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P. O. Box 2754
Bangkok, Thailand 10501
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ABSTRACT

Conduction heating of high moisture rough rice was evaluated as a means of
arresting fungal growth using an experimental batch-type rotary heating unit.
The heat treatments significantly reduced fungal activity in rough rice as meas-
ured by dilution plating and carbon dioxide production. The effectiveness of heat
treatments depended upon the exposure time and heating surface temperature.
Exposure times for isothermal heating of rough rice were determined for inac-
tivating the fungi to specified mortality levels based on the heating surface
temperature. Subsequently, a general procedure which accounted for the heating
lags was developed for estimating the heat dosages based on the time-temperature
history of the bulk grain during conduction heating in any given equipment.

INTRODUCTION

The main factor contributing to the spoilage of high moisture rough rice is
the development of fungi, spores of which are already present in the field at the
time of harvest (Schroeder and Sorenson 1961; Schroeder 1967; Mendoza et al.
1981; Ilag 1982; Quitco 1982). Therefore, drying of rough rice to moisture levels
too low for microorganisms to grow is the most effective and widely used method
of preserving grain quality. In Southeast Asia, the advent of high-yielding va-
rieties and second season crops that mature during the rainy season has resulted
in a much greater load on the already insufficient drying facilities. Consequently,
some of the rough rice can not be dried immediately during the peak harvesting
period. It must be temporarily stored at high moisture contents and it may
deteriorate due to rapid fungal growth.

Journal of Food Process Engineering 10 (1989) 231-248. All Rights Reserved.
© Copyright 1989 by Food & Nutrition Press, Inc., Trumbull, Connecticut. 231



232 V. G. REYES, JR. and V. K. JINDAL

Several methods which have been attempted in the past to extend the safe
storage period of high moisture rough rice prior to drying include the use of
chemical preservatives, aeration, controlled atmosphere storage, and low tem-
perature storage (Sauer and Burroughs 1974; Calderwood and Schroeder 1975;
Schroeder and Sorenson 1961; Calderwood 1966; de Padua 1965; Hyde 1969;
Iwasaki and Tani 1967; Kreyger 1963). These methods have been used with
limited success mainly because of high costs and the development of undesirable
taste and odor in the stored rice.

The inactivation of microorganisms by the application of heat is common in
food processing industry but it has not been applied to preserve the quality of
high moisture grains. Though maximum temperatures for fungal growth in grains
have been reported to be in the range of 50 to 55°C, the maximum exposure
times which the fungi can tolerate are not known (Ayerst 1969; Christensen and
Kaufmann 1974). Conduction heating of high moisture rough rice for inactivating
the fungi could prove to be an innovative and practical approach for temporarily
holding wet grain prior to final drying. However, evaluation of this approach
must include detailed investigations of the time-temperature history of the grain
during conduction heating, the operational characteristics of the heat application
system and the changes in grain quality due to heating. This approach could be
practical because conduction heating equipment generally require less capital
investment and energy, and such equipment are easy to fabricate (Chancellor
1968; Root and Cook 1980).

In this study, the thermal inactivation of fungi present in freshly harvested
high moisture rough rice was investigated using a rotary conduction heating unit.
Time-temperature requirements to achieve the desired levels of fungal mortality
are presented using the bulk grain temperature as a reference.

MATERIALS AND METHODS

Preparation of Rough Rice Samples

Rough rice used for this study was a medium grain variety (RD-23) which
was harvested between November 1985 to February 1986. Rice was harvested
by sickle and then fed through a stationary thresher. Inmediately after harvesting,
the moisture content of the rough rice ranged from 22 to 24% wet basis (w.b.).
To ensure a uniform initial moisture of samples, moisture was adjusted to about
26% (w.b.) by addition of water. Rough rice samples were placed in plastic
bags and kept in cold storage (5°C) for about 24 h to allow equilibration. Af-
terwards, the samples were temporarily stored in a freezer at — 15°C to minimize
fungal growth and quality changes until the test time. Prior to heating tests, the
frozen sample was thawed at room temperature (about 30°C) over a period of
about 8 h while in plastic bags.
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Experimental Batch-Type Rotary Conduction Heating Unit

A rotary batch-type conduction heating unit was designed, fabricated and used
for heating experiments (Fig. 1). The heating unit mainly consisted of a rotary
cylinder, 0.35 m in diameter and 0.85 m long, with six equidistant straight axial
flights extending 4 cm from the inside surface. A heavy duty ball bearing mounted
on the steel frame supported the cylinder from one side during its rotation. The
other end of the cylinder served as the inlet and outlet for rice samples and had
a removable perforated cover. Samples were discharged by removing the cover
and lifting the rear side of the unit. Four 1-kW electrical resistance heaters were
placed beneath the rotary cylinder to supply the required heat. The heaters and
rotary cylinder were encased in an outer cylinder and insulated using a 6 cm
thick wool fibre packing. The temperature of the cylinder surface could be raised
to 300°C and maintained within + 5°C by a temperature controller. The cylinder
rotation speed could be adjusted from 10 to 40 rpm by a variable speed 1-kW
electric motor.

Heating of Rough Rice Samples

Rough rice samples were heated in batches of 3 kg each using the experimental
rotary unit. Four heating surface temperatures of 75, 100, 150, 200°C and
exposure times ranging from 3 to 40 min were used. The cylinder rotation speed
was fixed at 30 rpm to ensure faster heating rates. The time-temperature profiles
of the bulk grain were monitored during heating and cooling processes. The
temperature of the bulk grain was measured with a thermocouple sensor by
transferring the heated grain sample into a vacuum flask and allowing it to attain
a steady state value. This procedure enabled the monitoring of the time-tem-
perature profiles of the bulk grain during the heating and as well as cooling
processes.

Heat-treated rough rice samples were immediately transferred to the aluminum
trays where they were spread in 5 cm layers, completely covered with aluminum
foil, and cooled to room temperature in a chamber maintained at —15°C. A
small portion of the heated sample was placed into a vacuum flask for grain
temperature measurement. Cooling of rice samples in a fully enclosed container
was necessary to prevent any contamination prior to microbiological testing.
This method resulted in a cooling of rice samples at the rate of approximately
2°C/min.

Immediately after cooling, the sample was divided into two subsamples, one
for measurement of fungal count and another for carbon dioxide production.

Measurement of Fungal Activity

The number and proportion of fungi present in the rough rice samples were
determined by dilution plating assay as described by Flannigan (1977). Malt-
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salt and potato dextrose agar were used to detect storage and field fungi, re-
spectively. Dilutions were made by blending 50 g of grain in 500 mL of 0.12%
sterile agar in water for 2 min. Successive dilutions were made by transferring
10 mL of the suspension medium to 90 mL of 0.12% agar in water. One-mL
and 0.2 mL of appropriate dilutions were cultured in sterilized dishes containing
malt-salt (6% NaCl) and potato dextrose agar media, respectively. The number
of fungal colonies on the dilution plates were counted after 5 to 10 days of
incubation at 25-30°C.

The production of carbon dioxide by rough rice samples was also measured
by chemical absorption system similar to Steele er al. (1969) and Fernandez et
al. (1985). The system which uses a sample size of 1 kg was operated at room
temperature (30°C) for about 24 h per tests. Other details of fungal activity and
carbon dioxide measurements are given by Reyes (1986).

The effectiveness of heat treatments for inactivating the fungi present in freshly
harvested rough rice was described in terms of a fungal load ratio (FLR) and
fungal mortality level (FML) defined as,

FLR = FCi / FCo (6]
FML = ( 1 - FLR ) x 100 )]
Where FCi = fungal count in heat-treated rough rice sample, colonies/g
FCo = fungal count in unheated rough rice sample (control),
colonies/g

RESULTS AND DISCUSSION

Fungi Present in Freshly Harvested Rough Rice

Table 1 shows the various fungi detected in freshly harvested high moisture
rough rice along with their respective proportions. The results presented are the
average of three replications. The coefficient of variation for all tests ranged
from 10-30%. The fungal counts ranged approximately from 1,300 to 5,500
colonies/g. The apparent large variability in the fungal counts was perhaps due
to the changes during the holding periods, sampling process, and the test method
itself. In general, Penicillium species, Helminthosporium, and Aspergillus flavus
made up the bulk of the count in all of the samples. These fungi are usually
considered to cause declines in grain quality during temporary storage at high
moisture content (Tatsumo 1963; Fazli and Schroeder 1966a, b; Schroeder 1967,
Christensen and Kaufmann 1974; Quitco 1982). Also present were species of
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TABLE 1.
FUNGI PRESENT IN FRESHLY HARVESTED PADDY OF VARIETY RD-23

Fungi = =sssccsscsscecs st e s s e s eSS e e a a e
1 2 3 4 5 6 7 8

Helminthosporium 600 600 600 25 500 0 250 0
Rhizopus 100 20 70 1200 0 600 100 0
Mucor 100 50 100 500 0 0 0 0
Penicillium spp. 250 590 900 3170 2500 1200 1200 400
Aspergillus flavus 65 40 130 500 500 1500 50 1200
Asperqaillus pniger 50 0 0 0 500 1300 50 300
terreus 0 0 0 100 500 0 0 0

Total fungal count
(colonies/qg) 1350 1300 1800 5500 4500 5200 1650 2000

Rhizopus, Mucor, Aspergillus terreus and Aspergillus versicolor in relatively
smaller proportions.

Table 2 presents the proportion of fungal species surviving in rough rice
following the heat treatment corresponding to approximately 90% fungal mor-
tality level. It was obvious that the storage fungi such as Aspergillus flavus,
Aspergillus niger and Penicillium species were most heat resistant. However,
most of the field fungi were reduced to a very low level after the heat treatment.

Relationship Between Fungal Count and Carbon Dioxide Production

There appeared to be a direct relationship between the respiration rate of the
rough rice samples in terms of carbon dioxide production and the total fungal
count determined by the dilution plating. Heat treatment of rough rice samples

TABLE 2.
SURVIVAL OF VARIOUS FUNGI IN FRESHLY HARVESTED ROUGH RICE
FOLLOWING THE HEAT TREATMENT CORRESPONDING TO ABOUT
90% MORTALITY LEVEL

Fungi Percent Standard

survival deviation
Helminthosporium spp 0.2 0.06
Rhizopus spp. 0.3 0.07
Mucor spp. 0.2 0.02
Penicillium spp 5.2 1.04
Asperqgillus flavus 2.1 0.60
Aspergillus niger 1.6 0.48
Aspergillus terreus 0.4 0.10
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resulted in a marked reduction in the carbon dioxide production perhaps due to
the destruction of fungi cells and reduced grain viability.

The fungal count of rough rice samples was found to be highly correlated with
carbon dioxide production as shown by the following relationship:

Y = a+ b X +c X2 + d X3 3)

Where Y log of fungal count in colonies/g
X = log of carbon dioxide production in mg/kg-day
a,b,c,d = regression coefficients

The regression coefficients of Eq. 3 fitted into the experimental data are given
in Table 3. These results were found to be in agreement with an earlier study
made by Lin (1985) which covered a wider range of fungal activity (Fig. 2).
Therefore, a third degree polynomial (Eq. 3) adequately described the combined
data shown in Fig. 2. This suggests that carbon dioxide production could be
used as an alternative method of estimating fungal activity. Since the experi-
mental procedures for carbon dioxide measurement are simpler than dilution
plating assays, monitoring of fungal activity indirectly would be more practical
especially with a large number of rough rice samples.

Time-Temperature History of Rough Rice Samples During
Conduction Heating

The bulk grain temperature of rough rice samples during conduction heating
was adequately described by the following relationships based on regression
analysis:

Tgi = Ts - (Tgo - Ts) exp (-ci1 t0-28) (@4

TABLE 3.
REGRESSION COEFFICIENTS OF THE RELATIONSHIP BETWEEN FUNGAL COUNT
AND CARBON DIOXIDE PRODUCTION (EQ. 3)

Reference a b c d R2 SEE
Present study  1.5261 0.8520 - - o.810  0.30
Lin (1985) 2.5341 -1.0209 0.8176 -0.0405 0.896 0.79
Present study 2.4588 -0.7674 0.5950. - 0.860 0.77

and Lin (1985)
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FIG. 2 FUNGAL COUNT AS A FUNCTION OF CARBON DIOXIDE PRODUCTION
IN ROUGH RICE SAMPLES

c1 =0.4353 - 0.0006618 Ts - 0.0001105 (Mo)?2
()
+ 0.0003607 N

(R?2 = 0.90; SEE = 0.014)

Where Tgi = bulk grain temperature during heating, °C

Ts = heating surface temperature, °C
Tgo = initial grain temperature, °C
t = heating time, min
c1 = regression coefficient
N = cylinder rotation speed, revolutions/min

Mo = initial moisture content of rough rice, % w.b.

A comparison of experimental data points and estimated time-temperature
history of rough rice samples for various heating surface temperatures is shown
in Fig. 3. It was also observed that the moisture content of rough rice samples
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100°C
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FIG. 3 GRAIN TEMPERATURE AS A FUNCTION OF EXPOSURE DURATION
FOR VARIOUS HEATING SURFACE TEMPERATURES

was markedly reduced due to conduction heating, especially for higher heating
surface temperatures (Fig. 4).

Thermal Inactivation of Fungi in High Moisture Rice

Figure 5 presents the relationship between fungal load ratio and exposure time
during conduction heating of high moisture rice samples for various heating
surface temperatures. A distinct reduction in fungal activity was obvious in all
heating experiments. As expected, higher heating surface temperatures resulted
in shorter exposure durations in reducing the fungal load to a specific level.
Reduced fungal activity accompanied by partial drying of high moisture rice as
seen in Fig. 4 could potentially allow the grain to be temporarily held without
significant deterioration.

The plots of fungal load ratio versus exposure time for various heating surface
temperatures (Fig. 5) enabled the computation of actual heating times or Fs-
values corresponding to arbitrarily selected fungal mortality levels (Ball and
Olson 1957; Bradshaw et al. 1982; Holdsworth 1985). The exposure times (Fs-
values) needed to achieve 75, 90 and 95% fungal mortality levels are presented
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FIG. 4 FINAL MOISTURE CONTENT AS A FUNCTION OF EXPOSURE DURATION
FOR VARIOUS HEAT TREATMENT COMBINATIONS

as a function of heating surface temperature in Fig. 6. The relationships of Fig.
6 can be expressed by the following equation which is based on regression
analysis:

Log Fs = ao + a1 Ts (6)
Where Fs = actual heating time to achieve a specific fungal mortality level, min
Ts = heating surface temperature, °C
ao, a1 = regression coefficients

The determination of zs-values shown in Table 4 describe the temperature de-
pendence of Fs-values on the inverse of the slope of the thermal death time curve
(Fig. 5) or 1/a1, when using Eq. 6. Finally, the heating time to achieve a desired
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005
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FIG. 5 FUNGAL LOAD RATIO AS A FUNCTION OF EXPOSURE DURATION FOR
VARIOUS HEATING SURFACE TEMPERATURES

level of fungal mortality could be estimated by the following relationship (Big-
elow et al. 1920):

[ Treg - Ts 1/2zs
Fs = Fo 10 @

Where Fo = exposure time at a reference temperature, min
Trer = reference heating surface temperature, °C
zs = z-value based on heating surface temperature, °C
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FIG. 6 ACTUAL HEATING TIME AS A FUNCTION OF HEATING SURFACE
TEMPERATURES FOR VARIOUS FUNGAL MORTALITY LEVELS

Heating of high moisture rice using a 200°C surface temperature for about 3.5
min resulted in a 90% reduction of fungal load ratio. The same levels of fungal
inactivation could be accomplished by heating the grain using 150, 100, 75°C
heating surface temperatures for 13, 25 and 36 min, respectively. These heat
treatments will also reduce the moisture content of rice by approximately 2 to
3% w.b. The amount of reduction increases with the heating surface temperature.
The bulk grain temperatures corresponding to heating surface temperatures of
75 and 200°C were 60 and 85°C, respectively. These experimental results are
based on the freshly harvested rough rice at an initial moisture content of about
26% (w.b.). Rough rice with lower moisture contents would probably heat at a
faster rate, and require shorter exposure durations for a given fungal inactivation
level. The estimated exposure times and temperatures are only applicable to the
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TABLE 4.
REGRESSION COEFFICIENTS OF EQ. (6) RELATING F.-VALUES WITH HEATING
SURFACE TEMPERATURE AT VARIOUS LEVELS OF FUNGAL MORTALITY

Fungal
mortality ao ai R2 SEE Zsx
(%) (°c)
75 2.4039 -0.0123 0.914 0.300 81.6
90 2.2678 -0.0084 0.969 0.101 119.0
95 2.1289 -0.0057 0.998 0.015 175.0
* zs = 1/a:

experimental heating used in this study. A general approach for representing
thermal inactivation of fungi in high moisture rice based on the bulk grain
temperature history is presented in the following section.

Generalized Representation of Thermal Inactivation of Fungi in
High Moisture Rice

A procedure was developed for representing thermal inactivation of fungi in
high moisture rice based on bulk grain temperature history in any given heat
application equipment. This necessitated the computation of new z-values at
some arbitrarily selected reference bulk grain temperatures. Accordingly equiv-
alent exposure times which assumed no lags in the heating process were computed
using an iterative procedure similar to the one proposed by Hayakawa et al.
(1977) to solve the following equation (Bigelow 1920):

t

S’ [ T(t) - Ts 1/zs
10

Fp = dt ®)

(o]

Where Fs =equivalent exposure time at a reference bulk grain temperature to
achieve a specified fungal mortality level, min
T(t) =bulk grain temperature at any given time t, °C
Ts =reference bulk grain temperature, °C
zs =inverse of the slope of the thermal death time curve based on bulk
grain temperature, °C

The solution scheme (diagrammed in Fig. 7) included the following steps:

(1) Assume a zs-value and from the time-temperature curves of bulk grain
(Eq. 4) for known heating durations and fungal load reduction levels, compute
the equivalent exposure time (Eq. 8) in each case by arbitrarily selecting different
reference bulk grain temperatures (Ts).
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FIG. 7 FLOWCHART FOR DETERMINING zs-VALUE

(2) Plot the fungal load ratio against the equivalent exposure time and compute
the exposure time (Fs-values) corresponding to a desired level of reduction in
fungal load ratio for each reference bulk grain temperature.

(3) Plot the common logarithm of time (Fs-values) determined at Step 2 against
reference bulk grain temperature (Ts) and determine the slope of the relationship
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by regression. Compute the reciprocal of the slope to give a zs-value (Zcal).
Compare the computed zs-value with the assumed zs-value used at Step 1. Set
zs equal to zcal and repeat Steps 1, 2 and 3 until the assumed zs-value becomes
almost equal to the computed zs-value.

The plots of equivalent exposure time (Fs-values) against reference bulk grain
temperature (Ts) obtained from the iterative procedure for 75, 90 and 95% fungal
mortality levels are shown in Fig. 8. These relationships were represented by
the following equation:

Log Fp = bo + b1 Ts 9

Where bo and bi are regression coefficients (Table 5).

100

Fungai
mortality
level

95%

90 %

Equivalent exposure time, Fg (min)

Z=17.5 °C

3 1 1 1 1
50 35 60 65 70 75

Reference bulk grain temperature ( °C )

FIG. 8 EQUIVALENT EXPOSURE TIME AS A FUNCTION OF REFERENCE BULK GRAIN
TEMPERATURE FOR VARIOUS FUNGAL MORTALITY LEVELS
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TABLE 5.
REGRESSION COEFFICIENTS OF EQ. (9) RELATING EQUIVALENT EXPOSURE TIME
(Fs) TO REFERENCE BULK GRAIN TEMPERATURE FOR VARIOUS FUNGAL
MORTALITY LEVELS

Fungal
mortality
levels bo b1 R2 SEE ZB*
(%) (9c)
75 4.5600 -0.0571 0.860 0.380 17.5
90 3.3767 -0.0291 0.850 0.200 34.0
95 2.7214 -0.0159 0.860 0.100 63.0
x zp = 1/ba

The inverse of the slope, 1/b1, led to the determination of zs-values for selected
fungal mortality levels as shown in Fig. 8.

Figure 8 shows the isothermal heating times (Fs-values) required to achieve
various fungal mortality levels assuming no heating and cooling lags. A 90%
reduction in fungal load could be achieved by heating the bulk grain either to
50°C for 82 min or to 70°C for 22 min. The computed values of Fs and zs could
be used in estimating the actual heating time from Eq. 8 for thermal inactivation
of fungi in high moisture rice based on its time-temperature history during
conduction heating with any given equipment.

SUMMARY AND CONCLUSIONS

This study showed that high-temperature short-time conduction heating of
freshly harvested high moisture rice could effectively reduce its fungal popu-
lation. A reduction in fungal activity of high moisture rice could prolong its
temporary storage without quality deterioration prior to final drying of grain to
safe moisture content.

Specific conclusions based on the results of this study are:

(1) Heat treatments reduced the fungal load in freshly harvested high moisture
rice. The effectiveness of conduction heating for fungal inactivation depended
upon the heating surface temperature and exposure time.

(2) It was possible to generalize the time-temperature requirements for arresting
the fungal growth in rough rice in terms of the kinetic parameters analogous to
those commonly used in thermal processing calculations based on the time-
temperature history of bulk grain. Such a procedure also accounted for the heating
and cooling lags usually encountered during heating in a given type of equipment.

(3) The measurement of carbon dioxide provided a simple alternative of es-
timating fungal load in high moisture rough rice.
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ABSTRACT

A computer simulation model was developed to predict the time for temperature
equilibration as well as microbial growth within a food product during freezing
and the equilibration to frozen storage conditions. Theoretical results indicate
that freezing medium temperature, surface heat transfer coefficient and product
size influence the equilibration time significantly. Storage conditions influenced
the equilibration time during storage and significantly influenced the growth of
microorganisms. Microbial growth is a function of the freezing time. Slow freez-
ing of a food product from a high initial temperature and stored at a relatively
high temperature can provide conditions for microbial growth as compared to
very rapid freezing processes. The model is a useful tool for approximate in-
dications of effects of freezing conditions on microbial growth within a food
product.

INTRODUCTION

Most freezing design computations require determination of refrigeration re-
quirements and/or freezing times for the product. For time periods after com-
pletion of the freezing process, the temperature equilibration period required to
achieve storage temperature may be of importance in terms of the final product
quality as well as process efficiency. Knowledge of the influence of freezing
process parameters on the food product should reduce energy consumption as
well as improve quality of the product during storage (Lee and Toledo 1984;
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Buchanan 1986). The equilibration period may also have a significant influence
on product quality from the microbiological standpoint because sub-zero tem-
peratures do not necessarily inactivate microorganisms (Castell-Perez 1984;
Buchanan 1986).

The objectives of this research were:

(1) To develop a computer simulation model to predict the time for temperature
equilibration as well as microbial growth within a food product during the
freezing and the temperature equilibration periods.

(2) To discuss the influence of parameters on equilibration times and microbial
growth during freezing and equilibration.

THEORETICAL CONSIDERATIONS
A computer program was developed for this investigation as follows:

(1) To predict temperature distribution within a food product of infinite slab,
infinite cylinder and spherical geometry during freezing.

(2) To predict temperature profiles during the temperature equilibration period
after freezing is stopped.

(3) To predict microbial growth within the frozen product during the freezing
and equilibration periods.

The criteria for freezing time was based on area average enthalpy for infinite
geometries and a volume average enthalpy for the sphere. The criteria was
established by the time when the average enthalpy reached a value equivalent
to —20°C (—4°F). At this point, the freezing process simulation was stopped.
The volume average enthalpy approach was utilized by Heldman and Gorby
(1975) for spherical geometry with excellent results. The area average enthalpy
is expressed as

1
Hy =3 [, HdA (1)
while the volume average enthalpy is
Hy = = [, Hdv @
v v v

Other investigations have also used enthalpy-based approaches (Sastry 1984;
Mannapperuma and Singh 1988). Improvement of techniques for prediction of
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freezing times continues to be of major interest for researchers; a variety of
numerical methods for prediction of freezing times have been developed and
analyzed (Cleland and Earle 1984a, 1984b; Ramaswamy and Tung 1984; Succar
and Hayakawa 1984; Abdulla and Singh 1985; Cleland et al. 1986; Nomino and
Hayakawa 1986; Pham 1986, 1987). Analytical methods were also analyzed
(Hayakawa et al. 1986; Ilicali and Saglam 1987).

The prediction model for freezing times is based on the model initially de-
veloped by Lescano (1973) and later improved by Heldman and Gorby (1975).
The Fourier heat conduction equation is the governing differential equation for
heat conduction in isotropic systems. For one-dimensional heat transfer in a
homogeneous infinite slab, the equation is

T 9 oT 3)
Ccp(T) » (T)-a—t- " 3% [kx(T) £

This equation represents the transient-state heat conduction in the product. Ther-
mal properties are dependent on temperature and vary with time. Similar equa-
tions for cylindrical and spherical geometries were used. The unique feature of
this model is related to the accurate prediction of temperature dependent thermal
properties of the food below the initial freezing point. Only the thermal properties
of the unfrozen product are required as input.

Initial and Boundary Conditions

Initial Conditions:
The product is at uniform temperature initially.

Boundary Conditions:

g—: =0 at x =0 4)
x =0
(for slab)
oT
gr-: =0 r =0 (5)
r=0

(for cylinder and sphere)

3T ) . 6
k (T) ==+ h, (T-T) =0 ©)
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at the convective surface and t = 0
(for slab)

oT
kKo (T) 5=+ h, (T-T)) =0 @)

(for cylinder and sphere)

Assumptions

(1) The freezing medium temperature and the product initial temperature are
constant and uniform.

(2) The surface heat transfer coefficient (hc) remains constant during the freezing
process (convective boundary condition).

(3) Heat transfer from the freezing medium to the product occurs by convection
and heat conduction occurs within the product.

(4) Heat transfer occurs only in the x-direction for a slab and in the r-direction
for a cylinder and a sphere.

(5) Moisture loss (water vapor transport from the product surface to the air) is
negligible.

(6) Thermal properties above the initial freezing temperature are constant.

(7) Overall product composition does not change during the freezing process.

Temperature Equilibration Time Prediction Model

Temperature fluctuations in stored frozen foods have been studied by Zuritz
and Singh (1985) and the effects of packaging materials on the temperature
fluctuations by Zuritz and Sastry (1986).

The approach developed by Heldman and Gorby (1975) for prediction of
temperature history during storage conditions for a spherical product was mod-
ified to account for product shape.

To develop the simulation model, the following input parameters were needed:
area average enthalpy as determined by Eq. (1), temperature history of product
during freezing (output from freezing time prediction model), surface heat trans-
fer coefficient and storage temperature.

The initial and boundary conditions during equilibration are:

Initial condition:

T= To' at te =0 (8)
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Boundary Conditions:
(T)—+h (T-Tat) = 0 9)
at the convective surface and te = 0 (slab)

kr‘ (T) T h (T - Tst) =0 (10)

for cylinder and sphere

The storage conditions considered included a surface heat transfer coefficient
(he) of 1 W/m?C and a medium temperature (Ts)) of —20°C (—4°F) which are
representative of the storage conditions for frozen beef. With these new variables,
the computer program predicted the temperature distribution within the product
until the surface temperature equaled the medium temperature. At this point, the
simulation stops. Output from this model is utilized to predict microbiological
populations within the frozen product during freezing and frozen storage.

Microbial Growth Prediction Model

Many researchers have discussed the kinetics of microbial growth and at-
tempted to express it mathematically. Kinetics models based on the Arrhenius
equation have been used for microorganisms (Pirt 1975; Thompson and Busta
1981) and inactivation (Pflug 1968; Thompson et al. 1979). Effectiveness of
packaging was also modelled by Zaura and Zaritzky (1985).

Kono (1968) derived the growth rate equation from the standpoint of chemical
reaction kinetics for each phase of microbial population growth. Only the ex-
ponential phase of growth is considered in this investigation:

N = No exp (Kt) n

The following information was needed for the simulation: output from freezing
and equilibration temperature distribution program (for each geometry); initial
microbial population; growth rate constant (K) versus temperature relationship;
and product dimensions (height, width and length of slab; radius and height of
cylinder; radius of sphere).
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Mass Average Population Criteria

The criteria of mass average population consisted of the calculation of the
distribution of microbial population within the total mass of the product. The
subdivision of the product into volume elements facilitates computer iteration
and a sequence of calculations are performed for each volume element to obtain
the final population. This method was originally developed by Teixeira et al.
(1969) for calculation of lethality.

RESULTS AND DISCUSSION

Results from simulation were obtained by running the computer program with
different input parameters. The influence of several input parameters was ana-
lyzed. Figures 1 and 2 illustrate the temperature distribution within the food
product during the freezing process and the temperature equilibration period
following freezing. Temperature distribution curves showed good agreement with
previous works such as Lescano (1973).

Figure 1 presents the temperature distribution at the end of a very rapid freezing
process (high surface heat transfer coefficient, low freezing medium temperature)
for an infinite slab. It is clear that the rapid freezing conditions cause a rapid
decrease of the surface temperature (— 110°C) while the center temperature is
still relatively high (9°C) when the freezing process ends. Consequently, the
equilibration of temperatures requires a long period of time due to the large
temperature gradient between the product center and the product surface. The
equilibration of temperatures occurs at a reduced rate compared to the freezing
time.

The results in Fig. 2 show that the temperature decrease is more uniform
within the product at the end of a very slow freezing process (low surface heat
transfer coefficient, high freezing medium temperature). Less time is required
for temperature equilibration as compared to Fig. 1. This is due to the similar
temperatures at the product surface and center at the beginning of equilibration.

As demonstrated, freezing conditions influence the temperature distribution
at the end of freezing. The influence of these conditions on freezing time has
been discussed by Heldman (1974), Heldman and Gorby (1975), Purwadaria
(1980), Cleland and Earle (1984b), Succar and Hayakawa (1984) and Rama-
swamy and Tung (1984). The influence on the time for temperature equilibration
after freezing is closely related to the temperature distribution at the end of
freezing.

The freezing conditions have a dramatic influence on the temperature distri-
bution at the end of freezing process and, consequently, on the time for tem-
perature equilibration. Differences in product geometry are due to the different
volume/area ratios, with the sphere having the lower freezing times (Fig. 3).
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FIG. 3. TEMPERATURE DISTRIBUTION AT THE END OF FREEZING VERSUS
FREEZING MEDIUM TEMPERATURE

Temperature Equilibration Time

The temperature equilibration time was defined as the time from the end of
the freezing process for the product surface and center temperatures to reach the
storage temperature. Consequently, the time for temperature equilibration after
the freezing process is a function of the temperature distribution within the
product at the end of freezing. It was observed that the larger the temperature
gradient, the longer the time to achieve temperature equilibration (Fig. 4). This
effect is significant and could be of concern when considering the potential for
microbial growth during extended periods of elevated temperature.

Storage conditions also influence the time for temperature equilibration after
freezing: higher values of the surface heat transfer coefficient will lead to more
rapid equilibration of temperatures within the product. The influence of the
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FIG. 4. TEMPERATURE DISTRIBUTION WITHIN THE PRODUCT AT THE END OF
FREEZING VERSUS TIME TO REACH TEMPERATURE EQUILIBRATION

temperature of storage on the time for temperature equilibration is related to the
freezing conditions which are established for the center temperature to achieve
a temperature equivalent to the storage temperature. This influences freezing
time, and consequently, the temperature distribution within the product at the
end of freezing.

Influence of Freezing Process and Storage Conditions on Product Quality
(microbial growth)

A primary objective of this investigation was to predict the growth of selected
microorganisms in ground beef during the freezing process and the selected
frozen storage period. Growth of psychrophilic Bacillus was selected based on
ability to observe growth at low temperature [below 0°C (32°F)] (Dultschaever
et al. 1973; Goepfert and Kim 1975; Lee and Toledo 1984; Simard et al. 1984,
Buchanan 1986).
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The results (Fig. 5) illustrate the increase in microbial population during slow
freezing conditions. The ratio of microbial populations (N/No) was plotted versus
time. It is clear that slow freezing provides favorable conditions for microbial
growth within a food product due to relatively high product temperatures during
the freezing process. The increase in microbial population is more significant
during the initial period of freezing and decreases gradually as the freezing
process continues. Microbial growth is limited during rapid freezing because the
product temperature is rapidly decreased (Fig. 6).

Prediction of microbial growth during different freezing conditions was con-
ducted. Figure 7 illustrates the influence of freezing time on the extent of mi-
crobial growth within the product at completion of freezing. Slow freezing
processes constitute a potential for the growth of certain microorganisms and

N/No

] 3 A 1
0 10 (1] 100 140 130 220

FREEZING TIME (MINUTES)

FIG. 7. PREDICTED MICROBIAL GROWTH AT THE END OF FREEZING
VERSUS FREEZING TIME
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this type of freezing process can be important in terms of final product quality.
On the other hand, very rapid freezing processes do not provide favorable mi-
crobial growth conditions, probably due to the limited growth of nonpsychro-
philes at low (below 0°C) temperatures.

Microbial Growth during Temperature Equilibration Period

Figure 8 presents the microbial growth during the temperature equilibration
period following a slow freezing process. Although the time period is short,
microbial growth still occurs to a moderate extent. Figure 9 presents the microbial
growth during storage following rapid freezing conditions. In this case, tem-
perature equilibration time is significant but microbial growth is moderate.

For rapid freezing conditions, the temperature at the center is sufficiently high
to encourage increase of microbial populations. The influence on growth of
microbial populations could be related more closely to the time for temperature
equilibration than to temperature. In addition, high storage temperatures result
in a significant increase in microbial population as compared to a lower storage
temperature. Figure 10 illustrates the influence of the surface heat transfer coef-
ficient during storage on microbial growth during equilibration. The higher values
resulted in less microbial growth due to smaller time required to reach temperature
equilibration. Large values of the surface heat transfer coefficient should reduce
microbial growth during equilibrium and storage to negligible levels.

In conclusion, selection of the proper freezing and storage conditions is an
important factor in preserving the quality of meat products due to the considerably
long periods of time at which this food product is usually stored before
consumption.

Application of Simulation Model in the Frozen Food Industry

The application of the simulation model in the food industry is for selection
of the optimum freezing and storage conditions for a desired product, size, shape
and quality characteristics. Input parameters may be varied in order to collect
enough information for the development of a chart illustrating the relationships
between freezing conditions and microbial growth within the product.

Some limitations of the model are:

(1) Only the influence of temperature on microbial growth was considered for
simulation. Water activity (Aw) effects were not accounted for.

(2) Microbial growth rate constants (K) may be a function of substrate or product.

(3) Uniform microbial distribution within the product was assumed. Other factors
affecting microbial growth such as nutrients, atmosphere, location within
the object, and changes in concentration of solutes due to freezing, may
influence the results from the theoretical simulation.
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T = -200°C
h = 100 W/mC
Ti= 10°C

size = 8 cm

N/No AT THE END OF EQUILIBRATION

~~e.glab
1k \cylinder
sphere
No = No at beginning of equilibration
) 1 5 10

SURFACE HEAT TRANSFER COEFFICIENT (W/mZC)

FIG. 10. PREDICTED MICROBIAL GROWTH AT THE END OF EQUILIBRATION VERSUS
SURFACE HEAT TRANSFER COEFFICIENT DURING STORAGE

(4) Food products are nonhomogeneous and this is not accounted for in the
theoretical simulation.

The practical implications of the problem of microbial growth within a food
product during freezing and frozen storage initiated the development of this
investigation. Experimental verification was not conducted and simulation results
can only be considered as an approximate indication of the real situation.

CONCLUSIONS

(1) Freezing medium temperature, surface heat transfer coefficient, product size
and storage conditions significantly influence the time for temperature equi-
libration and the growth of microorganisms in the food product. The extent
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of microbial growth during freezing and temperature equilibration is influ-
enced directly by freezing time.

Initial product temperature has a significant influence on microbial growth
during slow freezing processes. Slow freezing of a product initially at 30°C
can result in a potential increase in microbial growth population of about
83% during freezing as compared to an increase of 4% when the product
was initially at 10°C.

Storage temperature has a significant influence on microbial growth during
equilibration. Reducing the storage temperature from —20°C to —30°C
provides a decrease of 20% in microbial population growth. An increase in
storage temperature to — 10°C would result in a microbial population increase
of about 80% during the equilibration period.

Results from the theoretical simulation indicate that slow freezing processes
provide conditions for significant increases in microbial population and these
conditions will be important in terms of product quality when initial microbial
populations are high. Rapid freezing processes would be important under
these conditions.

LIST OF SYMBOLS

A area, m?

Aw Water activity

Cp Specific heat of product, kJ/kg°C

p Density of product, kg/m?3

he Surface heat transfer coefficient in freezing, W/m2°C

h'c Surface heat transfer coefficient in storage, W/m?°C

Ha Area average enthalpy, kl/kg

Hv Volume average enthalpy, kJ/kg

k(T) Thermal conductivity of product, W/m°C

K Growth rate constant, min !

N Microbial population at time t, cells/g

No Initial microbial population, cells/g

r Radius of cylinder or sphere, m

t Time, minutes

te Time during equilibration, minutes

T Temperature, °C

Te Center temperature, °C

Ti Product temperature at beginning of freezing, °C

To' Product temperature at end of freezing and beginning of equilib-
rium, °C

Ts Surface temperature, °C

Tst Storage temperature, °C
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T. Freezing medium temperature, °C
A" Volume, m3
X Thickness of slab, m
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ABSTRACT

The flesh color of 5 clingstone peach cultivars was measured (in CIELAB
coordinates) by tristimulus colorimeter before and after canning. Before canning,
Sfruit were separated into 3 color classes (1A: green-yellow, 4A: yellow-green,
7A: orange) by visual comparison with a trial maturity chart. After canning,
flesh color was measured and visually graded. All samples in color class 1A
were rated USDA grade C, while classes 4A and 7A were rated grade A. Flesh
color was also measured as a function of time before and after harvest. Fresh
flesh L* values were approximately constant, a* values increased steadily, and
b* values increased then slightly decreased. Final specifications for a new ma-
turity chart were 7 colors of constant luminance (L*=76.5) and linearly in-
creasing a* and b* values (—5.0 to 13.0 and 70.1 to 76.4, respectively),
corresponding to a time step of 3.5 days between colors.

INTRODUCTION

A great majority of clingstone peaches in the US are grown and processed in
California, with a 1986 fresh production of 408 million kg from 13,850 hectares.
One critical factor determining grade and ultimate quality of the canned fruit is
maturity at harvest. Previous research on fresh peaches showed that flesh firm-
ness, skin ground color, and flesh color were good maturity indices (Rood 1957).
Flesh firmness as measured by penetrometer is a destructive test and, hence, is
not used for grading fresh market peaches. Ground color is used for fresh peach
maturity assessment in California and South Carolina (Delwiche and Baum-
gardner 1985). Because the flesh is exposed after canning, flesh color is used
for maturity evaluation of fresh clingstone peaches in California.

Present California state grade regulations require the use of color standards
in the form of plastic disks for maturity evaluation. The color disks are intended
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to match the minimum flesh color of peaches necessary to insure a canned product
‘*‘choice’’ grade (USDA grade B). Maturity evaluations are conducted by in-
spection personnel at field grade stations on random samples of peaches from
the harvest bins. One of 3 color disks is selected by the processor to be used as
the grade standard. Comparisons are made between the color disks and flesh
exposed after removal of a 6.4 mm thick slice from the smaller cheek. Problems
have arisen because these color disks are difficult to use and do not insure
adequate color and uniformity of color after processing. Several factors contribute
to these problems: (1) the color of the disks do not match the actual peach flesh
color at the appropriate stage of maturity, (2) flesh color varies as a function of
cut surface position, and (3) the difficulty of using a single color standard rather
than a gradient of colors corresponding to immature through mature fruit.

In previous research, fresh clingstone peaches were separated into groups
based on colorimeter measurement and the canned halves were graded by sensory
panel (Fuleki and Cook 1975). Hunter color coordinates (L, a, and b) of the
fresh and canned flesh from 2 cultivars were compared. The results showed a
strong relationship between the ‘‘a’’ value (i.e., the red-green color coordinate)
of the fresh flesh and quality of the canned product. Kader ez al. (1982) also
reported that canned flesh color can be predicted from fresh flesh ‘‘a’’ values
(using Gardner Rd, a, and b coordinates).

Research began at the University of California at Davis several years ago to
relate the optical properties of clingstone peaches to maturity. Color was mea-
sured as a function of cultivar, maturity, and flesh position using a tristimulus
colorimeter. The potential for automatic color sorting of whole fruits and peeled
halves was evaluated by measurement of spectral characteristics with a spectro-
photometer (Delwiche et al. 1987). Based on this work, a trial color chart for
maturity evaluation was developed and tested during the 1987 season. The results
of this work are summarized herein.

The specific objectives of this research were: (1) to determine the relationship
between fresh flesh color matched with the trial maturity chart and canned color;
and (2) to measure the progression of flesh color as a function of time during
fruit growth and maturation; and (3) to develop final specifications for a new
clingstone peach maturity chart.

EXPERIMENTAL METHODS

Fruit Handling

Samples of 5 peach cultivars spanning the harvest season were collected from
commercial orchard blocks in Yuba City, California. For the canning study
(objective 1), approximately 300 peaches of varying maturity were hand-picked
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and placed in cold storage at 0°C. On the afternoon before canning, the peaches
were removed from the cooler and visually separated into 3 flesh color classes
(1A, 4A, and 7A) by comparison with the trial color chart. These separations
were made under standard grading lights (5500—-6000 °K) by removing a 6.4
mm thick slice from 1 cheek of each peach with the standard grading knife.
After the color comparisons, flesh firmness was measured on the sliced cheek
using a penetrometer (Model UC Fruit Firmness Tester, Western Industrial Sup-
ply, San Francisco, California, USA) with a 7.9 mm diameter tip. The segregated
peaches were immediately put back in cold storage. On the following morning,
60 fruit from each color class were canned and 20 fruit were measured for fresh
color. Color changes between harvest and canning were assumed negligible due
to the low storage temperature.

For the time-progression study (objective 2), 4 trees near the center of each
orchard block were marked. Ten ‘‘typical’’ fruit were picked from each tree and
the combined 40 peach sample was immediately brought to the lab for color
measurement. This sampling procedure was repeated 5 times for each cultivar,
starting approximately 2 weeks before the expected harvest date and continuing
about a week beyond the first commercial harvest.

Canning

The peaches were mechanically halved and pitted, peeled in a 1.25% lye bath,
and rinsed with water. The sliced and punched halves were discarded. No. 2 1/2
cans were hand-packed with about 0.54 kg of fruit and filled with about 0.31
kg of 30° Brix syrup (containing approximately equal parts of sucrose, corn
syrup, and high-fructose corn syrup). The cans were vacuum sealed at 50 kPa,
sterilized in a rotary cooker at 100°C for 20 min, and stored at room temperature.
Tests of the canned flesh color were conducted after 5-6 months storage.

Color Measurement

Color was measured by tristimulus colorimeter (Model D25A-PC2, Hunterlab,
Reston, Virginia, USA) using 45° incident dual beam illumination on the sample
plane and a 0° viewing angle. The colorimeter was standardized with the yellow
calibration plate (X=61.1, Y = 61.6, Z=43.0, CIE standard illuminant C,
CIE 1931 standard observer). All color data are reported in CIELAB (i.e., L*,
a*, and b*) color coordinates according to the ASTM recommendation (Standard
E308-85).

Spectral characteristics were measured by spectrophotometer (Model 330,
Perkin-Elmer, Norwalk, Connecticut, USA) to check the colorimeter readings.
The spectrophotometer used a 60 mm diameter integrating sphere, 18 mm di-
ameter viewing aperture, 0° illumination, and 90° viewing angle. Diffuse re-
flectance was measured from 360 to 780 nm in 10 nm increments and converted
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to tristimulus values using weighted-ordinate integration (ASTM Standard
E308-85).

Significant problems were found in the early phase of this research with
luminance distortion caused by the small aperture of the colorimeter (12.7 mm)
and the low light scattering (i.e., translucency) of peach tissue (Delwiche et al.
1987). To reduce these effects, the colorimeter was configured with a 25.4 mm
aperture and the light magnification lenses in place. The result was a highly
illuminated spot in the center of the sample plane and a halo of light around the
spot caused by diffuse body reflection (Hunter 1975). Preliminary tests were
made on 10 peaches (cultivar Starn) comparing these 2 colorimeter configurations
with the standard configuration (50.8 mm aperture, no lenses) and the spectro-
photometer. The results (Table 1) showed that colorimeter readings with the
25.4 mm aperture were in reasonable agreement with those from the 50.8 mm
aperture and the spectrophotometer. Luminance distortion was clearly evident
with the small colorimeter aperture.

Instrument color measurements of the fresh peaches were made on the flesh
immediately below the skin (exposed using a potato peeler) and flesh at the
standard grading cut (exposed using the grading knife). Measurements of the
canned peach halves were made on the convex side covered with syrup.

Visual measurements of fresh flesh color for the canning study were made
with the trial maturity chart. The chart was constructed of 7 sections of lacquer
covered paper with a mat finish and laminated in clear plastic. A 19 mm hole
was punched on the border between adjacent colors to permit comparison of the
peach flesh with 2 colors. Based on data collected during 1986, the colors were

TABLE 1.
COMPARISON OF COLOR MEASUREMENT CONFIGURATIONS ON
STARN PEACH FLESHT

L* a* b* X y
Colorimeter
12.7 mm aperture + lenses  68.4 d 73b 62.7 c 0.460 c 0.442 b
25.4 mm aperture + lenses 75.0 b 114 a 72.2 ab 0.474 ab 0.443 b
50.8 mm aperture 76.7 a 109 a 70.5b 0468b  0.440 b
Spectrophotometer
18 mm aperture T24c 99a 726a 0.475 a 0.448 a

tSample size = 10 fruit. Means with same letter are not significantly different by
Duncan's multiple range test, o = 0.05.
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COLORIMETER MEASUREM;Q’?;‘ l(2)127.1987 TRIAL COLOR CHARTY
Color # L* a* b*
1A 77.2 -1.6 65.2
2A 77.5 0.4 65.6
3A 7.2 2.7 67.0
4A 77.4 4.3 64.5
5A 729 6.6 64.6
6A 77.8 8.7 66.5
7A 77.6 10.5 66.4

tMeasurements on laminated color chart with 25.4 mm
aperture and yellow tile standardization.

specified with constant L* and b* values (77.2 and 62.8, respectively) and a 2
unit increment of a* value (—2.0 to 10.0). Actual color measurements of the
chart are given in Table 2.

Visual measurements of canned flesh color were made under indirect daylight
with the USDA color standards for canned clingstone peaches. Colorimeter
measurements of these standards are shown in Table 3.

RESULTS AND DISCUSSION

Average fresh flesh colors for the canning study are shown in Table 4 by
cultivar and color class. Peaches separated into the 3 color classes by the grader
showed about the same L* (luminance coordinate) readings and a steady increase

TABLE 3.
COLORIMETER MEASUREMENTS OF THE USDA COLOR STANDARDS FOR
CANNED CLINGSTONE PEACHESTt

USDA Color Model Grade L* a* b*
CLC C 68.4 3.6 70.7
CLB B 71.2 4.2 73.4
CLA A 66.0 9.9 74.1

tAverage of 4 measurements with 25.4 mm aperture and yellow
tile standardization.
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TABLE 4.
COLOR AND FIRMNESS OF FRESH FLESH AT THE STANDARD GRADING CUTT
Color
Cultivar Class L* a* b* Firmness
Carson N
1A 72.3 (1.8) 39 (2.1) 70.4 (2.2) 52.0 (5.5)
4A 74.5 (1.3) 12.2 (2.8) 74.4 (1.7) 42.3 (5.8)
7A 74.3 (0.9) 15.4 (1.8) 74.1 2.4) 33.4 (4.5)
Andross
1A 74.4 (2.2) 4.4 (3.0) 72.1 (2.3) 46.7 (5.6)
4A 76.1 (1.4) 8.9 (2.3) 75.9 2.4) 34.3 (5.5)
7TA 76.2 (1.1) 13.6 (2.0) 76.9 (2.8) 23.1 (3.8)
Halford
1A 75.6 (1.5) 3.9 (3.9 66.9 (1.9) 41.8 (6.6)
4A 76.3 (1.8) 9.5 (3.3) 69.7 (2.2) 31.6 (5.4)
TA 75.0 (1.7) 15.7 (3.0) 70.2 2.7) 30.2 (6.9)
Dr. Davis
1A 77.9 (1.5) 1.1 (2.2) 63.7 (4.2) 52.9 (6.4)
4A 77.2 (1.0) 12.8 (2.1) 71.1 (1.5) 41.8 (7.2)
TA 75.4 (1.2) 17.6 (2.5) 69.0 (2.6) 29.4 (4.8)
Starn
1A 76.5 (1.3) 4.5 (2.8) 66.8 (3.3) 47.6 (6.7)
4A 76.0 (1.2) 9.1 (2.5) 70.2 (2.0) 34.7 (6.7)
7A 76.2 (1.2) 10.8 (1.4) 67.8 (4.1) 27.1 (7.6)
(Combined)
1A 75.3 (2.5) 3.6 3.1) 68.0 (4.1) 48.2
4A 76.0 (1.6) 10.5 (3.1) 72.3 (3.1) 36.9
TA 75.4 (1.4) 14.6 (3.1) 71.6 (4.5) 28.6

tSample size = 20 fruit/color class for colorimeter measurements and 60 for
firmness. Standard deviations shown in parentheses.

in a* (green/red chrominance coordinate) from class 1A to 7A. In general, the
measurements of b* (blue/yellow chrominance coordinate) were slightly lower
for color class 1A than 4A and 7A, although the magnitude of these differences
was not as large as for a*. The overall visual interpretation of these data indicates
a shift from yellow-green to yellow-red (i.e., orange) flesh coloration, with
approximately constant lightness.

Increased maturity of peaches in the higher color classes is further evidenced
by the steady decrease in flesh firmness from color class 1A to 7A. Average
firmness measurements were 48.2, 36.9, and 28.6 N, respectively. The low
firmness at higher flesh color levels could cause unacceptable losses due to
bruising, mispitting, or over-peeling. Furthermore, the relationship between color
and flesh firmness varies due to factors such as soil type, cultural practice,
climate, weather, etc. Therefore, a new maturity chart must cover a sufficient
range of color to allow for local adjustments due to these effects.

The average flesh color readings in Table 4 were compared with the color
chart measurements in Table 2 to determine the accuracy of segregation by the
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grader. The visual difference between adjacent colors on the chart was small
(AE = 2) and caused the grader difficulty when making such distinctions. There-
fore, the grader placed peaches with flesh matching colors 1A and 2A in color
class 1A, 3A to 5A in color class 4A, and 6A to beyond 7A in color class 7A.
The data in Table 4 compared with the color chart measurements in Table 2
show that the grader tended to under-estimate a* for color classes 1A and 4A.
Part of this discrepancy may have been due to the difference in b* values between
the maturity chart and the actual peaches.

Color measurements of the canned flesh and the USDA color grade are shown
by cultivar and color class in Table 5. Compared with the fresh peaches, the
canned fruit had roughly similar chrominance but lower luminance by about 15
L* units. This suggests that the primary change due to canning was a breakdown
in cell structure causing a decrease in light scattering and, hence, an increase in
flesh translucency. Color class 1A was graded USDA grade C for all cultivars,
whereas color classes 4A and 7A were all rated grade A. None of the canned
peach samples were judged to match color model B. Theoretical color matches
(shown on the right in Table 5) were calculated by determining the minimum

TABLE 5.
COLOR AND USDA COLOR GRADE OF THE CANNED FLESHT
Color USDA Color Grade

Cultivar Class L* a* b* Visual  Theoretical
Carson

1A 56.8 (1.7) 4.2 (1.1) 67.3 (2.2) C C

4A 58.4 (1.6) 5.1 (1.3) 63.2 (1.8) A C

TA 59.2 (1.8) 6.0 (1.5) 65.4 (1.7) A C
Andross

1A 61.4 (2.3) 4.0 (1.8) 65.7 (2.5) C C

4A 63.8 (1.5) 7.7 (1.8) 709 (3.1) A A

TA 63.2 (2.3) 9.3 2.2) 71.7 (3.3) A A
Halford

1A 59.9 (2.2) 3.4 (1.7) 60.5 (3.1) C C

4A 60.7 (1.8) 7.9 (2.6) 66.2 (2.5) A A

TA 60.9 (1.6) 11.1 2.4) 68.5 (2.9) A A
Dr. Davis

1A 56.2 (1.8) 1.7 (1.1) 61.0 2.7) C C

4A 57.2 (1.7) 7.0 (2.1) 66.0 (2.7) A A

TA 58.2 (2.0) 11.3 (2.8) 67.8 2.7) A A
Starn

1A 56.9 (1.9) 2.2 (1.3) 61.3 (2.6) C C

4A 58.7 (1.5) 7.2 (3.0) 63.8 (3.5) A C

7A 59.1 (1.6) 7.4 2.7) 65.8 (3.0) A A
(Combined)

1A 58.4 (2.9) 3.2 (1.8) 63.3 (3.9) C

4A 60.0 (2.9) 69 (2.4) 66.3 (3.9) C

TA 60.3 (2.6) 8.9 (3.1) 67.9 (3.6) A

tSample size = 20 fruit/color class. Standard deviations shown in
parentheses. Theoretical color grade based on minimum distance
to color model data.
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Euclidean distance in color space (i.e., AE) between the average canned flesh
values and the color standards (Table 3). For several of the cultivars, the the-
oretical color match differed from the visual grade (which illustrates the difficulty
in quantifying visual perceptions of nonopaque biological materials). The dis-
crepancies were primarily due to the difference in b* value between the color
models and the flesh which distorted the effects due to a* differences. The lack
of visual or theoretical color matches with color model B was caused by its
higher luminance.

Processors have reported that for some cultivars, flesh exposed by the standard
grading knife is different in color from flesh closer to the skin. This would
complicate the task of fresh grading to insure canned color grade since the canned
evaluation is on flesh just below the skin. Previous results showed significant
color differences between the 2 measurement locations (Delwiche et al. 1987).
Average colorimeter readings of the surface flesh are shown in Table 6. Compared

TABLE 6.
COLOR OF FRESH FLESH AT THE PEACH SURFACET
Color
Cultivar Class L* a* b*
Carson
1A 77.1 (1.5) 2.4 (3.3) 64.2 (3.6)
4A 78.6 (1.4) 8.7 (2.6) 65.1 (3.3)
7A 78.9 (1.1) 11.5 (1.8) 65.8 (2.7)
Andross
1A 78.4 (2.1) 3.7 2.3) 65.2 (3.4)
4A 79.4 (1.2) 7.4 (2.6) 68.8 (3.4)
TA 79.5 (3.4) 10.8 (3.4) 67.9 (3.6)
Halford
1A 79.7 (1.7) -1.8 (3.6) 57.6 (2.4)
4A 80.1 (1.6) 7.1 (4.4) 64.4 (3.3)
7A 78.7 (2.2) 13.2 (3.5) 64.5 (3.6)
Dr. Davis
1A 79.6 (1.8) 0.4 (2.4) 62.5 (2.9)
4A 79.7 (1.4) 12.7 (2.5) 65.7 (3.5)
7A 77.8 (1.6) 17.5 (2.8) 63.4 (2.7)
Starn
1A 79.1 (1.3) 1.9 (3.5) 60.6 (3.2)
4A 79.2 (1.5) 6.6 (3.5) 63.5 (3.4)
TA 79.9 (1.2) 8.8 (1.6) 64.0 (3.9)
(Combined) 1A 78.8 (1.9) 1.3 (3.6) 62.0 (4.1)
4A 79.4 (1.5) 8.5 (3.8) 65.5 (3.8)
7TA 79.0 (1.7) 12.4 (3.8) 65.1 (3.7)

tSample size = 20 fruit/color class. Standard
deviations shown in parentheses.
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with flesh at the standard grading cut, the surface flesh was lighter by 3—4 L*
units, greener by about 2 a* units, and less yellow by about 6 b* units.

Data from the time-progression study were used to determine the rate of flesh
color change during fruit growth and maturation. To enable comparison among
cultivars, the variable time was normalized by calculating the number of days
from first commercial harvest to the sample time (negative values correspond to
time before harvest). Average flesh color at the standard cut surface is plotted
by cultivar in Fig. 1-3. Several observations are consistent with the canning
study data in Table 4. The plot of L* over time (Fig. 1) showed that the luminance
of the peach flesh was relatively constant, particularly for the final week before
harvest. In contrast, the value of a* (Fig. 2) steadily increased during the 2
weeks before harvest and, to a lesser degree, after harvest. Color coordinate b*
(Fig. 3) showed a slight tendency to increase before harvest, with the exception
of the Dr. Davis cultivar. For this cultivar, table 4 and Figure 3 show a large
increase in b* value immediately before the onset of horticultural maturity (Wa-
tada er al. 1984). Both L* and b* curves showed a slight tendency to decline
after harvest.

Revision of the trial maturity chart was based on information from the canning
study and the time-progression study. Several assumptions were made in the
derivation of final specifications:

(1) The canning study showed that fruit selected to match color 4A of the
trial chart were all graded USDA color grade A. Therefore, a* = 4.0
was selected as the midpoint of a 7 color sequence.

(2) Field experience showed that the small difference between adjacent colors
of the trial chart made grading difficult. Therefore, Aa* = 3.0 was selected
to give a larger color step and wider maturity range.

(3) The time-progression study showed approximately constant flesh lumi-
nance before harvest. Therefore, the maturity chart luminance was fixed
at L* = 76.5, corresponding to the average of the first 4 samples.

(4) The time-progression study also showed increasing a* and b* values before
harvest. Therefore, data from samples 1-4 were pooled and used to cal-
culate prediction equations for a* and b* as functions of time (Table 7).
Linear equations were used in order to maintain a constant color increment
for a fixed time step between adjacent colors. Although the data for b*
(Fig. 3) appeared quadratic, the linear approximation was judged reason-
able for negative time (i.e., the period of greatest interest).

Based on these assumptions, final maturity chart specifications are given in
Table 8 (CIE standard illuminant C and 1931 standard observer). The difference
between adjacent colors was fixed at 3.2 CIELAB units, corresponding to an
approximate time interval of 3.5 days. The color trajectory defined by these
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TABLE 7.
LEAST-SQUARES LINEAR EQUATIONS FOR a* AND b* AS FUNCTIONS OF TIME
Dependent
Variable Slope (SE) Intercept (SE)
day-1
a* 0.86 (0.11)T+ 8.69 (0.71)t+
b* 0.30 (0.13)t 74.88 (0.81)1t

T, T1Significantly non-zero at the 5% and 1% levels, respectively.

281

specifications is plotted in the a*-b* color plane shown in Fig. 4. Color number
1 appears green-yellow and corresponds to immature fruit. The point of threshold
maturity (corresponding to the onset of horticultural maturity) on the chart will
be variable, depending on cultivar, season, and processor, although it will likely
fall in the range of color numbers 3-5. Color number 7 appears yellow-orange
and corresponds to peaches beyond the point of threshold maturity. Note also
that these specifications are for flesh color after removal of a 6.4 mm thick slice
from the cheek (the present grading procedure). Increased L* values and de-
creased b* values would be necessary for flesh nearer the skin.

Color charts based on the specifications given in Table 8 are now being
evaluated by the California Cling Peach Advisory Board.

FINAL SPECIFICATIONS FOR THETél_l,aIlI:IIég:FONE PEACH MATURITY CHARTY
Color L* a* b*
1 76.5 -5.0 70.1
2 76.5 -2.0 71.2
3 76.5 1.0 72.2
4 76.5 4.0 13.3
5 76.5 7.0 74.3
6 76.5 10.0 75.4
7 76.5 13.0 76.4

tFor color evaluation of fresh flesh exposed by the standard

grading knife.
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FIG. 4. FINAL MATURITY CHART SPECIFICATIONS PLOTTED IN THE
a*-b* COLOR PLANE (L* = 76.5)

CONCLUSIONS

The flesh color of processing clingstone peaches was measured by tristimulus
colorimeter (in CIELAB color coordinates) and human grader to provide basic
information for development of an improved maturity chart. Peaches from 5
cultivars separated into color classes 4A and 7A with a trial maturity chart
(specifications given in Table 2) were all graded USDA color grade A after
canning. Fruit in color class 1A were graded USDA color grade C. No canned
fruit were judged USDA color grade B due to the higher luminance of color
model B compared with A and C. Large differences were found between all of
the USDA color models and the actual canned peach flesh.
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Over a 2 week period around harvest, fresh flesh L* values (luminance co-
ordinate) were approximately constant, a* values (green/red coordinate) in-
creased steadily before and after harvest, and b* values (blue/yellow coordinate)
increased before and decreased slightly after harvest. Linear prediction equations
were computed from these data to revise the trial color chart. Final specifications
for a new maturity chart were 7 colors of constant luminance (L* = 76.5),
linearly increasing a* values (—5.0, to 13.0), and linearly increasing b* values
(70.1 to 76.4). The color difference between successive steps, AE = 3.2,
corresponded to a time increment of 3.5 days. The midpoint of this chart was
selected to approximately match color 4A of the trial chart, which yielded USDA
grade A canned fruit.

NOMENCLATURE

e

CIE tristimulus values using standard illuminant C and the 1931
standard observer functions.

A
L*, a*, b* = CIELAB uniform color scale:

1
L* = 116 (v/100)3 - 16
1 1
3 3
a* = 500 [(X/98.041)% - (Y/100)"]
1 1
b* = 200 [(¥/100)° - (2/118.103)%]
A
X,y = Chromaticity coordinates:
X = X/(X +Y + 2)
vV=Y/(X+Y+ Z)
A . o .
AE = Color difference between points i and j in CIELAB color space:
1
2 2 2 -
= *  _ L* * _ g% ¥ _ p*
AE [(Li Lj)+(ai aJ_)+(bi bj)]
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ABSTRACT

Sorption isotherms and drying mechanisms of Bintje potatoes have been in-
vestigated experimentally. The product temperature and the moisture content
was determined during the drying experiments.

A simulation method to estimate the diffusion coefficient and the moisture
content profiles for the potatoes was performed by means of a finite-difference
computer program. Experimentally determined moisture contents were compared
with calculated for different estimated values of the diffusion coefficient. If the
diffusion coefficient was assumed to be 0.8:10~° m?/s the correlations were
acceptable. The simulated moisture content profiles also gave the surface mois-
ture content.

The surface mass transfer coefficient has been calculated. the resulting 3
values were in the range of 0.014-0.029 m/s.

INTRODUCTION

Potato-drying is one of the operations in the production of French fries, and
follows the blanching stage. The reasons for drying the potatoes are to remove
surface water and to reduce the water content in order to minimize fat uptake
during deep fat frying. To model and optimize the drying stage it is necessary
to know the diffusivity (diffusion coefficient) of water in the potatoes.
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is used to calculate this coefficient.
Normally D is not constant for food products but a function of the water
content. In this case however the range of moisture content investigated is rather
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narrow (4.70 to 2.14 g water/g dry solid). It was therefore convenient to suppose
a constant D-value then being an average value within the water content values
investigated.

The water transport phenomenon is rather complicated, as the moisture transfer
may occur by different mechanisms. Normally, the ‘‘apparent’’ diffusion coef-
ficient is measured. Measurements of this apparent diffusion coefficient have
been described by many authors. Diffusion has been presented mathematically
by Crank (1975). Fish (1958) studied diffusion and thermodynamics of water in
potato starch gel. He has also presented work on dried potatoes.

Saravacos and Charm (1962) studied the drying mechanism of potatoes. They
also compared the effect on drying rate of blanched and unblanched potato.

Vaccarezza, Lombardi and Chirife (1974) investigated the influence of several
variables on the drying rate of sugar beet. Fick’s law was used as a mathematical
tool and Vaccarezza and Chirife (1975) then proposed a method to predict the
diffusivity from drying experiments of sugar beet.

The aim of this study has been to find a reliable simulated model for calculating
the D-value and the moisture content profile, compared to applied experiments.
From the experiments the surface mass transfer coefficient, B, has also been
determined.

MATERIALS AND METHODS

The food substrate was Bintje potatoes supplied by Felix Co., Kévlinge. The
moisture contents of the potatoes in the different experiments varied between
4.38 and 4.70 g water/g dry solid, the glucose content was 8.07 g/kg wet basis
and fructose content 5.13g/kg wet basis. Glucose and fructose contents were
determined enzymatically, (Boehringer Mannheim). A mean value of the density
was 1080 kg/m3.

The blanching procedure took place in a thermostatically controlled water
bath, see (Lamberg and Hallstrom 1986). The drying was performed in a con-
vection oven, (Skjoldebrand 1979) with well controlled air temperature and air
velocity. The humidity of the air could be varied by injecting steam.

The product temperature, in this investigation the center temperature, the dry
air and wet-bulb temperatures were measured with four Cr/Al thermocouples
with a thickness of 0.3 mm. The wet-bulb temperature was measured by means
of thermocouples covered with a wick immersed in a beaker containing distilled
water. The air velocity was measured with an anemometer.

Sorption isotherms

Sorption isotherms for potatoes were experimentally determined by the sat-
urated-salt solution method (Wolf, Spiess and Jung 1985). The potatoes were
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peeled and dipped in 50 mg/kg chlorine solution for 10 s. Cylindrical samples,
20 mm in diameter, were stamped out of the most homogeneous part of the
potato, between the hilum and the center. Slices 5 mm thick were then cut from
the cylinder.

For adsorption experiments the potato slices were freeze-dried and for de-
sorption the slices were cut and weighed immediately. The equilibrium temper-
atures were 15 and 60°C during the desorption and during adsorption 15, 40 and
60°C.

Drying

For the drying experiments the potatoes were cut into strips 13 X 13 X 50 mm,
Fig. 1.

Six strips were heat equilibrated in a 20°C water bath for 15 min and blanched
in a wire net cage, at 75°C for 15 min. Two of the strips were used for dry
substance determination and the other four were placed on a wire net tray in the
oven. The drying process started 4 min after blanching. Drying was carried out
at various temperatures both with dry and humidified air. Product temperature,
and dry air and wet-bulb temperatures were recorded in one series and product
weight, dry air and wet-bulb in another series. Each series was repeated six
times. After each weight series the moisture content of the crumb and a 0.8 mm
skin layer was determined, Fig. 1.

The moisture content was determined by an oven-drying method; 70°C for
24 h and 105°C for 1 h. The dehydration conditions studied are presented in
Table 1. The air velocity was 3 m/s and the drying time was 15 min.

TABLE 1. DEHYDRATION CONDITIONS

Dry air temp Wet air temp Relative humidity
(o) (o) (%)
60 24 3
60 36 20
60 47 49
80 30 2
80 46 16
80 55 30
80 60 40
99 34 1
99 52 10

99 62 18
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FIG. 1. POTATO MODEL (13 X 13 X 50 mm)

Calculations

The theoretical moisture distribution is calculated using Fick’s law

a2x | d*x X

+ +
dx2 2 2

dX
=D )

To solve the equation, a computer program based on the finite-difference tech-
nique is used.

The shape chosen is an infinitely long rectangular rod or strip, see Fig. 1.
The other two dimensions are chosen to equal those of the potato strips used in
the experiments.

The surface moisture content is determined by means of repeated simulations
and is close to the experimental skin layer moisture content, Xs. The initial
moisture content, Xo, used is 4.5 g water/g dry solid.

Different diffusion coefficients are used to simulate moisture contents in the
rod. Experimental moisture contents then are compared with simulated values
and in this way the moisture content profile is determined.
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Program inputs used in the model are:
The diffusion coefficient, rod thickness in x- and y-directions, number of space
divisions, surface moisture content at different times, initial moisture content
and time step.

The mass transfer coefficient, 8, is calculated from the Eq. (3).

M(HZO)
Ag = BA AP —RT— 3)

Ag, the water flux resulting from the drying experiments, AP, is the pressure
difference between the water vapour pressure at the surface at 100% relative
humidity and the vapour pressure in the air bulk and A is the total area of four
strips. T, the temperature.

RESULTS

Sorption Isotherms

The sorption isotherms are presented in Fig. 2. Both adsorption and desorption
curves show a temperature dependency.
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FIG. 2. SORPTION ISOTHERMS OF POTATOES
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The adsorption curves are almost parallel above 30% water activity. The
desorption at 15°C has a plateau between 10 and 40% water activity.

The desorption and adsorption curves at 15°C, cross at 25% and 67% water
activity but the two sorption isotherms at 60°C do not cross, but indicate
hysteresis.

Drying Rate

After blanching, the product temperature was 75°C. This temperature drops
to 45°C before the drying operation is started. The product temperature was
measured for each air temperature and humidity combination during the drying
process. The product temperatures differed considerably depending on whether
the drying took place in dry or humidified air. During drying with dry air the
product temperature decreased towards the wet-bulb temperature, without reach-
ing it, and then rose again. When the drying procedure took place with humidified
air the product temperature in all cases reached the wet-bulb temperature,
Fig. 3.

The drying rate was calculated from the weight reduction and the total dry
solids. In the drying experiments with dry air the drying rate decreased rapidly
during the first 200 s, for all temperatures, and after that a constant drying rate

65

60 -

55

TEMPERATURE (C)

25

20 T T T T T T T T
0 200 400 600 800

TIME (SEC)

FIG. 3. PRODUCT TEMPERATURE DURING DRYING
o Dry air 60°C and wet-bulb 24°C, 3%

relative humidity
+ Dry air 60°C and wet-bulb 47°C, 49%

relative humidity
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was obtained, Fig. 4a, 5a and 6a. With humidified air the drying rate is almost
constant. A tendency towards decreasing drying rate at 60°C and 20% relative
humidity was also observed. At 99°C, 10 and 18% relative humidity the drying
rate increased at the beginning of the drying procedure. This may be due to
condensation.

The figures all represent the mean value of the drying rate for six drying
experiments. The drying rate has also been plotted against the moisture content,
Fig. 4b, 5b and 6b.

The moisture content during drying decreases as temperature increases. Water
is more quickly removed at high temperatures but less quickly with increased
humidity. The moisture content decreases with increasing humidity. At 60°C,
3, 20 and 49% relative humidity about 0.75, 0.50 and 0.25 g/g at 80°C, 2, 16,
30 and 40% relative humidity by 0.80, 0.60, 0.45 and 0.35 g/g and finally 99°C,
1, 10 and 18% relative humidity by 0.90, 0.80 and 0.65 g/g respectively. All
values are calculated from the drying curves.

Moisture Content Measurements and Calculations

The mean values of the moisture content from the different drying experiments
are presented in Table 2. The moisture content varied from potato to potato, due
to the variation in natural food materials. The initial moisture content, Xo,
reported in this investigation was taken from separate blanched potato pieces.

TABLE 2.
THE INITIAL Xo, FINAL Xr, SKIN LAYER X« AND CRUMB X. MOISTURE
CONTENTS AT DIFFERENT DRYING TEMPERATURES

Temperature Relative humidity X0 Xf XS Xc

©o) (%) (g water/g dry solid)

60 3 454 381 2.65 4.55
60 20 470 422 3.10 4.44
60 49 450 426 3.85 4.60
80 2 445 356 2.45 4.48
80 16 4.40 371 2.86 4.36
80 30 4.66  4.10 3.27 4.54
80 40 441 410 3.40 4.40
99 1 438  3.54 2.14 4.53
99 10 445  3.52 2.40 4.35

99 18 450  3.82 2.95 4.59
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The values of the initial moisture content, Xo, and the skin layer moisture
content, Xs, are used in the finite difference computer program to simulate the
moisture content profiles and to determine the diffusion coefficient. Figure 7
represents drying at 60°C. Diffusion coefficient values of 0.8-107° m?/s and
8-107° m?/s were used in the simulation. The simulation model was an infinitely
long rectangular strip, 13mm X 13 mm in cross section.

The mean value of experimentally determined moisture contents of the crust
and skin layer were plotted as a function of the nodal points. An initial mean
value of 4.5 g water/g dry solid was used for the moisture distribution simulation.
The surface moisture content was estimated and in this way determined for each
experimental condition. Input values of D were taken from the literature (Sar-
avacos and Charm 1962); (Fish 1957) and then used in the simulation model.
D = 0.8-10 2 m?%/s was the value resulting in the best fit to the measured moisture
content distribution. A simulation with the surface moisture content equal to the
equilibrium moisture content was also performed and the result is presented in
Fig. 7.

In Fig. 8 the drying rate versus the air temperature is plotted and summarized
for the experiments.

The drying rate in combination with the pressure difference, AP, are used to
calculate the mass transfer coefficient, B, Eq. (3). The surface temperature is

-9 2
D=8:10 m7/s

60°C, 3% RH
+ 60°C, 20%RH
x 60°C, 49% RH

o 60°C, Equilibrium
Moisture Content

D=08- 169'“2/5

O Experimental

Moisture Content (g Water /g 0S)

1 2 3 4
Surface Nodal points Centre

FIG. 7. MOISTURE CONTENT DISTRIBUTION OF THE POTATO AT 60°C (Experimental
and simulated).
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approximated, from the temperature measurements, to be the same as the air
temperature. The results are presented in Table 3.

TABLE 3.
CALCULATED MASS TRANSFER COEFFICIENTS, B, AT DIFFERENT TEMPERA-
TURES AND HUMIDITY COMBINATIONS

Temperature Relative humidity Mass transfer coefficient
o (%) (m/s)
60 3 0.016
60 20 0.022
60 49 0.014
80 2 0.016
80 16 0.028
80 30 0.029
99 1 0.017
99 10 0.019

99 18 0.014
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DISCUSSION

The sorption isotherms presented in Fig. 2 indicate a temperature dependency,
as reported by (Mazza 1982), but for different potato varieties. Some of the
adsorption-desorption isotherms seem to show a hysteresis behaviour. However,
due to the size of the errors in the measurements this phenomenon may not be
significant.

During drying the development of the product temperature shows a dependency
on the wet-bulb temperature. Starting from the initial temperature of about 45°C,
the product temperature tends to move towards the wet-bulb temperature. This
is illustrated in Fig. 3. In one case, the wet-bulb temperature is lower than 45°C
while in another case it is a little higher.

After an initial period of 200s, depending on the temperature of the product
in relation to the air, it seems that all drying experiments proceeded into a
constant-rate period. The falling-rate period is never reached, which is also in
accordance with the sorption isotherms, Fig. 2.

(Vaccarezza et al. 1974) did not observe a constant-rate period during their
drying experiments. The moisture content in their experiments was between 2.5
and 3.6 g water/g solids. The drying experiments performed by (Saravacos and
Charm 1962) took place in humidified air and they observed both a constant-
and a falling-rate period. The critical moisture content was 3.5g water/g solids.

During the constant rate period it is normally not advisable to use Fick’s law
in determination of the diffusion coefficient. The reason is of course that during
this period the external mass transfer cannot be neglected. However, in this work
the moisture content at the surface has not been used in the calculation of D.
Instead internal values of the moisture content has been used to deduct a moisture
content profile in the material. This profile has then been compared with a similar
one according to the Fick’s law and calculated by means of computer program
based on a finite-difference technique.

In this investigation the D value was 0.8-10~° m?/s which should be compared
with 0.39-1072 m?%s, at 60°C for potatoes, reported by (Saravacos and Charm
1962). (Vaccarezza et al. 1974) found a value of 0.6:107° m2/s, at 60°C for
sugar beet and (Fish 1957) observed a value of 0.02-10°, at 25°C for starch.
This wide distribution in experimental results is not unusual when measuring D
values.

In Fig. 8 the drying rates during the constant rate period from all experiments
are summarized. The diagram indicates a behavior dependent on the surface
mass transfer coefficient. Accordingly, this coefficient has been calculated using
the mass transfer Eq. (3). The drying force AP has been calculated as the
difference between the water vapor pressure at the surface at 100% relative
humidity and the vapor pressure in the air bulk.

The calculations result in 8 values between 0.014 and 0.029 m/s. Values
found in the literature are of the same magnitude (Sjoholm 1986).
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NOMENCLATURE
A =area m?
B =mass transfer coefficient m/s
D =diffusion coefficient m?/s
Ag = water flux kg/s
M (H20) =molecule weight, water g/mol
AP = pressure difference N/m?
R =universal gas constant J/K-mol
T =temperature K
t =time S
X =moisture content kg/kg
x =direction coordinate m
y =direction coordinate m
z =direction coordinate m
Subscripts
¢ = crumb
e = equilibrium
f = final
o = initial
s = skin layer
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