSFER COEFFICIENT AT EXT, ~URFACE1 
C CAL/ CM2/SEC /DEG K1 

C HSI HEAT OF SUBL IMATION OF ICE, CAL/GR, 
C CTPI WA T~R VAPOR CONCENTRATION AT TRIPLE POINT, GR/CM3 
C CRI AMBIANT WATER VAPOR CONCENTRATION, GR/CM3, . 
C PGCI PERFECT GASES CONSTANT, MM=HG/DEG K/(GR/~~3), 
C MM: NUMBER OF SPACE lNCREMENTsFR02EN COREl MUST BE 
C LESS (O R EUUAL ) THAN 2~0, 

C KKI NUMB[R OF SPACE INCREMENTS·DRIED LAYER: MUST 8E 
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c 
c 
c 
c 
c 
c 

c 

~ESS ( OR EOUAL l THAN 200, 
EUFI MICROWAVE ENERGY USAGE rACTOR I RATIO or 

TOTAL ENERG Y NE ED ,OR S U ~LlMATION I 
TOTAL MICROWAVE ENERG Y CONSUM~O, 

SUBROUTINE MWFD(riELDtPR,PWR,TR,T~;THlCK,WATER,FAT,MELTl 
COMMON N,TJM[ 1 AL<199 l! BE C1 99) ,G A(199 ) 
DIMENSION CN1 (21 l, TN01 (21 ) ,TNF1 (21 ) 
DIM ENSION CN2 (21 l ,TN02 (21 ), TNF2 <21 ) 
DIMENSION f'C ( 201) ,0C(201) ,DI1(2(.:)1l ;Dt2(201l , FP1 (?1il1l , FP2 
1 ( 201 ), 0P1 < 201 l, QP2 < 2~1 >. 0F1 < 201 >, nr2<201l , uu1 < 201 l, ~D2 < 
2201) 
INTEGER EPSI 
REAL LAl 

C FUNCTIO NS BLOCKI 
0K (Pl ~1 1ko4o < 1;126+A L0 G (P) ~ ( 0 1 1351+AL0G ( P l *(B 1 01565+ALDG 
1 ( P) o( .3 ,1 87Ec3+ALOG <Pl o( •5,483E•4 ))))) 
FK <T> ~AK+8KoSQRT C 271,65-T ) 

c 

0(P) :~8 ,1/(1,34+P) . 
FL < T > ~1 ,fo6o(294,7+To(e3,628+To<1,464E •2•1;922E•5*T))l 
DL ( Tl=1,E•6* ( 14 , 39+To ( •0 , 1577+T* < 5~577Ee4·~ ,924E-7*T ll) 
FE <T> =EXP<·63,23+0~2969oT•4 , 038E·4~T*T l 

C ENTER CONSTANTS ! 

c 

CALL OFILE(2 0 1 ' PRINT1 1
) 

CALL CFI LEC21, ' HIST •) 
CALL OF'ILE (22 1 ' PROF ') 
CALL OF"ILE (23, 1 PRINT2 ') 
CALL OFIL.E (19 , ' CHECK ') 
DATA wCAP,F'CAP , OCAP , DENS , FDENS ,DDENS / 1 5, ,4 3 , , 36 , ,92, ,96, 
1 t 32/ 
DATA HTC,HS,CTP,PGC/1 1 9E-4 1 675,,4,84E - 6,3,46E3/ 
DATA KK , MM / 20 1 20/ 
AK=l 1 E·3~ ( 2 , 95=25;*FAT ) 
BK=l , Ee3~ ( 0,~2+1 ,80(WATERo~,65)) 
POR =WATER~ F'DENS/DENS 
CR =PW R/PGC/T R 
FC0z:F'K <T0 ) 
FD0;:fC0 /FO ENS / rCAP 
FP0 = FLCT0l~FIELD~ •2 , 
OELe:l ,IFLOAT ( KK ) 
DELY~l, / rLOAT (M M ) 
DELT:alc:l,072 
DETAU~D~LT~F00/THICK~*2, 
C• H TC~THICK / F'C0 
M1:::~MM+1 

K1=KK+1 
A1=F DENS~F'CAP~ <T R=T0 )/0E NS/POR/HS 
A2=DOENS ~OCAP / F'OE ~ S / rCAP 
A3=FPic:l~T HI CK~o2, /F C0/ ( TR·T0 l 
A4=DENS~wCAP~POR/O D ENS /D CAP/DEL~ 
A5=1c:l,~~WCAP•THICK•DEL~/FC0 
Ab = H S•THIC K i rC0 /(T R~T0 ) 
A 7 =THICK /O ENS /P OR / F'O~ 
Ab=FDic:l~ ( CTPaCR )/ THICK 
A9=0 ENSowCA~~POR /FDENS /F' CAP+ , 98 7 5*A2 

C PREPRINT ASSUMED EXP , CON DITIONS ! 
WR1T E( 20,200 ) FIEL D,PH,PWR,TR,T0,THICK,WATr.R,F'AT 
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c 
c 

c 

1 

2 

c 

c 

3 
c 

c 

c 
c 
c 

WRITE( 23 , 2e0 > riELO,PR,pwR,TR,T~,THICK,WATER,FAT 

EN TER ALL INITIAL VALUES: 
TlME : rcl, 
Nlril ' 
5(0=1, 
S1= 1 999*Sl1l 
TEM~EHATURE PROrlLES: 
TNS =1 1 /(1 1 +0K (PR)/HTCITHICK I<l aoS1 )) 
0 0 l t1 : 1 1 1'11 
TNF' l. (M) =ril, 
DO 2 K:al ,K1 
TND1 <K> =T N S* ( l,=F'LOAT (K ~1 )/FLOA T <KK)) 
TND2<K> =T N01CK) 
GRTD1 =CTN01 (KK +1 )a TNDl<KK))/DELt 
GRTF1=CTN F1 (MM+1) •T NF'1CMM))/DELY 
DRYING RATF. FROM ENERGY BALANCE AT INTERFACE! 
COEF1~A6•A5•GRTD1o,25*A7* CA2•( 2,•DELr )* DEL~*GRT01• < 2,eDE 
1LY >•DELY•r,RTF1 > 
COND1=eDK(PR )/FC0/ (1,sS1 )*GRTD1 
DRl:!COiiJD1/COEF1 
CONCENTHATION PROriLEI 
GRC l:OR1•C1, •S1 >*THICK/CCTP•CRl/D(PR> 
DO 3 Ka1 1 K1 
CN1(K) :aGRC1•FL OAT(K ~ 1)/FLOATCKK) 
CN2CK ) :CN1 CK) 
HEAT CONSUMPTION AT INTERFACE: 
QI1 :COND1a(COEF'l • A6)*0R1 
DELOI ='-'a 
MlSCELL !!!: ANUOUSI 
T11 =0, 
DELTI•0, 
X10 1 75 
SF'1wS1•S1 . 
SU1=C1,•S1 > • < 1~·S1 ) 
FlELD1=12l, 
MELT=~ 
TMWE:[cl, 

C SIMULATION LOOP•HEAO: 
4 CONTINUE 

c 
c 

TlMEaTIME+OELT/3600, 
f'aN+1 

C UPD ATE ALL PROPERTIES! 
NTC;1 1 E2•CT0+TNF'1C1)*(TReT0)) 
IFCNT~ 1 LE,27165)GQ TO 4~ 
MELT=1 
WRITEC5r1l1J1)T1ME,N 
RET URN 

40 CONTINUE 
F'lELD2aFIELD 
IF'CN,LT a710 ) F'lELD2•0, 
Af1=A3•UETAU/FP0*FIELD1•FIELD1 
AF2=A3•DETAU/F'P0*FIEL02•F IELD2 
AD1 =AF1/A2 
AD2=AF2/A2 
00 6 M=1,M1 
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FC (M) cFK <TF )/ rC0 
FLTF =FL <TF) 
FP1 ( M l =FLTF~FIELD1•F I ELD1 / FP0 
FP2 (M) : FLT ror tELD2*FIELD2/FP0 
Qf1 (M) cFLTroAF1 

6 Qf2 (M)=FLTtoAF2 
DO 7 Kal 1 K1 
TD=T0+TND1 <K>• <TReT0 ) 
PREcPR•PWR+PGCotC1+CN1 ( K ) * ( CTP~CR )) oTD 
DC CK) a0 K(PRE)/FC0 
D!1 CK) : 0(PRE)/FD0 
DLTOcDL CTO > 
DP1CK)~ULTOoFIELD1•FI~LD1/FP0 
OP2(K)=DLTD•FIELD2*FIEL02/FP0 
001(K)a0LTO•AD1 

7 Q02 (K) =DLTD•AD2 
c 
C INTERFACE POSITION! 

QIG=ai1+DELQI 
ITER:1 

70 CONT IN UE 

c 

Q i a~,~o ( Ql1+QIG) 

S2aS1•DETAU•A1•QI 

C EXT 1 SURFACE BOUNDARY CONDIT IO N! 

c 

CD1~ < DC ( 1 ) +0C ( 2) )/ 2 ,/( 1,eS1l/DEL~ 
CD2: (QC (l) +DC (2 ))/2,/ (1, -S2 )/0EL 2 
CV~ 1 5*A9o(S2:S1)/0ETAU 
AC=t2~•A2•DEL2 /0ETAUo ( 2 . •S2•S1 > 
PR1=,~oA3•nELt*(1,~S1)•(,25•DP1(2)+,75•DP1<1>) 
PR2:,~oA3oOE L t*(1 , •S2)o ( ,25* DP2( 2) +,75•DP2 ( 1 )) 
DE1= <C D2·CV• , 5*AC )/( •C•CD2+CVc1 , 5*AC ) 
LA1=· < TNQ1 (1) o ( ~CaC01•CV+l ·,,*AC)+TN01(2)*(C01•CV+,5oAC 
1 ) +PR2+PR1+2*C )/( •CcC D2+CVe1 ,5•AC) 

C ITERATION LOOPoHEAD: 
ICOUNTal 
EPSI=lO 
TIG=TI1+DELTI 

5 CONTINUE 
c 
C TE MPERAT URE PROF lLE ~oRIED LAYER! 

RD1=,~• < 1.eS1 ) •(S2:S1 ) 
RD2= , ~• < 1,•S2 ) o ( S2•S1 ) 
SD2= (1,eS2 )o C1,:S2 ) 
SD=SDl+SD2 
DO B K•2 1 KK 
PKaA4+FLOAT(Ke1) 
RDcOC(K)/A2oD!TAU/DEL~/OELr 
DRD= 1 25* < 0C C K+1)~0CCK~1 ))/ A2*DETAU / OEL2/DELe 
AL CK ~1 ) a • ( 2 , •RD+SD )/(R Oe DRD+P K* RD 2 ) 
BE CK • 1l=<RD+DRDcPK~R02)/(RDeDRD+PKoR02) 

8 GA (K •l > =• (( RD:DRD+PKoRD1 >• TND1 < K~1 > ~ < 2 1 oRD-SD )• 
1TND1 (K) +(R D+DRO•PKoR01 >•TND1(K +1 )+QD 1( Kl*SD1+002 (K)o 
2SD2 )/( R0cDRD+PK*RD2 > 
CALL EMMA ( KK , OE1 , LA1,0, ,T IG,TND2 ) 

c 
C TEMPERATUR E PROrl LEer ROrEN COREl 

R~2:,5•S2• ( S2aS1 ) 
RF1•,5•S1• (S2cS1 l 
~f2as~•S2 
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9 

c 

SF' • SF1+SF'2 
DO 9 M11 2 1 MM 
RF' a F'C(M)*D~TAU/OELY/DELY 
DRF : ,25* < F'C (M +1 ) ~fC ( MR1 )) tDETA UI DEL~ / DELr 
AL(M e ll =• (2,*RF + SF )/(RF .ORF ~FLOAT (M •1 ) *RF2 ) 
BE <M • ll = (RF + DRF+FLOAT(Me1 ) *~F2 l/(R FeORF · FLO A T (M • 1 ) *RF2 ) 
GA<M - 1 l =• (( RF'• DRFaFLOAT(M•1)tRFll*TNF1<M~1) · ( ~ 1 uRF•SF l 
1tTNF1 ( M) +( RF+DRF+FLOAT CM c1 l *RF1 l *T NF1 (M +l )+QF1 (M) *SF1+ 
2QF2 CMl *SF2 )/(R F'eORF - F'LOAT CM · 1 l *RF'2 > 
cALL EMMA ( M M I = 1, ' 0 ·, ' 0 I ' T I G ' TN F 2 ) 

C THERMAL EQ UILIRRI UM AT INTERFACE! 

c 

TE =T0+TIGt(TR=T0 l 
c~ s FE ( TE > 
CNI =<CE •C R)/CCTP =CR) 

C APPROXIMATE DIFFUSIVITY: 
DO 90 K ~ 1,K1 
TD =T0+TN02 (Kl t CTRsT0 l 
PRE =PR • PWR+PGC* (CR+CN2 (K) *(CTPeCR ))tTD 

90 Dl2(K) =D< PRE l/ FD0 
c 
C CONCENTRATION PROFILE 

SD=SDtPOR 
DU 10 K=2 1 KK 
RC1 =Dl1(K)•DETAUIDEL21DEL2 
RC2 =Dl2(K)•DETAU/DELriOEL2 
DRC1 = 1 2,• ( Dl1 (K +1 ) :DI1CKe1)l*DETAU/DEL~/DEL2 
DR C2=i25• (nl2 (K +1l•D I2 <K •1 )) t 0ET AU/DEL2 /D EL2 
AL CK el l =• (2 ,•RC2+SD )/(RC2•DRC2+FL0A T <K ~1 l *R02 ) 
BE <K •l l = CR C2+DRC2mFLOAT CK =1 >•RD2 )/(RC2•DRC 2+FL0 AT(K •1 )*RD 2 l 

10 GA <K ·1 l =• CC RC1~ DRC1+F~OAT (K •1 ) *R01 ) uCN1 (K • i) • (2,•RC1 •S D)• 
1CN1 CKl +(RC1+0~C1•FLOAT (K ei l *RDl )tCN1(K +1 li/(RC2 -D RC2 +FLO AT( 
2K!!!1 ) tRD2 ) 
CA~L EMM A( KK,0 , ,0 , 1 0,tC NI 1 CN2) 

c 
C ENERGY BALANCE AT THE INTERFACE ! 

c 

GRT D 2= C TN D ?. (KK +1 l =T N02(KK)I/DEL~ 
GRTF2 a ( TN~2 ( MM+1 l • TNF2(MM))/OELY 
GRC2 : ( CN2 (KK +1 l •C N2(KK))/0 EL2 
COEF2 =• A5•GRTD2 +A6• ,25t~A7*(A2*(2~•DEL21•DEL~*GRT02~(2s• 
1DEL Y) t~DF-L Y •GRTF'2 > 
COND1 ae ,5 * ((FC<MM+1)+FC(MM))/S1*GRTF1+(0C(KK+1 )+DC (KK))/ 
1(1 1 · S1 >•GRTD1 l 
CON~2 =· ,5 t ((FC<MM+1)+~CCMM)l/S2*GRTF2+(DC(KK+1)+0CCKK) )/ 
1 ( 1s • S2 l •GRTD2 ) 
PROD1•,5•A3o(( ,75tDP1 (KK +1 ) +,25*DP1 (KKl) * ( 1,•S1 ) t~ 0 ELr+ (, 
175*FP1CMM+1 )+,25•FP1 (MMl) *S1tDELY > 
PR OD 2 =, 5•A3t~ (( ,75tDP2 (KK +1 ) +,25*DP2 (KK)l•( i,·S2 )t0ELt+ ( 
1,7,t~FP2 (MM +1 ) +,25•F P 2 (MM)) *S2*DE~ Y) 
ANEAR = ,0625t~ C A2• ( ~,8SleS2 l *DEL~* (TN02(KK) •T N0 1 (KK)) + (52+ 
1S1 ) t~DEL Y • < TNF2 (MMl ~T NF1 (MM)))/DETAU 
AlNTER •e1 875•(A2•C2, · S1•S2 l *DELr+ (S2 +S1 >• DELY)/Of.TA U 
DH1 = .~•A8t~ ( O i i < KK + 1)+011 CKK))/(1 ,•S1 > * GRC1 
0 R 2 = , 5 * A 8 * ( D I 2 ( K K + 1 ) + D I 2 ( K K ) ) I ( 1 , • S 2 ) * G R C 2. 
DELTIC : ,5t(COND1+COND2 e COEF1*0R1 · COEF2•DR2+PR001+PROD2~ 
1~•*A NEAR )/AIN TER 
TI • TI1+DEL.TIC 

C ITEHATIDN LDOPeTAI LI 
1FCICOUN T,EQ,1 )G0 TO 12 

IF'ClCO UN T,LT,3lGO TO 11 -149-
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TC1aTC2 
TG1aTG2 

11 TC2•Tl 
TG2:~TIG 
lFCICOUNT,LT,3lGO TO 12 
NY1•1,E7~ABSCTG2•TG1) 
IFCNY1.LT,t5lGO TO 12 
SL0=CTC2•TC1l/CTG2eTG1) 
NR =1 .E7~ABSCSL0•1 ) 
IFCNR.LT, 10 )G0 TO 14 
X•1,/(1,•SL0) 

12 CONTINUE 
NYa1,E7•ABSCTIG=TI> 
IFCNY.LE,EPSI>G O TO 15 
TIG•C1.·~>•TIG+X~TI 
ICOU NT=ICOUNT+1 

C MONITOR AND CONTROL ITERATION CONVERGENCE! . 
IFClCOUNT,EQ,10lEPSI:50 
IFCICOUNT,EQ,30 lEP SI=100 
IFCICOUNT,EQ,50lEPSiz~00 
IFCICOUNT,E0,100lEPSI=100~ 
IFCICOUNT,NE,1000)GO TO 5 
WRITEC5,1fc:J0) N 
RETURN 

C ITERATION LOOP - OUT: 
14 T12:CTIG+T!)/2, 

GO TO 16 
15 TI2 •<1 . -X )•TIG+X*TI 
16 uELTI=TI2·TI1 

AVER2•AVER2+F'LOATCICOUNTl/FLOAT(N)/2. 
c 
C HEAT CONSUMPTION AT THE INTERFACE: 

QS1:CUND1•CCOEF1•A6)•DR1+PROU1 
QS2:COND2·CCOEF2·A6)•DR2+PROD2 
ACCUM•AINTER•DELTIC+ANEAR 
Ql2=QS2+QS1•2,•ACCUM•Ql1 
IF<I TER .G E.2 lG O TO 150 
aiG:aQI2 
ITER=ITER+1 
GO TO Hl 

150 CONTINUE 
DELQI•Ql2•QI1 

c 
C MICROWAVE POW ER GENERATION/SUBLIMATION POWER CONSUMPTION 

N1=CN•509)/50 
IFCN,NE.1,AND,N,NE,509,ANO.(Ne509l,NE 1 N1~50)G0 TO 164 
DMWP:COP2(1)+0P2<K1))/2, 
FMWP:CFP2(1)+FP2(M1))/2, 
DO 16fc:l K=2,KK 
OMWP:OMWP+OP2(K) 

160 F'MWP:FMWP+FP2~K) 
DMWP : DMWP•FP0*T~ICK•Cl. ·S2 )*0EL~*4,1~4 
FM WP =F MWP• FP0• THICK•s2•DELY•4,184 

c 

HIWP :DM WP +F'MWP 
TMWE~TMWE+TMWP•DELT•50 , 
CONS=HS•DR2~4,184 

C tiLE ON DISK CHARACTERISTIC VARIABLES HISTORYI 
IFCN,NE.1)G0 TO 161 
WRlTEC20,2~1) 

161 Ka1 
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162 K• K+1 
IFCK,GT.K1>GO TO 163 
IFCTND2<K),GT,TND2<K·1))G0 TO 162 

163 TDM • TND2CK · 1)t(TR•T0>+T0•273,15 
i!M• (t< · 2 > •DEL~ 
TC =TNF2 C1) • ( TR • T0)+T0•273,15 
TT = TI2~<TR-T0)+T0e273o15 
WRIT EC20,20 2) N,T TME 1 AVER2,~M,S2,TC,TT,TDM,FMWP,TMWP,CONS 
WRITEC21,203l T!ME,2M•S2,TC,TT,TOM,fMWP,TMWP,CONS 

164 CONTINUE 
c 
C FILE ON DISK TEMPERAT UR E AND VAPOR PRESSURr PROFILES: 

N2&:(N - 959)/500 
lf(N,NE.1,AND,N,NE.509,AND,N,NE,709,AND,N,NE,759, 
1AND.CN - 959),NE,N2*500)G0 TO 1 66 
IFCN.EQ,459)G0 TO 166 
WRITEC23,204)TJME 
DO 165 L: 1,K1 
~aDEL~~<L~1) 
TF =TNF2(L,•<TR·T0)+T0e273,15 
TO=TNU2CL>•<TR~T0>~T0•273,15 
PW=PGC* CCN2(L)*(CTP eCR ) +CR >*<TD +273 ,15) 
CONC:CN2CL>•<CTP•CR)+CR 
WRIT EC23,206) t,TF,TD•PW,CONC 

165 WRITEC22,2 05 ) t,TF,TD•CONC 
166 CONTINUE 
c 
C CHECK: 

WRIT EC19,400)AV ER2 ,TNF2(1),TNF2(10),TNF2<21),TN02(10) 
1,TND2<1>,CN2C10),CN2<21),GRC2,GRT02,GRTF2~X,DELS 

400 FORMATCF6,3,11F10,5,E14,5) 
c 
C UPDATE ALL PARAMETERS: 

DO 17 K=1,K1 
TND1<K>~TN02(K) 

17 CN1CK>=CN2(K) 
D 0 1 !3 t~ : 1 I M 1 

18 TNFl<M>=TNF2CM> 
GRTD1:GRTD2 
GRTF1cGRTF2 
GRC1=GRC2 
COEF1•CDEF2 
SD1=SD2 • 
SF1=SF2 
DELS=S2 - S1 
Sl~:S2 
TI1•TI2 
QI1:QI2 
FIELD1=FIELD2 
AVER2=AVER2•FLOAT(N)/FLOAT(N+1) 

c 
C SIM ULATION LOOP • TAIL: 

IFCN,GT.100~0)RETURN 
IF<Sl,GT,0.~01>GO TO 19 
TtN=DENS•POR*THICK*HS 
EUF~TEN/TMWE/4,1H4 
WRITE<2~t207)TJME,EUF 
RETURN 

19 CONTINUE 
IF<N.EQ,l~~)GO TO ~1 
IF<N.EQ,5~~)G0 TO 21 

GO TO 4 -151-



21 OETAU~OETAU•10, 

(.; 

c 

DELT =OELT•10, 
x•.2 
GO TO 4 

100 FOR MAT<' ITERATION STUCK AT TIME INCREMENT N= ',I5, 1 J CO 
1MMAND IS R~TURNED TO THE MAIN PROGRAMM 1 ) 

101 F 0 R MAT ( I MELT I N G 0 c c 'J R s AT s I. A 8 r; E ~· T F. R ~ T T I l"i e: ::1 I , f." 6 I 3 ' I 

1Hr<S, , ~ : 1 ,17 1 / 1 Cli111'1AND !S I?ETUtli~ED TO 11AJ,~ PROG~AM') 
200 FORMAT(' EXPERIMENTAL CONOITIONSI'/3X 1 FIELO= 1 ,E11,4/3X 1 

1PRm ',E11.4/3 X'PWR: ',E11.4/3 X 'TR ~ •,E11 1 4/3X 1 T0= ' 
2,E11.4/3X 1 THICKNESS= ', E11 ,4/3X•WATER CONTENT= I 

3,E11.4/3X'FAT CONTENT= •,E11,4/) 
201 FORMAT(// 1 TIME HI STORY: 1 /2X'N' ,4X'TIM E• ,1X 1 AVER,' t2 X1 ilM 

1AX',6X ' S2 1 1 8X'T FMAX '•9X1 TI ',8X1 TDMA X'•8 X1 FMWP 1 , 8X 1 TMWP• 
2,9X 1 Ql') 

202 FORMAT<I5,3F6,2,7(1XE11.4)) 
2~3 FORMAT(2F6.2,7E11,4) 
204 FORMAT(//' TIMEz r,F6.2, 1 HRS 1 /lX'~,y 1 ,7X 1 TF'•10X 1 T0',10X 1 

1PW',11X'C') 
205 FORMAT(F5,2,3(1XE11,4)) 
206 FORMAT<FS,2 1 4(1XE11,4)) 
207 FORMAT(//' TOTAL DRYING TIME: ',F5,2, 1 HRS 1 / 

1' MICROWAVE ENERGY USAGE FACTORs 1 ,F5,3) 
END 
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... 
'-. 

Letters: 

A 

· C 

CD 

CF 

c 
pw 

D 

Do 

OK 
B 

BB 

Ed 

f 

fB 

fl 

h 

6Hs 

k 

K 

- NOMENCLATURE -

2 sample cross section ar.ea, em 
3 concentration of water vapor in the pores, g/cm 

specific heat of the dried material, cal/g/°K 

specific heat of the frozen material, cal/g/°K 

specific heat of the water vapor, cal/g/°K 
2 effective diffusivity, em /sec 

effective dif:f usivity at 1 atm. , cm2 /sec 

effective Knudsen diffusivity, cm2/sec 

electric field peak strength in the vacuum, V/cm 

electric field peak strength at breakdown, V/cm 

electric field peak strength in the dielectric, V/cm 

microwave frequency, Hz 

ice-vapor equilibrium relationship. Relates the concen­

tration to the temperature 

ice-vapor equilibrium relationship. Relates the normalized 

concentration to the normalized temperature 
2 heat transfer coefficient, oal/sec/cm /°K 

enthalpy or sublimation, cal/g 

effective thermal conductivity, 

dissipation coefficient defined 

(V/cm) 2 

3 by Eq. (3.6 ), cal/sec/cm I 

m weight of the sample, g 

~ overall drying rate, g/sec 

Q 

s 
t 

T 

v 

total pressure, mmHg 

partial pressure of water vapor, mmHg 

heat flux, oal/sec/cm 2 

normalized interface positi9n 

process time, sec 

temperature, °K 
3 volume, em 
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w 
X 

X 
X w 

~ 
y 

z 

2 effective mass flux of water vapor, g/sec/cm 

space-coordinate, em 

interface position, em 

initial moisture content of beef sample (wet basis) 

initial fat content of beef sample (wet basis) 

normalized space-coordinate in the frozen region 

normalized space-coordinate in the dried layer 

Greek letters: 

a effective thermal diffusivity, cm2/sec 

~ Biot Number 
8 thickness of the dried layer, em 

€o dielectric constant in vacuum (CGS) 

€ ' relative dielectric constant 

€" relative loss factor 

8 normalized temperature 

~ traction of the initial moisture content 

~' corrected fraction of the initial moisture content defined 

by Eq. (9.3 ) 

n 

acceleration factor in the iteration 

number Pi 
3 density of .ice, g/cm 

3 density of the dried material, g/ cm 

density of the frozen material, g/ cm3 

porosity (void traction ) 

electric conductivity, mho/em 

normalized time 

total microwav~ power absorbed , cal/sec 
. 3 

density ot microwave power absorbed, cal/sec/cm 
. . 2 
microwave power absorbed per unit area, cal/sec/cm 

Indices (superscripts or subscripts ) : 

o initial value; before the microwave power is turned on 

1 starting value; immediately before the microwave power 

is turned on 
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2 :final value; as the :frozen core ' disappears 

:t' :final value; as the material is :tully dried 
0 in the dried layer 

F in the :frozen region 
i at the inter:t'aoe 

R in the vacuum (room ) 

s at the outer sur:t'ace 
max. maximum value 

* normalized value 
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