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ABSTRACT

Tarikere N. Tulasidas Ph.D. (Agric. Eng.)

Combined convective and microwave drying of grapes

The potential of dielectric heating with microwaves at 2450 MHz for
drying grapes into raisins was studied. Feasibility studies in a conventional
microwave oven were successful. A new microwave drying system equipped
with specialized instrumentation and data acquisition components and
permitting full control of microwave power levels and duration of application
was then developed and used for detailed experimental work.

A factorial experiment aimed at determining the relationships between
drying kinetics and operating parameters was performed. The drying runs
included quality evaluation by both objective and subjective tests. A number
of experiments designed to determine the relationships between grape physical
and electrical properties and grape moisture content and temperature during
drying were executed. These relationships were then used in the development
of a model of microwave drying based on Fick’s diffusion equation. The model
was solved using the method of lines and model simulations were validated
against the experimental data.

It was found that when the grapes were dipped in surfactants, as is
common practice in the raisin industry, microwave drying was not only faster
than convective drying but also had a much lower specific energy requirement.
However, it was also possible to obtain raisins of adequate quality without
dippings. Good quality light coloured raisins were obtained without sulphur
dioxide fumigation. Thus, microwave drying has potential in reducing both the
quantity of chemicals entering at this point in the food chain and the energy
consurmed for food preservation.



The shrinkage and density of grapes were found to be linearly related
to moisture content; initial size and method of drying had no influence. The
dielectric constant and loss factor of grapes were measured and described by
regression equations in terms of moisture content and temperature. For a
given power density the electrical field strength was found to be linearly
related to moisture content. All of the above relationships were used in the
development of the microwave drying model.

Data simulated by the model fitted the kinetics data very well. The
experimental data were also used to determine optimum ranges for the

operating parameters with respect to quality constraints.



RESUME
Tarikere N. Tulasidas Ph.D. (Agric. Eng.)

Production de raisins secs par séchage mixte micro-onde et air chaud

Les avantages du chauffage diélectrique a la fréquence micro-onde de
2450 MHz ont été étudiés pour la production de raisins secs. Des études
préliminaires, trés concluantes ont d’abord été conduites a I'aide d’un micro-
onde conventionnel. Les succs obtenus ont amené la conceptualisation et la
construction d’un systéme automatisé de séchage au micro-onde permettant le
controle de la puissance et la durée de chaque traitement. Ce systéme a été
utilisé pour les études ci-aprés mentionnées.

Une étude factorielle a été conduite dans le but de déterminer les
relations existantes entre le bilan énergétique et les parameétres du procédé de
séchage. La qualité d'un échantillon de chaque étude de séchage a été évaluée
par différents tests autant subjectifs quobjectifs. De plus, des expériences ont
6té conduites afin de déterminer les propriétés mécanique et électrique des
raisins et leurs relations avec le taux dhumidité et la température durant le
séchage. Une fois établies, ces relations ont permis le développement d’'un
modgele, basé sur la loi de Fick, qui résume le procédé de séchage micro-onde.
Ce modele a été résolu numériquement par la méthode des lignes, et les
simulations ont été validées & 'aide des résultats expérimentaux.

Les résultats ont démontré que le séchage micro-onde de raisins traités
avec un agent tensioactif, comme le veut la pratique industrielle, peut étre plus
rapide, et plus économe en terme de consoramation d’énergie, que le séchage
par convection forcée & air chaud. Il est également possible d’obtenir des
raisins secs de bonne qualité sans le traitement avec surfactant, et de couleur
dorée sans la fumigation au dioxyde de souffre. Il est donc envisageable que
le séchage au micro-onde puisse réduire Yutilisation de produits chimiques
ainsi que la consommation énergétique lors de la production de raisins secs.

La perte de masse et de densité des raisins se trouvent étre linéairement

iv



influencée par le taux dhumidité, et cependant non influencée par la grosseur
initiale du raisin et la méthode de séchage. La permittivité diélectrigue et
Pangle de perte des raisins ont été mesurés et représentés par des régressions
en fonction de I'humidité et de la température. Pour chaque puissance
employée, une relation linéaire a été trouvée entre le champ électrique et le
taux d’humidité. Cest A partir de toutes ces découvertes quun modele fut
développé pour le séchage micro-onde du raisin. Les simulations obtenues avec
ce modele rencontrent, de facon trés satisfaisante, les résultats empiriques
obtenus.
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NOTATIONS

A surface area of particle, sphere, grape, m*

A coefficient in Eq. 5.1

A, coefficient in Eq. 5.11

B coefficient in Eq. 5.1

B, coefficient in Eqg. 5.11

[ water activity

C concentration of species, solids or water, kg/m®

C, C, Cy coefficients in Eq. 6.19

cv coefficient of variation, %

Co specific heat of material, grapes, Jkg K

D moisture diffusivity, m*/s |

| effective moisture diffusivity, m*/s

D, effective moisture diffusivity parameter, wm*s

d diameter, m

d,, d, coefficients in Eq. 6.17

E.. electric field strength, Volt/m, V/m

e, energy demand for heating air, kW

e, energy demand of air blower, kW

ey energy demand for microwave power generation, kW
e total energy demand, kW

e, specific energy consumption, MJ/kg 3,0

e’ local relative error of approximation at time [t]YT, (%)
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global relative error of approximation throughout the drying
period, (%)

frequency, Hz

heat of sorption, J/kg

heat of vaporization, J/’kg

enthalpy of air, kJ/h

average heat transfer coefficient, W/m* K
mass flux, kg/m® s

exponent in Page’s Eq. [in Eq. 3.3]

thermal conductivity of air, W/m K

average mass aansfer coefficient based on pressure, kg/m* s kPa
mass transfer Biot No., dimensionless
average size, radius, m

moisture content, kg water/kg wet mass
mass, kg

Micrwaves

water mass movement due to shrinkage, kg/s
parameter in Page’s Equation [in Eq. 3.3]
number of time intervals, [Eq. 6.21]

Nusselt No. = f{Re, Pr), dimensionless
microwave power, W

average MW power, W

Prandtl No. = ¢, n/K;, dimensionless

partial water vapour pressure, kPa
coefficients :n Eqs. 6.17 & 6.18

radius, m

coefficient of determination

relative humidity of air, %

Reynolds No. = & V, p//n,, dimensionless
radius, radeial, m

slope of the plot In [(X-X,/(X-X,)] against time, t
local shrinkage coefficient, U /v,

xix
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temperature, °C

air temperature, °C

solid temperature (raisin) at surface, °C

time, h

set of instants bisecting two consecutive time intervals,
(Eq. 6.20, 6.21), h

volume, m*

velocity, m/s

velocity of air in the drying chamber, m/s
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CHAPTER 1

INTRODUCTION

1.1. Background

Raisins (dried grapes) are an important product of the grape industry,
second only to wine in monetary value (Winkler et al., 1974). The 1990 world
production of raisins was nearly one million t (FAO, 1990): 396,000 t in Asia,
333,000 t in North America, 136,000 t in Europe and 61,000 t in Australia.
The main raisin producing and exporting countries are the United States,
Greece, Turkey, Iran, Afghanistan, Australia, South Africa, Spain and Italy.

The grape varieties most commonly transformed into raisins are:
Thompson seedless, Black Corinth and Muscat of Alexandria. Thompson
seedless and similar varieties account for most of the world raisin production.
Thompson seedless are also known as "Sultana” in Australia, "White or Oval
Kishmish” or "Sultania" in Turkey and some parts of Asia. "Naturals” may
include all varieties and refer to sun-dried raisins.

Almost all grapes destined for the raisin markets are sun-dried, an open-
air process that lasts over a month. High quality raisins are only produced
from well mature grapes. A sugar content of 21° Brix or more is required for
better yield and texture (Jacob, 1944; Winkler et al., 1974). Since grapes are
highly perishable, timing of operations is critical and an adequate open air
drying regime necessary. Weather conditions cannot be depended on to allow
harvesting for maximum return after the fruit is naturally dried in the sun
(eg., California). Thus, while grapes may be produced in a wide variety of
climates, raisin production is restricted to regions where the grape harvest
falls in a period when weather conditions are ideal for drying. This situation
exists in some south Asian countries and particularly in India. Although the



per hectare productivity of grape is the highest in India (21.7 t/ha compared
to 16, 15.6 and 5.2 t/ha in Israel, the U.S and Afghanistan, respectively, the
raisin production is limited. Harvest in the north corresponds to the early
monsoons and dust storms (CFTRI, 1988) whereas in the south harvest falls
in the late southeast monsoon. As a result, sun drying is next to impossible
and this country imports over 60,000 t of raisins annually.

The maturity, timing and weather factors involved in obtaining high
quality raisins make artificial drying an important alternative to sun drying
in many regions. As in other agricultural drying applications, the main
limitation of convective drying techniques is that drying time is mainly
dependent on flow-through air temperature and cannot be substantially
reduced because the product is heat sensitive. In the case of grapes, the main
barrier to moisture diffusion is the skin (Martin and Stot, 1957; Riva and Peri,
1986). Discolouration of the product due to hot air and long processing time
is another important feature of hot air drying (Winkler et al., 1974; Van Arsdel
et al., 1973). It is a common practice in the raisin industry to fumigate the
fruits prior to drying with sulphur dioxide in order to check browning so as to
achieve a good coloured product (Jacob, 1944; Winkler et al.,, 1974). Some
improverents in drying time have been achieved by the application of chemical
pre-treatments that modify the skin resistance to diffusion (Ponting and
McBean, 1970; Saravacos and Marousis, 1988). However, such reductions in
drying time are slight compared to those that can be achieved by dielectric
heating methods.

Dielectric heating with microwaves (MW) has been proven to greatly
reduce the drying time of many agricultural commodities and, with proper
control of the drying regime (dielectric field strength, airflow rate and inlet
temperature) a dried product with quality attributes equivalent to those of
convection-dried material can be obtained (Otten and St. John, 1988;
Gunasekaran, 1990; Caldas, 1992; Shivhare et al., 1992, 1994). However, most



of the work on MW heating and drying’ of agricultural commodities has been

. done on low-moisture material such as grains. Grapes are a high-moisture
commodity and the MW drying of grapes to obtain raisins has not yet been
investigated. The development of a commercial-scale microwave drier to
produce high quality raisins could make a significant contribution to viticulture
industries in India and other nations having similar climates.

In order to achieve the objective of a commercial-scale microwave drier,
the following steps were envisioned. First, the feasibility of obtaining
marketable raisins by the proposed technology was to be established (Chapter
3). Then, a model which could be used for design and scale-up simulations was
to be developed. However this required the development of an appropriate
experimental setup (Chapter 4) with which to execute studies leading to the
required functional relationships between grape properties and the microwave
drying environment (Chapters 5 and 7). The model was to be fully described
and its performance evaluated against experimental data (Chapter 6). Finally,

. an optimization was to be performed (Chapter 8).

1.2. Hypothesis

The hypothesis entertained in this thesis is that it is possible to produce
high quality raisins from grapes using microwaves as the primary source of
energy needed for heat and mass transfer within the material to be dried and
forced convection as the method of removing moisture from the immediate
environment of the drying grapes.

! From here or, it is implicit that MW drying involves dielectric heating in a forced-air
environment since an airflow is needed to clear moisture away from the immediate environment of the
material that is being dried. Thus MW drying is actually a combination of MW and convection drying.
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1.3. Objactives

The primary objective or overall goal of this study was to determine the
operating conditions under which high quality raisins could be obtained in a

short drying time by applying microwave energy in combination with forced air

convection.

In pursuit of this overall goal, the specific objectives of this study were:

i)

ii)

i)

iv)

v)

To examine the feasibility of the concept of microwave
drying of grapes.

To quantify the effect of chemical pretreatments on
microwave drying of grapes.

To design and develop a laboratory microwave drying
apparatus consisting of Single Mode Applicator, associated
instrumentation and a data acquisition system.

To conduct systematic microwave drying studies with
continuous power at different levels of inlet air
temperature, power density and inlet air velocity.

To quantify changing physical and electro magnetic
properties of grapes as functions of moisture content. The
properties include: a) Shrinkage, b) Density, ¢) Specific
heat, d) Dielectric constant, e) Dielectric loss factor, f)
Electric filed strength and f) Mass transfer coefficient.



vi)

vii)

To develop a thin-layer microwave drying model that
accounts for shrinkage and changes in material properties.

To optimize the operating microwave drying parameters -
microwave power density, inlet air velocity and inlet air
temperature - relative to drying time, energy consumption
and raisin quality.



CHAPTER II

REVIEW CF LITERATURE

2.1. Quality Factors in Raisins
In his monumental work on raisins, Jacob (1944) studied many aspects

of raisin processing and production and provided a rich treasure of information
including an excellent coverage of the different terms used in the raisin
industry; terms which are still relevant. Raisins are known in international
trade by names such as " naturals, "soda dipped”, "golden bleached”, etc,,
depending on the method used in processing. The following definitions and
specifications are given in the United States Department of Agriculture
(USDA), Agricultural Marketing Administration, Publication on Grades for
Processed Raisins (Aug., 26, 1955; cited in Cruess, 1958). Although the size
of Thompson Seedless raisins is not incorporated in the grade specifications as
a factor in deterrnining quality, the common size designations are given.
"Select” size means that not less than 35% by mass of the raisins and not more
than 85% will pass through round perforations 24/64 inch (0.953 cm) in
diameter, but not more than 5% may pass through round perforations 20/64
inch (0.794 ¢m) in diameter. "Small” or "Midget” raisins are of such size that
all will pass through circular perforations 20/64 inch (0.794 cm) in diameter.

"US. Grade A" or "US. Fancy” Thompson Seedless raisins must
possess similar varietal characteristics, colour and flavour characteristics of
raisins prepared from well-ripened grapes, contain not more than 18% of
moisture by mass, and meet the following additional requirements: the raisins
must not contain more than one piece of stem per 32 0z.(995 g); not more than
15 cap stems per 16 02.(498 g); not more than 1% by mass of immature raisin;
not more than 2% of damaged raisins; not more than 5% of sugared raisins;
not more than 2% by mass of mouldy raisins; no damage by fermentation; no



sand or grit of any consequence that would affect appearance or edibility.

"U.S. Grade B" or "U.S. Choice” Thompson Seedless raisins possess
similar varietal characteristics, reasonably good typical colour, and good
characteristic flavour; they must be prepared from reasonably well-matured
grapes and contain not more than 18% moisture. The additional requirements
are somewhat less severe than for U.S. Grade A. The requirements for "Grade
C or "U.S. Standard” are less rigorous than for the U.S. Choice, but the
raisins must not have more than 18% moisture, and they must possess a fairly
good colour. Substandard raisins are those that do not meet the requirements
for the U.S. Grade C. The other quality aspects that are mentioned in the
literature are colour, hue, condition of the berry surface and texture of the skin
and pulp. These attributes are not defined quantitatively.

Moisture and sugar are the major constituents of grapes and there are
minor quantities of mineral salts. On drying, grapes lose moisture and the
resulting raisins essentially consist of nearly 80% sugar, the moisture content
being about 15 - 16% wet basis. The composition and characteristics of fresh
grapes are shown in Table 2.1.

Table 2.1. Composition of Thompson seedless grapes

(CFTRI, 1988)

Description composition
TSS, °Brix 17.60
Acidity, (%), g tartaric/100 g berries 0.64
pH 3.6
Dry Matter, (%) 23.28
Nitrogen, (%) 0.152
Total Sugar, (%) 12.83
Reducing Sugar, (%) 11.55
Sucrose,(%) 1.22
Glucose,(%) 6.38
Fructose,(%) 7.10
Gluco-Fructose, (%) 0.58
Total Sugar/Acid ratio 17.9




2.2. Methods of Grape Drying
2.2.1. Sun Drying

Naturals are essentially sun-dried raisins. The most popular method of
drying grapes in the Californian valley is to spread the grape clusters on paper
trays between the rows of grape vines in the orchard. When the moisture loss
is about 33% the clusters are turned for uniform drying. After three weeks,
or when the moisture reaches 15-16%, the raisins are rolled in paper trays into
‘biscuits’ and stored (Winkler et al., 1974). These cured or sweated raisins are
washed, graded and packed. Struder and Olmo (1973) described raisin drying
by the ‘severed-cane technique’. Canes carrying mature grapes are severed
from the plant and allowed to dry in the sun. The moisture drops to 25-35 %
in about 6-9 weeks and the vines are then shaken to separate out the raisins.
These are then finish-dried to 15% moisture content in a tunnel dryer. It is
claimed that this method involves less labour, consumes less energy for drying
and results in a quality product. Fuller et al. (1990) have reported a method
of improving traditional grape drying using solar energy in Australia. The
methed adopts polyethylene curtains and a solar heating system in the
traditional rack drying. The study has indicated a good customer acceptance.

Sun drying is the popular method but the associated long drying time
requirement and favourable weather restrict its application to many grape
regions of the world. Though this is a popular method of drying heavy losses
are reported because of occasional rains and unfavourable weather during the
grape harvest season. Miller and Fischer (1959) have reported a crop loss of
32% and concluded that production of sun dried raisins in California is a high
risk business.

222, Solar Drying

Solar driers have also been used to dry grapes. Eissen (1984) compared
floor drying of raisins under transparent plastic sheets to drying in a solar bed
drier fitted with a plastic tunnel. He obtained superior product quality and
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reduced drying time in the solar dryer. Eissen et al. (1985) studied the
influence of drying air temperature, air velocity and characteristics of pre-
treatments in a laboratory-scale solar drier. These experiments showed that
an air temperature of 60°C and an air velocity of 0.25 - 0.5 m/s were optimum
for drying grapes. The drying of seedless grapes was investigated under
intermittent and continuous operating conditions in a laboratory-scale solar
installation which consisted of a thermal bed and an auxiliary heater
(Raouzeos and Saravacos, 1986). Drying was accomplished in times varying
from 24 to 66 h depending on the operating mode, continuous or intermittent,
and pretreatment used. Information on commercal application of solar driers
for raisins is generally scarce in the literature.

2.2.3. Hot Air Drying

A recirculating electrically heated tunnel dryer was used by Jacob
(1944). Grapes subjected to different treatments were dried at 55 - 65°C.
Pretreated grapes took about 19 h to dry whereas untreated grapes took as
long as 41 h. The yield and quality of the raisins obtained by mechanical
drying were comparable to those of naturally dried raisins. Van Arsdel (1973)
discussed the difficulties experienced by raisin processors in getting uniform
quality of golden bleached raisins under hot-air drying conditions. The
experiments revealed several factors responsible for poor quality. These were:
variation in total time, non-uniform tray loading and non-uniform air
distribution in the dehydrator. The amount of checking from the alkali dip had
some influence but the method of sulphuring had no effect on quality. The
total dmng time was 2445 h and the final moisture content ranged from 10
to 14%. It was noted that the brightness of the product was directly related
to sulphur dioxide content of the fruits. Experimental samples that were
dehydrated to 11.5-14% moisture content contained over 2000 ppm sulphur
dioxide and had very good colour; however products dehydrated to less than
11% moisture contained 1500 ppm sulphur dioxide and were of poor quality.
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This indicated that sulphur dioxide was lost at moisture contents below 11%.
This study clearly indicates the importance of maintaining adequate sulphur
dioxide concentrations to check browning in hot air drying of grapes.

Bolin et al. (1975) reported that methyl and ethyl emulsions could be
used to accelerate drying of grapes and pointed out that the FDA (US Food and
Drug Administration) permits the use of ethyl esters but not of methyl esters.
The author operated a tunnel type dryer at air temperatures of 65-71°C to
produce golden bleached raisins. Colour measurements were made with a
Gardner automatic colour difference meter and the texture was measured
using an Instron tensile tester. He observed that residues of oleates at levels
of less than 140 ppm did not create any flavour defects even after storage at
elevated temperatures. Riva et al. (1986) used a2 cabinet dryer with trays
arranged in parallel under forced convection tangent flow conditions to
evaluate the effects of pre-treatments on drying characteristics of grapes. They
used air at 50°C, 15% R.H. and 70°C, 10% R.H. in their studies and a high air-
flow rate so as to maintain constant drying conditions. Saravacos and
Raouzeos (1986) conducted studies on drying of grapes in a laboratory dryer
operating at controlled air temperature and velocity. They reasoned that low
diffusivity of moisture in the grapes to be the main factor for low drying rates
at relatively low temperatures. In their work on hot air drying of seedless
grapes, Berna et al. (1991) used a laboratory drier and investigated the effects
of air flow rate and temperature over wide ranges of air velocity (0.5 m/s to 5.0
m/s) and temperature (27 to 65°C). The advantage of higher air velocities in
mechanical drying has been recognised (Saravacos and Raouzeos, 1986; Berna
et al., 1991).

It is evident from the literature cited that hot air drying of grapes is a
feasible alternative to sun drying both in terms of shorter drying times and
light coloured good quality raisins. Inlet air temperature and air velocity were
reported to have influence on drying rates. But evaluation of quality of the
product in relation to these drying parameters is generally lacking.
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2.3. Drying Kinetics of Grapes/Raisins
2.3.1. Pretreatments and Grape Skin Resistance

Martin and Stott (1957) conducted studies on some of the physical
factors involved in the drying of Sultana grapes. This is perhaps the earliest
report of a study on the drying kinetics of grapes. In describing the process of
grape drying, they postulated a number of possible processes involved in water
movement: a) transfer through the parenchymal cells to the inside of the skin,
b) diffusion through the skin, ¢) evaporation from the outside surface or vapour
diffusion through the stationary layer at the surface, and d) removal of the
water-laden atmosphere. Their results indicated that drying occurred in three
distinct stages: i) the grape retains its regular ellipsoidal shape by an elastic
contraction of the skin; 11) the skin starts to wrinkle in the range of 20-50%
moisture loss and, iii) the drying rate decreases markedly thereafter. For each
of these stages they found a logarithmic relationship between mass loss ratio
and time. A drying constant was calculated from the above relationship for the
initial part of each of the stages and was used to compare the drying rates:

] (2.1)

1 c
k= (7) 108[(c gy
where, ¢ = total loss in mass when any further changes in mass are very

small for additional drying,
w = loss in mass at any time t,

The slope of the plot of log [c Ac-w)] versus time, yielded the value of k.
They observed two distinct drying rates; one in the beginning up to 20-50 %
moisture loss and the other for the remaining drying period. The initial drying
rate was constant for different grapes and they used this factor to compare the
drying behaviour of different pretreatments and to find the skin resistance to
moisture diffusion. They observed that water movements through the
parenchymal cells are faster than through skin. Since various dip treatments
gave different drying rates, it was inferred that the drying rate is controlled
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by diffusion of water through the waxy cuticle, and is inversely proportional
to the amount of cuticle present. They reasoned that the elastic contraction
of the skin causes an increase in the thickness of the cuticle which reduces the
permeability.

Dudman and Gmcarevic (1962) compared two methods of determining
waxy substances on surface of grapes. They deterrined the concentration of
waxy material on the grape surfaces before and after the pretreatments to
quantify the effect of dipping. According to their results, dipping does not
remove the waxy material but only modifies the surface probably from
hydrophobic to hydrophillic, thus enabling wetting. Chambers and Possingham
(1963) studied the surface waxy bloom of Sultana grapes using the carbon
replica technique in combination with electron microscopy. According to their
observations this layer consists of a series of tiny wax platelets of about 0.1 pm
wide. When grapes are dipped in commercial emulsions the air spaces
between platelets become filled with the liquid and wet the surface. They
reasoned that the surface of the fruit gets modified from hydrophobic to
hydrophillic because of the dip treatment, and that the amount of wax material
on the surface does not change.

Saravacos and Raouzeos (1986) and Raouzeos and Saravacos (1986) pre-
treated Sultana grapes in an alkali solution of ethyloleate and conducted
drying studies in a cabinet type air dryer at 60°C and 2 m/s air velocity. They
observed a decrease of the mean equivalent diameter from 1.9 to 1.2 cm with
a corresponding moisture decrease from 3.2 to 0.2 kg water/kg dry solids. The
effective moisture diffusivity (D,) was determined from the drying curves. D,
was found to decrease from 2.5x10™° to 0.5x10° m?%s, as the moisture content
decreased. Riva and Peri (1986) conducted a study on drying kinetics and
evaluated five different grape varieties with chemical pre-treatments. The
procedure they adopted to analyze the data of kinetic studies was similar to
that of Raouzeos and Saravacos (1986). They correlated the drying rate to a
geometrical parameter which accounts for both the radius of the berry and the
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thickness of the fruit skin:

(a) Sun drying: k= 005-128 x R*x T, (2.2)

(b)  Air drying: k= 042-878xR*xT, (2.3)
where, k = rate constant, per h

R = average radius of berry, cm
T, = average skin thickness, cox10°

The results showed that Ruby grapes dried faster than the other
varieties considered. Composition and colour data showed that experimental
samples compared well with commercial raisin samples. Riva and Peri (1986)
investigated the effects of chemical pre-treatments on the kinetics of grape
drying at temperatures of 50°C and 70°C with an exceedingly high air-flow
rate in a tangential flow cabinet dryer. They used a Hunterlab Colorimeter to
evaluate quality in terms of colour measured as lightness (L), yellowness (b),
and redness (a) and transformed to C.LE. parameters. The authors reported
that the effect of chemical pre-treatment is only significant at intermediate
temperatures (50°C). They reasoned that water diffusivity is higher at higher
temperatures making the chemical pre-treatment ineffective. In a similar
study, Saravacos and Marousis (1988) reported a method of estimating
interphase mass transfer coefficients by making use of drying data. They
assumed a wet bulb temperature for the solid during the constant drying rate
period in order to predict the solid surface temperature. Berna et al. (1991)
interpreted the drying kinetics of seedless grapes in terms of activation energy
and reported that air velocities beyond 2-3 m/s do not increase the drying

rates.

2.4. Drying Models
Various mathematical models have been proposed for describing the thin

layer drying behaviour of agricultural materials. These models can be grouped

~ and classified as (Sharaf-Eldeen, et al., 1979; Jayas, et al., 1991):

-

a)  Semitheoretical and empirical models,
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b) Diffusion models,
c) Simultaneous heat and mass transfer models

2.4.1. Semitheoretical Models
The most commonly used relationship is a semi- theoretical equation

analogous to Newton’s law of cooling. Assuming that the rate of moisture
evaporation during drying is directly proportional to the difference in moisture
content between the material to be dried and its equilibrium moisture
conditions;
dX
I7 = -kX-X) (2.4)
where, X = moisture content at any time t, kg/kg dry mass

t = drying time, h

k = rate constant, h!

X = equilibrium moisture content corresponding to drying air

conditions, kg/kg dry mass.

The solution of the above equation is,

MR = aexp(-kt) (2.5)
where, MR = Moisture Ratio, X - X)) / X, - X,), (2.6)
dimensionless, decimal
a = a constant, dimensionless

X, = initial moisture content, kg/kg dry mass
This describes the drying rate of a thin layer of material under constant drying
conditions. In the development of this model the assumption made is that the
resistance to moisture flow is concentrated in a layer at the surface of the
product and is therefore independent of the geometry of the product. X, used.
here is the asymptotic value of the drying curve. It appears to give good
results and has been used by other researchers (Sharaf-Eldeen, 1979; Hansen
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et al., 1993; Patil et al., 1993). The rate constant was found to depend on the
temperature for a particular material and was described by an Arrhenius type
of equation (Pabis and Henderson, 1962):
k= aexp(-—2) @.7)
Tose

where, a = material constant /h

b = material constant /h

T,.. = absolute temperature, K

Several investigators have applied Eq. 2.7 to describe the drying

behaviour of agricultural materials (Berna et al.,, 1991). Experimental
evidence showed that a single temperature-dependent drying parameter
underestimates the drying rate in the initial stages and overestimates it in the
final stages of drying (Byler, 1983). A simplified form of the Fick’s equation
applicable to longer drying times is very similar to Eq. 2.5;

X-X,
X, - X

= q exp (- %) 2.8)

where, L. = sample thickness, m

Eq. 2.8 has been one of the most widely used equations in modelling
drying data. The diffusion-based modelling approach involves the use of a
finite number of terms of the infinite series solution to the diffusion equation

(Eq. 2.9):
MR = a,exp(-k,t) +a,exp(-kt) + .. (2.9)

Otten and St. John (1988) applied a two term exponential equation to
describe thin layer MW drying of peanuts and Patil et al. (1993) used the
model to describe drying of chopped alfalfa. The other model which has been
frequently used to fit thin-layer drying data (Li and Morey, 1987; Kalwar,
1991) is a purely empirical one which was first proposed by Page (1949).
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Page (1949) added an empirical exponent to time t, in the Eq. 2.5, to

overcome the shortcomings of logarithmic model and the modified equation is:

X-X,
X, - X,

MR =

= exp (- k") (2.10)

where, n = empirical drying exponent.

This modified exponential equation (Eq. 2.10) gave better results in describing
fully exposed drying of grains and has been used by many researchers (Sharaf-
Eldeen, 1979; Otten et al., 1989, Tulasidas et al., 1993). Comparing Page’s
equation with the logarithmic equation, Page’s equation should be able to fit
the data better because the exponent of time can cause the exponential decay
to curve slightly, giving a greater slope at the initial stages of drying and a
gentler one at the end. If the MR could be measured over time, then Page’s
equation could be linearized and the regression required to evaluate the
parameters is simpler (Byler, 1983; Tulasidas et al., 1993). The drying
constants k and n of Eq. 2.10 have been correlated to various functions of
temperature, humidity, air velocity and initial moisture content. Eq. 2.10 may
be modified to include the sample thickness L, as the Fick’s equation, to give
the modified Page Equation:

X-X :
2 = -k [—I" 2.11
XX exp (k [1") (2.11)

Diamante and Munro (1991) used this equation to fit drying data of
sweet potato slices. They reported this equation to be better than Eq. 2.5 to fit
the data.

2.42. Diffusion Models

Drying takes place in the falling rate period, during which water is
transported by diffusion from the interior to the surface. The falling rate period
is best described by Fick's transient diffusion model. For a spherical object of
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radius R, the diffusion of moisture (X) with time is described as (Crank, 1975):

& _ 1 3px ¥ (2.12)
ot r® or or
In Eq. 2.12, r represents the radius of an elemental sphere in one
dimensional spherical coordinate system that determines the size (the radial
length from centre to the periphery and the surface area). In solving the above
equation, it can be assumed that the spherical object has an initially uniform
moisture content (throughout its volume) and that there is no moisture
gradient at the centre of the fruit, ie. at the centre of the sphere. These
assumptions lead to the following initial and boundary condition:
t=0 X=X, r2 0 (2.13)
t20 dX/or =0 r=0 (2.14)
From Eq. 2.12, it is inferred that;
1) the diffusion coefficient D is not a constant since it may be a function of
moisture content which varies as drying progresses.
i)  the size and shape of the object change in time due to shrinkage and
hence the characteristic length, R, diminishes with time.
The surface water concentration at the boundary is assumed to be at the
corresponding conditions of drying air, which is equivalent to X, i.e,
t20 X=X r=R (2.15)

2.4.3. Solution of the Diffusion Equation

In the absence of a constant drying rate, it is assumed that drying starts
in the falling rate period. It is further assumed that the material is dried as
a single layer in a high velocity air stream and that the resistance to mass
transfer at the interphase is therefore negligible compared to the internal
resistance to diffusion of moisture within the object to the surface. Such an
assumption justifies the boundary conditions assumed. For a sphere of radius
R, the solution of Fick’s equation (Eq. 2.12) for the case of constant diffusivity
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satisfying the above boundary conditions is (Crank, 1975):

X - Xe 6 «— 1 (-n* %2 D1)
MR = = — — exp (2.16)
X, - X, x2 ;;2-1: n? r

Eq. 2.16 has been used by many researchers to describe the diffusion controlled
drying mechanism in many foods and grains (Becker and Sallans, 1955;
Chittenden and Hustrulid, 1966; Whitaker and Young, 1972; Steffe and Singh,
1980, 1982). Becker and Salians (1955) used Eq. 2.16 to analyze data from
their wheat drying experiments and reported that the diffusion coefficient is
independent of moisture content. They used the Arrhenius equation to relate
the diffusion coefficient to the temperature of the drying air. In their study on
rice drying, Steffe and Singh (1980) reported that the total resistance to
moisture movement is the combined effect of various resistances of different
constituents of the grain. The rice hull provided greater resistance than the
bran. The starchy endosperm provided the least resistance. They also used an
Arrehenius type of equation to describe the temperature dependency of
diffusion coefficient. In a similar study, it was reported that the diffusion
coefficient was lower in rough rice than in shelled brown rice, thus indicating
a greater resistance of the rice hull to meisture transport (Steffe and Singh,
1982). In the case of corn, the diffusion coefficient of the germ was much
higher than that of the endosperm and the pericarp (Syarief et al., 1987).
Eq. 2.16 does not take into account the continuously varying moisture
content as the drying progresses and also the assumption of uniform
equilibrium moisture content at the surface corresponding to drying air
conditions is far from reality. It therefore fails to fit the data adequately over
the entire range of drying. Realising these limitations many researchers tried
to correlate diffusion coefficient with the temperature and changing moisture
content (Pabis and Henderson, 1962; Chittenden and Hustrulid, 1966; Chu,
1966; Chu and Hustrulid, 1968; Hussain et al., 1973; Bruce, 1985; Syarief et
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al., 1987; Haghighi et al., 1990; Parti and Dughmanics, 1990; Karthanos et al.,
1990; Jayas et al., 1991; Jaros et al., 1992). Shivhare et al. (1994) considered
a varying surface moisture content with time and obtained an exponential
drying coefficient to account for varying conditions at the surface. The
equation based on corrected moisture ratios that account for the varying
conditions at the surface, combined with a drying coefficient, fit the microwave
drying data of corn adequately. This approach also gave a good fit to data
obtained in drying other grains such as wheat and rice.
For a solid sphere with a finite rate of evaporation under non-steady
state has been described as follows (Crank, 1975; Vergnaud, 1992):
"The sphere is assumeqd to be initially at uniforra moisture concentration
C,. It is placed in a surrounding atmosphere of infinite volume and it
1s assumed that the concentration of water vapour remains constant as
evaporation proceeds. It is also assumed that on the surface of the
sphere, the rate of evaporation of moisture is always equal to the rate
at which moisture arrives at the surface by internal diffusion. With
these assumptions the initial and final boundary conditions are:
t=0, r<R, C, (sphere)
t>0, -D@Clor)y = Fo(C. - C) (2.17)
where, Cp, is the concentration of moisture on the surface at time t, and
C, is the concentration required at the surface to maintain equilibrium
with the constant vapour pressure in the surrounding atmosphere. F,
is the rate of evaporation of water when the concentration is unity at
the surface”.
For these conditions Crank (1975) has provided the following analytical
solution for Eq. 2.12.

o (Bar
C, - C. _ 2SRy o exp (-Enpp 318
C -C, r am (§?,+S*-S) sin B, R?
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where, the f.’s are the roots of the following equation:

B,cotB,+S-1=0 (2.19)

and the dimensionless number S = Fo(R/D).

The amount of diffusing moisture Q, which has evaporated after time t,
as a fraction of the corresponding quantity which has evaporated after infinite
time, is expressed in terms of t, B, and S as:

Q. -9 « 6S? p?
el —— -~ "D¢ (2.20)
o AT 2Pl

2.4.4. Effective Diffusivity

The diffusivity coefficient (Egs. 2.16, 2.18) varies considerably with
moisture and could be estimated by an analysis of the drying data. In the case
of non-linear drying curves, the effective diffusivity D,, at a given moisture
content can be estimated by the method of slopes (Perry and Green, 1984).
The method of slopes estimates the effective moisture diffusivity at each
moisture ratio MR(t), essentially by repeatedly applying the diffusion equation
solution, Eq. 2.16 from MR =1 to MR = MR at any time t, ie, from X =X, to
X = X (t). Since the slope of the drying curve and the dimensions of the
sample change during drying, the estimated value of D, will vary with the
moisture content of the sample. The method of slopes assumes a D, that
represents mass transfer by diffusion inside a sample. This is very close to
liquid diffusivity in the case of low-porosity solids and Fick’s second law can
therefore be successfully applied to such solids (Karthanos, et al., 1990).

Jaros et al. (1992) reported a method for determining D, based on kernel
moisture content and its temperature utilizing mathematical analysis of
convection drying in the falling rate period. They adopted the mass diffusion
equation and its series solution for a single wheat kernel, assuming that it can
be represented by a sphere as a model system.
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2.5. Shrinkage
Fick’s equation (Eq. 2.12) cannot be solved analytically if there is a laxge

change in volume due to shrinkage because R, the characteristic length in the
solution equation (Eq. 2.16) changes during drying. To overcome this problem
Crank (1975) has given a procedure which is summarized by Gekas (1992) as
follows:

a) Introduce a moving frame of reference in which r remains
consiant. Then, Eq. 2.12 determines a kind of diffusion coefficient
of reference. Crank uses the terms constant-mass(D,*) and
constant-basic-volume-of B(D,B) coefficients.

b) Derive a relationship between the constant-volume diffusion
coefficient and the diffusion coefficient of reference.

c) Combine steps a and b to determine the constant velume (or the
proper) diffusion coefficient.

To overcome the drawbacks of one-dimensional volume change and one-
dimensional diffusion in Crank’s approach, Gekas (1992) proposed the
following modification to cover cases of real volume change - based on
experiments, the author considers that the volume change has a fractional or
power-law relationship with the change of thickness.

Crapiste et al. (1988a, 1988b) presented a series of papers on the
theoretical analysis of moisture transfer in cellular materials based on
chemical potential. They used the method of volume averaging to present a
general theoretical analysis of the problem of mass transfer during drying of
shrinking multiphase system. Constitutive equations for the diffusive flux of
water in each phase of the system were used to obtain the one-equation model
for water transport.

To account for shrinkage, many researchers have developed relations
describing change in volume as a function of average moisture content to be
used in numerical solutions. Lozano et al. (1983) reported shrinkage and bulk
density of foodstuffs at changing moisture contents. Bala (1992) proposed a
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nonlinear exponential type of equation for shrinkage as a function of moisture
content for drying a malt bed. Ratti (1994) conducted studies on shrinkage of
many food materials like potatoes, apples and carrots of different geometry and
drying conditions; a simple model in which volumetric ratio represented by one
or two line segments was developed. Saravacos and Raouzeos (1986) and Masi
and Riva (1988) have used similar techniques to account for shrinkage of
grapes during drying.

2.6. Summary of Hot Air Dryving of Grapes

The main points from the studies of convection drying of grapes can be
summarized as follows:
(a) In convection drying, the drying time may be reduced by increasing the air
temperature. However, there is a quality-related upper temperature limit
(about 80°C), beyond which browning and other quality defects occur.
() Research has shown that the grape skin is the main barrier to mass
transfer. This finding led to application of the method of dipping the grapes in
a hot emulsion of ethyl oleate so as to reduce the skin resistance and further
increase the drying rate (Martin and Stot, 1957; Dudman and Grncarevic,
1962; Chambers and Passinham, 1963; Ponting and McBean,1970; Riva and
Peri, 1986; Raouzeos and Saravacos, 1986; Saravacos and Marousis, 1988).
Grapes pretreated with 2% ethyl oleate took 100 h,29h, 13 h,9h,and 5 h to
reach 50% mass loss when dried at temperatures of 38, 49, 65, 80 and 93°C,
respectively (Ponting and McBean, 1970).
(c) Before treatment, grapes are generally fumigated with sulphur dioxide for
about 6 h, corresponding to about 900 ppm concentration (Jacob, 1944; Bolin
et al., 1975; Riva and Peri, 1986; Masi and Riva, 1988). This appears to be a
standard accepted procedure in the raisin industry to check discoloration.
However, the use of sulphur dioxide in food products is always questionable
from the standpoint of human health and it would help if this procedure could
be eliminated.
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(d) Higher airflow rates are generally adopted in grape drying experiments.
Most of the investigators have used a velocity of about 2 m/s (Riva and Peri,
1986; Masi and Riva, 1988; Saravacos and Raouzeos, 1986; Saravacos and
Marousis, 1988). The reason for higher airflow rates used in experimental
work may be to permit the assumption of uniform drying conditions and
therefore facilitate analysis of drying data (Riva and Peri, 1986). However,
Chambers and Passingham (1963) used low air flow rates and still obtained
comparable drying results. The threshold air velocity, over which no increase
in the drying rate was observed, was found to be 2-3 m/s (Berna et al., 1991).
From an optimization point of view, it is necessary to establish an optimum air
flow in combination with other drying parameters.

2.7. Microwave Heating and Drying
Heating and drying with microwaves or other dielectric energy are

distinctly different from so-called convection drying. Convection drying
depends on convective heat transfer from the medium to the surface and then
conductive transfer to the interior, which is slow. Heating with microwave or
dielectric energy is a volumetric process in which the electro magnetic field
interacts with the material as a whole and causes nearly an instantaneous
heating. The governing factors for heating are the mass and geometry of the
material, its specific heat, its dielectric properties, the heat loss mechanisms,
the output power level of the microwave source and the coupling efficiency.
The topic of microwave heating of food materials is extensively covered in the
following literature; Metaxas and Meredith, 1983; Decareau and Peterson,
1986 and Mudgett, 1990. The fundamental dielectric properties that are
responsible for dielectric heating in a material are: 1) the dielectric constant
(£ and the dielectric loss factor (£”). At a given frequency these properties are
both influenced by the moisture content and temperature of the material.



2.7.1. Dielectric Properties

Dielectric properties are very important in MW heating and processing
design and applications. They provide an intangible link between the
electromagnetic waves and the material being processed and a clear
understanding of the dielectric properties of a material can lead to a better
understanding of the internal heating mechanisms. Electrical and dielectric
properties of many food materials have been reported (Nelson, 1990; Mudgett,
1990; Kudra et al., 1992), but information on grapes is not available,

Dielectric properties are defined in terms of the dielectric constant (")
and loss factor (£”). Dielectric constant is a measure of the ability of a material
to couple with MW. Loss factor is the measure of the ability of a material to
heat by absorbing MW. Loss factor actually refers to the effective loss factor
which also includes a direct current (d.c.) conductivity effect. The power
dissipated inside a material is proportional to £”, the effective loss factor.
Their ratio, £"/¢’, called the loss tangent, is a measure of the material’s ability
to generate heat (Mudgett, 1990). Two factors that affect food material’s
dielectric properties are the charge due to ionic concentrations and the water
content. Microwave heating is greatly affected by presence of water in foods
(von Hippel, 1954; Mudgett, 1990; Nelson, 1990). Water is the major absorber
of MW in the foods and, consequently, the higher the moisture content, the
better the heating. The organic constituents of food are dielectrically inert (¢'<
3 and £"< 0.1) and, compared to aqueous ionic fluids or water, may be
considered transparent to MW (Mudgett, 1990). Only at very low moisture
levels, when the remaining traces of water are bound and unaffected by the
rapidly changing MW field, do the components of low specific heat become the
major factors in heating. In high carbohydrate foods and syrups the dissolved
sugars are the main MW absorbers (Mudgett, 1990). Grapes, being essentially
a high sugar material have a complex MW heating mechanism due to the
interaction with other constituents. As the grape undergoes dryingits heating
pattern also changes with its composition.
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2.7.1.1. Moisture Content

The amount of free moisture in a substance greatly affects its high
frequency heating as governed by its dielectric properties. Water has a very
high dielectric constant, approximately 78 at room temperature; whereas that
of the base materials is of the order of 2. Thus, with a large percentage of
water the dielectric constant of a material increases proportionately. But when
different dielectrics are mixed, different phenomena may manifest. In general:

a. The higher the moisture content, the higher is £’.

b. £” increases with the moisture content, but levels off at higher
moisture contents and may start decreasing at very high moisture
contents.

C. The ¢’ of a mixture usually lies between that of its components.

In grains, at various microwave frequencies both £ and £" increased with

moisture content (Nelson, 1978). The dielectric loss factor depended little on
frequency, but tended to increase with frequency at the higher end of the
moisture content range studied (6 to 21 %, w.b.). The behaviour of the
dielectric constant was regular in that it decreased as frequency increased and
also decreased as moisture content decreased. The loss tangent and loss
factor behaved irregularly, most likely because of dielectric relaxation and
dispersion phenomena. Similar patterns were noted in a study on corn over
a moisture range of 10 to 50 percent, over the frequency range of 1 GHz to 11
GHz (Nelson, 1978).

2.7.1.2, Temperature

In the case of distilled water, both the dielectric constant and the loss
factor decrease with increasing temperature (von Hippel, 1954). But in the
case of foods at low moisture contents the dielectric constant and loss factor
increase with temperature since physical binding reduces and dipoles are freer
to re-orientate. At hydrations above 25%, the loss factor decreases with
increasing temperature because of its influence on ionic conductivity (Metaxas
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and Meredith, 1983). The influence of temperature and frequency have been
investigated in the temperature range of -20 to +60 °C (Bengtsson and Risman,
1971). The investigation clearly showed the large differences of dielectric
constant and effective loss factor between ice and liquid water. Since most
foodstuffs contain an appreciable amount of water, their dielectric properties
follow a similar pattern to those of water in bulk when plotted as a function
of temperature. Both £ and £” show large increases with temperature as the
material thaws, after which the values again decrease with increasing
temperature except for salted foods which show a continuing increase. After
thawing, the decrease in dipolar losses with increasing temperature at 2.8 GHz
is balanced by an increase in conductivity losses resulting in a practically
constant dielectric loss factor. In the case of both milk and whey powders
(Rzepecka and Pereria, 1974), the loss factor increases gradually between -
10°C and + 70°C since these materials contain small amounts of water. But
in the case of frozen butter (m.c. = 16.5%), the effective loss factor undergoes
large changes since the dielectric properties of frozen moisture, (ie, ice) are
significantly lower than those of liquid water. The volumetric heat source
permits the rapid transfer of energy throughout the body of the wet solid and
completely alters the physical characteristics of the drying process. Perkin
(1979) described three categories of microwave drying as follows: (1) The wet
solid is rapidly heated to its boiling point and then dT/dt = 0; such a method
is only suitable for materials which are not heat sensitive; (2) Temperature
increases throughout the drying operation; such heating may occur when the
throughput of the material is fast and the boiling point of the liquid is not
attained; (3) The solid is heated to a critical temperature below the boiling
point and the material is force cooled; this method is applicable to heat
sensitive materials. In high frequency drying, the temperature of the solid is
not limited to the wet bulb temperature of the drying air. The temperature of
the wet solid approaches the boiling point of liquid leading to an internal
evaporation and increase in total pressure within the pores. Mass transfer is
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primarily governed by the total pressure gradients due to rapid establishment
of a vapour phase within the material (Metaxas and Meredith, 1983). This
phase of drying precedes the constant drying rate period and is termed the
"liquid movement period” (Lyons et al., 1972). As a result, the rate of moisture
removal increases beyond the constant drying rate limit. Metaxas and
Meredith (1983) compared the rate of evaporation in porous media with that
of a dielectric material. They reported that in a web of porous medium the
evaporation rate is constant until the critical moisture content is reached and
below which the evaporative efficiency starts to fall and the corresponding loss
factors are relatively flat. They attributed bound water absorption effects to
uniform values of the loss factor in this region of low moisture.

2.8. Microwave Applicators

The applicator is that component of a microwave system that couples
energy with the product. The unique characteristic of microwave penetration
coupled with the characteristics of absorption, transmission and reflection
permits the application of energy where it is needed. A wide variety of
applicators is available for various types of processes including drying. The
important types are: cavity applicators, waveguide applicators and antenna
applicators. The most popular applicator for heating is the cavity type; a
consumer microwave oven belongs to this group. An industrial cavity
microwave applicator uses technology similar to commercial and consumer
microwave ovens, i.e, door seals, waveguides, mode stirrer, etc. Multimmode
oven applicators are mechanically simple, and versatile in accepting a wide
range of heating loads (Metaxas and Meredith, 1983).

2.8.1. Multimode Cavity Applicators

In principle, the multimode applicator is a closed metal box with some
means of coupling in power from a generator. The dimensions of the box
should be several wave lengths long in at least two dimensions; such a box will
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support a large number of resonant modes in a given frequency range (Metaxas
and Meredith, 1983). In this type of applicator, the load usually represents
only a small fraction of the volume of the applicator and is subjected to the
microwave field from all sides. This causes a three-dimensional bulk heating
effect which is unique to cavity applicators. The major problem with cavity
applicators is non-uniformity of the microwave field in the load (Schiffmann,
1987). This problem can be prevented by providing a mode stirrer (rotating
metal bladed fan) in the cavity or by turning the load on turntables, which
causes reflective scattering of energy and thus the absorption becomes more
uniform. In the case of resonant multimode cavities the dimensions are fixed
so as to support the maximum number of modes (Schiffmann, 1987).

2.8.2. Single Mode Applicators

A single mode resonant cavity, or heater in the present context, consists
of a metallic enclosure into which MW signals of correct electro magnetic
polarization are applied (Metaxas and Meredith, 1983). The applied field
suffers multiple reflections between the preferred directions and the geometry
of the cavity determines this configuration. The superposition of the incident
and reflected waves gives rise to standing wave pattern which is very well
defined in space for simple structures. The precise knowledge of the
electromagnetic field configurations enables dielectric material under
treatment to be placed in the position of maximum electric field for optimum
transfer of energy. High absorption of the incident energy is a feature of these
cavities (Metaxas and Meredith, 1983; Pozar, 1990). However, operation must
be within narrow frequency bands in order to maintain high coupling
efficiencies.

In general, for the same power applied, a single mode resonant heater
will establish much higher electric field strengths than the multimode or the
travelling wave applicator. Development of associated microwave circulators
and systems for proper tuning and matching to make them workable are the
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essential features of these devices (Metaxas and Meredith, 1983).

2.9. Microwave Drying Studies on Agricultural Materials

The effect of microwave power on the drying characteristics of seed
grade corn was investigated at different temperatures and inlet air flow rates
(Shivhare et al., 1991, 1992). It was observed that the drying time was
reduced from 5.0 to 3.5 and 2.5 hours, respectively, when absorbed microwave
power was increased from 0.25 to 0.5 and 0.75 W/g, of wet grain. Product
quality was assessed in terms of germination and bulk density and was

observed to decrease with increasing microwave power, increase with inlet air
flow rate, and remain largely unaffected by inlet air temperatures in the range
studied (30°C-40°C). A response surface analysis of the data indicated that it
is possible to obtain germination rates of over 90% if the microwave power
level and inlet air velocity are jointly adjusted to prevent overheating of the
kernels (Shivhare et al., 1992).

Otten and St. John (1988) studied the drying behaviour of a single layer
of peanut pods and kernels fully exposed to different levels of microwave
energy at 2450 MHz in an experimental thin layer drying apparatus. They
reported that drying rates from 10 to 94 times the normal rate for convection
drying were achieved for pods and 8 to 32 times for kernels. The final seed
temperature ranged from 41 to 58°C. They described microwave drying
behaviour of peanuts by a two-term exponential model. Gunasekaran (1990}
dried corn in both pulsed and continuous modes in a commercial microwave
oven at power levels of 10 and 20 W/g and reported faster rate of drying with
good product quality as judged by visual observations. In line witk the work
of Shivhare (1991), the pulsed mode of application of microwave power was
more energy efficient than the continuous one. The pulsed mode provided an
intermittent MW power thus the energy applied on the material was smaller
than in continuous mode. The power levels used here are much higher than
the ones used by Shivhare (1991). Verma et al. (1991) investigated heat and
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mass transfer processes during rice parboiling with respect to microwave
power level and absolute pressure. Caldas (1992) reported experimental
results of radio frequency drying of granular materials like rice, maize, wheat,
soya and coffee; rice was the fastest drying product followed by maize and
wheat. According to the author the presence of oil in soya and coffee which
hindered the moisture diffusion and hence slower drying rates in these
materials.

In drying of agricultural materials, control of internal temperature of the
product is very important so as not to burn the product. The internal heat
generated due to microwave energy absorption directly depends up on the
moisture content which is progressively decreasing with time. The tempera-
ture rise as a result of internal heating also affects the dielectric properties.
Air, which is used as a moisture carrying medium also plays an important role
in the control of temperature of the product. A delicate balance is to be
achieved between these variables so as to establish an optimum drying
condition. The literature review revealed no work done on microwave drying
of grapes.

Grapes could lend themselves to microwave drying for two reasons; they
are rich in moisture and have high ionic conductivity (pH 3.6), both of which
favour higher microwave power absorption. As demonstrated in the earlier
studies, convective drying of grapes is a time consuming process that makes
it inefficient. On application of small amounts of microwave energy, the drying
rates of many agricultural materials could be accelerated as shown in earlier
studies (Otten and St. John., 1988; Shivhare, 1991; Al-Duri and McIntyre,
1992). With this proposition some feasibility studies were planned for drying
grapes with microwave energy. The work that was carried out is outlined and
discussed in the chapters to follow.
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CHAPTER III

PRELIMINARY STUDIES OF MICROWAVE DRYING OF GRAPES

3.1. Introduction

The primary objective of this work was to determine whether grapes
could be dried into quality raisins in a microwave field, an application which
had not been previousiy reported in the literature. The approach to this work
included comparisons of microwave-dried grapes with convectively-dried grapes
with and without the various pre-treatments used in commercial raisin
production. The pre-treatments used in industry include: a) fumigation with
sulphur dioxide to ensure a light coloured raisin; a) dipping pretreatments in
surfactant emulsions, such as ethyl oleate solutions, to reduce drying time, and
¢) holding grapes for some time after the pretreatment and washing them to
remove residual chemicals from the surface (Riva et al.,1986). In commerical
raisin production the fruits are fumigated to an SO, concentration of 900 ppm
and are then dipped in hot alkaline solutions to make the outer skin more
permeable to water transport such that drying is more rapid. The effects and
effectiveness of these pretreatments on hot air drying of grapes are reported
in literature (Ponting and McBean, 1970; Riva et al., 1986; Saravacos and
Marousis, 1988).

As a starting point, uniform batches of Thorapson seedless grapes were
dried in a2 microwave oven modified to permit control of inlet air temperature
and inlet air velocity. Some batches were dried without applying microwave
energy so as to simulate the forced convection situation, while others were
dried at particular microwave power settings combined with various inlet air
temperatures. The inlet air velocity was held constant in these preliminary
studies.
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3.2. Materials and Methods

A domestic MW oven of rated capacity 600 W (output power) was
modified for use as a dryer in the present study (Fig. 3.1). The microwave
oven operated at 2450 MHz and the duty cycle was adjustable in increments
of 10% ranging from a power level of 1 (10% duty cycle) to 10 (100% duty cycle)
as provided on the control panel of the MW oven. Power level 1 corresponded
to full power for 2 seconds in every 30 second interval. A drcular hole of 0.1
m diameter was cut at the base of the microwave oven chamber and was
covered with a fine metal wire mesh. A cylindrical tray made of clear acrylic
with a perforated bottom fixed at the air inlet served as a tray to hold the test
material for drying. Since spatial variation of electric field amplitudes can
result in hot spots in the cavity and cause uneven: heating (Metaxas and
Meredith, 1983; Buffler, 1993), a mode s#irrer was added to the oven. The
stirrer was 0.22 m dia., made of aluminum metal sheet and driven by a small
motor. It was placed in the cavity at the top of the oven. The stirrer rotated
at 90 r.p.m. The blades of the stirrer were bent to an angle of 45°, since this
configuration was reported to be suitable for highly absorptive materials
(Metaxas and Meredith, 1983). A 0.25 kW blower supplied forced air; the
ambient air was conditioned and was supplied at about 24°C and 50% relative
humidity. A control valve varied the draft of air to the desired level and the
air was then passed over a bank of controllable electrical heaters. A small hole
drilled on the wall of the oven chamber served as an air vent. The inlet and
outlet air temperatures were continuously monitored by K- type thermocouples
located outside the microwave oven at the gas entry and exit slots and were
recorded by a temperature logger (OM-2, Omega Engineering, Inc., Stanford,
CT) with a precession of = 0.5°C. Air velocity was measured by a thermal
anemometer which had a precession of = 3% of full scale (Dwyer 5106, Dwyer
Instruments Inc., Mich., MI). The mass of the test material was measured on
a digital electronic balance wkich had a resolution of 0.01 g (PE 600, Mettler
Instruments AG, Greifensee-Zurich, Switzerland) by taking out the tray along

32



MODE STIRRER

OUTLET | el RESOMANT CAVITY
~ /
/)

PERFORATED SAMPLE TRAY

e

AlR FLOW CONTROL

>l / HEATER
/

Fig. 3.1. Schematic diagram of the MW drying
apparatus (modified MW oven),

v

33



with the sample at pre-determined intervals of time. When the microwave was
off, the setup could be used as a conventional convective dryer; and when the
microwave was on it could be used as a combined convective and microwave
dryer. The preliminary studies indicated that a 10% duty cycle (Power level
1) was suitable for grapes in this set-up; longer cycles resulted in overheating
and burning of the product.

Thompson seedless grapes procured from a local market were used for
the studies and were stored in a refrigerated room at 4°C (= 1°C). Before the
drying trials, fruits were removed from the cold room and allowed to stand for
about 2 h to come to ambient conditions. During this time, the stems were
removed manually. The initial moisture content of the fruit was determined
for each run and was found to vary from 0.818 to 0.795 kg/kg (w.b). In most
cases, the moisture content was close to 0.810 kg/kg (w.b.). The initial
moisture content for each treatment was expressed as the mean of three
replicates within that treatment. The analysis of initial moisture contents
showed that the computed means were within the 95% confidence interval (CV
= 0.91%). Since the size of the grapes was not uniform, only berries having a
diameter of 0.0175 = 0.001 m, which represented the average size, were
selected. It was important to choose uniformly sized berries for this study
since this factor would otherwise influence the drying kinetics. However for
a normal commercial application, such a classification would not be necessary.
The selected fruits were uniformly spread on the bottom of the tray and dried
in a single layer. The sample size for each test was about 50.0 (= 1.5) g.
Moisture loss due to drying was measured at 0.5 h intervals. The grapes were
dried till they reached a final moisture content of about 0.15 kg/kg, wet basis
(0.18 kg/kg, dry basis), which represented the level of moisture in raisins for
safe storage (Jacob, 1944; Winkler et al., 1974). The moisture content of
samples was determined using a vacuum oven method at 70°C till a constant
weight was achieved (Boland, 1984; Canellas et al., 1993).

Convective and microwave drying runs were executed at inlet air
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temperatures of 30, 45, 50 and 55°C. The inlet airflow rate for all experiments
was kept at 2 m/s to ensure adequate removal of moisture from the fruit layer
in the tray. The effect of pretreating fruits with an emulsion of 2% ethyl oleate
in 0.5% sodium hydroxide was also investigated for each of the drying
experiments. The pretreatment consisted of dipping the grapes for 30 s in the
alkaline mixture maintained at 80°C (Ponting and McBean, 1970, Riva and
Peri, 1986, and Saravacos and Marousis, 1988). The fruits were then removed,
rinsed with water, free drained and used for studies. All the experiments were
replicated thrice, and the mean moisture content from each set of replicates
was used for data interpretation.

A second set of experiments based on the results of the above and aimed
at evaluating the following chemical pretreatments was run using the same
apparatus:

C,- Dipping for 30 s at 80°C in 0.5% sodium hydroxide NaOH) solution,

(0.5% NaOH only).

C,- Dipping for 30 s at 80°C in 2.0% ethyl oleate (EO) in 0.5% NaOH
solution, (2% EO + 0.5% NaOH),
C,- Dipping for 30 s at 80°C in 3.0% EO in 0.5% NaOH solution,

(3% EO + 0.5% NaOH).

C,- Dipping for 3 min. at 40°C in 3.0% EO in 2.5% potassium carbonate

(K,CO,) solution, (3% EO + 2.5% X,CO,).
Groups of berries were subjected to different dipping pretreatments and then
dried in single layers in the sample holder. The experimental setup was as
described above and illustrated in Fig. 3.1. After each pretreatment, the
grapes were washed twice in tap water, drained and immediately taken for
drying tests.
Finally the possible effects of washing of grapes and time of holding on drying
was tested using the best of the treatment combinations from the above tests
(which was C,). These washing treatments were:

T, - DPre-treated grapes washed twice in tap water, free gravity
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drained and immediately taken for drying with no holding time,
(wash, O h).
T, - Pre-treated grapes not washed, free gravity drained and were
immediately taken for drying with no holding time (no wash, 0 h).
T, - Pre-treated grapes not washed and were kept for 1 h holding time
before drying, (no wash, 1 h).

To quantify the importance of the outer skin to the drying kinetics, a few
tests were also conducted on de-skinned grapes. In one of the tests, the C,
pretreatment was applied to peeled grapes (PC,). In another test, no chemical
pretreatment was applied (PC,). Care was taken not to disturb the contents
of the fruit while peeling. An experiment was also conducted under forced hot
air convective conditions with pretreatment C, (CC,). These tests were carried
out for the sake of comparison and were conducted under the same drying
conditions as mentioned earlier.

The experiments were performed in a randomized complete block design
(RCBD) with three replicates to study the effect of different treatments as
discussed. The response parameter, drying time, was the time required to dry
grapes to a final moisture content of about 0.18 kg/kg dry mass. Analysis of
variance was conducted to determine whether significant differences existed
between different samples and pretreatments. Treatment differences were
determined using Tukey’s test (Steel and Torrie, 1980; SAS, 1989).

3.3. Results and Discussion
3.3.1. Preliminary Drying Studies

The three methods of drying studied here were i) Convective drying with
pretreatment (CT),), ii) Microwave drying without pretreatment (MT), and iii)
Microwave drying with pretreatment (MT,); drying air temperature (T,) was
kept constant at 45°C and the air velocity (V,) was 2 m/s at the drying layer.
Under each of these treatments, drying was continued until the desired final
moisture content of 0.18 kg/kg (dry basis) was reached. The resulting mean
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drying times (i.e. mean of three replicates in a treatment) for CT,, MT, and

MT, were 31.33, 19.17 and 13.00 h, respectively. The variation in drying time

within the replicates of any given treatment was found to be small. The &nal

drying times for all the runs were analyzed using a completely randomized

design model. It was found that the treatments differed significantly at the

0.01 level. The mean moisture content of grapes was plotted against t for the

different drying methods as shown in Fig. 3.2. The corresponding drying rate

curves are shown in Fig. 3.3; drying rates were derived by numerical

differentiation of drying curves (Fig. 3.2) using three-point formula (Pachner,

1984). The drying rates were plotted against corresponding moisture contents

to illustrate their dependency (Fig. 3.3). The grape berries were found to

shrink continuously during drying leading to characteristic wrinkles of the
dried raisins in all the three methods of drying. The drying curves were

typical of materials with internally controlled mass transfer. Conventional
drying is a slow process relying on heat conduction from the outer surface
towards the interior and took as much as 32 h to reach the desired final

moisture content of about 0.18 kg/kg, dry basis.

The results of the convective drying (CT),) trials (Figs. 3.2 and 3.3), agree with
earlier reports of the absence of a constant rate drying period and following the
trend of a falling rate period (Raouzeos and Sarvacos, 1986, and Riva et al.,
1986). The microwave drying behaviour (MT, and MT),), was entirely different
from that of CT, as seen in Figs. 3.2 and 3.3. Pretreated grapes (MT,) and
grapes without pretreatment (MT,) took about 13 and 19 h, respectively, to dry
to the desired final moisture content of 0.18 kg/kg (Fig. 3.2). The drying rates
were initially higher corresponding to a moisture content up to about 1.75
kg/kg (Fig. 3.3) and the time to reach this moisture content was roughly 2.5 h
in the microwave situation as compared to about 7 h in convective drying (Fig.
3.2). The moisture content of the grapes was high during the initial part of
drying and this high moisture content was responsible for higher microwave

power absorption, which must have led to higher product temperature and a
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higher diffusion rate. It was reported that the rate of moisture removal during
this period increased even beyond the constant drying rate limit in case of
porous materials (Perkin, 1990; Turner and Jolly, 1991). This phenomenon
was clearly exhibited in Fig. 3.3. However, the exact mechanism of moisture
movement in grapes under microwave drying is yet to be understood.

The drying rate curves (Fig. 3.3) indicated the absence of a constant rate
drying period. After reaching an early maximum, the drying rate dropped
rapidly, signifying a falling rate period. The moisture transfer outwards
lagged behind the evaporation rate at the surface. Microwave power
absorption largely depends on the moisture content of the material. As the
product loses moisture, the microwave power absorption decreases progres-
sively. This could explain the decreased drying rate during the latter part of
drying, as well as the fact that the MW drying rate tends to approach the
convection drying rate during the final stages of drying. When the product
attained a moisture content of about 0.7 kg/kg (d.b.), the drying rates were
similar to that of CT,. The drying curves of MT, and MT, (Fig. 3.2) indicate
that the effect of the pretreatment on drying was not very dominant, since they
followed more or less a similar path throughout the course of drying. The
pretreated grapes took about 6 h less to dry to the same final moisture content
than those which were not pretreated. MT, not only dried faster than CT,
(savings in drying time of as much as 63%), but no chemirals were used to
pretreat the grapes. The quality of microwave dried raisins, as evaluated by
visual observation of colour and appearance, was found to Le.comparable to
that of conventionally dried raisins with pretreatment. An important point to
be noted here is that fumigation of fruits with sulphur dioxide is necessary to
get a product of acceptable quality (Winkler et al., 1974) by convective drying
and that it may not be necessary when microwaves are used, as observed in
this study.

Since the moisture transfer rate was high during the initial part of
microwave drying, as indicated by the accelerated drying rate, it was
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important to pass air through the dryer at a proper temperature to ensure
rapid evaporation of available free moisture present on the surface. Tests were
conducted at air temperatures of 30°C (MT, 30), 45°C (MT, 45), 50°C (MT, 50)
and 55°C (MT, 55) to optimize the air temperature needed for microwave
drying. A high air velocity of 2 m/s was used in all these tests. Microwave
drying of pretreated grapes at different air temperatures are summarised in
Fig. 3.4. The drying curves (Fig. 3.4) clearly indicated the strong effect of
temperature; the drying times required to reach a final moisture content of
about 0.18 kg/kg, (d.b), for MT, 30, MT, 45, MT, 50 and MT, 55 were 43.6,
13.0, 8.7 and 6.8 h, respectively. These drying times were the means of three
replications and the variation amongst the replicates was observed to be small
(CV for MT, 30, MT, 45, MT, 50 were 1.75, 3.84, 3.33 and 4.23 %, respectively).
These treatment means of drying times were found to be significantly different
(Duncan’s multiple- range test at 0.01 level). Since the applied microwave
power was the same in all these cases, the microwave absorption at a
particular moisture content must also have been the same. It is therefore, the
difference in air temperature which was responsible for the changes in drying
rates. An air temperature of 30°C was definitely inadequate to evaporate the
surface moisture as was evidenced by slow drying (Fig. 3.4). The fastest drying
occurred at 55°C; however, heat damage of the raisin was visible (darker
colour). The best temperature seemed to be 50°C, since this temperature
resulted in faster drying and good product quality.

3.3.2. Effect of Chemical Pretreatments on Microwave Drying

The times required to dry grapes under different pretreatments to a
final m.c of about 0.18 kg/kg in the MW dryer with a 10 % duty cycle mode
(power level 1) and an air temperature of 50°C, are given in Table 3.1, along
with the results from Tukey’s means separation test (SAS, 1989).



MOISTURE CONTENT, kg/kg (d.b)

4‘-5 T T Lo | T T T T LA T L | T T T
LEGEND

40 o AIR TEMP. 30 C |
3.5 b o AIR TEMP. 45 C

i v AR TEMP. 50 C
30 :'°° v AIR TEMP. 55 C _

0 5 10 15 20 25 30 35 40 45
TIME, h

Fig. 3.4. MW drying curves of gretreg.ted grapes at 0
air temperatures: 30 C, 45 C, 50 Cand 55 C
(air flow 2.0 m/s, MW Power level 1),

41



Table 3.1. Drying time, h, under different dipping pretreatments.

Blocks(R) C, C, C, C,
0.5% NaOH 2% EO + 3% EO + 3% EO +
0.59% NaOH 0.5% NaOH 2.5% K,CO,
12.0 3.5 8.0 11.0
2 115 9.0 8.5 10.5
3 11.5 85 8.5 115
Mean 1.7 8.7 8.3" 11.0*

Note: Means with a common letter are not significantly different.

The snalysis of variance indicated that the drying time was significantly
different among treatments (F value = 52; df= 3; P < 0.001). Two pairs of
treatments emerged as not having significantly different drying times: C, and
C, and C; and C,. The quality of raisins obtained was similar for all the
treatments except C, which resulted in pale and dull coloured raisins rather
than bright ones. The effects of chemical pretreatments on drying kinetics,
was similar to those reported for pure convective drying (Riva et al., 1986),
even though the drying times observed here were much shorter due to
application of MW energy. Fig. 3.5 show the drying curves for grapes under
these pretreatments. The tests conducted on de-skinned grapes showed that
they dried the fastest (4.5 h) after the C, pretreatment (PC,), while unpeeled
grapes (C,) dried in 8.7 h. The drying time for de-skinned fruits (PC,) without
C, pretreatment was 5.5 h. Further, the grapes with skin intact and treated
with C, (CC,) dried by forced convection (without MW power) in about 20 h.

It is interesting to note that the peeled fruit that was not pretreated
(PC,) dried raore slowly than the peeled fruit treated with ethyl oleate (PC,).
This confirms earlier claims that ethyl oleate not only decreases skin
resistance to diffusion but also enhances the internal moisture diffusion
process (Saravacos and Marousis 1988; Riva et al. 1986).
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3.3.2.1. Interphase Over-all Mass Transfer Coefficients

As the grapes were exposed to MW radiation, they absorbed energy and
heat was generated within the fruit. In consequence, the temperature of the
fruit rose above that of the surrounding air which was at 50°C. Due to
application of MW power with a 10% duty cycle, the power absorbed by the
fruit was not steady and therefore the heat generated within the fruit was
obviously not uniform. The power absorbed by a material depends on its
dielectric properties, and these are dependent on moisture content (Metaxas
and Meredith 1983; Decareau and Peterson 1986). In the case of grape drying,
the amount of power absorbed must have changed with time according to the
time-dependent change in moisture content. These factors lead to highly
complex and transient heat conditions inside the fruit. The temperature
measured inside a grape berry was found to range from 56 - 64°C. A mean
temperature of 60°C was assumed to represent the average temperature inside
the fruit. MW power absorption was assumed to be uniform throughout the
fruit at any given instant of time.

An expression for rate transfer, as given by Geankoplis (1993), is:

J = kAC = k2P 3.1)
RT
where,
J = mass flux of water, kg/m® s
k. = over-all inter phase mass transfer coefficient, m/s
AC = moisture concentration difference, kg/m®
Ap = partial water vapour difference, kPa
R = gas constant for water vapour, 461.5 J/kg K and
T = absolute temperature at the mass transfer surface, K

In order to apply Eq. 3.1 it was assumed that the fruit surface attained the
same temperature as that of its interior. This represented a sitvation of a
spherical object with its wet surface at 60°C subjected to forced convection in
a stream of drying air. The driving force term Ap in Eq. 3.1 is the vapour
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pressure difference between saturation vapour pressure at 60°C at the surface
and partial water vapour pressure of drying air at 50°C and 12% RH. The
over-all inter phase mass transfer coefficient k_between the wet grape surface
and the bulk air stream is given by a Sherwood relation of the type (Geankop-
lis, 1993):

1 1
S, = 2 + 0.6Re® Sc° (3.2)
where,

S, = Sherwood No. = k d/D,
R, = ReynoldsNo. = dVp/n
S. = Schmidt No. = p/pD,
p = density of air = kg/m®
v = velocity of air, m/s
H = viscosity of air, Pa s
D, = effective diffusion coefficient, m%/s
d = characteristic length, equivalent diameter of grape, m

For motsture diffusion in a sphere of 2.1 cm diameter evaporating into an air
stream at 60°C at 2 m/s, Saravacos and Marousis (1988) estimated the mass
transfer coefficient (using Eq. 3.2) and this value was found to be close to their
experimentally determined value using Eq. 3.1 under similar drying conditions,
thus indicating the validity of the procedure applied. - This technique was
extended to compute the mass transfer coefficient (k,) at the grape skin-air
interphase. With all other drying conditions being similar, the difference in
drying rates between treatments was mainly due to the skin surfaces as
modified by particular pretreatments. The interphase mass transfer
coefficients reflect the extent of the change in skin surface resistance to
moisture transport. The overall mass transfer coefficients at the interphase,
were thus computed using Eq. 3.1 to illustrate the effect of different pretreat-
- ments under MW drying conditions.

In the MW drymg process the initial mnisture transport is lugher than
In convective drying {(Lyons et al. 1972; Turner and Jolly 1991). This
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phenomenon was observed for MW drying of grapes (section 3.3.1) and should
essentially keep the evaporating surface wet for some time. Thus, application
of Eq. 3.1 was justified for the initial drying period. The over-all mass
transfer coefficients at the interphase, as calculated through Eq. 3.1 for the
first hour of drying, were 0.00152, 0.05205, 0.00164 and 0.00154 m/s for
treatments C,, C,, C, and C,, respectively. The difference in the observed
values reflected the effect of pretreatments they received since all other drying
conditions were similar. The highest value of k, was observed in the case of
pretreatment C, which indicated that it offered a minimum resistance. This
was followed by pretreatments C,, C, and C,. Comparison of these values and
results (Tables 3.1) showed that the pretreatments influenced the drying rate
of raisins under microwaves. Although pretreatment C, resulted in a slightly
shorter mean drying time (8.33 h) than C, (8.67 h), the difference was not
significant and the quality was the same. It is therefore concluded that there
is no advantage in using 3% EO rather than 2% EOQO in terms of reducin.g the
drying time and that treatment C, is the best since less chemical is used. The
other treatments considered resulted in significantly longer drying times and
are therefore not effective in reducing the time required for MW drying.

3.3.3. Washing and Holding Treatments

The drying time in hours required to dry grapes after pretreatment C,
combined with washing of fruits and holding for various times are given in
Table 3.2. Since none of these treatments was significantly different from the
others (Tukey’s test, hsd @ 1%, SAS 1989), neither washing or holding after a
chemical pretreatment significantly affects the drying time. The drying
bebaviour under these washing treatments was found to be identical (Fig. 3.6).
Washing of the fruits immediately after a chemical pretreatment is always
preferred from the stand point of removal of residual chemicals left on the fruit
surfaces. However, no chemical analysis was done in this study to measure
the residual chemicals. Holding the fruits for some time after a chemical
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pretreatment necessitates extra equipment, space and time in the processing
plant. Since the study indicated that there was no advantage derived from
such a holding, the grapes could be washed, drained and immediately taken
for drying.

Table 3.2. Drying time, b, under washing and holding treatments.

Blocks T, T, T,
wash, O h no wash, 0 h nc wash, 1 h

1 8.5 8.5 8.5

2 9.5 9.0 8.0

3 9.0 8.5 8.5

Mean 8.0* 8.T™ 8.7

NOTE: Means with the same letter are not significantly different at the 0.01 level

3.3.4. Empirical Model to Fit Microwave Drying Data

Methods of describing the drying process with thin layer drying models
are widely reported in the literature for the purposes of simulation and scale-
up. Drying kinetics of grains and other agricultural materials have been
described by empirical equations such as modified logarithmic equation or the
Page’s equation given in Eq. 3.3 (Page, 1949):

MR=-IJ£::}}%=EXD(-kt") (3.3)
where n = empirical drying exponent. Data from microwave drying studies
conducted at different air temperatures (Fig.3.4) were used to test the
applicability of Eq. 3.3. Equilibrium moisture content values for raisins (X))
were computed using the GAB equation (Maroulis et al., 1988). The coef-
ficients of the equation for different air temperatures and humidities
corresponding to air conditions applicable to the present study were evaluated
using relations presented by Maroulis et al. (1988). The rate constant k and
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parameter n of Eq. 3.3 were evaluated using non-linear regression (SAS, 1989);
the results are presented in Table 3.3.

Table 3.3. Parameters of Page's equation [Eq. 3.31.

Air Temp.,°C k x10% bt n
30 4.36 103
435 8.65 119
50 9.91 131
55 __22.16 L | 1.08

The analysis yielded low values of residual mean squares and high values of
R? (R? > 0.99) which indicated & good fit cf the data. The fitness is illustrated
in Fig. 3.7 for drying of pre-ireated grapes with and without MW power
(MT,45 & CT,45) at an air temperature of 45°C and air velocity of 2 m/s. In
the case of MW drying, the model deviated slightly from the observed values
initially since the mechanism of moisture migration during this period was
different.

As could be expected, the rate constant k increased with increasing air
temperatures (Table 3.3) resulting in higher drying rates. Although MW power
was the same in all these cases there was a significant effect of air tempera-
ture on the drying times. The conditions at the interface played an importaat
role in determining the heat and mass transfer rates in spite of uniformly
applied MW power. Two possible explanations for such behaviour could be: (a)
Air at lower temperature must have caused a reduction in sample temperature
and hence reduced the drying rate and/or (b) Lower air temperature resulted
in a lower wet bulb temperature at the surface, thereby reducing the partial
vapour pressure gradient, the main driving force for evaporation of moisture
from the surface into the gas stream. Conversely, higher air temperature
resulted in higher product temperature and a higher vapour pressure gradient
that was reflected in increased drying rates. This hypothesis of dependence of
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k on air temperature was verfied as follows: k was plotted against air
temperature and an Arrhenius type of relationship was found to exist between
the two (R? = 0.88); Eq. 3.4 described this relationship:

(3.4)

where T = the absolute air temperature (K), the values of constant A and
coefficient z were found to be 5.125 x 10% and - 5.657 x 10°, respectively. With
the help of Eq. 3.4 it would be possible to predict the values of rate constant
k of Eq. 3.3 for different air temperatures and hence the drying times. As the
relationship is purely empirical it would hold good only for a similar drying
condition and for the range of air temperatures considered in this study. There
is no possible explanation for the variation of parameter n in Eq. 3.3 and also
there is no quantitative term in the relationship to describe the relative
contribution of MW power to drying which gives scope for development of a
better model to describe the MW drying behaviour of grapes.

3.4. Summary
MW assisted convective drying can be used to dry grapes into raisins

more rapidly than by convection drying. The need for either alkaline pretreat-
ment or sulphur-dioxide fumigation in raisin production is not necessary to
ensure quality if the grapes are dried by MW. Good quality raisins may be
obtained in a short time by drying grapes in a 2450 Mtz MW oven at a 10
percent duty cycle, and at inlet air flow of 2 m/s and 50°C. Even shorter
drying times may be obtained if the grapes are pretreated with 2% ethyl-oleate
in 0.5% NaOH. Interphase mass transfer coefficients also described the effect
of these chemical pretreatments. Studies conducted on the effect of washing
and time of holding after a pretreatment indicated that neither factor
influences drying time.
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Page’s equation (Eq. 3.3) described the microwave drying data of grapes
adequately and the parametric values of the equation were determined for
different drying air temperatures. However, the parameters are purely
empirical with no relationship linking the Page parameters to the process
control variables. This type of model can therefore not be used for purposes
of scale-up or optimization.

3.5. Connecting Statement to Chapter 4

The preliminary studies showed that it is possible to obtain good quality
raisins in a short time. However, there were several limitations to the setup,
some of which were related to the duty cycle mode of operation. First, we
observed that the product temperature reaches a maximum during the pulse
of power and then decreases. These fluctuations of temperature are such that
optimum temperature with respect to drying and product quality are never
maintained. Second, since 100% of the rated power is applied during the
pulse, the product is not able to absorb it all without damage, and we are
therefore restricted vo power level 1. Finally, as drying progresses and the
moisture load decreases, less and less of the generated power is absorbed and
more may be reflected. This leads to poor energy efficiency.

Evidently, it would be much more convenient, both for experimental
work and for drying practice, to modify the equipment such that full control
over the energy generated and the time of application could be had. In the
limit, one would want to be able to apply low energy levels continuously or for
a longer duty cycle, or even be able to adjust the energy level continuously
during the process to match the changing absorption capacity (moisture
content and dielectric properties) of the product.

In the next chapter, an improved experimental setup is described.
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CHAPTER IV

DEVELOPMENT OF NEW MICROWAVE DRYING SETUP

4.1. Microwave Drying Apparatus

A schematic diagram of the microwave drying apparatus and its pictorial
view is shown in Fig. 4.1a and Fig. 4.1b, respectively. The important
components of the MW drying system are: (1) variable power high frequency
generator, (2) waveguide, (3) microwave applicator and (4) variable hot air

supply (Fig. 4.1a).

The 750 W microwave generator produced MW at a single frequency,
2450 MHz. A 15 A VARIAC was located in the generator arcuit to provide a
variable power output. A rectangular wave guide (WR 284) conveyed MW from
the magnetron of the high frequency generator to the applicator via a three
port cirzulator. The energy introduced at the inlet or first port of the circulator
is forwardly conveyed to the second port while energy introduced at the second
port due to reflection is circulated to the third port, thus by-passing the
reflected power reaching the magnetron. The third port was connected to a
carbon load for dissipation of reflected power. A rectangular and horn type
combination wave guide conveyed MW from the second port to the applicator.
Power detectors were located on the wave guide next to the circulator as shown
in the Fig. 4.1a. These meters were calibrated to read the forward incident
power or the backward reflected power in watts. Three tuning stubs in the
form of threaded screws were located next to the power detectors and these can
be seen in the Fig. 4.1a. These were essentially E-H plane tuner matching
devices intended to provide exact local impedance match between the dielectric
load being processed in the applicator and the characteristic impedance of the
connecting wave guide (Metaxas and Meredith, 1983; Pozar, 1990).
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4.2. Applicator (Cavity/ Resonator)

A single mode cavity type of applicator was developed for MW drying
studies. The applicator was made of rolled brass strips. The applicator
(cavity/ resonator) was rectangular in crossection (internal size axbx d = 140
x 65 x 150 mm). Since b < a < d, the resonator essentially operated on a TE,,
mode (Pozar, 1990). Internal details of the applicator are shown in a sectional
plan in Fig. 4.2. Photographs given in Figs. 4.3 and 4.4 show the details of the
applicator. The applicator, provided with the variable air flow supply, was the
actual drying chamber where the sample was subjected to simultaneous MW
heating and drying. The air inlet and outlet ends of the applicator are fixed
with perforated brass plates (perforations of dia. 4 mm). These perforated end
plates permitted easy flow of air but shielded the propagation of MW. The
wave-guide side of the applicator was covered with a solid plate made of MW
transparent plastic material, which transmitted MW energy into the applicator
but shielded the flow of air. This plastic plate can be seen in white colour in
the Photograph given in Fig. 4.4; the perforated brass plate seen on the right
side is the air inlet from heater. The other open end of the applicator had a
removable brass end plate (cover plate) which could be closed or opened with
the help of connecting bolts. During the experimental run this end plate
stayed in its place and covered the chamber to short circuit the MW trans-
mission line facilitating the test material to absorb MW energy. For
inspection, loading & unloading of the sample tray the end plate was removed.

The top and bottom ends of the applicator were permanently closed with solid
brass plates. -The inner walls of the applicator were always kept clean and
shining for good reflection.

During test runs it was observed that power absorption was not uniform
in the material. This was evidenced by nonuniform drying and localised
burning in certain locations. Also fine tuning with the three screw tuners was
difficult particularly with low m.c. samples. An improvement of the applicator
design was required. It was identified that matching of the impedance with
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Fig. 4.4. Photograph of the applicator showing the inner details.
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the help of three screw tuners was inadequate. Then the short circuited end
plate (open end) was made movable to allow the position to be adjusted. The
exact location of the end plate could be selected to suit to the requirements of
the material being processed. A rectangular brass box that matched its dimen-
sions with that of the applicator was fabricated (this part can be seen at the
right end in Fig. 4.3). This box had a adjustable metal end plate as shown in
Fig.4.2. For grapes a distance of about 40 mm from the open end of the
applicator was found to be suitable. With this adjustment MW absorption and
drying of samples was found to be more uniform inside the applicator.

Air blown through the applicator was heated by a bank of electrical
heaters and temperature of air was adjustable according to the requirement.
A fan was provided in the air duct (located between the heater section and the
applicator) to mix air for uniform temperature before it enters the drying
chamber; this fan ran on the draft of the forced air. The perforated wall of the
applicator provided further air mixing and even air distribution inside the
chamber.

The sample holder was made of perforated rectangular teflon plate of 1.6
mm thick and 130 x 130 mm in size. Rectangular perforations of size 11x 17.5
mm were cut on the plate to hold the grape berries. The perforated tray was
supported on a 6 mm thick teflon plate and which was mounted on three teflon
pins of dia. 4.6 mm. Three holes of dia 6.0 mm were drilled at the bottom side
of the applicator. The three teflon pins pass through these matching holes
without touching the bottom side of the applicator (1"1g 4.4). At the exterior
of the bottom side of the applicator the pins were attached to a circular teflon
disc which formed an integral part of the weighing mechanism. The sample
tray inside the cavity was freely supported on the weighing mechanism with
the help of these teflon pins. A strain gauge in the weighing mechanism
sensed the mass changes and translated them into electrical signals which
were received and recorded by the data acquisition system. The details of the
weighing mechanism are well demonstrated in the Figs. 4.4 and 4.5. The three
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teflon pins seen in white colour in Fig. 4.4 show their location inside the drying
chamber. The strain gauge and its mounting is clearly seen in the Fig. 4.5.

4.3. Instrumentation, Measuremeuts and Controls
Inlet and outlet air temperatures were monitored by T-type ther-

mocouples located in the air streams outside the applicator. At each location
the temperature was the average of three measurements. Air velocity was
measured by a thermal anemometer ('wyer 5106, Dwyer Iastruments Inc.,
Michigan, IN) positioned in the air stream. Humidity of the outlet air was
measured by a humidity meter (HMI - 32, VAISALA, Finlend) which had an
accuracy of about = 1.5%. The electrical output from the strain gauge
indicated the mass measurements. The two power detectors located on the
wave guide read the incident power and the reflected power in watts. These
meters were calibrated using distilled water as the load inside the cavity and
power was determined by calorimetric measurements (Metaxas and Meredith,
1983); the resulting calibration curve is given in the Appendix A (Fig. A1). The
data from various sensors were received and recorded by a computer through
the data acquisition system (3497 A - Data Acquisition/Control Unit, Hewlett-
Packard, USA). A computer program written in HP-QBASIC monitored the
process, collected and recorded the data in sequence. The program utilised the
algorithms for sensors in case of mass, relative humidity, incident power and
reflected power. The calibration equations were provided in the program to
convert various electrical signals into appropriate quantities. In the case
power measurements, the program recorded a mean value of power over the
measurement time interval. The program had the capability of turning the
~ MW power ON or OFF at any desired time interval, and also far turning the
system OFF when the desired final mass was reached on completior of drying.
Features like turning OFF of heaters and/or MW generator was provided in
the program in case if the pre-set safety conditions were exceeded. The
designaied safety parameters were: 1) maximum air temperature in the
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Fig. 4.5. Photograph showing the details of the weighing mechanism;
the three teflon pins are supported by a flat teflon plate at the
bottom of the applicator which is mounted on a strain gauge.
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applicator and 2) the maximum reflected power. The program collected and
recorded the data at desired time intervals. In the present drying studies,
data was coliected at 5 minute intervals. Later the data was transformed from
HP_QBASIC format intc DOS format.

Provision was also made in the applicator to insert fibre optic tempera-
ture sensors for measurement of fruit temaperature inside the cavity. A
Luxtron multichannel fluroptic thermometer (Model 755, Luxtron, Cary, NY)
was used to read the temperatures in MW environment. This instrument was
directly read as there was no provision to hook it to the data acquisition

system.

4.4, Connecting Statement to Chapter 5

For the development of the model to describe MW drying of grapes, it
was necessary to establish the relationships among some physical and
electrical properties of grapes. Some of these relationships (electric field
strength, the effective diffusivity parameter, and mass transfer coefficients)
could only be studied with the developed setup described above.

In the next chapter, the procedures used to establish all of the above
relationships are described.
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CHAPTER V

QUANTIFICATION OF GRAPE PROPERTIES

5.1. Shrinkage of Grapes During Drving

One of the research objectives was to develop a moisture diffusion model
that could, among other things, take into account the drastic shrinkage that
takes place during the drying of high moisture materials such as grapes. The
approach taken was to determine the relationship between volume and
moisture content of grapes. The relationship was studied for two methods of
drying; convective drying and combined convective and MW drying. Possible
effects of initial size on shrinkage were also considered in the experimental
procedure described in this section.

5.1.1. Materials and Methods for Shrinkage Studies

The volume of grape/raisin? was determined by the liquid displacement
technique using toluene at room temperature (Mohsenin, 1986; Sravacos and
Raouzeos, 1986). A sample of ten grapes/raisins was used to determine the
average volume. The volume of fresh grapes was taken as U, corresponding to
the grape at its initial moisture content X, (kg/kg dry mass) before drying. The
grape (treated with 2% ethyl oleate in 0.5% NaOH) were dried by two methods:
a) Convective drying at 60°C, air flow 2.0 m/s and b) MW drying, MW power
level 1, gir temperature 50°C and air flow 2.0 m/s. At different stages of
drying, samples of 10 berries/raisins of uniform size and appzarance were
taken out and their average volume (V) was determined as explained above
along with their moisture content (X).

2 The terms grapes/raisins and berries/raisins refer to a grape at an undefined stage of drying, as
opposed to grape or berry (before drying) and raisin (at final dried moisture content).
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Shrinkage studies were conducted using grape of different initial size,
but of uniform size within a batch. The initial sizes corresponded to three
initial volumes: 3.1 mL (3.020.1 g), 4.0 mL (4.0=0.1 g) and 4.88 mL (5.0+0.1 g).
All the experiments were conducted on a single lot of Thompson seedless

grapes.

5.1.2. Results and Discussion for Shrinkage Studies
The relationship between v /v, and X/X, was represented by a linear
equation (Lozano et al., 1983):

Y - A+B (-’i) (5.1)
X,

Yo

where U, is the initial volume of the grape in mIL and X, is the initial moisture

content of grape corresponding to the initial volume v, ir kg/kg dry matter.
The constants A and B were obtained through linear regression analysis for
different size groups and drying methods.

5.1.2.1. Shrinkage in Convective Drying

The results of the linear regression analysis (Eq. 5.1) of duplicated
experiments are given in the Table 5.1. The linear relationship between v /v,
and X/X, was significant and described the data well as evidenced by the high
R? values for all the sizes considered (Table 5.1). The coefficients (B) of the
regression (i.e. the shrinkage rates) were independent of the initial size of the
grapes (Duncan’s Test, 0.05 level). The data were therefore pooled and a new
regression equation generated for convective drying condicions. The procedure
yielded an equation with intercept A = 0.159 and slope B = 0.554 (R?*=0.975).
This equation compares well wi@n that of Masi and Riva (1988) which was
derived from similar work on six varieties of grapes (A = 0.167 and B = 0.833).



Table: 5.1.

Results of linear models (Eq. 5.1) of shrinkage

in grapes of different sizes under convective drying.

5.1.2.2. Shrinkage in Comdoined Convective and MW Drying

The same procedure as described above was performed to study grape
shrinkage under MW drying conditions. The results are given in Table 5.2.
There were three replicates in the case of size 4.0 g and two each in the
remaining two treatments. Again, the coefficients (B) (Table 5.2), were found
not significantly different among sizes (Duncan’s Test, 0.05 level).

size constant coeff. R value
(A) (B)

Uy 3.1mL 0.129 0.826 0.993
(3.0£0.1 g) 0.128 0.820 0.995
Vo 4.0 mL 0.166 0.870 0.995
(4.0=0.19) 0.18C 0.843 0.992
U, 4.8 mL 0.169 0.903 0.984
(5.0=0.1g) 0.147 0.824 0.964

Table: 52.  Results of linear models of shririzage in
grapes of different sizes under MW Drying.
m : —
size constant coeff. R? value

(4) (B)
U, 3.1 mL 0.149 0.818 0.988
(3.0+0.1g) 0.144 0.807 0.986
Uo 4.0 mL 0.090 0.918 0.950
(4.0=0.1g) 0.194 0.747 - 0.964
0.127 0.865 0.986
Vo 4.88 mL 0.154 0.779 0.988
(5.0=0.1 g) 0.122 0.810 0.973




Finally, the coefficients (B) from both sets (ie. convective and microwave)
were tested for differences due to drying method. None were found (PROC
GLM; SAS, 1989). Therefore, the below final regression equation based on all
the results (Fig. 5.1) and applicable to shrinkage under convective and

microwave drying was generated:

Y - 0147 + 0839 -;"—o (5.2)

Yo
The results of the linear regression analysis are shown in Table 5.3 (SAS,
1989). For 2 known initial size of grape (volume) the above equation predicts
the actual size (volume) of grape at a given moisture content. Eq. 5.2 has been
rctained for the modelling work.

Table 5.3. Shrinkage Analysis

(Number of observations in data set = 167)
(General Linear Models Procedure, SAS, 1989)

Dependent Variable: Y (v/v,)

Sum of Mean

Source DP Sgquares Square F Value Pr>»P?
Model 1 11.011 11.0111 4206.70 0.0001
Brroxr 165 0.432 0.0026
Carrected Total 166 11.443

R=-Square c.V. Root MSE Y Mean

0.9623 11.1180 0.0511 0.4602
Source DF Typra I S8 Mean Squara F Value Pr > F
X (X/X,) 1 11.011 .01 4206.70 0.0001

Parameter Estimata:
T for HO: Pr > ITI 8td Error of

Parameter Estimate Parameters( BEstimate
INTERCEPT (A) 0.2 713 33.57 0.0001 0.00624
SLOPE (B) 0.83926 64.86 0.0001 0.01294
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Fig. 5.1. Volume reduction as a function of m.c.
in con'gect.ive and MW drying of grapes
(Tg=50 C, Vg= 2 m/s, MW Power level 1).
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5.2. Dielectric Properties of Grapes at 2450 MHz

An understanding of the dielectric properties of a material is very
important to microwave (MW) heating/processing design. The dielectric
constant and loss factors of a material are essentially measures of the extent
to which a material is stimulated by an electromagnetic field. Although the
electrical and dielectric properties of many food materials have been reported
(Nelson, 1990; Mudget, 1990) information on grapes has not been previously

documented.

As the grape dries, its composition changes and the resulting MW
heating pattern also changes. The study of the changes in dielectric properties
with respect to moisture content (m.c.) and temperature (T) is essential to the
understanding of MW heating which leads to proper process control and
design. It is the objective of this work to obtain the dielectric properties of
grapes measured at different moisture contents (i.e. at various stages of
drying) and temperatures.

5.2.1. Materials and Methods for Dielectric Properties

Thompson seedless grapes of about 20-21° brix and of uniform size were
selected for the study. Samples of different moisture contents were prepared
by air drying at 50°C to acnieve moisture contents of 0.8 (fresh grapes), 0.6, 0.4
and 0.15 kg/kg (wet basis). For each of these moistwe contents, two
grapes/raisins were taken, cut in half and the dielectric properties were then
measured (the equipment used to determine the dielectric properties is
described in the next section).

Each grape half was wrapped with polystyrene foam film and a fine
thermocouple sensor was inserted into the fruit. The sample was then quickly
heated in an oven. As soon as the fruit reached a temperature of 82-83°C the
fruit was removed from the oven and transferréd to a pre-warmed sample
holder for measurements. The cut face of the fruit was exposed to the
measuring probe and the remaining surface was still covered with the plastic
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foam film which provided good insulation and maintained a minimum
temperature gradient at the measurement site. The thermocouple indicated
the fruit temperature at the holder. As soor as the temperature reached 80°C,
the thermocouple sensor was withdrawn from the fruit and the first measure-
ment of dielectric properties was made. The thermocouple was again
introduced and the fruit was allowed to cool to 70°C. On attaining this
temperature the thermocouple was withdrawn and a second measurement of
dielectric properties was made. This procedure was repeated for temperatures
of 60, 50, 40 and 25°C. The same procedure was used for the other moisture
contents. Care was taken to ensure proper contact between the test probe and
the sample. Three replicates were performed for each moisture content and
the moisture content/replicate combinations were completely randomized.

Dielectric properties were determined at 2450 MHz using an Open-
Ended Co-Axial Probe system HP 85070B. The software calculated the
dielectric parameters from the phase and amplitude of the reflected signal at
the interface between an open-ended coaxial line and the sample to be
analyzed. The properties were determined by a Hewlett-Packard 8753 C
Network Analyzer/ 85047A, 300 kHz to 6.0 GHz, S Parameter test set
(Hewlett-Packard Corp., Santa Clara, CA). The instrument was first
calibrated using three different loads: 1) a short circuit with mercury, 2) air
and 3) pure water at room temperature, After calibrations the instrument was
tested by taking a measurement on a standard liquid of known dielectric
properties in order to confirm the accuracy.

5.2.2. Predictive Models for Dielectric Properties of Grapes

Response Surface Methodology (RSM) was used as a basis for expressing
the dependent variable as a function of indeperdent variables (Box et al,
1978). The method consists of generating regression models of the response
variables (¢" and &) in terms of the operating variables (m.c. and T) such that
the terms in the model are orthogunal. Orthogonality is ensured first by
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coding the predictor variables (¢” and €, in this case). The trausformation
consists of subtracting the mean leve] from each predictor and dividing by the
interval between levels (assumed to be equal from one level to the next). The
terms in the model consist of linear, squared and interaction terms of all the
operating parameters. In this study, the general model used was:

Response = a, + aM, + &,T. +aM? + aT? +aMT, +e (5.3)

Where the a, are the regression coefficients, the subscript ¢ indicates that the
original term has been coded; M is the moisture content (kg/kg wet mass); T
is the temperature (°C) and ¢ is the error. PROC RSREG (SAS, 1989) was

used to perform the analysis on the response variables - £” and £”.

5.2.3. Results and Discussion on Dielectric Properties

The dielectric constant-and loss factor of grapes/raisins at ambient
temperature (25°C) as functions of m.c. are shown in Fig. 5.2. This range of
moisture covers m.c. from fresh grapes at 0.8 kg/kg wet mass to final raisins
at 0.15 kg/kg wet mass. Within this range, large variations in both ¢" and &”
were observed. For fresh grapes, the values of ¢’ and &£” were 69.81 and 17.5,
respectively. For final raisins (0.15 kg/kg wet ma“ -\ these parameters dropped
to 7.47 and 2.19, respectively, as would be expectea due to the drop in moisture
content {Nelson, 1990; Metaxas and Meredith, 1983).

The effect of temperature on the dielectric constant at different moisture
contents is shown in Fig. 5.3. Two types of behaviour were observed for ¢’. At
high moisture, £” decreases as temperature increases whereas at intermediate
and low moisture (0.4 kg/kg wet mass and below) the trend was opposite. In
the case of the loss factor (Fig. 5.4), at m.c. 0.4 kg/kg and above, ¢” decreased
with an increase in temperature whereas the opposite was true at m.c. 0.15
kg/kg wet mass.

The response surface gﬁﬁ;ﬁons\__for £ and ¢” in coded terms of the
predictors are: o
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£ = 44.322 + 25.63M-0497 T-6.18 M* +6.668 M T - 2.07 T* (5.4)
£ = 14.358 + 4.13 M - 1.689 T- 540 M*-3.131 M T - 0.01682 T* (5.5)

where, T = temperature °C and
M = m.c. on wet basis, kg/kg wet material.

The model for £ (Eq. 5.4) yielded an R? value of 0.988 with a CV of
5.45% and the model for £” (Eq. 5.5) resulted a R? value of 0.953 and a CV of
9.02%. Both models were significant at the 0.01 level. All the coefficients were
significantly different from 0.

The predictive models in actual terms (uncoded) are also given below.
These could be directly used to compute the values of the dielectric properties
of grapes at any given m.c. and temperature:

g = -31.345+172.17 M+0.623 T-57.63 M>-0.74 M T-0.0027 T* (5.6)
g” = - 8.696+78.95 M+0.1069 T-50.344 M? -0.347 M T-0.00002 T* 5.7

where, T = temperature °C, 25 < T < 80 and
M = m.c. on wet basis, kg/kg wet mass, 0.15 <M < 0.80.

5.3. Electric Field Strength
5.3.1. Background

Average MW power dissipated in a material could be derived from
Maxwell’s equations and on the assumption of a constant electric field in the
material, the familiar equation for P,, is (Metaxas and Meredith, 1983):

P, = 0, E_, 0 (5.8)
where,
P_.= power, W/m®
£o= permittivity of free space, F/m
E .= electric field strength, V/m
U= volume, m*
o= 2 n f, frequency, Hz
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As the MW energy is absorbed, the material’s temperature rises at a rate
depending on a number of distinct parameters. Substituting ¢, = 8.8x10"* F/m
for free space and f=2450 MHz in Eq. 5.8; the power required to raise the
temperature of a mass of a material over a time penod is given by (Metaxas
and Meredith, 1983):

0.13622 ¢ EZ, (5.9)

PuCm

av

Eq. 5.9 was adopted to calculate the energy absorbed by the material due to
microwave radiation. Use of Eq. 5.9 needed E_,, for grapes/raisins and the
procedure that was followed in its establishment is given below.

5.3.2. Methodology for Determinetion of E_,

E,, for grapes/raisins of different m.c. corresponding to various power
densities were experimentally determined. The dielectric loss factor (¢”) as &
function of moisture and temperature was computed using Eq. 5.7.

The electric field strength is the prime parameter in MW heating; it is
the intangible link between the eleciromagnetic energy and the material to be
treated. The complex interaction of electro-physical properties of the material
under electromagnetic radiation makes prediction of the electric field extremely
difficult. One way to determine the absolute value of the electric field strength
is through calorimetry and is given by (Metaxas and Meredith, 1983):

- [pm cm (Tm -Tmo)lt ]M)

E_ = (5.10)
™ 0556 x 1070 £ &by
where,
L = Electric field strength, volt/m
Prm = density of raisins at a given m.c. , kg/m®
c, = heat capacity of raisins at a given m.c., J/kg °C
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t time, s

T.. and T, = temp. of the fruit at its centre, °C )
f = frequency = 2450 x 10° Hz
& r = loss factor of raisins at a given m.c.

Eq. 5.10 was used to calculate the value of E_, based on experimental
measurements of the temperature rise (T,-T,,,) in the particle (grape/raisin) for
a known interval of time (t). The size of the sample consisted of 24 particles.
The sample was spread in a single layer in the tray and subjected to MW
radiation. These conditions were identical to the conditions existing during the
MW drying experiments. Since the determination ¢f MW heating is the point
of interest, these experiments were coriducted with no air flow through the
cavity (drying chamber). A fluoroptic sensor inserted at the centre of a grape
berry indicated the temperature rise in the particle due to MW radiation. In
the absence of air flow the temperature rise in the particle was rapid. The
experiments were concluded as soon as mass loss was noticed as Eq. 5.10 is
valid for a constant mass. Continuous monitoring of the experiment through
the data acquisition system permitted accurate control; the observations were
recorded at every 5 s. The temperature rise in the fruit during this time
interval was recorded as (T,-T_,). E_,, was calculated using Eq. 5.10 for each
step interval and the average of all the steps represented the actual E__, for
a particular run.

These experiments were conducted with grapes of different moisture
content, viz., 80 % (fresh grapes), 60 % m.c.,, 40 % m.c., 25 % m.c. and 15 %
m.c. The experiments were conducted at three power densities, viz., 0.1 W/g,
0.2 W/g and 0.3 W/g. These power densities were similar to the ones used in
drying studies. All experiments were replicated three times and the averaged
values of E_, were used for further analysis.

5.3.3. Results of E_,
The results of the average values of E_, (Eq. 5.10) of grapes at different
water content are given for each of the power densities in Table 5.4.
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Table 5.4. Values of E_, in V/m for grapes at
different m.c. and at different MW power densities.

m.c. (w.b) (M) Power 0.1 W/g Power 0.2 W/g Power 0.3 W/g
0.81 332.1 437.9 562.6

0.60 406.7 476.2 595.8

0.40 440.1 H6.1 618.¢

0.25 499.2 646.1 T04.2

6.15 5299 725.8 7731

A linear relationship between E_,, and m.c. (M) was observed for each power
density:

E.. = A+B M (5.11)
where, E_,, = electric field strength in V/m and M = m.c., kg/kg wet mass.
The linear models were found to be significant at the 0.05 level (Steel and
Torrie, 1980). The resulting values of A, and B, obtained from linear regres-
sions are given in Table 5.5.

Table 5.5. Values of A, and B, of Eq. 5.11 for predicting E__,.

Power density | Intercept (A,) slope (B,) R?
0.1 W/g 570.57 - 29241 0.99
0.2 W/g 757.99 -434.39 0.93
0.3 W/g 784.74 - 784.74 0.87

Fig. 5.5 show the fitness of the linear model for a case of MW power
density of 0.1 W/g; 95% confidence interval bands are also drawn. E_, values
generally increased as moisture content decreased. This behaviour is obvious
as a higher field strength would be required for a lower m.c. material so as to
enable coupling of the electromagnetic field with the material. The decreasing
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trend of loss factor with the decreasing moisture content is reflected in higher
values E__, values. However the values of E_, observed in this study apgpear
to be smaller and this is due to a very low incident power applied on the
material. As the power density increased, the E_, values also increased (Table
5.4). As reported earlier, the temperature measurement was on only one
particle. It was assumed that the power absorption was uniform in all the
particles. However it could be argued that if the power absorption is not
uniform in all the particles then the error associated with the computation of
E,.. could be larger. This factor was verified by conducting similar calori-
metric studies with crushed grapes in the cavity. Grapes were crushed into
juice (without addition of water) and the liquid material, of equal mass
corresponding to whole grapes in the previous case, was used. E_, values
determined for crushed grapes compared well with the corresponding E_, for
whole grapes, thus validating the procedure used.

5.4. Density (p_)

The density of grapes/raisins as a function of moisture content was
experimentally determined. The volume of grapes/raisins at a given m.c. was
determined using the toluene displacement method at ambient temperature
(Mohsenin, 1986). Mass per unit volume was expressed as density at a given
m.c. A linear relationship between density and m.c. was observed for raisins
and the linear regression yielded the following equation:

P, = 1408 - 0428 M (5.12)

where, p, = density g/mL: and M = m.c. of grapes/raisins (w.b.), kg/kg wet
material. An R? value of 0.947 indicated a high degree of correlation for the
linear relationship and the results are shown in Fig. 5.6.

5.5. Specific Heat (¢_)
Specific heat of raisins was computed using the method of distribution
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(Buffler, 1993). The major components of the material, viz., water, total
sugars, proteins and total ash (minerals) were considered to compute the

specific heat value vsing the equation given below (Buffler, 1993):
Cp,=4190 M + 1420 C + 950 A + 1780 P (5.13)
where,
= specific heat, J/kg K
= water content, expressed as a decimal

Cm

M

C = total sugars, expressed as a decimal

P = proteins (nitrogen), expressed as a decimal
A

= ash content, 2xpressed as a decimal

The composition of grapes/raisins was obtained from published work
(Miller, 1963). During drying, the water content of raisins reduces and is
associated with a proporticnate increase in the other constituents. The specific
heat values were computed for 10 different moisture contents by applying Eq.
5.13. The computed values are plotted in Fig. 5.7. The relationship between
¢, and m.c. was lirear with 2 high degree of correlation (R* = 0.999). The
resulting relationship is given below:

¢, = (0.361 + 0.6384 M) x 4184 (5.14)

where, ¢, = specific heat, J/kg °C and M = moisture content in raisins, kg/kg
of wet material. The resulting values of c, with the use of Eq. 5.14 was in
good agreement with the reported values of c,, for fresh grapes of 81% m.c. and
raisins of 15% m.c. (Mohsenin, 1986); however it was not possible to verify the
results for the other m.c. for the lack of reported values in the literature. The
variation of ¢, with temperature was assumed to be negligible and Eq. 5.13
was used to obtain ¢, values at a given moisture content.
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5.6. Mass Transfer Coefficients
An expression to describe interphase overall mass transfer coefficient is
given by (Geankoplis, 1993) :
n=k; Vp (5.15)
where, 1 = mass flux, kg/m® s
k. = overall mass transfer coefficient, kg/m’s kPa
Vp = partial water vapour pressure difference, kPa

Eq. 5.15 was applied, as shown by Saravacos and Marousis (1988), to estimate
k¢ vsing convective drying data of grapes obtained in the new microwave
drying apparatus discussed in Chapter 4 (data to be presented in chapter 7,
section 7.3.1.2). The partial vapour pressure difference was evaluated using
psychrometric properties of air corresponding to drying conditions. The values
of k; obtained at air velocity of 2 m/s were transformed to represent equivalent
values at air velocity of 1 m/s. The transformation is described below:

kG 1ove = (K, 2ave V2] (5.16)
¥2 in the above equation comes from the power relationship between mass
transfer coefficient and the Reynolds Number (heat and mass transfer analogy,
Bird, et al., 1960).

The calculated values of kg corresponding to air velocities of 2.0 m/s and
1 m/s at different air temperatures calculated according to Egs. 5.15 and 5.16
are tabulated in Table 5.6.

Table 5.6. Overall mass transfer coefficients of
pretreated grapes under convective drying conditions

m—m

Air Temp., °C kg, ke/m*h kPa .
(T V,=2.0m/s V,=1.0m/s
30 0.180 0.127
40 0.180 - 0.127
50 0.163 0.116
60 0.129 0.094
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5.7. Connecting Statement to Chapter 6

The relations obtained in chapter 5 were necess:ry inputs to the
development of a semi-theoretical model of microwave drying. The modei will
be discussed in detail and its validity will be tested in chapter 6. In chapter
7, this model will be further used in describing the MW drying kinetics of
grapes.
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CHAPTER VI

MODELLING OF MICROWAVE DRYING OF GRAPES

6.1. Introduction

The volumetric nature of MW heating leads to a rapid transfer of energy
throughout the body of the wet material (grapes). Unlike pure convective
heating, during which the temperatures in the grape are limited to that of the
flowing air, MW heating can induce an internal temperature greater than that

of the ventilating air and thus accentuate internal heat and moisture transport
(Perkin, 1990). However, in the microwave drying situation, forced convection
is also necessary since it is the process by which water vapour driven from the
grape by the absorbed MW energy is then carried away from the immediate
drying environment. In order to prevent condensation of the driven moisture
onto the surface of the grape, it is necessary that the convective airflow be
heated so as to improve its moisture-carrying capacity. Since both the
microwave and convective energies are initiated simultaneously, there is a
short period which one may refer to as combined convective and MW heating.
Clearly, this period lasts until the surface temperature of the grape reaches
that of the convecting air. Thereafter, one may refer simply to microwave
heating, since no convective heat transfer towards the interior of the body is
possible, and the convective energy is understood to be used entirely for
mdisture transfer away from the surface.

In this chapter, a model describing all major aspects of this "combined”
drying process is formulated. It is aimed at describing the moisture content
of the grape at any given time during heating and is more fundamentally
aimed at taking into account shrinkage (as occurs drastically in grapes) as well
as the changes in dielectric properties that occur throughout the process due
to changes in moisture content and temperature. The model is based on the
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continuum approach and includes terms describing internal heat generation,
convective heat transfer and evaporation (Turner and Jolly, 1991; Perkin, 1990;
Ptasznik et al., 1990).

The MW energy source term was developed from the data obtained in
the experiments on the dielectric properties of grapes, during which measurem-
ents were made at many combinations of moisture content and temperature
{Chapter 5), and measurements of electric field sirength. The influence of the
geometry of the product on internal moisture diffusion is accounted for by
considering a moving coordinate system based on invariate dry solids following
shrinkage using the concept presented by Crapiste et al. (1988b) and
incorporating the relationships between volume and moisture content deduced
during the shrinkage studies (Chapter 5). The model predicts the drying
bistory of the grape and is also capable of simulating temperature and
moisture profiles. The general scheme of the model is depicted in Fig. 6.1.
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Fig. 6.1. General scheme of the numerical model.



. 6.2. Phvsical model, Model Formulation and Procedures

Assumptions

a)

b)

c)

d)

e)

4]

h)

i)

The following assumptions have been made in formulating the model:
Each grape berry (particle) is assumed to be spherical, homogeneous and
isotropic with inpitially uniform temperature (T,,) and moisture
distributions (X).

An air stream of constant temperature T, and relative humidity RH
passes over the particle at a constant velocity, V,.

The particle is exposed to MW radiation at 2450 MHz and the ab-
sorption is assumed to be uniform throughout the body®.

The dielectric properties depend only on the moisture content and
temperature of the material.

Moisture migration is one-dimensional (radial), from the centre towards
the surface where the evaporation is occurring.

The vapour pressure of water in the solid is described by sorption
equilibrium expressions.

Shrinkage of the particle during drying is taken as uniform and
proportional to the average moisture content.

The combined effect of diffusion and internal pressure on water
migration within the particle is expressed through a Fick’s type equation
with an effective diffusivity parameter.

The temperature difference between the centre and the surface is

small when compared to the temperature difference between the
surface and the bulk gas stream.

6.2.1. Mass Transfer Equation

The model formulation begins with the mass transfer equation for a

fixed coordinate system as given by Crank (1975):

3 This assumption is closely related to assumption (a); however, attenuation of microwave energy with depth

in the grape (which is typically of diameters of less than 3 cm) is not accounted for.
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aX* - 110 (Df - oC (6.1)
ot C,rior

However, since grapes shrink noticeably during drying, the mass transfer
equation has been modified to (Crapiste et al., 1988hb):

3X* _2aX" _ 113,y .2 3C 6o
o T =y e A 62)

where, ¥ = velocity of shrinkage, m/s.

The derivation of this equation is presented in Appendix B (Eq. 10). This
equation represents drying in a shrinking particle and is different from the
equations normally used in the literature due to the term - ¥9X'/or. To handle
the problem of shrinkage, a moving coordinate that follows the shrinkage
during drying was defined (Appendix B). In this moving coordinate system,
the equation for mass transfer becomes (Eq. 21 in Appendix B):

X' _ 1139 p & 6.3)

ot  RZA*OA 7 9A

where, A represents the dimensionless moving coordinate as given by:
dA = VS (/A dr/R,?
where, S° = U /v, (local shrinkage coefficient).

In Eq. 6.3 D, is a function of temperature, shrinkage, water content
and geometry of the product. Eq. 6.3 is similar to the equation for drying of
a sphere without shrinkage (Eq. 6.1), with the difference of being written in
terms of moving coordinates.

Boundary conditions:
A=0 dX /oA =0 (6.4)
A=1 Nw = - (C/Ry) Dy 0X/0A = k¢ Ap (6.5)
Initial condition:
t=0 X =X, (6.6)
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Effective Moisture Diffusivity

Crank (1975) derived an analytlcal solution for the general diffusion
equation in a non-shrinking sphere (Eq. 6.1) for the boundary conditions
discussed above. The solution for the total amount of diffusing substance (M,)
entering or leaving the elemental sphere is (Crank, 1975):

M - 6 L B,
i S N -2 D (6.7)
M. L R R D)

For large drying times, only the first term of the above series solution is of
significance (Crank, 1975). Eq. 6.7 thus simplifies to:
6 12 N

=1 - exp (- — D_t) (6.8)
M. B2IB2+L(L-1)] R 7

where B, is the root of the equation:

BycotB, +L-1=0 6.9
In Eq. 6.9, L represents the mass transfer Biot number which is a function of
air velocity amongst the other variables. The total amount of diffusing
substance related to that at an infinite time can be expressed as:

M, XX

- (6.10)
M., XX,
Eq. 6.8 then becomes:
X-X, 612 B12
= exp(- — D_t) (6.11)
X -X, B2IBZ+L(- D) R Y

The resulting slope (S = [8, D o R’] ) of the plot of In [(X-X,V/XsX)]
against time £, yields the value of the effective diffusivity, D, The effect of
X, in Eq. 6.11 is only important at very low water contents. For example, in
a typical drying situation where the initial moisture content is X, = 3.5 kg/kg,
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the final moisture content is X = 0.18 kg/kg, the drying air temperature and
relative humidity are T, = 50°C and RH= 12%, respectively, the difference
between X/X, and (X-X )/(X,-X,) is only 7.3%. This is the maximum difference
that could be expected since the difference (error) is smaller at higher values
of X. Hence the plot of In X/X;, would suffice to estimate D .

The effective diffusivity is a function of water content, shrinkage and
temperature. In the case of microwave drying, the effect of internal pressure
is included in the effective diffusivity parameter since it is based on data from
whole drying runs. Rough estimates of these relationships are to be es-
tablished in order to model the actual process.

6.2.2. Energy Equation

Sensible heat gain by the material is described by the governing energy
equation. A simplified form of the general energy equation applicable to high
frequency heating and drying is given by Ptasznik et al. (1990):

dT- + +
?{_El E, +E (6.12)

In the above equation, the term E, represents the internal energy generation
due to MW heating, E, represents convective heat transfer at the surface and
the term E, represents energy loss in phase change due to evaporation at the
mass transfer surface. The procedure adopted to evaluate these terms are
given in the following sections.

6.2.2.1. The Internal Heat Generation Term (E,)

As the MW energy is absorbed, the material’s temperature rises at a
rate depending on a number of distinct parameters. These parameters are
represented in Eq. 5.8. Eq. 5.9 was applied to compute the internal energy
term E,. Appropriate E_,, €, p.» ¢, Values corresponding to a given MW
drying condition were obtained using Eq. 5.11, 5.7, 5.12 and 5.14, respectively.
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6.2.2.2. The Convective Heat Transfer Term (E,)
Convective Heat Transfer Coefficients
The convective heat transfer term E, is given by:

e 2 G577y (6.13)

p mcmv

E, =

When a single sphere is heated or cooled by forced convection, the following
equation can be u~ed to predict the average heat transfer coeffictent (h;) for
Reynolds Number of 1 to 70,000 and Prandtl Number of 0.6 to 400
(Geankoplis, 1993):

Nu = 2.0 + 0.60 Re®® Pr® (6.14)

For a sphere subjected to heating or cooling in air, the above Eq. reduces to:
be = %4 (2 + 0.53 Re®5) (6.15)

The properties of air were obtained from the literature (Geankoplis, 1993) and
regression equations were developed to obtain the values at any desired
temperature.

6.2.2.3. The Evaporation Term (E,)
The evaporation term is given by (Ptasznik et al., 1990; Geankoplis, 1993 ):

-AH m, gx

(6.16)
¢ Py d

Sorptional Equilibrium Properties

The equations that will be used to represent the equilibrium properties
e.g. water activity (a,), and heat of sorption (AH,) of the grapes are (Cenkowski
et al., 1992; Ratti et al., 1989a):



Ina,=-d, X%+ q ep(-¢, DX Inp_, (6.17)

AH, =1 + g, exp(-¢, X) X*] AH, (6.18)

where the constants d,, d,, q;, g, and q; were determined by non-linear
regression of experimental sorption data of grapes (Maroulis et al.,, 1988). The
results are given in the following table (Table 6.1):

Table 6.1. Values of co-efficients of Eq. 6.17 and 6.18.

d, d, q da Qs
0.015 -0.936 0.0232 11.985 -0.968

The vapour pressure as well as the heat of vaporization of pure water was
calculated using the correlations of the subroutine PSYCHRP (Ratti et al,,
1989b).

6.2.3. Effective Diffusivity Parameter

The combined effect of MW power and air temperature on moisture
diffusivity during MW drying was accounted by an effective diffusivity
parameter evaluated from experimental data. MW drying data obtained in the
new drying apparatus (data to be presented in chapter 7) was used for finding
this parameter. The slope of the plot In (X/X,) versus ¢ (S = effective
diffusivity parameter) was modelled as a function of microwave power density
and air temperature using the empirical model given below:

lns=P4(,+ _c_s) (6.19)
Tl

where C,, C, and C; are the coefficients which are evaluated using MW drying
experimental data. The basis for choosing this specific model in preference to
a general model through non-linear regression analysis is described below.
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The analysis of the MW drying data revealed that the functionality of S and
T, was of the type:
In S = {a + &/T)

The above equation is of the Arrehenius type and has been widely used in the
literature to explain the dependency of moisture diffusivity on temperature.
Using this relationship, ¢ and b values were obtained for each of the power
densities (P) that are used in the present drying studies. When & was plotted
against P a power relationship was noticed between the two (b = P°). The
intercept @ was also found to have a power relation with P. The slope S was
therefore assumed to have a power law relationship with P. On this basis, the
empirical equation (6.19) was used to describe the dependency of S on T, and
P. The Levenverg and Marquardt method was used to determine the
parameter values that minimised the sum of squares of differences (Sigma
Plot, 1992). The coefficients C,, C, and C; in Eq. 6.19 were obtained from the
analysis of MW drying data obtained in the new drying apparatus (data to be
presented in chapter 7) and are presented in the following table (Table 6.2 ).

Table 6.2. Values of C,, C, and C, of Eq. 6.19.

Coefficients Air Velocity Air Velocity
of Eq. 6.19 V,=10m/s V., =2.0m/s
C, - 1.7070 - 0.898
C, + 0.1920 + 1.609
C, - 63.9380 - 542,041

6.3. Numerical Procedure

Equations 6.3 and 6.12 were solved simultaneously using the "Method
of Lines". This method describes the spatial derivatives by finite differences
of the second order. The radius of the sphere was divided into N spherical
slices of thickness Ar. The resulting vector of temporal derivatives was solved
by using the Gear Method (Hindmarsh, 1972, 1974).
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6.3.1. Simulation

The model discussed in the preceding sections (¥q. 6.3 and 6.12), was
used to simulate the MW drying process with the initial and boundary
conditions given as Eqs. 6.4, 6.5 and 6.6. The "Method of Lines” was used to
solve the system of differential equations since Eq. 6.3 is a partial differential
equation with two independent variables. This numerical method has been
applied successfully to simulate drying process (Ratti and Crapiste, 1992; Ratti
and Mujumdar, 1993). In applying this method, the partial derivatives on the
right side of the differential equation are mitially discretized. A central finite
difference discretization scheme is used to represent the second order
derivative of Eq. 6.3. The discretization scheme has a second order truncation
error. The boundary condition on the surface (Eq. 6.5) is represented with
backward discretization while the other boundary condition (Eq. 6.4) is
represented with forward discretization, both having a second order truncation
error. Thus the system of equations is transformed into a vector of 4*(N+1)
temporal derivatives (N is the number of equal steps into which the sphere is
radially divided). The Gear package (Hindmarsh, 1972, 1974) was used to
solve the resulting vector of temporal derivatives.
The inputs required by the simulation program are*:

TG (T RH P TSO(Tso)
KG (k) 10 (L) VO (U
X0 (X,) MSS (m9 XA (X, LA (L))
A(A) B (B)

Al(A) B1(B)

VEL (V,)

C1(Cy) C2(C,) C3 (Cy)

Based on this input statement, the program solved the differential equations
and obtained all the relevant properties (X & T and E_,, £”, p,., ¢, AH,, etc.,)
at a given instant of time (Appendix-B, programs MW.FOR and DIFFUN._FOR).

Symbols given inside the parentheses represent the corresponding nomenclature followed.
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6.4. Model Validation Procedure

The solution obtained from the simulation was compared with
experimental data from a 4x3x2 factorial drying experiment on grapes aimed
at evaluating the quality and drying time with respect to the process
parameters, inlet air temperature (T,), power density (P} and inlet air velocity
(V). This experiment is fully described in Chapter 7. The comparison was

done according to the procedure presented recently by Weres and Jayas (1994)
which they used to validate a numerical structural model for thin layer drying
of corn. They first represented their experimental data by the best fitting of
a number of empirical equations. The accuracy of the numerical structural
model was then determined by comparing data predicted by the structural
model to the experimental data as represented by the best fitted empirical
equation. The procedure of Weres and Jayas (1994) was applied to test the
accuracy of simulation results of MW drying of grapes as described below.

(a) The experimental data was fitted by the modified logarithmic
model (Page, 1949) as this model was found to fit the MW drying
data of grapes adequately well (Eq. 3.3). The parameters of the
equation were obtained for each of the drying conditions using
nonlinear regression analysis (SAS, 1989).

(b)  Values of the average moisture ratios calculated through Eq. 3.3
were used to estimate the accuracy of predictions by the numeri-
cal model (Eq. 6.3 and Eq. 6.12). The following relative errors of
approximations were used to perform the comparisons (Weres and
Jayas, 1994):

| MR(t)-MR_ (¢ )

e t) = )

(6.20)
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NT 2
[} IMR@)-MR,(t)17]
eF = 1 (6.21)

NT w2
¥ IMR_ ()13
=]

where,
t = time, h
[t)..,”” = set of instants bisecting two consecutive time intervals, (h)
NT = number of time intervals
e = local relative error of approximation at time [t].,"" (%)
e'f = global relative error of approximation throughout the drying
period, (%)

6.5. Discussion of Model Performance

The simulation model (Eqs.6.3 and 6.12) was run using the specified
initial and boundary conditions (Egs. 6.4, 6.5 and 6.6). The simulated results
for a given set of MW drying conditions were compared with the experimental
data. The average moisture content as a function of time predicted by
simulation is compared with the actual observed values in Fig. 6.2. As can be
seen the simulation very closely predicted the actual MW drying process
throughout the drying period.

The accuracy of the numerical model was tested by adopting the

procedure of Weres and Jayas (1994). The average moisture ratio predicted by
simulation was compared to the experimental data represented by the modified
logarithmic equation (Eq. 3.3). The values of k and n of Eq. 3.3 obtained by
fitting the drying of MW drying data is presented in Table 6.4 along with the
corresponding R* values. The calculated global relative error of the numerical-
model for the entire drying period is also given in Table 6.4. The details of
these MW drying treatments could be found in Chapter 8 (Table 8.1).
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Fig. 6.2. Predicted average m.c. of grapes by the
numerical model compared to experimental
observations (P=0.1 W/g and v =2.0 m/s).
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The modified logarithmic equation (Eq. 3.3) accurately predicted the MW
drying of grapes (R values > 0.99). The fitness of the modified logarithmic
equation and the numerical model with the observed data is presented in Fig.
6.3 for MW drying of grapes at an air velocity of 2.0 m/s, MW power density
of 0.1 W/g and air temperature of 30°C. Fig. 6.4 gives the plot of the relative
errors of approximation (Eq. 6.21) of experimental data with the numerical
model for this case. For this case the global relative error (e*F), calculated
through Eq. 6.21, was found to be 3.23% and which could be considered as an
excellent fit. However, the global error noticed in four out of the 24 treat-
ments, listed in Table 6.4, exceeded 10%, indicating a poorer fit in these cases.
A maximum global error of 13% was noticed in one particular case. Since the
actual drying time requirements under MW drying conditions are small, even
an error of 13% would not make a substantial difference from a practical point

of view.

6.6. Summary
The numerical procedure predicted the MW drying behaviour of grapes

adequately well. Although the modified logarithmic model fitted the data very
well it lacked in its versatility for applications because of its purely empirical
nature. On the other hand, the proposed numerical model is based on
semitheoretical approach and therefore lends itself for adaptation to scale-up
purposes. Given the nature of a material with its physical and electro-
magnetic properties, it is possible to predict the MW drying behaviour by
applying the numerical procedures elaborated. It is to be noted that this
procedure is not restricted in its application to grapes but can be extended to
other materials (fruits and vegetables).



Table 6.4. Parameters of the fitting equation and accuracy of the numerical
. model on different (global errors} for different MW drying treatments

Experiment,- k i n Bl R? Global
Treatment No. Error, %
01 0.336 1.082 0.9967 6.49
02 0.440 1.265 0.9955 2,75
03 0.710 1.216 0.9994 4.02
04 0.713 1.256 0.9990 7.35
05 0.565 1.232 0.9987 6.15
06 0.576 1.257 0.9979 537
07 0.897 1.296 0.9992 4.75
08 1.009 1.137 0.9932 6.53
09 0.778 1121 0.9996 8.27
10 0.900 1221 0.9986 9.98
11 1.060 1,286 0.9986 8.15
. 12 115 1.239 0.9978 7.49
13 0.223 1131 0.9991 3.23
14 0.355 1051 0.9980 7.42
15 0.523 1.027 0.9995 11.26
16 0.717 1.096 0.9998 7.083
17 0.449 0.987 0.9993 12.46
18 0.533 1172 0.9999 6.45
19 0.802 1172 0.9978 5.83
20 0.794 1.235 0.9992 6.11
21 0.566 1.088 0.9967 8.55
22 0.656 1.015 0.9993 13.07
23 0.879 1.042 0.9992 10.67
24 1.047 1117 0.9997 6.73
I U———

® , o
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CHAPTER VII

DRYING KINETICS OF GRAPES

7.1. Introduction

Experiment on drying kinetics of grapes was conducted using the new
microwave drying setup developed for the studies (Chapter 4). Drying
behaviour of grapes was studied both under pure convective drying conditions
and combined convective and MW drying conditions. Convective drying studies
provided basic information on drying kinetics of grapes which were verified
with those reported in the literature on hot air drying. Some of this informa-
tion was required in model building of MW drying as this technique also
involved convective conditions, Effect of drying parameters: a) air tempera-
ture, b) microwave power density and ¢) air velocity on MW drying kinetics of
grapes was studied.

The new apparatus had the provision to set the desired incident MW
power and it could be operated on a continuous basis. A small power density
could be set on incremental basis, in steps, to investigate its effect on drying
rates and the associated quality aspects. Also there was a provision for tuning
of the applicator by matching the impedance of the circuit with the changing
characteristics of the load in the applicator (m.c. in grapes) which provided a
control to minimise the reflected power. In situ measurement of mass loss and
other process parameters on a continuous basis, with no disturbance in the
drying environment, provided accurate data. The data acquisition system was
set to collect data at every 5 min. intervals. The other details of the apparatus
could be found in chapter 4.
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7.2. Materials and Methods
7.2.1. Variety of Grapes and other Experimental Procedures

Thompson seedless grapes were used for the studies as this is the
variety generally used for raisins. Grapes are imported to Canada, and
therefore fresh fruits were procured from the local market from a single source
which received grapes from a known source of origin {(California). To ensure
uniformity of the test material, grapes having TSS of Brix 20 - 21° were
selected. Grapes were brought in different lots and stored at 4 = 1°C and RH
95%. Each replicate of the drying study was conducted using grapes from a
single lot to maintain uniformity in the test material within that replicate.
Initial moisture content was determined as outlined in chapter 3. Samples
were prepared for the drying studies by taking out the fruits from the cold
store and kept at ambient conditions for about 2 h. Uniform berries of correct
size were selected and the stems were hand removed, and the berries taken for
pretreatment. The sample size was about 100 g. The pretreatment consisted
of dipping the grapes in an alkaline emulsion of 2% ethyl oleate in 0.5%
sodium hydroxide at 80°C for a period of 30 s. These procedures are in
accordance with the earlier studies reported in chapter 3. The other
experimental procedures in relation to sample preparation were similar to
those reported in chapter 3.

Drying time to reach a desired final moisture content of 0.18 kg/kg dry
mass was the response parameter of the study. Drying time is known to be
influenced by many factors such as variety, soluble sugars, etc. These factors
were assumed to be constant since grapes of same variety and similar Brix
reading were used.

722. Convective Drying in the New Drying Apparatus

Grapes were dried into raisins (final m.c about 0.18 kg/kg dry mass)
under convective drying conditions in the new apparatus, without applying
microwaves, in order to obtain information on convective drying behaviour.
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The MW generator was turned off during these tests. The studies were
conducted at an air velocity of 2.0 m/s and the effect of pretreatment was also
analyzed using both normal fruits (untreated) and pre-treated fruits. Normal
fruits, i.e, without any pre-treatment, were dried at the high temperatures, 50
and 60°C, as lower temperatures took very long time to dry. Pretreated grapes
were dried at air temperatures of 45, 50, 55 and 60°C.

7.2.3. Microwave Drying in the New Drying Apparatus

The drying parameters a) air temperature (T,), b) microwave power density
(P) and c) air velocity (V,) were treated as independent variables to find their
effect on the response parameter drying time (t). To develop an efficient and
economical drying process, factors T,, P, and V_ were chosen at different levels
and their individual and interactive effects were analyzed with respect to
drying time and product quality.

a) Inlet air temperature (T,)

Preliminary studies conducted on microwave drying of grapes indicated
that air temperatures below 30°C were not efficient and drying times at these
temperatures were too long. Therefore 30°C was fixed as the lower limit for
experimentation. Similarly, air temperatures above 60°C would result in
browning and burning of fruits. This temperature was fixed as the upper
limit of T,. In addition to these lower and upper limits, two more levels of
temperatures were chosen at intermediate values: 40° and 50° C.

b) Microwave power density (P)

MW drying studies were conducted at different power densities. Heat
generation 1nside the fruit as a result of MW energy absorption may lead to
swelling, discolouration, cracking, etc. Based on preliminary studies the three
levels considered were 0.1, 0.2 and 0.3 W/g on fresh fruit weight basis.
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¢) Air velocity (V)

Drying curves for grapes obtained from preliminary studies clearly
indicated that all the drying took place in the falling rate period. Hence it was
obvious that external mass transfer was not the controlling mechanism.
However the combined effect of microwaves and convective drying may be
influenced by air velocity. Also, a cooling effect from the drafted air may
influence the microwave drying process. Therefore the effect of air velocity was
also included in the study. T'wo levels of air flow, 1.0 and 2.0 m/s, were chosen
for the studies. |

7.2.3.1. Experimental Design

A 4x3x2 factorial (T,, P, V) experiment was laid out in Randomized
Complete Block Design (RCBD). This resulted in 24 different combinations of
treatments. This experiment was replicated 3 times for a total number of 72
drying runs. The experimental design with various treatment combinations
is shown in Table 7.1.

Table 7.1. Experimental factors and their levels in MW drying of grapes.

FACTOR VARIABLES LEVELS

T,  Air temperature, °C 30 40 50 60

p MW power density, 01 o062 03 -
continuous, W/g

V, Air velocity, m/s 1.0 20 - -

At the end of drying, samples were subjected to m.c. determination and later
for quality testing. Quality aspects of drying are discussed in chapter 8.
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7.3. Results and Discussion
7.3.1. Convective Drying
7.3.1.1. Grapes without pre-treatment

Drying times to reach final m.c of 0.18 kg/kg were about 48 h at 50°C,
and 40 b at 60°C. These results are in good agreement with previous
observations by Ponting and McBean (1970). Ln X/X, was plotted against time
(t) for air temperatures of 50 and 60°C. Analysis of the data revealed that
these curves could be divided into three different drying zones according to the
linearity observed betwesn In X/X, and ¢. These regions were termed as High,
Intermediate and Low moisture zones. As an example, Fig. 7.1 shows the plot
of In X/X, vs. ¢ for an air temperature 50°C and air velocity 2.0 m/s where the
three distinct divisions could be seen. The relationship between In X/X, and
t in each of these zones was explained by:

m(_%) = a,+ byt .1

The values of a, and b, were obtained by linear regression analysis. The
computed values of D, (obtained with R? > 0.9) are given in the Table 7.2. As
expected, the D, values decreased with a decrease in moisture content.

Table 7.2. Effective moisture diffusivities in convective
drying of grapes without pretreatment.

Moisture Zone Temp. Av. m.c. Av. radius D,
°C kg/kg dry cm m?/s
(T X R) x10"°
High moisture 50 2.305 0.905 2.076
60 2.180 0.910 2.798
Inter. moisture 50 0.775 0.795 1.068
60 0.745 0.785 1.467
Low moisture 50 0.280 0.695 0.679
60 0.305 0.690 0.589
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These zones indicated the variation in mass transport behaviour as a function
of moisture content. Based on the linearity observed within a zone it was
assumed that the D_; to be a constant in this region and an average conditions

prevailed between the commencement and the end of the zone.

7.3.1.2. Grapes with pre-treatment

Experiments were conducted at air temperatures of 45, 50, 55 and 60°C
and air velocity of 2.0 m/s with pretreated grapes. Drying times with
pretreatments were 36.2, 23.7, 19.5, 16.8 h at 45, 50, 55, and 60°C, respective-
ly. The observed drying time at 60°C compared well with the reported
duration for similarly pretreated grapes (Masi and Riva, 1988; Saravacos and
Raouzeos, 1986).

Analysis of In X/X,, vs. ¢t showed that linearity existed in three zones
similar to the previous case. The zones were divided based upon the linearity
existed in the data (high R? values). As an example, Fig. 7.2 shows the plot
of In X/X,, vs. £ for the air temperature of 50°C. The relationship between In
X/X, and t in these zones was expressed in the form of Eq. 7.1. The values of
constants a, and b, were derived by applying linear regression analysis
individually for each of the three drying zones. The resulting D, values
(obtained with R? higher than 0.90) are presented in the following Table 7.3.

Diffusivity values increased with moisture content as shown in Fig. 7.3.
For instance, at T, = 60°C the D, value decreased from 4.97 x 10™° m%s at a
mean m.c. of 2.92 kg/kg dry mass to 1.735 x 107 m?%s at mean m.c. 0.48 kg/kg
dry mass. Diffusivities calculated in this work compared well with reported
values in the literature (Saravacos and Raouzeos, 1986). Diffusivities with
pretreatment were higher than the values observed without pretreatment for
a similar air temperature. In high moisture zone this increase was about 50%
whereas in the intermediate and low moisture zones it was about 100%. This
demonstrates the effectiveness of dipping pretreatments in enhancing the
moisture transport in the grape with the progress of drying.
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105



Table 7.3. Effective moisture diffusivities in convective
drying of grapes with pretreatment.

Moisture Zone Air Temp. Av.m.c. Av. radi. D, x 10%
°C ke/kg dry cm m*/s
High moisture 45 2.77 0.815 2.806
50 2.96 0.843 3.302
S5 3.00 0.862 4179
60 2.92 0.856 4.967
Inter. moisture 45 1.06 0.665 1.121
50 1.08 0.680 1,944
S5 135 0.710 2.386
60 1.30 0.707 2.820
Low moisture 45 0.55 0.605 0.620
50 0.40 0.590 1212
35 0.61 0.616 1.583
60 0.48 0.602 1.735

The temperature dependency of diffusivity in the three moisture zones
is shown in Fig 7.4. The relationship between D, and T, was represented with
an Arrehenius type relationship as follows:

D, = a exp 5(71,.) (7.2)

where T is the air temperature expressed in K. The values of a and b (Eq. 7.2)
obtained with a high degree of correlation (R? > 0.9) for different drying zones
are given in the following Table 7.4 and the fitness of Eq. 7.2 is demonstrated
in Fig. 7.4.
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Table 7.4. Values of constants @ and b of Eq. 7.2 describing the dependency
of effective moisture diffusivity on air temperature under convec-
tive drying conditions in pretreated grapes.

Drying Zone a b R?

High moisture 0.00012 - 4129.5 0.99

Intermediate moisture 0.07360 -6432.1 0.95

Low moisture 1.56000 - 7574.0 0.96
7.3.2. MW Dryving Studies

The drying characteristics of grapes under combined convective and MW
drying was studied. The influence of inlet air temperature (T,), MW power (P)
and air velocity (V,) was examined with respect to drying kinetics and quality
of raisins. Quality aspects of raisins are discussed in the next chapter.

7.3.2.1. Effect of Air Temperature

Inlet air temperature was found to strongly influence MW drying
characteristics. Figs. 7.5 and 7.6 show this effect for air velocities of 1.0 and
2.0 m/s respectively at a constant power 0.1 W/g. The drying time decreased
with the increase in air temperature. For example, at V = 2.0 m/sand P =0.1
W/g, the mean drying times of three replicates for T, = 30, 40, 50 and 60°C
were 10.88 h, 8.61 h, 5.58 h and 3.86 h, respectively (Fig 7.6). Between 50 and
60°C the reduction in drying time was about 30%. A similar corresponding
time reduction was noticed in convective drying for which the drying times at
these temperatures were 23.7 and 16.8 h, respectively. Average moisture
content as a function of time predicted by the numerical model through
simulation is shown in Figs. 7.5 and 7.6; a good agreement between the
simulated results and the experimental data could be seen.

Variation of fruit temperature (T,) with progress of drying is plotted in
Fig. 7.7a (for the same cases as shown in Fig. 7.6). Time axis was transformed
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into corresponding m.c. since MW absorption and therefore the heating rate is
a function of moisture. Temperature variation is well represented in this form
and the curves can be easily compared. The temperature peaks which were
observed at certain intervals were smoothed while drawing these plots. The
high fruit temperatures obtained with MW heating explain the reason for the
rapid drying observed when compared to convective drying (up to 4 times
faster in some cases).

Mass loss due to evaporation at the surface is a function of partial
vapour pressure difference between the surface and the convective air passing
over that surface which is the driving force for mass transfer (Ap). This mass
flux from the surface is therefore a function of wetness of the material and the
temperature at the surface. This aspect was examined for the initial phase of
drying assuming a water activity (a,) of 0.95. The assumption of a,=0.95 is in
accordance with the moisture sorption isotherms for raisins obtained by
Maroulis et al. (1988). Surface temperatures of the fruit were obtained by
simulation (Fig. 7.7b). The driving force term Ap was then calculated for
different drying air temperatures and is presented in the following Table 7.5.

Table 7.5. Partial vapour pressure difference and the
surface temperature for different air temperatures
during MW drying of grapes at P=0.1 W/g and V_=2 m/s.

Air Temp Surface Temp Ap

T, °C T, °C kPa
30 50 10.46
40 56 14.69
50 68 26.10
60 75 35.80
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Therefore, the driving force for mass transfer at the surface also increases
markedly with T,. This increase in Ap in addition to the increase in moisture
diffusivity due to high T, contributed to faster drying at higher air tempera-
tures.

The temperature variation observed in Fig. 7.7a has followed the well
known MW heating pattern in wet materials (Perkin, 1990; Chen and Schmidt,
1990; Turner and Jolly, 1991): the maximum temperature observed near the
beginning of heating later dropped to a steady value (Fig. 7.7a). For example
in case of T, = 50°C, the fruit temperature at the centre (T,) reached a
maximum of about 80°C and then dropped to a steady 75°C. Initially the
heating rate is higher because the material absorbs more energy due to its
high moisture content. As the drying progresses the dielectric loss factor
decreases resulting in less heat generation in the material. A similar trend of
T, was observed in the remaining cases also.

Another point to be observed here is that although the MW power level
was the same in all the above four cases, the fruit temperature differed
depending upon T,. The temperature variation in the material is well
described by the governing energy equation (Eq. 6.12). The source term E, is
larger than convective term (E,) or the evaporative term (E,). The term E, (Eq.
6.13) is a negative quantity. As T, increases this term is reduced in absolute
value, giving an overall increase in the heating rate. This indicates that
higher fruit temperatures can be achieved by increasing T, although the MW

power remains the same.

Drying Rates
The moisture loss expressed as the drying rate (DR) is given by (Treybal,
1980; Geankoplis, 1993):

DR = m /A (dX/dt) (7.3)
where, m, = mass of dry solids, kg
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A = area of evaporating surface, m*
DR = drying rate, kg H,O/m® h.

The dX/dt term was derived by numerical differentiation of the observed drying
data (Fig. 7.6). A polynomial equation of the 4th order was used to fit the
experimental data of moisture loss as a function of time and the resulting
equation was differentiated with respect to time to yield dX/dt. Size variation
due to shrinkage has been accounted for computing the surface by using Eq.
5.2. In Fig 7.8 the effect of air temperature on drying rates is illustrated for
a case of constant MW power and a constant air velocity (P=0.1 W/g; V =2 m/s).
A gradual decrease of DR with m.c. was observed in all the cases. The rate of
drying was found to vary with T,; with higher DR at higher temperatures. It
was observed in all cases that the drying rates rapidly decreased after the m.c.
reached about 1 kg/kg dry mass (Fig. 7.8). Low diffusivities observed in the
low moisture region (Table 7.3} indicate the possibility of internal control for
mass transfer which could be the reason for the rapid drop in DR. Such a
behaviour has been observed in the drying of many food materials (Jaros et al.,
1992; Karthanos et al., 1990; Saravacos and Raouzeos, 1986). A similar

behaviour of T, as discussed above was noticed at other combinations of P and
v

-
7.32.2. Effect of MW Power Density

The effect of absorbed MW power (power density) on drying of grapes is
shown for a case of V, = 2.0 m/s and T, = 30 °C in Fig. 7.9. In all the cases the
drying times reduced with the increase of MW power density (P). In this cited
example the drying times to reach the desired final m.c. of 0.18 kg/kg dry mass
for MW power densities of 0.1, 0.2 and 0.3 W/g were 10.88, 7.69 and 5.72 h,
respectively. The amount of MW energy absorbed by the material is governed
by its dielectric properties and the electric field strength as described by Eq.
5.9. Itis obvious that higher absorbed power would lead to higher material
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temperature, high mass diffusivity and higher mass transfer driving force at
the surface and consequently faster drying. All of these trends are evident in
the data. Fig. 7.10 shows the smoothed temporal variation in T, observed at
the centre of the fruit for three power densities at a constant T, = 30°C and a
constant V, = 2.0 m/s. At any given m.c. the material temperature was higher
with a higher power density. At P = 0.1 W/g T_ reached a peak of about 65°C
whereas at 0.2 W/g this peak reached about 80°C and it was about 90°C at 0.3
W/g (Fig. 7.10). Corresponding drying rate curves plotted in Fig. 7.11 further
illustrate the influence of absorbed microwave power. As expected, higher
drying rates were obtained with higher MW power densities. The influence of
P on drying rate is markedly higher nitially when the moisture is higher. The
effect of P on drying rate diminishes as the moisture content reduces. At m.c.
less than 1.0 kg/kg there is no difference in the drying rates among the
different levels of P (Fig. 7.11) indicating the significance of internal resistance
to mass transfer at low water content in the material.

The effect of MW power density when the air temperature was increased
to higher levels (40 and 50°C) is illustrated in Figs 7.12 and 7.13 at the same
air velocity as before (2.0 m/s); decrease of drying times with increase of P is
evident in both the cases. An increase of drying rates with an increase of MW
absorption has been noticed in the earlier studies on MW drying (Shivhare et
al. 1992; Al-Duri and McIntyre, 1992; Otten and St. John, 1988). In case of
drying of heat sensitive products the limit of material temperature is
imperative from quality point of view. Higher temperatures would eventually
lead to product deterioration because of browning and burning in extreme
cases. Though higher drying rates could be achieved with higher power
densities, care should be taken to limit the internal heating so as not to
damage the product. In certain treatments comprising of higher power
densities coupled with higher air temperatures burning and bursting of the
fruits was noticed which certainly is a serious limitation for applying of higher
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power densities. This calls for careful consideration in optimization of process

parameters. Quality related aspects of MW drying of grapes are discussed
under a separate section.

7.3.2.3. Effect of Air Velocity
Air velocity was found to have a marked effect on MW drying of grapes.
In contrzst with the behaviour of conventional convective drying, an increase
in air veloaty during MW drying led to an increase in drying time, (i.e., a
lower drying rate). Increase of air velocity in convective drying would normally
increase the rate of drying due to the enhancement of mass transfer coef-
ficients at the evaporating surface (Geankoplis, 1993; Treybal, 1380) though
this effect would not be substantial during the falling rate regime. However
the observations made in the MW drying studies revealed that the air velocity
was negatively correlated with drying time. For example, in Fig. 7.14 the
effect of air velocity is illustrated (P=0.1 W/g and T,=30°C). The drying time
to reach the desired final m.c. was 9.61 h at V, = 1.0 m/s whereas it was 10.89
h at V, = 2.0 m/s (an increase of nearly 12%). The heat transfer mechanisms
in convective drying and MW drying are entirely different. MW absorption
generates heat which results in a temperature rise in the material to a level
higher than that of the venting air. When a hot material {solid) is subjected
to forced convection in a stream of air the heat loss is a function of air velocity
(Reynolds Number). Higher air velocities lead to faster cooling thus lowering
the material temperature and hence lowering the drying rate. The observed
average material temperature (T_) was lower at higher velocity at all levels of
P and T, considered in this study. Fig. 7.15 shows this behaviour together
with the resulting effect on drying rates. The drier outlet air temperatures
further confirmed this point with higher temperatures recorded for lower air

velocities. Fig. 7.16 shows the observed variation in outlet air temperature for
the above example.
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As previously discussed (section 7.3.2.1), drying rates were also greatly
affected by air temperature (T,). This point will be illustrated further for
different air velocities. When the air temperature was increased to 40°C, the
observed drying times were 5.02 and 8.61 h at the two air velocities studied (V,
= 1 and 2 m/s); an increase of nearly 41.7% in drying time was noticed at the
higher velocity. When the air temperature was further increased to 50°C, the
observed drying times were 3.33 and 5.58 h; with a difference of about 40.3%
higher at the higher air velocity (i.e., at 2 m/s). At any given air temperature,
the higher air velocity resulted in longer drying time, i.e., a lesser drying rate.
Some interesting observations were noticed with respect to effect of air velocity
on drying rates at the low and high air temperatures. Fig. 7.17 shows the
drying curves at the said two velocities for drying at a higher air temperature
of 50°C (P=0.1 W/g); the corresponding drying rate curves are shown in Fig.
7.18.

At T, = 30°C, the drying rates at the final stage of drying were similar
for both the velocities (Fig. 7.14 and 7.15) indicating the decaying effect of air
velocity at reduced m.c. due to internal resistance to mass transfer. A similar
behaviour was noticed when T,=30°C at different power densities (Fig. 7.11).
In contrast, a different behaviour was observed when T, was increased to the
higher levels. At T, = 50°C, the effect of air velocity seemed to be strong till
the end of drying (Figs. 7.17 and 7.18) which indicates that at these drying
conditions the control of mass transfer is still "combined or mixed"” (Strumillo
and Kudra, 1986).

7.32.4. Simulation

The solution obtained from the simulation was compared with the
experimental data of MW drying of grapes. The results are presented together
with the experimental data in all the examples discussed in the previous
sections. As can be seen the simulation closely predicted the actual drying
conditions. Similarly, good agreement between the simulated and the
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experimental results was noticed in the remaining cases also. The accuracy
of the model predictions were already discussed in the previous chapter (Table

6.4).

7.3.2.5. Moisture Profiles

Moisture profiles were obtained by simulaticn and however there is no
experimental verification of these results. The internal resistance to moisture
diffusion is well indicated by the moisture profiles. Fig. 7.19 shows the
moisture profiles in grape during MW drying at different instants of time (V,
2.0 m/s, P = 0.1 W/g and T, = 50°C). The surface gets drier rapidly while the
centre is still wet. The steep profiles during the initial part of drying, up-to
about 1 h (Fig. 7.19), indicate a rapid loss of moisture nearer the surface. With
the progress of drying the curves got flattened taking longer duration of time
and the effect of low moisture on reduced diffusivity is visible. Similarly, Fig.
7.20 show moisture profiles in grape during MW drying at an air velocity of 1.0
m/s and P = 0.1 W/g and T, = 30°C.
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CHAPTER VIII

QUALITY ASPECTS OF MICROWAVE-DRIED GRAPES

8.1. Introduction

Among the criteria used to evaluate the success of the microwave drying
process as applied to grapes, the quality of the resulting raisins is of
fundamental importance. According to Winkler et al. (1974) and Raouzeos and
Saravacos (1986), a raisin is considered to be of good quality if the colour is
uniform light yellow with no crystallized sugar. In evaluating a batch of
raisins, one must also take into consideration the ratio of good quality raisins
to damaged ones. There are both objective and subjective criteria and methods
that may be used to evaluate the final quality and in this study both types
were considered.

The objective evaluation was based on chromacity measurements and
damage counts. In the case of chromacity, a chromometer may be used to
determine lightness L’ (L), redness a” (a) and yellowness b” (b) (Riva and Peri,
1986; Bolin, 1975). The subjective evaluations were based on sensory
evaluations of darkness, stickiness, crystallized sugars and nonuniformity, by
a panel of judges. The experimental techniques used to evaluate the quality
of microwave-dried grapes and the results obtained are discussed below.

8.2, Materials and Methods

The dried samples obtained from different MW drying treatments
discussed in the previous chapter were subjected to quality evaluation'. These
treatments were numbered and coded for easy identification and Table 8.1
gives their description.

'From here on V denotes air velocity V; and T denotes air temp. T,.
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Table 8.1 Description of experiments

Treatment MW (Code) | Air (Code) Air (Code)

Number Power Temp. Velocity

(TRT) (P), Wig (T, °C (W), mfs
01 0.1 (0) 30.0 (0} 1.0 Q)
02 0.1 (0) 40.0 (1) 1.0 (0)
03 0.1 (0) 50.0 2) 1.0 (1)
04 0.1 (0) 60.0 (3} 1.0 (0)
05 0.2 (1) 30.0 0 1.0 (0)
06 02 (1) 40.0 (1) 1.0 ()]
07 0.2 (1) 50.0 (2) 1.0 0)
08 0.2 (1) 60.0 3 10 (o)
09 0.3 (2) 30.0 (0) 1.0 ()]
10 0.3 (2) 40.0 (1) 1.0 (0)
11 0.3 (2) 50.0 (2) 1.0 (0}
12 0.3 2) 60.0 (3) 1.0 (0
13 0.1 (0) 30.0 (0} 2.0 (1)
14 0.1 (0) 40.0 (D 2.0 (1)
15 0.1 (0) 50.0 (2) 2.0 (1
16 0.1 (0) 60.0 (3) 2.0 (D
17 0.2 (1) 30.0 (0) 2.0 L
18 0.2 (1) 40.0 ¢y 2.0 (1)
19 0.2 (1) 50.0 (2) 2.0 (1)
20 0.2 (1) 60.0 (3) 2.0 (1)
21 0.3 (2) 30.0 (0) 2.0 D
22 0.3 (2) 40.0 L 2.0 (D
23 0.3 (2} 50.0 (2) 2.0 1)
24 03 (f2) 60.0 (2) (1)

e —
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8.2.1. Quality Assessment - Objective Tests
8.2.1.1. Colour Measurements

The chromaticity of dried samples was measured in L, a and b
coordinates using a Chroma Meter (Minolta Chroma Meter, CR-200b, Minolta
Camera CO. Ltd., Azuchi-Machi, Chuo-Ku, Osaka 541, Japan). The samples
were placed inside a sample holder designed for colorimetric assessment of
granular materials (Granular Material Attachment CR-A50, Minolta Camera
CO.Ltd., Azuchi-Machi, Chuo-Ku, Osaka 541, Japan). The Chroma Meter was
calibrated against a standard calibration plate of a white surface with L, a and
b values adjusted to 94.4, 0.313 and 0.320, respectively, according to the
manufacturer’s recommendations. The measurements were repeated four
times for each sample and the averages for L, a and b of each sample were
recorded and the ratio a/b (a/b or ABYB) calculated. The results are presented
in the Appendix C (Table C1). The ratio a/b is a convenient way of reducing
two colour parameters to one (Francis and Clydesdale, 1975). A higher a/b
ratio indicates a darker (more red) product.

8.2.1.2. Damage Counrts

The number of visually defective raisins is another attribute which may
be objectively evaluated. The number of defective raisins in the dried sample
was counted and expressed as damaged raisins (DAMAGE) and recorded as a
percent of the total number of raisins in the sample (Appendix C, Table C1).

8.2.2. Quality Assessment - Subjective Tests
Quality attributes for which no measurement technique was available,
and which could not he quantified by a measurement were: bursting,
stickiness, burning and non-uniformity. These attributes were therefore
assessed on the basis of sensory evaluation for appearance as described below.
The method of ’scoring’ (panel of 10 judges), was adopted to determine
the intensity of quality attributes in the samples. The specified quality
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attributes were: (i) darkmess (DARK), (ii) crystallised sugars (CRSUGR), (ii)
stickiness (STICKY), and (iv) non-uniformity INONUNI). The ratings assigned
by the judges were given numerical values ranging from 0 to 5 points. For
example, a value of 0 was attributed to a rating of ‘not dark’ by the judge
whereas a value of 5 was attributed to a rating of ’extremely dark’. Similarly,
samples rated no stickiness’ scored 0 points whereas a rating of ’extremely
sticky’ scored 5 points, and so on. A sample that scored the highest points in
any of the attributes was considered to be the most undesirable while a sample
which scored a minimum of 0 points represented the most desirable. The
panel members who conducted the tests had the experience of sensory
evaluation methods. Samples of dried raisins from each treatment were coded
and presented to a panel of 10 judges for evaluation according to the procedure
outlined by Larmond (1977). A sample score sheet is provided in Appendix C,
Table C2.

8.2.3. Data Analysis

The objectives of the data analysis were:

i) to determine how the quality parameters and drying time (which
is implicitly related to energy consumption) are related to those
parameters which could best serve in the optimization process,

ii)  todetermine under which operating conditions the best comprom-
ise could be made between quality and drying time.

The data were processed with Statistical Analysis System (SAS, 1989)
software. The first step was to determine whether differences in quality and
drying time could be attributed to the different operating conditions (treatment
combinations). This was done using Tukey’s honestly significant difference
(Steel and Torrie, 1980; SAS, 1989) multiple comparison test.

Response Surface Methodology (RSM) (Box et al., 1978; Henika, 1982;

Giovanni, 1983) was adopted as a basis for optimization. The method consists
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of generating regression models of the response variables (quality parameters
and time) in terms of the operating parameters (power level P, inlet air
temperature T and inlet air velocity V) such that the terms in the model are
orthogonal.

Since there were only two levels of inlet air velocity, V could not be used
in the model. Therefore models for each of the quality attributes and time
were generated at each level of velocity. PROC RSREG (SAS, 1989) was used
for this step of the analysis. This procedure was used on all guality attributes.
The outputs from PROC RSREG were studied to determine which quality
attributes could best be modelled in this way (high R?, no lack of fit).

Accordingly, the best models were selected and used to generate data
grids for plotting contours on axes of P and T. PROC PLOT with the
CONTOURS option was used to generate the plots. The plots were then
studied to determine under which conditions of P and T various constraints
could be satisfied. Although the method is not elegant mathematically, it
serves its purpose (Box et al., 1978).

8.3. Results and Discussion

The data of chromaticity measurements, and the damage percentages
are given in the Appendix C (Table Cl1). Outputs from PROC RSREG
(Response Surface Analysis) are provided in their entirety in Appendix C
(Tables C3-C16). The coded regression models for all quality parameters and
drying time are given below for both velocity levels. These models are in terms
of the coded predictors. Percent damage and the ratio a/b were transformed
using the arcsine transformation (Draper and Smith, 1981) and are named
DAMT and ABYBT, respectively (DAMT = [2 sin? (DAMAGE)*] and
ABYBT = [2 sin™! (ABYB)"%,

DAMT = 0.83 + 0.32 T + 0.31 P + 0.01 T? + 0.11 P*T + 0.01 P* (8.1)
@ V=1m/s R*=0.920 CV=1238%
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DAMT = 0.64 + 0.21 T + 0.39 P - 0.01 T° + 0.05 P*T - 0.07 P*
e V=2m/s R? = 0.890 CV =214%

ABYBT = 1.32+ 0.09 T + 0.06 P + 0.01 T® + 0.05 P*T + 0.01 P*
@ V=1m/s R?*=098 CV = 0.9%

ABYBT = 1.28 + 0.07 T + 0.07 P + 0.03 T2 + 0.07 P*T - 0.00 P*
@ V=2mls R? = 0.930 CV = 1.9%

DARK = 2.19+0.85T + 0.73 P + 0.11 T® + 0.39 P*T - 0.08 P*
@ V=1m/s R?= 0.660 CV = 29.8%

DARK = 1.36 + 0.42 T + 0.60 P + 0.56 T2 + 0.63 P*T - 0.09 P*
@ V=2m/s R?=0.510 CV =45.6%

CRSUGR = 1.39 + 1.01 T + 0.98 P - 0.16 T® + 0.65 P*T + 0.26 P*
@ V=1m/s R? = 0.830 CV = 36.3%

CRSUGR = 0.56 + 0.59 T + 0.70 P + 0.18 T® + 0.57 P*T + 0.16 P*
@ V=2mn/s R? = 0.690 CV=717%

STICKY = 1.96 + 0.76 T + 0.98 P + 0.11 T® + 0.33 P*T - 0.11 P*
@ V=1m/s R*=0.680 CV=35.6%

STICKY = 1.66 + 049 T + 1.17 P + 0.08 T + 0.33 P*T - 0.29 P?
@ V=2mfs Rz = 0.740 CV=41.9%

NONUNI = 2.72 + 0.98 T + 0.97 P - 0.01 T% + 0.42 P*T - 0.30 P*
@ V=1m/s R*=0.740 CV = 26.6%

NONUNI = 1.93 + 0.30 T + 0.93 P + 0.37 T* + 0.43 P*T - 0.40 P*
@ V=2m/s R*=0.690 CV = 36.9%

TIME = 2.44-154T-143P+ 107 T®+ L.11 P*T + 0.86 P*
@ V=1m/s, R*=0.884 CV=189%

TIME = 4.50-240T- 1.53 P + 0.65 T + 1.08 P*T + 0.85 P*
@ V=2m/s R*= 0.980 CV =6.6%

(8.2)

(8.3)

(8.4}

(8.5)

(8.6)

8.7)

(8.8)

(8.9)

(8.10)

(8.11)

(8.12)

(8.13)

(8.14)

All the models (Eq. 8.1 - 8.14) were significant at the 0.01 level, however, not
all coefficients are signficantly different from 0 (details in Appendix C, Tables

C3 to C16).
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In general all quality attributes are positively related with T ard P at both
velocity levels. However, since higher values are associated with lower quality,
increases in both T and P lead to lower quality, the reason being that the
product suffers from overheating (chapter 7). The coefficients of the predictors
at the lower velocity level of 1.0 m/s were found to be higher than those at
velocity 2.0 m/s. This implies that quality deteriorates more rapidly as either
T or P (or both) increase, i.e. that the product heats more rapidly at the lower
velocity level. A higher air velocity tends to remmove heat and moisture more
rapidly and results in low product temperature which lead to a better quality.
However, the drying times were longer with higher air velocity which indicated
a higher energy requirement.

Of the quality variables, DAMAGE and ABYB have substantially higher
R? (>0.89) and lower CV’s than the others, i.e. they have better predictability
at both levels of velocity. The quality constraints to be imposed in the
optimization stage were therefore based on these two parameters.

Discussion on constraining limits for ABYB and DAMAGE
8.3.1. Colour (ABYB)

Darkness in the product is mainly due to browning during drying.
Temperature of drying and time of drying are the two important operating
parameters that control browning. The higher the temperature and the longer
the drying time the greater is the darkness. The colour measurements of a
and b expressed as a ratio a/b (ABYB) essentially indicated the darkness of the
product. Lower values indicated yellowness or hghtness or in other words less
of redness or darkness in the sample. The results of Tukey’s multicomparison
test (Steel and Torrie, 1980; SAS, 1989) are presented in Appendix C Tables
C17 and C18, and are discussed below. A commercial sample (25) and a hot
air dried sample (26) were also included in the multi comparison test.

Samples 25 (commercial) and 26 (hot air dried) yielded higher values of
ABYB than all of the microwave dried samples indicating that these two were

133



the darkest of all the samples analyzed. In other words MW dried samples
were lighter than the commercial and the hot air dried samples. A similar
result was obtained in the sensory evaluation for DARK and this confirms that
MW drying with any level of treatment considered in this study yielded lighter-
coloured raisins. However the ABYB of MW dried samples differed consider-
ably between treatments. Treatment 15 scored a minimum mean of 0.305 and
this was followed by treatments 14, 17, 1 and 5 and all these four were not
significantly different from each other (Tukey’s test; Appendix C Table C17).
The next best treatments in terms of light coloured raisins were 21 and 2
which had treatment means of 0.337 and 0.342. In summary, treatments 15,
14, 17, 1, 5, 21 and 2 yielded light coloured raisins when compared to other
treatments under MW drying. An ABYB value of 0.342 was therefore used as
the constraining quality factor in further analysis.

8.3.2. Damage (DAMAGE)

Treatment 13 scored zero counts indicating absence of defective raisins
in that sample. Treatments 14 and 15 scored damage counts of 1.0 and 1.33%,
respectively. This was followed by treatments 16, 1 and 17 which had counts
under 5.0%. Treatments 2 and 5 both scored 6.67%, and treatments 18 & 3
scored 8.33% each. Damage counts in all these treatments were not signifi-
cantly different (Tukey’s test at 0.05 level, Appendix C Table C18). The rest
of the MW dried samples scored damage counts of more than 11.6 %. The
damage count observed in commercial sample was 4.67. Stipulations for US
grade A or 'US Fancy’ limit damage to 2% (Cruess, 1974). For grades B and
C, there is no prescribed limit, it is only stated that these grades could have
more than 2% damaged raisins. A damage count of 10% was used as a
constraint in further analysis to permit adequate resolution of contours in the
graphical optimization procedures used {(next section).
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8.4. Process Optimization

The above models (Eqs 8.1 - 8.14) in coded terms were used to generate
data with which to plot contours. During calculation of the grid points, the
coded predictors were put back in original terms for convenience in reading the
contour plots which were developed using PROC PLOT with the CONTOUR
option (SAS, 1989). The variables ABYBT and DAMT were also back-
transformed to original terms. The interval for grid calculation was extended
to include a power level of 0, corresponding to a convective drying situation.
Figs. 8.1 - 8.3 show the resulting contours for V = 1 m/s and Figs. 8.3 - 8.6 for
V =2 m/s.

The effects of T and P on DAMAGE are clearly illustrated by the
contours in Fig. 8.1 (V = 1 r/s). Minimum damage is found at lower power
levels combined with lower air temperature. Hot-air drying corresponds to the
region of 0 power and 50-60°C, whereas drying under shaded ambient
conditions corresponds to the region of 0 power and about 30-35°C. Under both
of these sets of conditions, percent damage is predicted to be between 0.5 and
5% which may be reasonable. Fig. 8.3 shows that under hot-air drying, the
drying time is of the order of 5.5 hours whereas it is of the order of 13 hours
for drying at ambient temperatures. At V = 2 m/s, the quality tends to be
better but the drying time longer (Figs. 8.4 - 8.6). Under both inlet air
velocities, the drying times, as well as the colour indicator ABYB (Fig. 8.2) are
under-predicted compared to reality for convective drying.

The colour of the convectively dried samples was found to be darker
- (ABYB > 0.497). The drying time for convective drying was more than 17 h at
an air temperature of 60°C (chapter 7). Grapes dried under sun in ambient
conditions (Naturals’ of California) are reported to take drying times of more
than a month (Winkler et al., 1974). These natural raisins are very dark in
colour, approaching black,. ABYB measurement made on commercially.
procured ‘Naturals’ (sun dried) resulted a negative value for yellowness (b)
indicting extreme darkness in these samples (b > - 2.50). These results
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indicate that convective drying and microwave drying are fundamentally
different and that the models should therefore not be extrapolated to include
convective drying conditions.

For visual convenience, the contours were redrawn using the restrictions
that DAMAGE should be €10% and ABYB should be <0.342 (Figs. 8.7-8.12).
The program written to generate these contours is given in the Apeendix C
(Table C19). These figures clearly indicate the conditions under which the
quality constraints are satisfied, as well as the lower limits to microwave
drying time possible with the given constraints (a minimum of 3-4 b drying
time is required, depending on power, inlet air temperature and inlet air
velocity). An analysis of total ene.gy requirement is also required for selecting
optimum operating parameters (T, P and V) in combination with drying time
for a cost effective process.

8.5. Energy Consumption
8.5.1. Specific Energy Consumption for Drying

Specific Energy Consumption (e is defined as the total energy used to
evaporate a unit mass of water in drying of grapes (78% m.c.) into raisins of
15% m.c wet basis (0.18 kg/kg dry mass). Enthalpy demand (k) required to
heat the air from its ambient conditions to the desired T is computed from the
psychrometeric properties of the air. Energy demand (e,) required for heating
the air for drying is computed for a given drying condition knowing the actual
drying time. An efficiency of 90% has been assumed for the electrical heaters.
An overall efficiency of 70% has been assumed for the blower and the electric
motor while calculating energy supplied to the blower for its drive (e,); a
powerfactor of 0.9 has been assumed for the electric motor. Heat loss in the
exhaust air is not considered in the analysis since there was no heat recovery.
It should be noted that this energy balance is drawn for the purpose of
comparing different treatments in this study. As the apparatus used was a
laboratory-scale device the results will hold good for a relative evaluation only.
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8.5.1.1. Specific Energy Consumption in Convzactive Drying

Table 3.2 compares specific energy consusption in convective
drying of pre-treated grapes at two air temperatures, 50 and 60°C. Drying at
80°C was found to be more energy efficient with an 11% lower specific energy
consumption compared to T = 50°C. These figures are on the high side
compared to reported values for grain drying (4500-6200 kdJ/kg water).
However, grapes have a much higher moisture load for drying than grain and
the drying behaviour of grapes could be entirely different than that of grains.
Another factor explaining the higher specific consumption could be the
equipment size. The apparatus used was a laboratory-scale device which was
designed to be functional for experimentation rather than optimal for drying
operations.

8.5.1.2. Specific Energy Consumption in MW Drying

Total energy demand (e) under MW drying is the sum of energy demand
for heating the air (e,), energy supplied to the blower (e,) and the energy
demand through MW power application (e;). It is assumed that MW systems
are only 50% efficient in converting line power to microwave power (Metaxas
and Meredith, 1983,; Buffler, 1990). For electrical usage calculations it is
further considered that actual power consumed is double the calculated
microwave power (Buffler, 1990). Therefore e, represents double the actual

Table 8.2. Specific energy consumption per kg H,O in convective drying of grapes.
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Air Air Enthalpy { Drying | Energy | Energy { Total Specific
Temp. flow demand time | demand | demand | energy energy
rate (air) (air) (blower) consumpt.
T G kR t e, e, e e,
°C kg/s kd/h h kJ kd MJ MJ/kg H,0
50 0.0210 | 2399.86 2366 | 56781.0 | 10075.1 | 6.686 90.35
60 0.0204 | 3159.19 16.75 | 52916.0 | 7132.6 | 6.005 81.15
—=




microwave power applied on the material. As only a fraction of the total
capacity of the generator was utilized in the present work, the generator was

under utilized and therefore the comparison of different methods has been
based on the actual MW energy applied on the material. Table 8.3 shows a
typical energy balance for MW drying of grapes. As can be seen the amount
of energy supplied through MW (e,) is a very small quantity compared to e,.
On comparing the results of energy analysis in convective and MW drying
some interesting features were observed. For example the e, for convective
Jrying (at T = 60°C) was 81.15 MJ/kg. This is nearly 4 times higher than the
highest e, under MW drying. At all MW drying conditions the energy
consumption was found to be more efficieit with lower e, compared to
convective drying conditions. The main reason is the saving in e, because of
the short drying times achieved in MW drying. As both the convective and
MW drying studies are conducted in the same apparatus under similar
«.nditions this comparison is valid.

8.5.2. Optimization of energy consumption in MW drying

A considerable variation in the values of e, was observed for different
MW drying conditions. The values of e, reduced as t reduced. As discussed in
the earlier sections increase of T and P, individually or in combination, reduced
t. The combined effect of increasing T and P is well reflected in low values of
e, in such cases.

Air velocity showed a bigger effect on e, in MW drying because of two
reasons: 1) low air velocity leads to shorter drying times and hence the energy
demands of'e,, e,, and e, were small, 2) low air velocity resulted in low air flow
rate (G) and hence the enthalpy input (k) in the air heaters was small. For
example, at V = 1.0 m/s the reduction in specific energy consumption was
nearly 61% when compared to a higher air velocity of 2.0 m/s (Tables 8.3 and
8.4). At other air temperatures reduction in e, at V = 1.0 m/s was found to be
177%, 186% and 131% at 40, 50 and 60°C, respectively.

144



Table 8.3. Specific energy consumption per kg H,0 in MW

drying of grapes at V= 2.0 m/s, P = 0.1 W/g

Air Air flow Enthalpy Drying Energy Eneray Energy Total Specific
Temp. rate demand time demand demand demand Energy energy con-
(air) (air) (blower) (MW) demand sumption
T G h t e, e, e, e e,
°C kg/s kd/h h kJ kd kJ MJ MJ/kg water
30 0.0224 730.91 10.89 7958.9 4636.8 784.0 1.338 18.08
40 0,0217 1692,03 861 13709.0 3666.8 620.0 1.800 24.32
60 0.0210 2399.86 5.68 13398.4 23774 401.9 1,618 21.86
60 0.0204 3169.19 3.86 12197.6 1644.1 278.0 1.412 19.08
Table 8.4. Specific energy consumption per kg H,0 in MW
drying of grapes at V = 1.0 nv/s, P = 0.1 W/g.
Air Temp, | Air flow Enthalpy Drying Energy Energy Energy Total Specific
rate demand time demand demand demand energy energy con-
T (air) (air) (blower) MW) sumption
°c G h t e, e, es e e,
kgls kd/h h kJ kd kJ MJ MJ/kg water
" 30 0.0112 32891 9.61 3160.8 4092.2 691.9 0.794 10.74
40 0.0108 716.41 5.03 3602.1 2141.1 362.0 0.611 8.25
60 0.0105 1079.94 3.33 3699.4 1419.3 239.9 0.626 7.11
n 60 0.0102 1421.64 3.18 4520.8 1354.1 228.9 0.610 8.25

145




A gimilar behaviour prevailed at other power densities. It is therefore
concluded that low air velocities are advantageous because of their associated
low specific energy consumption.

Quality of raisins is a very important consideration in drying of grapes
and as seen in earlier sections air velocity had a significant effect on all the
quality attributes. In general, an air velocity of V = 1.0 m/s leads to more
quality deterioration than 2.0 m/s because the material overheats. In addition
to air velocity and air temperature, the MW power density also affect quality
of raisins. Therefore quality aspects are to be carefully considered in relation
to the individual and interactive effects of these variables on specific energy
consumption.

Table 8.5 skow the specific energy consumption of some selected MW
drying treatments which were considered good because of their low a/b values
and low damage counts (sections 8.3.1 and 8.3.2).

Table 8.5. Specific energy consumption of selected MW drying
treatments which yielded good quality raisins.

Treatment Aijr Velocity MW Power Air Temp. Specific
No. v P T energy con-
sumption
m/s Wig °C e, MJ/kg H,0
15 2.0 01 50 21.86
14 2.0 0.1 40 2431
17 20 0.2 30 12.77
1 1.0 0.1 30 10.74
21 2.0 02 30 9.51
16 2.0 _ 0.1 60 19.08
2 1.0 0.2 40 8.25
18 20 0.2 40 13.26

The lowest e, of 8.25 MJ/kg was cbserved in treatment 2 followed by treatment
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21 with its e, at 9.51 MdJd/kg. Thus, given the desired quality level in the final

product, operating conditions minimizing energy consumption may be chosen.

8.6. Summary

The quality of raisins was assessed by several attributes like colour,
damage, darkness, crystallized sugar, stickiness and non-uniformity in the
finished product. It was found that colour and damage attributes provided
more precise predictability when compared to the other quality attributes
considered. Tt was observea that MW dried raisins were lighter in colour and
hence were superior to hot air dried samples. Within MW dried treatments it
was observed that darkness and damage in raisins were dependent on MW
power density, air temperature and air velocity. Increase in air velocty
resulted in better quality raisins whereas the MW power density and air
temperature had the opposite effect. Optimum selection of T, P and V was
found to be critical to achiave an energy efficient process for a quality product.
Response surface models in terms of T and P were obtained for each of the
quality attributes for air velocities of 1 and 2 m/s. Process optimization of the
operating variables through response surface methed was performed by
imposing certain constraint levels on quality attributes and contours were
developed. With the help of these contours it becomes possible to select

suitable levels of T and P to achieve a desired level of quality in the finished
product.
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CHAPTER IX

GENERAL DISCUSSIONS AND CONCLUSIONS

9.1. Summary and Conclusions
This study was directed at the development of a MW drying process for

transforming grapes into raisins. The following conclusions can be drawn:

1.

The MW drying technique was found to be suitable for drying
grapes into raisins. Light coloured raisins could be obtained
without applying the current industrial method of fumigation
with sulphur dioxide.

The chemical pre-treatments that are used in hot-air drying to
shorten drying time and therefore improve quality, also
substantially reduce the MW drying time (<8.5 h). Nevertheless,
if necessary, acceptable quality raisins may be obtained by
microwave drying without chemical pretreatment.

The studies on the effects of chemical dipping pre-
treatments on MW drying rates revealed that an emulsion of 2%
ethyl oleate in 0.5% sodium hydroxide was quicker and resulted
in better quality raisins. It was also found that water rinsing and
length of holding time after dipping had no effect on drying time.
The volume reduction in a grape due to shrinkage was found to
be related linearly to its moisture content. This relationship was
independent of the size of the grape and of the method of drying
{convective or MW).

The dielectric properties of grapes, dielectric constant and the loss
factor, were found to be influenced by both m.c. and temperature.
Regression equations describing these properties as functions of
moisture content and temperature were developed from the data.
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10.

A new MW drying apparatus was developed. It
permitted the application of MW power at controllable levels in
either continuous or pulsed mode. A single mode applicator with
a movable end-plate was developed for drying of grapes. An
instrumentation and data acquisition system was developed for
continuous data collection in a MW environment.

A mathematical model was developed to describe MW drying of
grapes based on Fick’s diffusion equation. A moving co-ordinate
system based on non-variate dry solids was adopted to handle the
problem of shrinkage. The model also accounted for the changes
in dielectric and physical properties of grapes due to changes in
moisture content as drying progressed. The model was solved by
the finite difference technique using the "method of lines”.
Simulated data agreed well with experimental data from the MW
drying studies.

The effects of air temperature, MW power density and air velocity
on drving kinetics of grapes and quality of raisins were
invesﬁgeted.

Response surface methodology was used to investigate the
possibility of optimizing the MW drying process with respect to
desired quality of raisins.

The specific energy requirement of MW drying was very small
compared to that of convective drying.

9.2. Contribution to Knowledge

This thesis has made an original contribution to knowledge by pfoviding

‘basic and applied information on various aspects of the drying of grapes using

MW energy in combination with forced air convection. The knowledge gained
is of practical value. The main contributions are:
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1. The study demonstrates that the use of sulphur dioxide in raisin
production can be eliminated and that the use of chemical
surfactants can be reduced. Thus the entry of certain chemicals
in the food chain can be reduced.

2. The effects of different dipping treatments on MW drying of
grapes have been determined.

3. The shrinkage kinetics of grapes are the same under convective
and MW drying conditions.

4. The dielectric properties of grapes at different moisture contents
and temperatures have been established. Regression equations
to predict these properties as functions of moisture and
temperature have been contributed.

5. A mathematical model for simulating the MW drying of grapes,
was developed, numerically solved and validated against
experimental data on grapes.

6. It has been determined that the specific energy consumption for
MW drying of grapes is substantially lower than that required for
convection drying.

9.3. Recommendations for Further Studies

Further studies could be performed using multimode cavity applicators
which could offer advantages in simplifying scale-up.

The heat loss in the outlet air is substantial in MW drying. However,
since the outlet air is drier and hotter under MW drying conditions than under
convective drying conditions, there is, therefore a greater scope for heat

recovery which would substantially reduce the energy requirements. The
pulsed mode of power application could also be investigated since it may
reduce energy losses.

The effect of vapour pressure on moisture transport was indirectly
represented by an effective diffusivity parameter described as a function of air

150



temperature and MW power based on experimental data. Since the predictions
by simulation were very close to the actual MW drying data, it is clear that the
effective diffusivity indirectly accounted for the vapour pressure effect.
However, the method lacked completeness. The vapour pressure gradient due
to internal heating could be further detailed in order to generalise the model.

A sensitivity analysis of the model should be executed to examine the
accuracy of the model in relation to process variables.
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APPENDIX B

Bl. Derivation of the Mass Transfer Equaation
The selected control volume

(cv) where the mass balances were

written is shown in Fig. Bl; r

control

represents the radius in a fixed volume
coordinate system. Note that in the
case of drying with volume change
there is a movement of solid due to
shrinkage that enters and leaves the Fig. B1. The control volume.
control volume in the opposite

direction of the mass transter.

Mass balance equation without shrinkage
{{water migration into cv]_ - [water migration out of cv],,. + [water generation}}
= [water accumulation] = dm,/dt = dv,, C] /ot
Then, .
M Al - (M) Al = HC V)BE 1)
where, A, = 4n 1% 2)
7. is the constitutive equation for mass transfer that can be expressed as
(Crapiste et al., 1988a, 1988b):
N, = -Xadn/or
where 1 is the chemical potential. In the case of single phase mass transfer,

ie. for moisture inside the solid, p = C and x gives a measure of an effective
coefficient of diffusion (D); then:

. = - D @CRr) 3
The control volume is being given by:
U, = 43n(r+Ar)*- 43 1° (4)
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as Ar tends to 0, the control volume can be approximatad by:

U, = 4 X Ar (5
substituting Egs. (2), (3) and (5) in Eq.(1) and on simplyfying yields:

aC/iat = {{(-D oC/r) ¥’], - [(-D 9C/or) ..} KAr )
as Ar tends to zero,

aC/et = 1% afor (D r* 3C/ar) (6)
The initial and boundary conditions are:
t = 0 C = Co

I r=R (-D oClor)y = ks Ap
t>0 1
[ r=0 aClor =9
Mass balance equation with shrinkage
The water mass balance in the control volume is given by:
(n, A, - My A) g + T, | o - |, = 3(C 0B
In this case the constitutive mass transfer equation is:
N = -D, oClor
D, is different from D because it includes the effects of other varaibles. The
value m,, is the entrance of mass (water) into the control volume due to
shrinkage:

. = CA® @
where, ¥ represents the velocity of shrinkage, the mass balance equation then
becomes:

{[(-D 4 3C/or) 4z 1], - [(-D 4" 3C/Or) 4% 1l + [C 47 P 4] 4
-[C4xnr*4l.} = ACv )Vt
Defining X’ as a local moisture content and,
C =X,
Cuv, = X C, 4m? Ar,
Then, '
ofor [D 4 9C/o:}+dr X' C,r* %) = afet X C, 1)
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Applying the derivation rules:
o/oriD 4 ¥* 3CRr) + X or (C, P %) + C, r* ¥ oX /or
= X 93t (CA) + C, r* oX'/at
On re-arranging the terms, the previous equation becomes:
C, r* [0X'/3t - ¥ IX'/or] + X[/t (C, ) - 9/dr (C, r* §)]
= ofer [(D 4 r* 3C/3r]

Mass balance on the dry solids
om/ot = 1l -m,l,
where,
m, = C 4nrPAr, and th, = C 4xr*¥
Then,
3t (C,r®) = aRr(C,7* Y
Substituting Eq.(9) in (8) finally results in:

aX* X" 1 19
a & C, por

! 2dC
[D¢r rz“a_r']

(8)

)

(10)

Eq. 10 is consistant with those presented in Crapiste et al. (1988a,
1988b). This equation represents the drying process of a shrinking particle in
a fixed frame coordinate system. As can be seen, it is different from the
equations normally used in the literature for describing drying because of the

term [- % oX/or].
Boundary Equations:

t20 r=20 oX/or =0

r=R® T = ko, P
- Dy @Clor) s = koD, - Pu)

Initial Condition:

t=0 X=X,
Change of the coordinate system
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R(t) is a function of time because of shrinkage. This makes it difficult for
finding the solution of Eq. 10. A moving coordinate system tnat follows the
movement of the particle due to shrinkage was selected to undertake this
problem. The dry mass of the solid at time t = 0 is taken as the reference
frame. The amount of dry mass that is contained in the control volume at the
initial time remains the same during the whole process of drying. Then the
relationshup between the fixed and moving coordinates is obtained (A’
represent the moving coordinate whereas r represent the fixed coordinate
system):

dm,, = dm,
d(C, vy} = d(C, V)
where C, is the concentration of dry solids and C, is its initial value,
dC,4/3nA®) = d(C, 43 x 1Y)
dA” = (C/C,) CH/A™) dr (15)
InEq. 15, C/C,; = [(m/v)} [V(m/u)] = Vw/v,) = US
with S" = v /v, , local shrinkage coefficient, Eq. 15 becomes,
dA” = (1/S) /A dr (16)

The so called "substantial time derivative” has been defined (Bird et. al.,
1960, pp 73). It is the derivative following the motion. This derivative is
expressed as:

(9C/ot),. = 9C/dt + %, (9C/ax)
in our case ¥, = - ¥ (negative sign because the movement of shrinkage is in the
opposite direction of the radius). Using the previous equation, Eq. 10 can then
be rewritten as follows:

(@X'/3t),. = (1/C,} (Ur*) 9fr [D 4 r* 9C/or] am
Eq. 17 with the aid of Eq. 16 becomes:

@X/mt),. = (S'/C,Q) (1/r®) ofor [D, r* 3C/or]
= (UC,sA™) 3RA" [Dy r?3CRX" X for]
= (UCp A™) 9RA” [Dy ¥* (3C/X) 3X7RA° /S'AT]
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= (VC, A™) 3RA™ D¢ r/A™ (3CRX") /S A™ 9X/0A7] (18)

Defining,

D, = Dy (@AY (1/S) @CRX)/ C,, (19)
Substituting the previous equation in Eq. 18:

@XBYAN = UAZ 3RA [D e A” 0X/BA™] (20)

In Eq. 20 D is a function of temperature, shrinkage, water content and
geometry of the product.
By expressing A’ in dimensionless form, dividing by the value of A" at
t = 0, the value can be obtsined by integrating Eq. 16 to find:
A*l,, = R, (initial radius), and
A = A'/R,, and Eq. 20 becomes,

ax* padXC
a (Ro)(/\zaf\[" E'N

(21)

As can be seen Eq. 21 is similar to the equatic-m established for drying of a
sphere (Eq. 10) but with the difference of being written in moving coordinates.
Eq. 21 is the defining equation with the following conditions:

Boundary conditios:

A=0 IXBA = 22)

A=1 MNw - (CJRD) D 0X/OA = k; Ap (23)
Initial condition:

t= 0 X =X, (24)
Total Water Content:

m,, = [, dm,,, where mass of water is m, and is
m,=V0p=0p,X = 43nr°p X,
dm, = 4xnr?p, X dr,

and therefore total mass of water is given by,
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My, = JOR(4TEI'2p,X.)dI'

Total Mass of Dry Solid:
my, = {p)o Vs = (p)o 43T R®
where mq, is the total mass of dry solids and the moisture content is defined

as,

X = mp/my,
X = 3Mp, X drl/ [(p,), R
This expression for X is consistant with that derived in Crapiste et al., 1988b

for a sphere.
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Appendix B
B2. Program MW.FOR
PRCGRAM MW

C
IMPLICIT REAL*8 (A-H,0-Z)
REAL*8 KG, L0, MSS, LA
DIMENSION Y0(1000)
COMMON NN, TG, RH, KG, X0, L0, MSS, V0, C1, C2, C3,
* P, A, B, XA, XM, LA, TS0, Al, Bl, VEL

INPUT OF DATA

ARk kKRR K R R Rk ko AR AR R R Rk s Rk oRoR

oXoloRoke!

OPEN (UNIT = 3, FILE = 'DATA.DAT’, STATUS = 'OLD’, ACCESS
* = 'SEQUENTIAL’, FORM = 'FORMATTED’)

Q

READ (3,*) TG,RH,P,TS0
READ (3,*) EG,LO,V0
READ (3,*) X0,MSS,XA,LA
READ (3, AB

READ (3,%) Al, Bl

READ (3,%) VEL

READ (3,*) C1,C2,C3

CLOSE (UNIT = 3)

e ek KRR AR AR R R R R KRR

INPUT OF DATA FOR DRIVE SUBROUTINE

Ao e ek aor Aok kKRR ok Rk

Qo000 O

NN = 10

TOUT = 0.166667
N=NN+2

TO =0,

HO = 1.D-10

DO 1I=1NN+1
YO (I) = X0
1 CONTINUE
YO (NN+2) = TS0
EPS = 0.00001

MF =22
INDEX =1
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ahc:abc 2 2 2 20 26 2 306 0 3 2 20 2 20 20 20020 26 2 2 a0 20 200 200 20 30 0 a0 206 20 300 0 20 20 2 0 3 20 0 e g ek

OUTPUT DATA FILES OPENING

B IRy 3T T PP SRR T T T B R et

QOO d

WRITE (6,* Do you need the complete output? (1=y,2=ny
READ (5,*) LNF

C
C
OPF.N (UNIT = 1, FILE = 'RESULTS.I’'AT’, STATUS = 'NEW’,
* ACCESS = 'SEQUENTIAL’, FORM = 'FORMATTED’)
C
WRITE (1,8)
WRITE (1,18)
WRITE (1,28) T0, X0, TS0
IF (INF.GT.1)GOTO 9
C
OPEN (UNIT = 2, FILE = 'PROFILE.DAT, STATUS = 'NEW’,
* ACCESS ="SEQUENTIAL’, FORM = 'FORMATTED’)
C
WRITE (2,3)
WRITE (2,4)
WRITE (2,5) T0, (X0, I = 1, NN+1)
C

9 CALL DRIVE (N,T0,H0,Y0,TOUT,EPS,MF,INDEX)
WRITE(5,*)TOUT =", TOUT

O

DO 14 I=1,NN+1
IF (YO(I).LE.0.01) YO(I)=0.01
14 CONTINUE

ik e 2 ol o e x W k AR 20 e 2 e e ke k.

~ WRITING THE RESULTS

QOOO0O0O0

XM=0
DO6IC=1NN
XM =XM + (YO(IC) + YXXIC+1)¥2
6 CONTINUE
XM = XM * (1/NN)

Qo

WRITE (1,28) TOUT, XM, YO(NN+2)
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IF (INF.GT.1) GO TO 10
. WRITE (2,5) TOUT, (YXI), I = 1, NN+1)
C
10 IF(TOUT.GT.10)GOTO 7
TOUT = TOUT + 0.166667

GO TO 9
C
C
8 FORMAT (6X, t (hours) | Xm (kg/kg) | Ts(C) *)
18 FORMAT (6X," | | )

28 FORMAT (9X,F5.2,4X) 1’ 4X ¥4 2 4%’ [’ 4X F5.2)
3FORMAT(GX,’thlXIXIXlX]X|X|’
X IX 11X 11X I'/6%,

* *(h) 1 0.01 v.11 0.21 0.31 0.41 0.51 0.61°,
* *0.71 0.81 0.9 1.0"

4 FORMAT (6X)——]m—|e—cl ol | = —— [ —-1],
* e | [ e | )

5 FORMAT (6X,F5.2,1',F4.2 1’ F4.2’1’ F4.2,°1' F4.2,
* 1, F4.2 1’ F4.2° 1’ F4.2) I’ F4 2,1’ F4.2,
* 1 F4.2’ 1’ F4.2)

C

7 CLOSE (UNIT = 1)
CLOSE (UNIT = 2)
STOP

o =

B3. Program DIFFUN.FOR

SUBROUTINE DIFFUN (N,T.Y,YDOT)
C
IMPLICIT REAL*S (A-H,0-Z)
REAL*8 KG, L0, MSS, LA, M, LOSS, K, MUG
DIMENSION Y{(1000},YDOT(1000)
COMMON NN, TG, RH, KG, X0, L0, MSS, V0, C1, C2, C3,
* P, A B, XA, XM, LA, TS0, Al, B1, VEL
C
C
DO 3 I=1, NN+1
IF (Y(I).LLE.0.01) Y(I) = 0.01
3 CONTINUE
C
M = YONN+1IV(1+Y(NN+1))

E = Al + BI*™M
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LOSS = (-8.696 + 78.946*M + 0.1069*Y(NN+2) - 50.345*M**2 -
* 0.3477*Y(NN+2)*M - C.000022252*Y(INN+2)**2)

CM = (0.361+ 0.6384"M) * 4184

ROM = (1.408 - 0.428*M) * 1000

K = 2.42E-2 + 7.5E-5%(TG-273.16)

ROG = 1.265 - 0.00353%(TG-273.16)

MUG = 1.72E-5 + 3.6E-8%(TG-273.16)

DIA = ((6/3.14) * VO * (A+B*XM/X0)))**(1./3.)
REYN = (ROG*VEL*DIAYMUG

QO O O 0 a 0 a 0

HG = (K/D14) * (2+0.534REYN**0.5))

i

DHYV = (2502.54 - 2.386%(Y(NN+2))) * 1000

Q

DHS = - DHV * (0.02316*JEXP(-11.9849*Y(NN+1))*
*  (Y(NN+1)**(-0.9683)) - 1)

YDOT(NN+2) = ((3600*0.13622*E**2*LOSS}¥(CM*ROM)) +
* (3600*HGY(TG-273.16)-Y(NN+2)*6 (DIA*CM*ROM) +
* (DHSACM*(1+YONN+ 1)))*YDOT(NN+1)

a0

D = DEXP (P**C1 * (C2 + C3/TG))
D =D * (LA**2)

ST = (1/NN)
Y(1) = (4*¥(2)-Y(3))/3.
PSAT = 0.133*"DEXP(18.3036-(3816.44/(Y(NN+2)+227.03)))

PSATG = 0.133*DEXP(18.3036-(3816.44/(TG-46.13)))

Q0O O O O O

4 FI = DEXP(-0.10497*Y(NN+1)**(-0.93591+0.02316*
* DEXP(-11.9849*Y(NN+1))*Y(NN+1)*%-0.9683)*
*  DLOG(PSAT))

Q0
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PWS = FI*PSAT
PINF = RH*PSATG
DELTA = (PWS-PINF)

V =V0 *{A + B*XA/X0)
ROS = MSS/V

Q

Y(NN+1) = (4*Y(NN) - Y(NN-1) - ((2*KG*ST*L0/(ROS*D))
* * DELTAY3.

2 DO 1I1I=2NN

Q aa

YDOT(I) = D*(Y(I+1)»-2*Y(D+Y(I-1)(LO*ST)**2)
1 CONTINUE

Q. O

RETURN
END
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APPENDIX C

Table C1. Results of MW drying of grapes.

ABYE  DAMAGE TIME TRT REP ABYB DAMAGE TIME
(a/b) (%) h No. No. (a/b) (%) h
0.325 0.00 §8.250 13 1 0.339 0.00 10.583
0.323 5.00 9.917 13 2 0.370 D.00 11.167
c.327 5.00 $5.667 i3 3 0.340 0.00 10.917
0.351 5.00 4.917 14 1 0.330 1.00 §.583
. 346 5.00 4.917 14 2 ¢.320 1.00 8.583
-330 10.00 5.250 14 3 0.322 1.00 8.667
-364 10.00 3.250 is 1 0.306 2.00 5.667
-363 5.00 3.333 15 2 0.309 1.00 5.250
.362 10.00 3.417 1s 3 0.301 1.00 5.833
-370 15.00 3.167 16 1 0.3495 0.00 3.667
.368 10.00 3.417 1s 2 0.350 5.00 3.750
0.368 15.00 3.417 16 3 0.345 5.00 4.167
0.330 5.00 3.667 17 1 0.321 0.00 7.667
0.333 5.00 3.667 17 2 0.323 10.00 7.833
¢.332 10.00 3.833 17 2 0.320 5.00 7.583
.363 15.00 3.333 18 1 0.360 lo.00 4.667
-365 15.00 3.417 18 2 0.365 10.00 4.833
0.365 10.00 3.417 18 3 0.358 5.40 4.583
0.350 15.00 2.500 15 1 0.381 15.00 3.750
0.392 20.00 2.500 19 X 0.380 15.00 3.667
0.389 20.00 2.500 19 3 0.379 7.00 3.917
0.421 35.00 2.500 20 1 0.400 20.00 3.350
0.424 30.00 2.500 20 2 0.396 15.00 3.167
0.423 30.00 2.583 20 3 0.397 20.00 3.417
. 353 10.00 3.500 21 1 0.339 15.00 5.750
0.352 10.00 3.500 21 2 0.336 15.00 5.583
0.351 15.00 3.583 a1 3 0.337 10.00 5.833
-380 30.00 2.583 a2 1 0.373 15.00 4.583
0.379 25.00 2.583 22 2 0.371 40.00 4.667
0.378 25.00 2.583 22 3 0.373 20.00 4.583
0.43¢ 35.00 1.833 a3 1 0.412 25.00 3.500
0.425 30.00 2.083 23 2 0.408 20.00 3.500
0.422 3l1.00 2.4000 a3 3 0.411 20.00 3.667
0.493 60.00 1.833 24 1 0.468 40.00 2.833
G.492 50.00 1.833 ] 2 0.462 30.00 2.750
0.489 45.00 1.750 24 3 0.465 30.00 2.917
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Table C2, Score Sheet for Sensory Evaluation of Raisins
Name: Date....iii.
Please evaluate these samples of raisins for Appearance. Indicate the amount of Appearance (darkness,

crystallized sugars on the surface, stickiness and non-uniformity) in each sample on the scoring scale (0 - 5
points) as indicated (for eg. an extreemly non-uniform sample would get a highest score of 5 points):

Sample No...........

(sample code......... )

Darkness ~ Crystallized Sugars Stickiness Non-Uniformity
notdark @ noer.sugar ©  notaticky®  Unifrm@
trace of dark(1) tr. of cr. sugar (1) tr. of sticky (1) tr.of non-uniform (1)
slightly dark (2) slight cr. sugar (2) slight sticky (2) slight non-uniform(2)
dark (3) cr. sugars (3) sticky (3) non-uniform (3)

very dark (4) very much cr. sugar (4) very sticky (4) very non-uniform (4)
extremely dark(b) extr. high cr.sugars(5) extr, aticky (5) extr. non-uniform (5)

nnnnnnnn =a SasssesessssssNeTEEEESRRI SRS - sasose D L L L L T T T P T Y ALY
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. Table C3. Regponge purface analysis for quality - DAMT

Quality - DAMT - 01-]12 Treatments at VO = ] m/s

VODAMT
Coding Coefficients for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Regponse Surface for Variable DAMT
Regpongs Mean 0.338611
Root MSE 0.107626
R-Square 0.9158
Coef. of Variation 12.8339
Degrees
of Type I Sum
Regression Preedom of Squares R-Square P-Ratlo Prob » F
Linsar 2 43.,034355 0.8832 1857.6 0.0000
Quadratic 2 0.008305 0.0002 0.358 0.6990
Crossproduct 1 1.581954 0.0325 136.6 7.0000
Total Regress 5 44.524613 0.9158 770.5 6.0000
Degrees
of Sum of
Residual Preedcn Squares Mean Square
Total Brroxr 354 4.100532 0.011583
'I' Degreas
of Parameter Standard T for HO:
Parameter Freedom Estimate Brror Parameter=0 Prob > [TI
INTERCEPT 1 0.010461 0.130761 0.0800 0.5363
T 1 0.003481 0.005279 0.659 0.5100
B 1 -0.463167 0.560966 -0.826 0.4056
T»T 1 0.000037778 ©0.000056724 0.666 0.5058
P*7T i 0.072617 0.006214 11.686 0.0000
P*P 1 0.629167 1.203259 0.523 0.6014
Parameter Parameter Estimate from coded Data
INTERCEPT 0.829654
T 0.321067
P 0.305625
w7 0.008500
P*T 0.108925
P*P 0.006292
Degrees
of Sum of
FPactor Freedom Squares Mean Square P-Ratio Prob > P
T 3 22.203853 7.401284 639.0 0.0000
P 3 24.002715 8.000905 690.7 0.0000
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Table C4. Regponse surface analysis for quality - D2MT
Quality - DAMT - 13 - 24 Treatments at V1 = 2 m/s
V1DANMT
Coding Coafficients for the Independant Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Regponse Surface for Varlable DANMT
Response Mean 0.590722
Root MSE 0.126674
R-Sgquare 0.8883
Coaf. of Variation 21.4435%
Degrees
of Type I Sum
Regresslon Freedom of Squares R-Square F-Ratlo Prob > P
Linear 2 44 .532594 0.8761 1387.6 0.0000
Quadratic 2 0.343273 0.0068 10.696 0.0000
Crossproduct 1 0.276337 0.0054 17.221% 0.0000
Total Regress s £5.152204 0.8883 562.8 0.0000
Degrees
of Sum of
Residual Preadom Squares Mean Sguare
Total Error 354 5.680368 0.016046
Degrees
of Parameter Standard T for EO:
Paramater Freedocm Estimate Brror Parameter=0 Pxch > ITI
INTERCEPT 1 -0.818850 0.153903 -5.321 0.0000
T 1 0.011063 0.006213 1.781 0.0758
P 1 5.104667 0.660244 7.731 0.0000
T 1 -0.000036667 0.000066763 -0.549 0.5832
P*T 1 0.030350 0.007314 4.150 0.0000
P*p 1 -6.504167 1.416256 -4.593 0.0000
Paramater Parameter Egstimate from coded Data
INTERCEPT 0.638667
T 0.207500
P 0.386875
TeT -0.008250
peT 0.045525
p*p -0.065042
Degresas
off Sum of
Pactor FPreedom Squares Nean Square F-Ratio Prob > P
T 3 8.892427 2.964142 184.7 0.0000
P 3 36.536114 12.178705 759.0 0.0000
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Table C5.

Responge surface analysis for quality

Quality - ABYBT - 01-12 Treatments &t VO = 1 m/s

~ ABYBT

VOABYBT
Coding Coefficients for the Independant Variableso
Pactor Subtracted off Divided by
T 45.000000 15.0000600
b4 0.200000 0.100000
Response Surface for Variable ABYBT
Response Mean 1.326306
Root MSE 0.013088
R-Square 0.9803
Coaf. of Variation 0.9868
Degrees
of Type I Sum
Regression Freedcm of Squares R-Square P-Ratio Prob > P
Linear 2 2.722551 0.8828 7947.9 0.0000
CQuadratic b4 0.010583 0.0034 30.889 0.0000
Crossproduct 1 0.290163 0.0541 1693.9 0.0000
Total Regress 5 3.0236597 0.9803 3530.3 0.0000
Degrees
of Sum of
Residual Freedon Squares Mean Square
Total Error 354 0.060640 0.000171
Degreas
of Paramster Standard T for HOs
Parameter Freadom Estimate Brror Parameter=0 Prop > ITI|
INTERCEPT 1 1.303694 0.015901 81.986 0.0000
T 1 -0.003886 0.000642 -6.054 0.0000
P 1 -1.040333 0.068217 -15.250 0.0000
Tep 1 0.000043621 0.000006898 6.322 0.0000
P*T 1 ©.031100 0.000756 41.157 0.0000
P*pP 1 ¢.683333 0.146330 4.670 0.0000
Paramatex Parameter Egtimate from coded Data
INTERCEPT 1.316299%
T 0.053883
P 0.063250
T*T 0.005812
peT 0.046650
P*p 0.006833
Dagrees
of Sun of
Pactor Preadom Squares Mean Square F-Ratlo Prob > P
T 3 2.059826 0.686609 4008.2 0.0000
P 3 1.254034 0.418011 2440.2 0.0000
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"able C6. Response surface analyeis for quality - ABYBT
Quality - ABYBT - 13 - 24 Treatments at V1 = 2 =m/s
V1ABYBT
Coding Coefficients for the Independent Varlables
Pactor Subtracted off Dividea by
T 45.000000 15.000000
P 0.200000 0.100000
Regsponse Surface for Variable ABYET
Response Mean 1.294667
Root NSE 0.024738
R-Square 0.9245
Coaf. of Variation 1.9108
Dagrees
of Type I Sum
Regression Preedom of Squares R-Square P-Ratio Prob > F
Linear 2 1.99757% 0.6964 1632.0 0.0000
tmadratic 2 0.053041 0.0185 43.335 6.0000
Crossproduct 1 0.601216 0.2096 982.4 0.0000
Total Regress 5 2.651836 0.9245 866.6 0.0000
Degrees
of Sum of
Residual Fresdom Squares Mean Square
Total Error 354 0.216644 0.000612
Dagrees
of Parameater Standard T for HO:
Parameter Freedom Estimate Error Parameter=0 Procd > [T}
INTERCEPT 1 1.580056 0.030056 52.570 0.0000
T 1 -0.015328 0.001213 -12.633 0.0000
P 1 -1.218667 0.128941 -9.451 0.0000
Ty 1 0.000121 0.000013038 9.246 0.06000
p*T 1 0.044767 0.001428 31.343 0.0000
P*P 1 -0.300000 0.276584 =1.085 0.3788
Parameter Parameter Estimate from coded Data
INTERCEPT 1.281597
T 0.067133
P 0.067583
TeT 0.027125
P*T 0.067150
p*p -0.003000
Degrees
of Sum of
Factor Preedon Squares Maan Square ¥-Ratio Prob » P
T 3 1.554914 0.518205 846.9 0.0000
P 3 1.698138 0.566046 924.9 0.0000
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Table C7. Response surface analysis for gquality - DARK

Quality - DARK - 01-12 treatments at Vo = 1 m/s

VODARX
Coding Coefficlents for the Independent Variables
FPactoxr Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Response Surface for Variablie DARK
Regponse Mean 2.200000
Root MSE 0.656139
R-Square 0.65595
Coef. of Varlation 29.8245
Degrees
of Type I Sum
Regression Preedom of Squares R-Square P-Ratioc Prob > P
Lineax 2 273.566667 0.6112 317.7 0.0000
Quadratic 2 1.350000 0.0030 1.568 0.2099
Crossproduct 1 20.280000 0.0453 47.106 0.0000
Total Regress 5 295.196667 0.6595 137.1 0.0000
Degrees
of Sum of
Residual Preedom Squares MNeaxn Square
Total Error 354 152.403333 0.430518
Degrees
of Parameter Standard T for HO:
Parameter Freedom Estimate Error Paramater=0 Prob > |T|
INTERCEFT b 1.223333 0.797178 1.538 0.1258
T 1 -0.040333 0.032181 -1.253 6.2109
P 1 -1.366667 3.415%03 -0.400 0.6897
T*T 1 0.000500 0.0002346 1.446 0.1491
peT 1 9.260000 0.037882 6.863 G.0000
P*p 1 -7.500000 7.335853 -1.022 0.3073
Parameter Parameter Estimate from coded Data
INTERCEPT 2.187500
T 0.850000
P 0.733333
TeT 0.112500
p*T 0.390000
PP -0.075000
Degrees
of Sum of
Pactor Freadam Squares MNeoan Square P-Ratio Prob > P
T 3 165.680000 55.226667 128.3 0.0000
P 3 149.756667 49.932222 116.0 0.0000
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Table C8. Response surface analysis for quality - DARK

Quality - DARK - 13- 24 Treatments at V1 = 2 m/s8

V1DARK
Coding Coafficients for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Regponse Surface for Variable DARK
Response Moan 1.616667
Root NSE 0.736717
R-Square 0.5071
Coef. of Variation 45.5701
Degrees
of Type I Sum
Regression Preedom of Squares R-Square P-Ratlo Prxrob > P
Lipear 2 245.768333 0.3126 226.4 0.0000
Quadratic 2 46.225000 0.0588 42.584 0.0600
Crossproduct 1 106.681667 0.1357 196.6 0.0000
Total Regress 5 398.675000 0.5071 146.9 0.0000
Degreaes
of Sum of
Residual Preedom Squares Mean Squarxe
Total Error 714 387.525000 0.542752
Dagreas
of Parameter Standard T for HO:
Paramatsr Freedocm Estimate Error Parameter=0 Prob > |TI
INTERCEPT 1 7.401667 0.632915 11.695 0.0000
T 1 -0.281333 8.025550 =-11.011 0.0000
P 1 -9.433333 2.715213 -3.474 0.0005
TeT 1 0.002500 0.000275 95.106 0.0000
p*T 1 0.421667 0.030076 14.020 0.0000
P*p 1 -8.750000 5.824260 -1.502 0.1335
Parameter Parameter Estimate from coded Data
INTERCEPT - 1.362500
T 0.420000
P 0.604167
T*T 0.562500
P 0.632500
P*P -0.087500
Dagrees
of Sunm of
Pactor Freedom Squares Mean Square P-Ratio Prxcb » F
T 3 222.241667 74 .080556 136.5 0.0000
P 3 283.115000 94.371667 173.9 0.0000
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Table C9. Regponge surface analysig for quality -~ CRSUGR
Quallty -~ CRSUGR -~ 01-12 treatments at Vo = 1 m/s
VOCRSUGR
Coding Coefficlients for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Response Surface for Variable CRSUGR
Response Mean 1.472222
Root NSE 0.533789
R-Square 0.8307
Coef. of Variation 36.2574
Degreeas
of Type I Sum
Regresglon Freedom of Squares R-Square P-Ratio Prob > P
Linear 2 432.170000 0.7355 758.4 0.0000
Quadratic 2 7.216667 0.0121 12.664 0.0000
Crossproduct 1 55.470000 0.0931 194.7 0.0000
Total Regress 5 494 .856667 0.8307 347.4 0.0000
Degrees
of Sum of
Residual Preedom Squares Mean Square
Total Error 354 100.865556 0.284931
Deagrees
of Parameter Standard T for HO:
Parameter Freedom Estimate Exxror Paraneter=0 Pxob > |T]
INTERCEPT -0.148889 0.648529 -0.230 0.8186
T 1 0.046333 0.026180 1.770 0.0776
P 1 =19.933333 2.782198 -7.165 0.0000
T*T 1 -0.000722 0.000281 -2.567 0.0107
P*T 1 0.430000 0.030818 13.853 0.0000
pe*p 1 25.833333 5.967945 4.329 0.0000
Parameter Parameter Estimate from coded Data
INTERCEPT 1.390278
T 1.010000
P 0.975000
T -0.162500
pw7 0.645000
pwp 0.258333
Degrees
of Sum of
Pactor Freedom Squares Maan Square P-Ratio Prob > F
T 3 261.367778 87.1322593 305.8 0.0000
P 3 288.958889 96.319630 338.0 0.0000
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Table Cl10. Regponse surface analygis for quality - CRSUGR

Quality - CRSOGR - 13- 4 Treatments at V1 = 2 =m/s

VI1CRSUGR
Coding Coefficients for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Regsponse Surface for Variable CRSUGR
Response Maan 0.766667
Root MSE 0.54949%
R-Square 0.6852
Coaf. of Variation 71.6738
Dagrees
of Type I Sum
Regression Freedom of Squares R-Square F-Ratio Prob > P
Linear 2 373.226111 0.5450 618.0 0.0000
Quadratic 2 8.580556 0.0135 14.209 0.0000
Crossproduct 1 87.401667 0.1276 289.5 0.0000
Total Regress 5 469.208333 0.6852 310.8 0.0000
Daegrees
of Sum of
Residual Preedom Squares Mean Square
Total Error 714 215.591667 0.301549
Degranas
of Parameter Standard T for HO:
Parameter Freedom  Estimate Error Parameter=0 Prob > [TI|
INTERCEPT 1 3.045444 0.472075 6.460 0.0000
T 1 -0.106778 0.018057 -5.603 0.0000
P 1 -16.716667 2.025210 -8.254 0.0000
Ty 1 0.000778 0.000205 3.798 0.00602
P*T 1 0.381667 0.0232433 7.013 0.0000
PP 1 16.250000 4.344171 3.741 0.0002
Parameter Parameter Estimate from coded Data
INTERCEPT 0.561111
T 0.593333
P 0.695833
T 0.175000
ki o 0.572500
PP 0.162500
Dagrees
of Sum of
Factor Preedom Squares Maan Square P-Ratio Prcob > P
T 3 232.575000 77.525000 256.7 0.0000
P 3 324.035000 108.011667 as57.7 0.0000
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. Table Cll. Response surface analysis for quality - STICEKY

Quality - STICKY - 01-12 treatments at Vo = 1 m/8

VOSTICKY
Ceding Coefficlents for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.1000920
Response Surface for Variable STICKY
Regponse Mean 1.541667
Root MSE ¢.651121
R-Sguare 0.6820
Coaf. of Variation 35.5942
Degreas
of Type I Sum
Regressicn Preedom of Squares R-Square P-Ratio Prob > P
Lineax 2 346.131389 0.6509 362.3 0.0000
Quadratic 2 1.815278 0.0034 1.500 0.1511
Crossproduct 1 14.740833 0.0377 30.861 0.0000
Total Regress 5 362.687500 0.6820 151.9 0.0000
Degreas
of Sum of
Residual Preadom Squares MNean Square
. Total Error 354 169.087500 0.477648
Degrees
of Parameter Standard T for HO:
Paraneter Freedom Estimate BErrorxr Parametar=0 Prob > [T
INTERCEPT 1 0.215556 0.839680 0.257 0.7976
T 1 -0.036056 0.032897 -1.064 0.2882
P 1 4.316667 3.602237 1.1986 0.2316
T*T 1 0.000472 0.000364 1.296 0.1957
pep 1 0.221667 0.039902 5.555 0.0000
pep 1 -11.250000 7.726968 -1.456 0.1463
Parameter Parameter Estimats from coded Data
INTERCEPT 1.957639
T 0.761667
P 0.979167
T*T 0.106250
P*T 0.332500
P*p -0.112500
Degrees
of Sum of
Pactor Freedom Squares Mean Square P-Ratio Prob » P
T 3 131.570833 43.856944 91.818 0.0000
P 3 245 .857500 81.952500 171.6 0.0000
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Table Cl2. Responge gurface analysis for quality - STICKY

Quality - sticky - 13- 4 Treatmants at V1 = 2 m/s

VI1STICKY
Coding Coafficients for the Indespendent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 ©0.100000
Response Surface for Variable STICKY
Ragponge Mean 1.508333
Rooct MSE 0.632457
R-Square 0.7365
Coaf. of Variation 41.9309
Dagrees
of Type I Sum
Regresslon Preedom of Squares R-Square P-Ratio Prob > P
Linear 2 754.702778 0.6963 943 .4 G.0000
Quadratic 2 14.163889 0.0131 17.705 ¢.0000
Crossproduct 1 29.481667 0.0272 73.704 0.0000
Total Regress s 798.348333 0.7365 399.2 0.0000
Dagrees
of Sum of
Regsidual Preedom Sgquares Mean Square
Total Error 714 285.601667 0.400002
Degrees
of Parameter Standard T for HO:
Paramater Freedcm Estimate Brror Parameter=0 Prob > IT]
INTERCEPT 1 -0.585556 0.543345 -1.078 0.2815
T 1 -0.044056 0.021934 -2.009 0.0450
P 1 13.233333 2.330958 5.677 0.0000
T 1 0.000361 0.000236 1.532 0.1260
p*T 1 0.221667 0.025820 8.585 0.0000
P*P 1 =28.750000 5.000015 ~5.750 0.0000
Parameter Parameter Estimate from coded Data
INTERCEPT 1.654861
T 0.491667
1.170833
TeT 0.081350
peT 0.332500
PP -0.287500
Degrees
of Sm of
Pactor Freedom Squares Maan Sguare P=Ratioc Prob > P
T 3 127.115000 42.371667 105.9 0.0000
P 3 700.715000 233.571667 583.9 0.0000
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Table ¢l13. Response surface analysis for quality - NONUNI

Quality - NHONUNI - 01-12 treatments at Vo = 1 m/s

VONONUNI
Coding Coefficients for the Independant Varlables
factor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Regponge Surface for Variable NONUNI
Response Maan 2.516667
Root NSE 0.669814
R~-Square 0.7379
Coeaf. of Variation 26.6151
Dagreeas
of Type I Sum
Regression Preedom of Squares R-Square P-Ratio Prob > F
Linear 2 416.346667 0.6872 464.0 0.0000
Quadratic 2 7.211111 0.011% 8.036 0.0004
Crossproduct 1 23.520000 0.0388 53.424 0.0000
Total Regress S 447.077778 0.737% 2199.3 0.0000
Degreas
of Sum of
Residual Freedom Squares Mean Square
Total Brror 354 158.822222 0.448650
Degreaes
of Paramatexr Standard T for HO:
Parameter Freedom Estimate Error Parameter=0 Prob > |T|
INTERCEPT 1 -0.942222 0.813792 -1.158 0.2477
T 1 0.014333 0.032852 0.436 0.6629
P 1 9.066667 3.491180 2.597 0.0098
T*T 1 -0.000055556 0.000353 -0.157 0.8750
PeT 1 0.280000 0.038672 7.240 0.0000
P*p 1 -30.000000 7.488744 -4.006 0.0001
Parameter Parameter Egstimate from coded Data
INTERCEPT 2.723611
T 0.980000
P 0.966667
T*T -0.012500
P*T 0.420000
PP -0.300000
Degrees
of Sum of
Factor Freedom Squares Maan Square P-Ratio Prob > P
T 3 215.611111 71.870370 160.2 0.0000
P 3 254 .986667 84.995556 189.4 0.0000
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. Table Cid. Response surface analygis for quality - NONUNI

Quality - RONUNI - 13-24 Treatmants at V1 = 2 m/s

VINONUNI
Coding Coefficients for the Indepandent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 0.100000
Response Surface for Variable NONUNI
Respongse Maan 1.869444
Root MSE 0.690703
R-Square 0.6154
Coef. of Variation 36.9470
Dagrees
of Type I Sum
Regression Fraodom of Squares R-Sgquare P-Ratio Prob > P
Linear 2 450.809444 0.5090 472.5 0.0000
Quadratic 2 44.408333 0.0501 46.543 0.0000
Crossproduct 1 49.881667 0.0563 104.6 0.0000
Total Regress 5 S545.099444 0.6154 228.5 0.0000
Degrees
of Sum of
Residual Preadom Squares Mean Square
. Total Error 714 340.628333 0.477070
Degreas
of Paramater Standarxrd T for HO:
Parameter Freedom Estimate Error Paramatear=0 Prob > [T}
INTERCEPT 1 3.495556 0.593384 5.891 0.0000
T 1 -0.185056 0.023954 -7.725 0.0000
P 1 12.150000 2.545625 4.773 0.0000
T*T 1 0.001639 0.000257 6.367 0.0000
peT 1 0.288333 0.028198 10.2235 0.0000
P*p 1 -39.583333 5.460486 ~7.249 0.0000
Parameter Parameter Estimate from coded Data
INTERCEPT 1.928472
T 0.301667
P 0.929167
e 0.368750
peT 0.432500
P*p -0.395833
Degreeas
of Sum of
Factor FPreedom Squaras Mean Sguare F-Ratio Prob > P
T 3 105.621667 35.207222 73.799 0.0000
P 3 489.359444 163.119815 341.9 0.0000
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Table C15. Response gurface analysis for quality - TIME
Quality - TIME - 01-12 Treatments at VO = 1 m/s
VOTINE -
Coding Coefficients for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 15.000000
P 0.200000 €¢.100000
Response Surface for Variable TIME
Reasponse MNean 3.611111
Root MSE 0.685247
R-Square 0.8841
Coef. of Variation 18.9761
Degreas
of Type I Sum
Regression Freedom of Squares R-Square F-Ratic Prob > P
Linear 2 962.581521 0.6714 1025.0 0.0000
Quadratic 2 1¢1.666868 0.0988 150.8 0.0000
Crossproduct 1 163.164500 0.1138 347.5 0.0000
Total Regress 5 1267.413289 0.8841 539.8 0.0000
Dagreeas
of Sum of
Residual Preedcm Squares Mean Sgquare
Total Error 354 165.225626 0.469564
Degrees
of Parameter Standard T for BO:
Paramater Freedcm Estimate Brror Parametar=0 Prob > [T|
INTERCEPT 1 29.662539 0.832543 a5.629 0.0000
T 1 -0.679292 0.033609 -~20.212 0.0000
P b § -82.041333 3.571622 -22.970 0.9000
TeT 1 0.004769 0.000361 13.204 0.0000
peT 1 0.737483 0.039563 18.641 0.0000
pe*p 1 86.454167 7.661298 11.285 0.0000
Paramater Paramater Estimate from coded Data
INTERCEPT 2.438639%
T -1.538933
P -1.427292
e 1.073000
p*T 1.106225
P*p 0.864542
Degreas
of sum of
Factor Preedom Squares MNoan Square P-Ratio Prob > P
T 3 718.699945 239.566648 510.2 0.0000
P 3 711.977844 237.29261% 505.3 0.0000
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Prob > F

0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Prob > P

0.0000
0.0000

Table C16. Response gurface analysis for quality
TIME - 13 - 24 Treatments at V1 = 2 m/s
V1TINE
Coding Coefficients for the Independent Variables
Pactor Subtracted off Divided by
T 45.000000 i5.000000
P 0.200000 0.100000
Regponse Surface for Variable TIME
Reasponse Mean 5.425944
Root MSE 0.359878
R-Square 0.9771
Coaf. of Variation 6.6325
Degreas
of Type I Sum
Regression Preadom of Squares R-Square P=-Ratio
Linear 2 1712.057930 0.8559 6609.8
Quadratic a2 87.079630 0.0435 336.2
Crossproduct 1 155.289685 0.0776 1199.0
Total Regress s 1954 .467246 0.9771 3018.2
Degrees
of Sum of
Residual Freedom Squares Nean Square
Total Erxor 354 45.847353 0.129512
Degrees
of Parameter Standard T for HO:
Parameter Preaedom Estimate Error Parameater=0 Prob > [T]
INTERCEPT 1 30.434356 0.437235 69.606
T 1 -0.562234 0.017651 -31.853
P 1 -81.541000 1.875744 -43.471
Te*T 1 0.002871 0.000190 15.134
P*T 1 0.719467 0.020778 34.627
p*p 1 84.716667 4.023560 21.055
Paramater Parameter Estimate from coded Data
INTERCEPT 4.502347
T -2.399867
P -1.527833
T 0.64587S
p*7 1.079200
P*p 0.847167
Degrees
of Sum of
Pacter Preadom Squares Mean Square P-Ratio
T 3 1336.826010 445.608670 3440.7
P 3 772.930921 257.643640 1989.3



Class

Appendix

c

Takle C17. Multi-compariscn Teat for ABYB

General Linea- Models Procedure

Levelsn Values

Class Level Information

26 12345678910 11 12 13 14 15 16 17 18 19 20 21 22
23 24 25 26

3 1223

FMumber of obsarvations in data set = 78

Dependent Variable: ABYB

Source DF
Nodel 27
EBrror 50
Corrected Total 77
R-Square
0.994674
Source DP
P
TRT 25
REP 2
Source DF
4
TRT 25
REP 2

Sum of
Squares

0.23190576
0.00124169

0.23314745

C.V.

1.306166

Type I SS

0.23182812
0.00007764

Type III S8

0.23182812
0.00007764

Nean

Square F Value Pr > F
0.00858910 345.86 0.0001
0.00002483

Root MSE ABYB Mean

0.004983 0.38152564
Nean Square F Value Pr >
0.00927312 373.41 0.0001
0.00003882 1.56 0.2195
Nean Sguare P Value Pr »
0.00927312 373.41 0.0001
0.00003882 1.56 0.2195

Tukey’s Studentized Range (HSD) Test for variable: ABYB
NOTE: This test controls the type I experimentwise error rate, but
generally has a higher type II error rate than REGCWQ.

Alpha= 0.05 Aaf= 50
Critical Value of Studentized Range- 5.504
Minimum Significant Difference= 0.0158

MSE= 0.000025

Means with the sama letter are not '19n1£1cunt1y ditferant.
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Nean
0.459867 3 26
0.45700 3 25
0.49133 3 12
0.46500 3 24



c 0.42367 3 11
c
c 0.42267 3 8
c
D c 0.41067 3 23
D
D E 0.32767 3 20
E
r B 0.35000 3 7
) 4
P G 0.38000 3 19
b 4 G
4 G 0.37900 3 10
G
H G 0.37233 3 22
H G
H c 0.36867 3 4
H [~
H ¢ I 0.36433 3 6
H I
H X 0.36300 3 23
H I
H I 0.36100 3 18
I
Jg I 0.35200 3 9
Jg I
Jg I 0.34967 3 13
g X
g I 0.34933 3 18
J
K J 0.34233 3 2
X J
K Jg L 0.33733 3 n
K L
K X L 0.33167 3 5
XN L
XN L 0.32500 3 1
N
X 0.32133 3 17
X
.8 X 0.32067 3 14
N
N 0.30533 3 15

Tukey’s Studentixed Range (HSD) Test for variable: ABYB

NOTE: This test controls the type I experimentwise error rata, but
generally has a higher type II error rate than REGWQ.

Alpha= 0.05 d4f= 50 MSE= 0.000025
Critical Value of Studentized Range= 3.416
Miniwum Significant Difference= 0.0033

Means with the same letter are not significantly Adifferent.

Tukey Grouping Maan . § TRT
A 0.38227 26 2
A
A 0.38219 26
A
A 0.38012 26 3
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Table C1B.

Appandix C

Cenaral Linear Models Procecdure

Class Laveals Values
TRT 26

23 24 25 26
RRP 3 123

Rumber of cobservations inp data set = 78

Dependent Variable: DAMAGE

Source DFP
Model 27
Exrer 50
Corracted Total 77

R-Square

0.956650
Source DP
TRT 25
REP 2
Source Dp
TRT as
REP 2

Sum of
Sgquares

11973.23077
542.56410
12515.79487

c.v.
23.44361

Type I 85

11553.128231
20.10256

Type III S8

11953.12821
20.10356

Class level Information

Maan
Square

443.453299
10.85128

Root MSB

3.294128

Me2n Square

478.12513
10.05138

Maan Sguare

478.12513
10.05128

Multi-Comparison Test for DAMAGE

123456799 101112 13 14 15 16 17 18 195 20 22 22

F Value Pr » F
40.87 0.0001
DAMAGE Mean
14.0512821

P Value Pr > P
44.06 0.0001
0.83 0.4027

F Value Pr » F
44.06 ¢.0001
0.53 0.4037

Tukey’s Studentized Range (HSD) Test for variable: DAMAGE

NOTE: This test controls the type I experimentwise error rate, but
generally has a higher type II srror rate than REGWQ.

Alpha= 0.05 dAf= 50 MSE« 10.85128
Critical Valus of Studantized Range= 5.504
Winimum Bignificant Difference= 10.469

Means with the same lettar are not significantly differant.

Tukey Crouping Mean N TRT

A 51.667 3 12
B 33.333 3 24
B

c B 32.000 3 11

c B

4 B 31.667 3 8

o4 B

c B D 26.667 3 w0

c D

c B D 21.667 3 23
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E D
P E D 18.333 3 7
P E D
P B D 18.333 3 22
F B D
F B D 168.333 3 a0
4 E
F B G 13.333 3 22
P B G
P E G 13.333 3 6
P E &
P E G 13.333 3 4
7 E @
F E G 12.333 3 1%
F E GC
F H R G 11.667 3 9
F H G
P H I G B8.333 3 3
F H I G
F B I @& 8.333 3 18
H X G
B X G 6.667 3 5
H I c
H I G 6.667 3 2
H I G
H I G 5.000 3 17
E I @G
E I G 4.667 3 a5
H I G
H I @ 3.333 3 1
H I G
g I G 3.332 3 16
H I
E I 1.333 3 15
I
I 1.000 3 14
X
I 0.667 3 26
I
I 0.000 3 13

Tukey’s Studantized Range (ESD) Test for variable: DAMAGE

NOTE: This test controls the type I experimentwlse error rate, but
genarally has a higher type II arror rate than REGWQ.

Alpha= 0.05 daf= 50 MSBE= 10.85128
Critical Value of Studentized Range= 3.416
Minimum Significant Differsnce= 2.2069

Maans with the samea latter are not significantly different.

Tukey Grouping Maan N TRT
A 14.769 {1 1
: 13.692 26 2
: 13.692 26 3
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Appendix C

Table C19. Computer Program to generate data and draw contours against P and T for
quality attributes with imposed restrictions on Dmage and ABYB.

TMLE: 'CP_QUALITY AT V1 =2 M/S - DAMAGE, ABYB, TIME WITH RESTRICTION
DAMAGE 10%, ABYB 0.342";

DATA CONTOURS;
FORMAT DAM 85 ABYB 8.5;
DOT=-1.070+1.0 BY 0.01;
DOP=-2TO+1.0BY 0.01;
DAM = 0.6387+0.2075'T+0.3869"P-0.0083 T 1+0.0455"P"T-0.0650"P°P;
DAM = (SIN{DAM/2))**2;
ABYB = 1.2816+0.0671°T+0.0676"P+0.0271*T"1+0.0672*P*7-0.0030"FP"P;
ABYB = (SIN(ABYB/2))"2;
TIME = 4.5023-2.3399"T-1.5278"P+0.6459'T"T+1.0792'P"T+0.8472'P*P;
P1=P*0.1 + 0.2; T1 = T"15.0445.0;
OUTPUT;
END;
END;
DATA TWO; SET CONTOURS;
IF DAM>= 0.1 THEN DELETE;
IF ABYB>= 0.342 THEN DELETE;
PROC PLOT:
PLOT T1°P1 = DAM / CONTOUR=10 ; PLOT T1*P1= ABYB / CONTOUR=10 ;
PLOT T1°P1 = TIME / CONTOUR=10 ;
RUN;
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