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Electrical and Thermal Properties of Pacific Whiting Surimi Paste
and Stabilized Mince in Multi-frequency Ohmic Heating

Introduction & Literature Review

Pacific whiting (Merluccius productus) has an inherent heat-

activated protease enzymes (Morrissey et al., 1993). These enzymes
cause proteolysis and degrade myofibrillar proteins, therefore inhibiting

the proper development of a three-dimensional gel network structure

(Niwa, 1992). This effect causes Pacific whiting a soft texture and a
short on-board shelf life which has made the species long underutilized.
Extensive investigations have been conducted in an effort to
characterize the tissue softening phoneme and have found three
inherent heat-activated protease enzymes: Cathepsin L, B and H

(Masaki et al., 1993; An et al., 1994b). Both Cathepsin B and H are

very active at 20-40°C (An et al., 1994a, b). And Cathepsin L reaches
its highest activity at temperature 55°C and a pH of 5.5 (Seymour et

al., 1994; An et al., 1994a; Wasson et al., 1992). Cathepsin B is the
most active cysteine protease in Pacific whiting fillets; it was
selectively removed, along with Cathepsin H, by washing and

dewatering during surimi processing. (Surimi is concentrated fish
myofibrillar proteins with cryoprotectants added to achieve a good

frozen storage life. When solubilized with salt and heated, it forms an
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elastic gel; it serves as the major ingredient for surimi seafood such as

a crabmeat substitute.) Cathepsin L is the most predominant in surimi.
At temperatures exceeding 75°C, this protease denatures irreversibly,
becoming inactive.

It has been discovered that beef plasma protein (BPP), egg white,

and potato extract powder can act as effective inhibitors of those

enzymes (Morrissey et al., 1993; Porter et al., 1990; Porter et al.,
1992). This method needs the fish to be in a minced form (like surimi)

to allow these inhibitors to fully contact with the fish protein.
Research and subsequent industry practice have shown that 1-1.5%
BPP ensures maximum surimi gel strength, a major functional property
defining its value (NFI, 1991).
Pacific whiting can also be processed in the form of unwashed

minces and can then be stabilized in frozen storage with a variety of

cryoprotectants (Simpson et al., 1994, 1995; Magnusdottir et al.,
1993). A stabilized mince product made from whiting represents a
yield of greater than 30% when compared to fillets (about 25%) or
surimi (less than 20%) (Simpson et al., 1995). Stabilized minces can be
used in different product forms such as surimi, mince blocks and

portions, and binding agents. As mentioned above, the stabilized mince
is unwashed during the processing, hence Cathepsin B and H have not
been removed and remained in the mince, along with Cathepsin L; the
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measured enzyme concentration of stabilized mince was about ten times

that of its washed and stabilized counterpart, surimi (An et al., 1994a,
b). Thus, successful enzyme inhibition in unwashed mince may require

inhibitor concentrations far greater than the 1-1.5% BPP typically used
in commercial surimi and a large quantity of enzyme inhibitors to
utilize stabilized mince.

The use of enzyme inhibitors has drawn some negative concerns
from surimi seafood manufacturers and consumers due to labeling

restrictions, cost, or sensory effects. It would be ideal to make good
quality products without adding enzyme inhibitors. An effective way to
minimize the proteolytic activity is to thermally inactivate the protease
enzyme as quickly as possible.

In conventional heating methods for the preparation of surimi gel,

heat is transferred from the heating medium to the product interior by
means of both convection and conduction. For example,
Yongsawatdigul et al. (1995a) illustrated that, when heating a
cylindrical sample (diameter = 1.9 cm, length = 17.9 cm) of Pacific

whiting surimi paste heated in a 90°C water bath, it took about 6
minutes for the temperature at the sample geometrical center to reach

70°C. This is the temperature at which the protease would be
completely inactivated (Seymour et al., 1994). In this process, surimi
was exposed for two minutes to a temperature range 40-60°C, in which
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the protease is most active. Thus, a typical slow heating rate activates
the protease to degrade myofibrillar proteins before the protease can be
thermally inactivated. To minimize proteolytic activity without using
enzyme inhibitors, the protease would need to be thermally inactivated
quickly. This could be achieved through ohmic heating method
reported by Yongsawatdigul et al. (1995a).
Ohmic heating is a method in which an alternating electrical

current is passed through an electrically conducting product (de Alwis

and Fryer, 1992). Heat is internally generated due to electrical
resistance of the sample, supporting a rapid heating rate. Moreover,
for continuously flowing multiphase foods, ohmic heating can provide a

uniform temperature distribution because both liquid and solid phases

are heated simultaneously (Parrott, 1992). Such characteristics have
led to development of commercial ohmic sterilization for particulate

foods (Biss et al., 1989; de Alwis and Fryer, 1990). Application of
ohmic heating in seafood has also been investigated. Gel strength of
surimi made from walleye pollock, white croaker, threadfin bream and
sardine was improved when samples were ohmically heated, as

compared with samples heated in a 90°C water bath (Shiba, 1992; Shiba
and Numakura, 1992). Pacific whiting surimi paste heated ohmically
had better gel quality comparing with those heated conventionally

(Yongsawatdigul et al., 1995a). Improved gel functionality was
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accompanied by retention of myosin heavy chain, indicating that the
endogenous protease was quickly inactivated by rapid heating
associated with ohmic heating.

Optimal designing and utilizing ohmic process require a full

understanding of the thermal and electrical properties of objective food
materials. AbuDagga and Kolbe (1995) revealed that the thermal
properties of Pacific whiting surimi paste (thermal conductivity,

specific heat, and density) were functions of temperature, moisture

content, and salt concentration. In ohmic heating process, electrical
conductivity is a critical parameter influencing the rate of heat
generation (Palaniappan and Sastry, 1991a; de Alwis and Fryer, 1992).

Electrical conductivity measured using alternating current (50 or 60
Hz) has been studied on various food products (Halden et al., 1990;
Palaniappan and Sastry, 1991a, b; Schreier et al., 1993).

Yongsawatdigul et al. (1995b) studied the electrical conductivity of
Pacific whiting surimi paste using alternating current at 60 Hz and

found that this property was also a function of temperature, moisture
content, and salt concentration.
As a very promising food processing technology, ohmic heating

also has a few constraints. An electrolytic reaction can take place at
the electrode surface. There are observations of burned product and
corroded of the electrode surface if the applied alternative current is
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running at the frequency of 60 Hz. This problem was also noted in
studies when using common food grade metals (Shiba, 1993). To
overcome the difficulty cited above, increasing electrical power

frequency is thought to be an effective way to reduce the electrode

corrosion. Uemura (1994) and Reznik (1996) reported that the
electrode corrosion could be reduced by increasing electrical power
frequency up to 10 KHz in applications of alternating current ohmic

heating. Their studies indicated that reduced electrode corrosion was
possible with the range of frequencies studied.

This goal of this research was to investigate the practicality of
processing Pacific whiting surimi paste and stabilized mince by ohmic

heating with applied frequencies up to 200 KHz. Unlike previous
ohmic heating studies done with Pacific whiting surimi paste at normal

frequency (60 Hz) (Yongsawatdigul et al., 1995b), there will be

dielectric properties such as absolute dielectric constant and absolute
dielectric loss showing their effects in the studied range (up to 200

KHz), in addition to the property of electrical conductivity. The
electrical conductivity is not frequency dependent, while the absolute
dielectric constant and absolute dielectric loss become significant only

when applied frequency reaches a certain level. Hence all these
properties will influence the sample electrical and dielectric properties
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when applying high frequency. The equivalent experimental model and

related theory details will be illustrated in the following chapter.

In the published literature, there is little information regarding the
dielectric properties (absolute dielectric constant and absolute
dielectric loss) for fish or meat products in cooking temperature and in

the frequency range below 200 KHz. Most of the published data are
for food product with temperature below 0°C and with applied

frequencies at microwave range around 109 Hz. This study will
measure the dielectric properties for Pacific whiting surimi paste and
stabilized mince in cooking temperature range by ohmic heating using
various frequencies up to 200 KHz.

In the following chapters, investigations of electrical and dielectric
as well as thermal properties will be explained in detail.
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Development of Experimental System and Method
for Measuring Electrical Properties

In this study, the sample was needed to be ohmically heated by

alternating current (AC) with frequency up to 200 KHz to investigate the
sample electrical properties during ohmic heating. These electrical

properties include direct current (DC) electrical conductivity ad., absolute
dielectric constant c' and absolute dielectric loss s". To summarize briefly,
the sample impedance Zload is determined by these properties and consists

of electrical capacitance Cfish (effect of c' ), electrical resistance Re due to

e and electrical resistance Rdc due to adc. The equivalent model can be
seen in Fig 2-1. The sample impedance Zload reduces to Rd, in DC

condition or at low frequency; while in certain high level frequency range
the e" and c' take effect along with ad, and Zioad will be the combination of
Cfish, Re, and Rdc.

As part of this investigation, the sample needs to be heated to 70°C at
low frequency (55 Hz) to learn the behavior of Rdc and therefore the

property of ad, within the range of cooking temperatures. ad, is not
frequency dependent. The samples also need to be heated to 70°C at high
frequencies (up to 200KHz) to learn the behavior of e" and e'.
The experimental system was designed and assembled by Flugstad

Engineering and the schematic can be seen in Fig. 2-2. This system is able
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Figure 2-1: Equivalent circuit model
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PC Controller
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Figure 2-2: Multi-frequency ohmic heating test system (Flugstad Engineering)
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to generate multi-frequency function signals under varies output amplitude

and has the capacity delivering up to 250w power to the sample. There is
four channel oscilloscope in the system to measure the voltages across the

sample and the output of the power supply (a transformer) outlet. The
sample impedance then can be calculated out based on these voltage

measurements. From these impedance value, the electrical properties of
sample could be obtained.

Applied frequencies and amplitudes of AC current were set by a
Function/Arbitrary Generator (Hewlett Packard, HP 33120A 15 MHz).

This function generator could generate sine waves at frequencies from

0.0001 Hz to 15 MHz at levels from 50 millivolts to 10 volts peak-peak
with a 50 ohm load, or approximately twice that level with a high

impedance load (for example, > 1000 ohm). Our tests were within a
frequency range of 30 Hz to 1 MHz, at voltage levels less than 2.8 volts
peak-peak (1 V rms). The signal from the HP33120A function generator
was then amplified by a broadband power amplifier (Industrial Test

Equipment, Powertron 250A). The output of this amplifier was
approximately 23 V rms when the input was close to 1 V rms. The
amplifier was capable of delivering 250 watts up to 1 MHz. The amplifier
output was then sent through a transformer (Industrial Test Equipment,
Transformers) to boost the voltage to 130 V while maintaining the 250
watt power capability. (This system used three parallel transformers

a
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selected for low (30 Hz-30 KHz), medium (10 KHz-200 KHz) and high
(100 KHz-2 MHz) frequency ranges, respectively.)
The 130 VAC signal at the transformer output goes through a resistive

divider circuit to the sample. The signal is a differential signal balanced
relative to ground and there are series resistors on both the positive and
negative side of the sample to provide the dual purpose of current limit
protection as well as providing a series impedance for sensing voltage

drops and phase shift to determine the resistance and capacitance of the
sample. These measurement could be used to calculate DC electrical
conductivity and dielectric properties.
A four channel oscilloscope (Hewlett Packard, HP 54601B) was used
to display measurements of voltage across the sample and at the

transformer output. Both the function generator and the oscilloscope are
controlled remotely by an external PC controller via a HPIB (IEEE 488)

parallel interface bus. The oscilloscope HPIB port utilizes a HP 54650A
HPIB interface module. The function generator has its own internal HPIB

interface port. The external PC controller utilizes an HP 82341C HPIB
interface card to communicate over the bus. HP Bench link Suite software

is used by the PC to perform the remote control funcitons as well as data
acquisition functions for downloading oscillocope data and storing it in a

form that can be imported to spreadsheet programs such as MS-Excel. The
software will allow the saving of instrument setup states for later use as
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well as can be used to download all four of the oscillocope channels. The
oscillocope is a storage oscillocope and so a waveform can be stored and

then downloaded to the PC. Once the oscilloscope time/data pairs are
saved in the PC, they can be imported to Excel where the calculation can
be made for deriving parameters of the sample.

In the test operation, applied frequency and voltage amplitude can be

setup by the function genertor. Appropriate transformer output port
should be chosed according to applied frequency. The system then could

be turned on and the sample is heated. The voltages across the sample and
from the transformer output are measured and stored by the oscilloscope.

When the test is finished, the system is turned off. The data retrieved by
the oscilloscope then can be used to calculate electrical properties.
The principle of superposition analysis of electrical circuit was used

to calculate sample impedance from the test data. The derived equation
was as following (the detailed derivation can be seen in Appendix C):
Zload

(V4 + V3 - V1)*(10000)*B - Vl*Rs*(B + 10000)
(V1*10000

V1 * Rs - V3*10000)

referring to Fig. 2-2, where:
V1= voltage measured from sample;
V3 & V4 = voltages measured from transformer output;
Rs = a resistor for protecting from short circuit fault; it can be
seen in Fig. 2-2 and equals to 35 ohm in this study;
and
B

10000Rs
10000 + Rs
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Sample impedance Zload could be calculated from the above equation.
As mentioned previously, at low frequency Zload reduces to Rdo, hence ad,

could be obtained by ad, = L/RdeA (L = sample length, and A = sample
section area); while from Fig. 2-1, at high frequency the Re and Cfish

become significant and It, and Cfish could be derived by parallel resistor

equation. Then e' and c" could be obtained through equations: c = LCfish/A
and c" = L/27cfAR, (f = applied frequency). (In this study, Cf18h was found

insignificant in the applied frequencies up to 200KHz and hence there was
no e' being obtained.)
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Electrical Properties of
Pacific Whiting Surimi Paste and Stabilized Mince
under Multi-frequency Ohmic Heating

ABSTRACT
A multi-frequency ohmic heating system with 30 Hz-1 MHz
frequency range and 250 w power capability has been developed for

measuring electrical conductivity and absolute dielectric loss of food

samples. Pacific whiting surimi paste and stabilized mince were tested
with applied frequencies from 55 Hz to 200 KHz and in the temperature

range 20-70°C. The study has shown sample impedance to be a weak
function of frequency. The DC electrical conductivity (adc) and
absolute dielectric loss (e") of Pacific whiting surimi paste increased
with temperature, and salt concentration; sack and c" of the stabilized

mince increased with temperature. Empirical models of electrical
properties for surimi paste (moisture content of 79% and salt
concentrations of 1, 2 and 3%) and stabilized mince (77% moisture and
0.74% salt concentration) have been derived.

This study has also observed that electrolytic corrosion could be
overcome by applying high frequency during ohmic heating.
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INTRODUCTION
Pacific Whiting (Merluccius productus), abundant off the U.S.

West Coast, was long underutilized due to a soft texture and short on
board shelf life caused by an inherent heat-activated protease enzyme

(Morrissey et al., 1993). The protease left in surimi (a washed mince)
has been identified as Cathepsin L having maximum activity at 55°C

(Seymour et al., 1994). This activity causes a breakdown of
myofibrillar proteins and inhibits proper development of a threedimensional gel structure (Niwa, 1992). It has been found that food

grade enzyme inhibitors, such as beef plasma protein (BPP), egg white,

and potato extract can inhibit the activity of Cathepsin L (Chang-Lee et

al., 1989; Morrissey et al., 1993; Porter, 1992). However to ensure the
contact of these inhibitors with the fish muscle protein, the fish must be
in a minced form. Hence large quantities of Pacific whiting could be

better utilized if the Pacific whiting could be produced in the form of
surimi. Research and subsequent industry practice have shown that
1-1.5% BPP would ensure a maximum surimi gel strength, a major

functional property defining its value (NFI, 1991).
Another way to utilize Pacific whiting is in production of unwashed

minces stabilized in frozen storage with a variety of cryoprotectants

(Simpson et al., 1994, 1995; Magnusdottir et al., 1993). A stabilized
mince product made from whiting represents a yield of greater than
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30% when compared to surimi (less than 20%) (Simpson et al., 1995).

This mince has a great potential for a number of different product
forms such as surimi, mince blocks and portions, and binding agents.
However, the measured enzyme concentration of stabilized mince is

about ten times that of its washed and stabilized counterpart, surimi
(An et al., 1994a, b). Thus successful enzyme inhibition in unwashed
mince may require inhibitor concentrations far greater than the 1-1.5%
BPP typically used in commercial surimi.

The enzyme inhibitors may have some limitation due to labeling

restrictions, cost, or sensory effects. It would be ideal to produce
products having good quality without the need to add food grade
enzyme inhibitors. An effective way to minimize the proteolytic
activity is to thermally inactivate the protease enzyme as quickly as
possible.

In conventional heating methods for the preparation of surimi gels,

heat is transferred from the heating medium to the product interior by
means of both convection and conduction. For example,

Yongsawatdigul et al. (1995a) illustrated that temperature at the center
of a cylindrical sample (diameter = 1.9 cm, length = 17.9 cm) of

whiting surimi paste heated in a 90°C water bath took about 6 minutes
to reach 70°C , the temperature at which the protease would be

completely inactivated (Seymour et al., 1994). In this process, surimi
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was exposed for two minutes to a temperature range 4060°C, in which

the protease is most active. Thus, a typical slow heating rate activates
the protease to degrade myofibrillar proteins before the protease can be
thermally inactivated. To minimize proteolytic activity without using
enzyme inhibitors, the protease would need to be thermally inactivated

quickly. This could be achieved through rapid heating methods

reported by Yongsawatdigul et al. (1995a). A rapid heating through
the enzyme active temperature range has been demonstrated to
effectively inactivate the enzyme before it hydrolized myofibrillar

proteins of Pacific whiting (Yongsawatdigul et al., 1995a).
Ohmic heating is a method in which an alternating electrical

current is passed through an electrically conducting product (de Alwis

and Fryer, 1992; Palaniappan and Sastry, 1991a). Heat is generated
internally due to electrical resistance of the sample, supporting a rapid
heating rate. Moreover, for continuously flowing multiphase foods,
ohmic heating can provide a uniform temperature distribution because

both liquid and solid phases are heated simultaneously (Parrott, 1992).
Such characteristics have led to development of commercial ohmic

sterilization for particulate foods (Biss et al., 1989; de Alwis and
Fryer, 1990). Application of ohmic heating in seafood has also been
investigated. Gel strength of surimi made from walleye pollock, white
croaker, threadfin bream and sardine was improved when samples were
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ohmically heated, as compared with samples heated in a 90°C water

bath (Shiba, 1992; Shiba and Numakura, 1992). Pacific whiting surimi
heated ohmically had better gel quality compared with those heated

conventionally (Yongsawatdigul et al., 1995a). Improved gel
functionality was accompanied by retention of myosin heavy chain,

indicating that the endogenous protease was quickly inactivated by
rapid heating associated with ohmic heating.

To optimally design the ohmic process, electrical conductivity of
food materials during ohmic heating must be described. Electrical
conductivity is a critical parameter influencing the rate of heat
generation (Palaniappan and Sastry, 1991a; de Alwis and Fryer, 1992).

It has been measured at standard alternating current frequencies (50 or
60 Hz) for various food products (Halden et al., 1990; Palaniappan and
Sastry, 1991 a,b; Schreier et al., 1993). Yongsawatdigul et al. (1995b)
studied the electrical conductivity of Pacific whiting surimi paste using

alternating current at 60 Hz.

Ohmic heating has a few constraints. One of these, seen at 60 Hz

power, is an electrolytic reaction that can take place at the electrode
surface, leading to observations of product burning and corrosion of
the electrode surface. This problem has been noted for common food
grade metals (Shiba, 1993). To overcome the difficulty cited above,
increasing electrical power frequency was suggested as an effective way
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to reduce electrode corrosion. Uemura (1994) and Reznik (1996)
reported cooking by application of alternating current at frequencies up

to 10 KHz. They indicated that reduced electrode corrosion was
possible at the upper range of frequencies studied. To successfully
apply high frequency in ohmic heating of Pacific whiting minced

products, the electrical properties of these materials must be known.

Electrical properties of foods are of engineering interest. In highfrequency food processing involving conductive or radiative energy

transfer from an electromagnetic field, the electrical properties
determine the coupling and distribution of energy as well as a product's

heating characteristics. The electrical properties of interest in highfrequency processing of foods include dielectric properties; these,
along with low frequency conductivity, determine related transmission

properties, energy coupling from the field and its distribution within
the product.
Biological materials act as lossy insulators in terms of their ability
to store and to dissipate electrical energy from an applied

electromagnetic field by radiative transfer (von Hippel, 1954). These
properties result from electrical charging and loss currents generally

related to the electrical capacitance and resistance of the material.
They are defined by fundamental dielectric properties which can be

expressed as direct current (DC) electrical conductivity adc(S/m),
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absolute dielectric constant c'(F /m), and absolute dielectric loss
c"(F /m).

Inductive materials additionally have magnetic characteristics

which are related to their inductance and resistance and are defined in
terms of absolute complex permeability 1.1*(H/m). However, natural

biological materials are noninductive dielectrics, do not couple
magnetic energy, and hence have a magnetic permeability close to that
of free space. It is unnecessary to consider magnetic coupling effects
in biological materials (Mudgett, 1985).

In the study reported below, we found that in the low frequency
range (< 500 Hz) dielectric properties were independent of applied

frequencies. In other words, at low frequency, they behave as at a DC
condition. Hence, in low frequency ohmic heating of foods, only DC
electrical conductivity adc determines the food impedance and therefore

the rate of heat generated inside the product. At higher frequency
ohmic heating, additional factors include absolute dielectric constant e'
and absolute dielectric loss e". These must be considered with the DC
electrical conductivity ado, to determine the food product impedance

and heat generation rate.
An equivalent circuit model representing the food can be seen in
Fig. 2-1. The overall sample impedance Zioad consists of components
Cfish, Rde, and Re. Cfish is electrical capacitance, calculated from the
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absolute dielectric constant c' as Cfish = s'A/L (A = cross sectional area
of sample, L = sample length). Rdo is electrical resistance, calculated
from the DC electrical conductivity ad, as Rdo = L/adeA. Re is

electrical resistance, calculated from the absolute dielectric loss c as
Re = L/27cfe"A (f = applied frequency).

The apparent impedance Zioad of the sample model is calculated

from standard circuit theory. The coefficient c' and c" will show their
effects only at higher frequency levels. Hence at low frequency, the
overall sample impedance reduces to the DC electrical resistance Rdc.

At high frequency, a phase shift between the power output voltage and

the voltage across the sample, if any, indicates an effect of e'. As c"
becomes non-zero at high frequencies, Re will take on a finite value.
Using a parallel resistor equation with Rdo known, then c" can be
calculated.

This study was to investigate the properties of DC electrical
conductivity ode, absolute dielectric constant c' and absolute dielectric
loss c" of Pacific whiting surimi paste and stabilized mince during
ohmic heating at various frequencies.
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MATERIALS & METHODS

Sample Preparation

SURIMI PASTE
Pacific whiting surimi was taken from a process line of a local
manufacturer (Astoria, OR) and mixed with 4% sucrose, 4% sorbitol
(ICI Specialties, New Castle, DE) and 0.3% sodium tripolyphosphate

(B.K. Ladenburg Corp., Cresskill, NJ) at the OSU Seafood Laboratory

(Astoria, OR). No enzyme inhibitors were added. Samples were

packaged in 450 g containers and frozen in a -30°C storage room,
then brought to our lab on the OSU main campus (Corvallis, OR).
They were kept in a -30°C cold storage room until the experiments.

Two packages surimi were taken out of frozen storage and thawed at
room temperature (-23°C) for around 2 hours, then cut into small
pieces (about 3 cm cubes). Three batches of surimi paste representing
one moisture contents (79% wet basis) and three NaCl concentrations

(1, 2 and 3% w/w) were prepared. Due to three washing cycles and
dewatering in the surimi process, ionic constituents originally present
in the fish were removed with wash water, resulting in a low ion

concentration of surimi (Lin, 1992). The sodium concentration of
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Pacific whiting surimi without enzyme inhibitors was 0.002% (Chung et
al., 1993), considered negligible compared to the amount of NaC1 used

(1%-3%). Thus, the effect of added NaC1 concentration was studied

instead of total ion concentration. About 1 kilogram of partially
thawed surimi was chopped for 1.5 minutes in a Stephan vertical
vacuum cutter (Model UM 5 Universal, Stephan Machinery Co.,
Columbus, OH) at low speed. Salt was added and mixed with surimi

for another 0.5 minute. Ice was then added and mixed with surimi for

another 1 minute to adjust the moisture content to the final stage. The
sample was further chopped at high speed under a vacuum of 600 mm

Hg for 3 minutes. The paste was maintained below 8°C during
chopping. Final moisture content of each batch was checked using an
infrared moisture determination balance (A&D Co., Ltd, Tokyo, Model

AD-4714A). The surimi paste was discharged by a sausage stuffer into
CPVC (Chlorinated Polyvinyl Chloride) tubes (1.9 cm diameter x 10 cm

long); slow filling was to ensure complete filling and to avoid

introducing air. The sample holders were iced and stored in a
household refrigerator until testing within 2 hours.
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STABILIZED MINCE
Stabilized mince was made from Pacific whiting fillets by grinding

it through a plate with 3.2 mm diameter holes. Cryoprotectants of 4%
sucrose and 4% sorbitol (ICI Specialties, New Castle, DE) were added

at the OSU Seafood Laboratory (Astoria, OR). The stabilized mince

was packaged in 450 g units, frozen, then brought to our lab on the
OSU main campus (Corvallis, OR) and kept in a -30°C cold storage

room until the experiments. Two packages stabilized mince were taken

out of frozen storage and thawed at room temperature (-23°C) for
around 4 hours. (When it has thawed, the stabilized mince apparently
possessed fat, muscle, skin and other tissues unevenly distributed

among the mass.) The salt concentration and moisture content of the
sample were not altered during sample preparation. Moisture content,
determined by an infrared moisture determination balance (noted

earlier) was measured as 77%. Salt concentration was 0.74% (Lin and
Park, 1996). The mince was stuffed into CPVC sample holders and
stored, as described for the samples of surimi paste.

Test Apparatus
Fig. 3-1 illustrated the ohmic heating apparatus. Two electrodes
(made of stainless steel 304) were pushed against excess sample
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materials as they were inserted into the sample holder. Excess sample
material was extruded out through a thermocouple access hole in the

middle center of the sample holder as pressure was applied. An air
cylinder was connected to one electrode, applying a pressure of 150

kPa to ensure an air-free contact between electrode and sample. A Ttype thermocouple, covered with a thin Teflon tube to prevent
interference from the electrical field, was inserted at the geometric

center of sample through the access hole. During the heating process,
temperature was monitored by a datalogger (model 21X, Campbell

Scientific, Inc., Logan, UT). The sample length was measured and

recorded for each test. Both length and diameter would be used in
later calculations.
The experimental system schematic can be seen in Fig. 2-2.

Applied frequencies and amplitudes of AC current were set by a
Function/Arbitrary Generator (Hewlett Packard, HP 33120A 15 MHz).

This function generator could generate sine waves at frequencies from

0.0001 Hz to 15 MHz at levels from 50 millivolts to 10 volts peak-peak
into a 50 ohm load, or approximately twice that level into a high

impedance load (for example, > 1000 ohm). Our tests were within a
frequency range of 30Hz to 1MHz, at voltage levels less than 2.8 volts
peak-peak (1 V rms). The signal from the HP33120A function
generator was then amplified by a broadband power amplifier

Electrode
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air tank
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Figure 3-1: Diagram of ohmic heating apparatus (Modified from Yongsawatdigu1,1995)
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(Industrial Test Equipment, Powertron 250A). The output of this
amplifier was approximately 23 V rms when the input was close to 1 V

rms. The amplifier was capable of delivering 250 watts up to 1 MHz.
The amplifier output was then sent through a transformer (Industrial
Test Equipment, Transformers) to boost the voltage to 130 V while
maintaining the 250 watt power capability. (The system made use of

three different transformers, selected for low (30 Hz-30 KHz), medium
(10 KHz-200 KHz) and high (100 KHz-2 MHz) frequency ranges,
respectively.)

A four channel oscilloscope (Hewlett Packard, HP 54601B) was

used to display measurements of voltage at the sample and at the

transformer output. Voltage and waveform data were shown on the
oscilloscope screen, then transferred to a PC through a HPIB (IEEE
488) parallel interface bus by means of HP Bench link software. The

data then could be saved for the further analysis in a worksheet (MSExcel was used for our analyses).

Test Procedure

SURIMI PASTE
Each sample was heated from 20°C to 70°C at five different

frequency levels (55 Hz, 500 Hz, 5 KHz, 50 KHz, and 200 KHz). We
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chose 55 Hz to avoid any interference by 60Hz electrical wiring and
lights, assuming sample properties would likely be identical at 55 and

60 Hz. An individual sample was heated from 20°C to 70°C at one

chosen frequency level, with data recorded at 20°C, 40°C, 60°C, and
70°C, respectively. Since the Bench link software could not download
and save measurements automatically and continuously, the test had to
be stopped following measurements at each temperature level, to allow

transfer of data to the PC. The voltage level from the transformer
output was approximate 60 V rms. Current density passing the sample
was approximate 3500 A/m2. The higher current densities happened

when sample temperature was high. The total test time for heating
each individual sample from 20°C to 70°C was about 1.5 minutes. To
minimize electrode corrosion, lower voltage level (approximate

40 V rms) was used for low frequency (55 Hz). Current density
passing the sample was approximate 2300 A/m2. The test time at low

frequency hence would be longer (about 4 minutes). Four replicates
were done for every composition at each frequency. In each replicate,
the sample length would be measured for later electrical properties
calculation. The sample lengths among replicates were kept as equal as
possible during sample loading by watching the mark on the electrode
holders.
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STABILIZED MINCE
Measurements at five different frequencies were recorded for

individual samples held at each of four temperatures (20, 40, 60, and
70°C). The frequency levels were 55 Hz, 500 Hz, 5 KHz, 50 KHz, and

200 KHz. Each individual sample was heated to, and held at one test
temperature for all five frequency levels. Then a different individual
sample was tested at the next temperature at the same five frequency

levels. The voltage level from the transformer output was approximate
60 V rms.- Current density passing the sample was approximate 2300

A/m2. The higher current densities happened when sample temperature

was high. Lower voltage level (approximate 40 V rms) was used for
low frequency (55 Hz) to minimize the electrode corrosion. The test
time for each sample for all frequency levels was about 10 minutes.

This procedure was repeated for four replicates. During tests at a
single temperature, the applied frequencies began with the highest (200

KHz) down to the lowest (55 Hz) to minimize the exposure time of the

electrodes to the low frequency condition. We noticed electrode
corrosion at 55 Hz and 500 Hz, but none at frequencies higher than 5
KHz. Hence by the above method, the sample was heated to the
proposed test temperature using a 200KHz frequency. When

conducting a test at 55 Hz, only a short heating time was needed to
maintain the desired temperature, thus minimizing electrode corrosion.
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Note that the heating procedure for stabilized mince was not the

same as that for surimi paste. The reason was that stabilized mince has
more uneven composition and a measured protease enzyme

concentration on the order of ten times that of surimi (An et al., 1994a,
b). Unlike surimi, stabilized mince is unwashed and contains the
additional enzymes Cathepsin B and Cathepsin H. These two additional

enzymes were very active at 20°C-40°C (An et al., 1994a, b). Uneven
sample composition and high enzyme levels tended to distort the
measured data, occasionally giving physically impossible results.

Although one sample should ideally be used for all temperature and

frequency levels to minimize sample variance, such a test would take a

long time (approximate 45-60 minutes). This would allow the protease
enzyme time to degrade the protein network, possibly changing the
sample properties.

Determination of Rdc and Re
From the parallel resistor model shown in Fig. 2-1, we can
anticipate that sample impedance Zload equals Rdc at low frequencies,
while Zload becomes less than Rdc as R. becomes significant at high

frequencies. The sample impedance Zload would remain equal to Rdc if

there were no effect of absolute dielectric loss c" in the studied
frequency range. However, our study has shown a decrease of Zload
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with frequency. We have found no absolute dielectric constant c'
effect, or Cfish in this study. A linear regression based on the
experimental values of Zload at the high frequency values (namely 5

KHz, 50 KHz, 200 KHz) was used to simulate the sample impedance

behavior in the studied frequency range. We assumed a straight line

simulation was appropriate for the range studied. The extension of this
curve to the lowest frequency case (55 Hz) was also used to correct for
a sudden rise in impedance data at low frequencies, due apparently to

electrode corrosion. Thus the sample impedance at low frequency as
well as at the DC condition would be taken from the linear regression
curve. In this way, DC electrical conductivity ado could be calculated
from the sample DC electrical resistance Role, the Zload at the DC

condition. From the equivalent model in Fig. 2-2, R. could also be
calculated from the parallel resistor equation. Then the value of adc
and e" could be calculated from equations given earlier; results could

then be used to investigate their relationship with sample temperature
and salt concentration.

RESULTS & DISCUSSION
In earlier experiments with surimi paste at 55 Hz, we found that
there was an approximate 15% difference between the electrical
properties measured under applied pressure and those measured without
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applied pressure. Value of ads measured under pressure were higher.
This was possibly due to air voids in the sample. The method without

applied pressure tended to create some variation in results, therefore
the experimental method with applied pressure was used in this study.
Over the studied frequency range, there was no phase shift
observed between the waveform of voltages across the sample and

those from the transformer outputs, indicating no electrical capacitance

(or effect of absolute dielectric constant s' ). Thus the sample
impedance Zload would be based only on the resistances Rdo and R. (the

effect of absolute dielectric loss 6").

SURIMI PASTE
The sample impedance Zload decreased with applied frequency (Fig.

3-2a). Our study showed that ode of Pacific whiting surimi paste
changed with respect to temperature at various levels of salt

concentration (Fig. 3-2b). The curves shown represent the general
behavior that DC electrical conductivity increased as temperature and
salt concentration increased.

Salt concentration is attributed to the ionic density (Na+ and Cr) in
the sample. Increased electrical conductivity with high temperature
was due to increased ionic mobility at high temperature (Palaniappan
and Sastry, 1991a).
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An empirical model was derived (r2 equals 0.965) for DC electrical

conductivity of Pacific whiting surimi paste as a function of

temperature (T), and salt concentration (S):
ads = -0.337 + 0.026T + 57.89S + 2.433TS

where ad, = DC electrical conductivity (Sim); T = temperature (°C);

S = salt concentration (fraction w/w).

Positive coefficients of T (temperature), and S (salt concentration)
indicated that DC electrical conductivity would increase with these two

parameters. Furthermore, the positive coefficient of TS suggested a
sample with salt concentration has greater electrical conductivity while
being at high temperature.

The model could satisfactorily predict Pacific whiting surimi paste
DC electrical conductivity with an error ranging from -16.5% to 8.3%.

Yongsawatdigul et al. (1995b) had studied the DC conductivity of
Pacific whiting surimi paste and come up with a model. There is
-6.4%-14.7% difference between the prediction based on our model

and that from Yongsawatdigul et al. (1995b). Yongsawatdigul et al.
(1995b) reported that there was a -2%-16% variation between their

data and prediction. Hence, the result from this study is close to
previous result.
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The absolute dielectric loss c" of Pacific whiting surimi paste

changed with respect to temperature at various levels of salt
concentration (Fig. 3-2c). Salt ions act as conductive charge carriers
and increase the material's effect of absolute dielectric loss c"(Rao and
Rizvi, 1995).

An empirical model was derived (r2 equals 0.808) for absolute

dielectric loss c" of Pacific whiting surimi paste as a function of
temperature (T), and salt concentration (S):
e"= 0.302 - 1.8x10-2T - 4.94S + 0.45TS +1.92x10-4T2

where e" = absolute dielectric loss (mF/m); T = temperature (°C); S =
salt concentration (fraction w/w).

The positive coefficient of term of TS indicated that the absolute
dielectric loss increased with temperature at high salt concentration
with more conductive charge carriers.

STABILIZED MINCE
Because only one sample composition of stabilized mince was

considered in this study, the DC electrical conductivity crd, and absolute

dielectric loss e" of stabilized mince would be functions of temperature
only.
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The sample impedance Zioad decreased with applied frequency (Fig. 3

3a). Analysis followed the procedures used for surimi paste sample.
The study showed that DC electrical conductivity increased with

temperature (Fig. 3-3b). An empirical model was derived (r2 equals
0.97) for DC electrical conductivity of Pacific whiting stabilized mince

as a function of temperature (T):
ad. = 0.262 + 0.0193T

where ad. = DC electrical conductivity (S/m); T = temperature (°C).
This model could predict the DC electrical conductivity of a given
composition (77% moisture content and 0.74% salt concentration)
Pacific whiting stabilized mince with error range from -3.3% to 4%.

The absolute dielectric loss c" also increased with temperature (Fig. 3
3c). An empirical model was derived (r2 equals 0.973) for absolute
dielectric loss of Pacific whiting stabilized mince as a function of
temperature (T):
e" = -1.43x10-2 + 2.3x10-3T

where e"= absolute dielectric loss (mF/m); T = temperature (°C).

This model could predict the absolute dielectric loss of the given
composition (77% moisture content and 0.74% salt concentration)
Pacific whiting stabilized mince with error range from -16% to 1%.

Little has been published on absolute dielectric loss for fishery

products. Most of the data found has been for samples under applied
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frequencies to 109 Hz and at temperatures below the freezing point.
Kent (1987) showed values of 8.1 to 10mF/m for fishmeal (unknown
composition) at 25°C with applied frequency range of 103 Hz to 105 Hz.

Our study found the absolute dielectric loss for Pacific whiting surimi

paste at a similar temperature (20°C) for the studied moisture content
range (79%) and salt concentration range (1%-3%) were from 0.03
mF/m to 0.2 mF/m. The absolute dielectric loss for Pacific
whitingstabilized mince at 20°C with 77% moisture content and 0.74%
salt concentration was found from 0.02 mF/m to 0.12 mF/m.

The dielectric loss data of beef with moisture content in the
neighborhood to Pacific whiting only becomes avaiable at 109 Hz. The

value is 10.7 to 13.4 mF/m in the temperature range from 20-60°C,
while there is no data for the frequency range around 105 Hz (used in
this study).

CORROSION OF ELECTRODE SURFACE
Shiba (1992), Reznik (1996) and Yongsawatdigul (1995b) all noted

that an electrolytic reaction could take place at the electrode surface
while conducting 60 Hz ohmic heating tests (current density > 3500
A/m2) with food samples (salinity up to 4%). Such a reaction would

cause a burned product and corrosion of the electrode surface which
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are the constraints of ohmic heating. Our study also experienced the
same problem when doing tests with 55 Hz, 60 Hz and 500 Hz current
(current density up to 3000 A/m2) with both surimi paste (salinity up to

3%) and stabilized mince samples. The corrosion appears as a light

brown thin porous film. At low salt concentrations (1%), there were
corrosion spots having irregular shape on the electrode surface;
corrosion would cover the whole electrode surface when sample salt
content was high (3%).

We observed that when applying high frequency, the corrosion

problem could be overcome as found also by others (Uemura et al.,
1994 and Reznik, 1996). When conducting experiments with Pacific
whiting stabilized mince with applied frequency equal to and higher

than 5 KHz, the corrosion on the electrode surface and burning of the

sample visually disappeared. However, the salt concentration of
stabilized mince was relatively low (< 1%). We could not observe the
corrosion change with salt concentration since we only had one sample

composition for stabilized mince. In these tests current density was as
high as 2300 A/m2.

When doing experiments with Pacific whiting surimi paste, the

frequency level used went from 55 Hz directly to 50 KHz. At the
higher frequency no corrosion was observed on the electrode surface,

even at a salt concentration of 3%. When testing at 55 Hz, the
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corrosion became more severe as salt concentration increased. The
highest current density used in these tests (with surimi paste) was
3500 A/m2.

CONCLUSION
Electrical properties including DC electrical conductivity and
absolute dielectric loss of Pacific whiting surimi paste and stabilized

mince were dependent on temperature and salt concentration. These
heating and compositional parameters are important in design and

operation of ohmic heating processing for surimi-based seafood

products. The derived empirical models can predict the electrical
properties of Pacific whiting surimi paste and stabilized mince based on
temperature and salt concentration.
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Thermal Properties of Pacific Whiting Stabilized Mince

ABSTRACT

Thermal conductivity, specific heat and density of Pacific whiting
stabilized mince with given composition of 77% moisture content and

0.74% salt concentration were measured. In the studied temperature
range thermal conductivity and specific heat increased with temperature

while density decreased with temperature. Empirical models were
derived for each thermal property based on the measured data.

INTRODUCTION
Pacific whiting (Merluccius productus) stabilized mince is a

product of unwashed minces stabilized in frozen storage with 4%
sucrose and 4% sorbitol added as cryoprotectants (Simpson et al.,

1994, 1995; Magnusdottir et al., 1993). A stabilized mince product
made from Pacific whiting represents a yield of greater than 30% when

compared to surimi (less than 20%) (Simpson et al., 1995). This mince
has a great potential for a number of different product forms such as
surimi, mince blocks and portions, and binding agents. Pacific whiting
has soft texture and short on-board shelf lives caused by an inherent

heat-activated protease enzyme (Morrissey et al., 1993). Proteolysis
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breaks down myofibrillar proteins and inhibits proper development of a

three-dimensional gel structure (Niwa, 1992). The proteases found in
Pacific whiting have been identified as Cathepsin B,H and L with

highest activities at temperature range 2055°C (Seymour et al., 1994,
An et al., 1994a, b). It has been found that food grade enzyme
inhibitors, such as beef plasma proteins (BPP), egg white, and potato
extract can inhibit the activity of cathepsin L (Chang-Lee et al., 1989;

Morrissey et al., 1993; Porter, 1992). For surimi, Cathepsin B and H
have been selectively removed during the surimi washing and

dewatering operation, and Cathepsin L is the most dominant protease

enzyme. Pacific whiting processing practice showed that 1-1.5% BPP
would ensure a maximum surimi gel strength. Since Pacific whiting
stabilized mince is made of unwashed minces, it contains Cathepsin L,
B and H, and the measured enzyme concentration of stabilized mince is

about ten times that of surimi (An et al., 1994a, b). Thus, successful
enzyme inhibition in unwashed mince may require inhibitor

concentrations far greater than the 11.5% BPP typically used in
commercial surimi.

The enzyme inhibitors may have some limitation due to labeling

restrictions, cost, or sensory effects. It would be ideal to make good
quality product without adding food grade enzyme inhibitors. An
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alternative way to minimize the proteolytic activity is to thermally
inactivate the protease enzyme as quickly as possible.

One method of conducting a rapid and controlled rate heating is
ohmic heating, in which an alternating current passes through the food

medium between electrodes (Shiba, 1992). A rapid heating through the
enzyme active temperature range has been demonstrated to effectively
inactivate the enzyme before it hydrolized myofibrillar proteins of
Pacific whiting (Yongsawadtgul et al., 1995).

To utilize ohmic heating in the industry, a full understanding of the

process is needed. For accurate results we need an accurate prediction
of temperature dependent thermal properties, including thermal
conductivity k, specific heat Cp and density p for stabilized mince in the
cooking temperature range.

MATERIALS & METHODS

Sample Preparation:
Stabilized mince was made from Pacific whiting fillets by grinding

it through a plate with 3.2 mm diameter holes. Cryoprotectants of 4%
sucrose and 4% sorbitol (ICI Specialties, New Castle, DE) were added

at the OSU Seafood Laboratory (Astoria, OR). The stabilized mince

was packaged in 450 g units, frozen, then brought to our lab on the
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OSU main campus (Corvallis, OR) and kept in a -30°C cold storage
room until the experiments.

Two packages samples were taken out of frozen storage and

thawed at room temperature (-23°C) for around 4 hours. Samples
appeared to have fat, muscle, skin and other tissues distributed in an

uneven way. The salt concentration and the moisture content of the
sample were not altered during the sample preparation. The moisture
content was measured as 77% using an infrared moisture balance

(model AD-4714A, A&D Co. Ltd., Japan) and the salt concentration
was 0.74%.

Test Procedure & Measurement:

THERMAL CONDUCTIVITY
The linear heat source probe technique was used to measure

thermal conductivity for stabilized mince. This probe has generally
been used to measure thermal conductivity of small food samples

(Sweat, 1972). The probes were purchased from V.E. Sweat (Texas
A&M University). The probe enclosed a heater wire and thermocouple
junction contained in a hypodermic needle (D = 0.6 mm, L = 35.5 mm).

Construction is illustrated in Fig. 4-1.
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Figure 4-1: Cross-sectional view of a probe apparatus (Sweat, 1972)
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The instrumentation used in this study is demonstrated in Fig. 4-2.
The sample holder was made from a film capsule (5 cm high, 3 cm in

diameter) insulated at both ends. A small hole was made in the capsule
lid to allow insertion of the linear heat-source probe into the sample
holder. A power supply (Micronta 22-121) with 0-1.4 Amps range and
a digital multimeter (Micronta 22-185) were used for power source and

measurement, respectively. Time-temperature data were recorded using
a Campbell 21X datalogger (Campbell Scientific, Inc., Logan, UT) with

scanning rate of 20 readings per second. The datalogger was interfaced
with a PC and the data were recorded and analyzed later through the
MS-Excel worksheet. A water bath (Model 1120, VWR Scientific Inc.,
Niles, IL) was used to control sample temperature to within ± 1°C.
The linear heat-source probe was calibrated against 0.5% agar gel

before testing (Detailed calibration procedure are listed in the appendix
A).

Thermal conductivity values for Pacific whiting stabilized mince

were measured over the temperature range of 20°C to 80°C. Stabilized
mince sample was packed in the sample holder with a linear heat-source

probe inserted into the sample center through the hole in the sample

holder lid. Four samples (replicates) were then placed in thin latex
bags, immersed in the water bath and equilibrated to the water bath

temperature over a period of approximately 45 minutes. The power of
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the heat-source probe was then turned on. Power level in the heater
circuit was chosen at 7.2 W/m (Wang and Kolbe, 1990). A short
experiment time (10 seconds) was chosen to avoid the edge effect,

which was caused by heat transfer at the outer sample surface

(Murakami et al., 1995). Time-temperature data for the replicates were
recorded by the datalogger at a rate of 20 readings per second.
Recorded data were exported to a PC and saved for later data analyses.

Water bath was then adjusted to another desired temperature for the
next test. Thermal conductivity was calculated according to Sweat
(1972).

SPECIFIC HEAT
Modified calorimeter method was used due to its cheap
experimental setting and reasonable accuracy (Hwang and Hayakawa,

1979). Details of experimental setting construction and system
development are listed in the Appendix B.

The calorimeter was a modified household quart size wide-mouth

vacuum jar (Fig. 4-3). The household vacuum jar (Aladdin Industries
Inc., Nashville, TN) consisted of a plastic lid and cover, plastic handle

and jacket, vacuum bottle, and an inner plastic cup. The vacuum bottle
was between the inner plastic cup and the jacket, and there was a space
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Figure 4-3: Cross-sectional view of a calorimeter
(Hwang and Hayakawa, 1979)
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between the inner plastic cup and the vacuum bottle. The space was
used to hold water as a heat exchange medium. To prevent water

leakage, an 0-ring was put at the top of the vacuum bottle as a water
seal. A 0.76 mm diameter Copper-Constantan thermocouple was

inserted in this space to monitor the temperature of the heat exchange
medium. The temperature history of heat exchange medium would be
measured by this thermocouple and recorded by a datalogger (model
21X, Campbell Scientific, Inc., Logan, UT).

Distilled water (140 g) as a heat exchange medium was placed in
calorimeter in the space between the vacuum bottle and the inner

plastic cup. The calorimeter was kept in refrigerator until the test to
maintain a low initial calorimeter temperature. Approximately 30
minutes before the test, the calorimeter was removed from the

refrigerator and set at room temperature to reach a constant heat
exchange rate with the environment in order to avoid the transient
effects of changing temperature between the outer mass of the

calorimeter and the environment. Because of the vacuum bottle, the
inner plastic cup and heat exchange medium would still be maintained

at a low temperature.
A windshield chamber built from a 66x56x35 (cm) cardboard box

was used to cover the system in order to provide a relatively stable
environment (see Appendix B). The chamber has a 25x8 (cm) opening
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cut in each wall and top to allow free convection while not changing

surrounding temperature and not influencing the results. The reason
for this was to ensure an acceptable accuracy as described in Appendix
B.

Pacific whiting stabilized mince sample (500 g) was placed in a

wide straight mouth glass bottle with water-proof lid, then the sample

was heated in the water bath to desired temperatures. A CopperConstantan thermocouple (0.76 mm diameter) was inserted in the center

of the sample to measure the sample temperature. The thermocouple
was connected to the datalogger and the readings were shown on the
datalogger display.

When the sample center temperature equilibrated to the desired test
temperature (typically within 45-60 minutes), the cover and lid were
removed from the calorimeter; the heated sample was taken out of the
water bath and immediately placed into the calorimeter, and the lid and

cap were quickly and tightly screwed back to the calorimeter. The
temperature of the heat exchange medium was read continuously by the

thermocouple and recorded by the datalogger at 60 seconds intervals.

DENSITY
Stabilized mince was stuffed by a sausage stuffer into a known

weight stainless steel cylinder (1.9 cm diameter and 17.9 cm length).
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Then the samples were placed and heated in the water bath and allowed

to freely expand. Stabilized mince density was measured at 30, 45, 60
and 80(C. At each test temperature the excess sample was trimmed and
the sample was weighed by a balance (PM 2000, Mettler-Toledo Inc.,

Highstown, NJ). Four replicates have been done.

RESULT & DISCUSSION

Thermal Conductivity
The study found that the thermal conductivity of Pacific whiting
stabilized mince with a given composition (77% moisture content and

0.74% salt concentration) was a logarithmic function of temperature.
The thermal conductivity of Pacific whiting stabilized mince increased

with temperature. An empirical model was derived (r2 equals 0.9917)
for thermal conductivity of Pacific whiting stabilized mince as a

logarithmic function of temperature. The model can be written as:
k = 0.1234Ln(T) + 0.039

where: k = thermal conductivity (W/m°C), T = temperature (°C).

Fig. 4-4 shows the predictability of the model. The model could
satisfactorily predict Pacific whiting stabilized mince thermal

conductivity with an error ranging from -2.11% to 1.16%.
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AbuDagga and Kolbe (1995) have studied the thermal conductivity

of Pacific whiting surimi paste. Our study showed that the specific
heat of Pacific whiting stabilized mince was close to that of surimi

paste, with a -2-9% difference throughout the test temperature range.

Specific Heat
The study found that the specific heat of Pacific whiting stabilized
mince with a given composition (77% moisture content and 0.74% salt
concentration) was a linear function of temperature (r2 equals 0.9926).
The model can be written as:
Cp = 0.0073T + 3.2344

where: Cp = specific heat (J/g°C), T = temperature (°C).

Fig. 4-5 showed the predictability of the model. The model could
satisfactorily predict Pacific whiting stabilized mince specific heat with
an error ranging from -0.45% to 1.1%.
AbuDagga and Kolbe (1995) has studied the specific heat of Pacific

whiting surimi paste. Our study showed that the specific heat of
Pacific whiting stabilized mince was very close to that of surimi paste,

with a 3.62-5.8% difference throughout the test temperature range.
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Figure 4-4: Thermal conductivity k of Pacific whiting
stabilized mince
(77% moisture content, 0.74% salt concentration)
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Figure 4-6: Density of Pacific whiting stabilized mince
(77% moisture content, 0.74% salt concentration)

Density
The study found that the density of Pacific whiting stabilized mince
with a given composition (0.74% salt concentration and 77% moisture
content) decreased as a linear function of temperature (r2 equals
0.9953).

The model can be written as:

p = 1105.5 - 1.04T
where: p = density (g/m3), T = temperature (°C).

Fig. 4-6 showed the predictability of the model. The model could
satisfactorily predict Pacific whiting stabilized mince specific heat with
an error ranging from -0.15% to 0.13%.
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The density value found for stabilized mince was very close to that
of surimi paste found by AbuDagga and Koble (1995) with 1-2 %
difference.

CONCLUSION
Thermal properties of Pacific whiting stabilized mince were

dependent on heating temperature. The derived empirical models could

adequately predict the thermal properties. These predictions are
important in design and operation for Pacific whiting stabilized mince
heating processing.
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APPENDIX A

Calibration Procedure of Linear Heat Source Probe
The linear heat source probe is generally used to measure thermal
conductivity of small food sample. The probe enclosed a heater wire
and thermocouple junction contained in a hypodermic needle (D = 0.6

mm, L = 35.5 mm). Construction of the linear heat source probe was
illustrated by Fig. 4-1, and the test setting using this linear heat-source
probe method is demonstrated in Fig. 4-2.

The probe is inserted into the sample. Then the sample is heated
by the heater wire at a constant rate and the sample temperature is read
by the thermocouple. Fig. A-1 is a typical plot of the logarithm time

versus temperature during the k determination. The slope of the linear
portion of the plot is used to calculate the thermal conductivity of the
sample (explained below). Thermal conductivity is calculated by the
following equation (V.E. Sweat, C.G. Haugh, 1973):
k = Q /(4icM)

where:

k = thermal conductivity (W/m°C),
Q = power generated by probe heater (W/m),
Q = I2R

I = current passing through the heater (A),
R= heater resistance (223.1 ohm/m),
M = slope of the linear portion in Fig. A-1.
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Before a linear heat source probe is used, it needs to be

calibrated. Agar gel (0.5%) is taken as a calibration standard. The
reasons for using 0.5% agar gel are that it has well known thermal
conductivity (Mohsenin, 1980) and the gel form prevents free
convection between the sample (agar gel) and heat exchange medium.
The following is the procedure used:

1. Weigh agar. The equation is:

0.5% = (agar weight)/( total weight of agar and water)
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2. Place pre-weighed agar and water in a flask. Put the flask on a
Corning Stirrer/Hotplate and gently heat the mixture while stirring with

a glass rod. Stop heating when the mixture turns to a transparent
solution. Pour the solution into sample holder (5 cm high, 3cm
diameter film capsule), and wait until the solution forms a gel.

3. Turn on the water bath, set to the desired test temperature.
4. Program (see attached) the Campbell 21x datalogger using an RS233

interface to transfer the program to datalogger and set it ready to
work.

5. Insert the linear heat source probe in the film capsule which contains
agar gel and connect two power wires to power supply and two

thermocouple wires to the datalogger.
6. Put the film capsule into a thin latex bag Then immerse it

completely into water bath. Use the datalogger to monitor the sample
temperature until it reaches equilibrium with the water bath
temperature.

7. Turn on the circuit, heat the sample roughly 10 seconds while

reading current with a digital multimeter (Micronta 22-185). The
suggested power level is 7.2W/m (Wang and Kolbe, 1990).

8. Transfer data back to the computer and change the file type for later
data analysis.
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9. Plot temperature-In(time) curve in the form of Fig. A-1. Regress the
data; calculate the slope of the curve; discard the data reflecting the
curve portion for which the r2 value is less than 0.99. Use the equation
mentioned above to get the thermal conductivity. Find the standard k
value in handbook for agar at tested temperature and compare the

experimental value with the standard. Get the error range of the probe

just tested.
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PROGRAM FOR CAMPBELL 21X DATALOGGER
Program: wuhan-2
Flag Usage:
Input Channel Usage:
Excitation Channel Usage:
Continuous Analog Output Usage:
Control Port Usage:
Pulse Input Channel Usage:
Output Array Definitions:
*

1

01: 0.5

01: P91
01: 11

Table 1 Programs
Sec. Execution Interval
If Flag
1 is set
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02: 30

02: P17
01: 1

03: P14
01: 1
02: 2
03: 1
04: 1
05: 1

06:2
07: 1

Then Do

Panel Temperature
Loc :
Thermocouple Temp (DIFF)
Rep
15 mV slow Range
IN Chan

Type T (Copper-Constantan)
Ref Temp Loc
Loc :
Mult

08: 0.0000 Offset

04: P86
01: 10

05: P70

Do

Set flag 0 (output)
Sample

01: 08
Reps
02: 0001 Loc

06: P77
01: 0010

07: P

Real Time
Second
End Table 1

Table 2 Programs
01: 0.0000 Sec. Execution Interval
*

2

01: P
3

01: P

End Table 2

Table 3 Subroutines
End Table 3
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APPENDIX B

Development of Experimental Apparatus for
Measuring Apparent Specific Heat

BACKGROUND
To evaluate the heating and cooling processes of food products,
the apparent specific heat (Cp) of the food must be known. Much work
has been done to determine the specific heat of many food products.
The most commonly used methods for determining specific heat are the
mixture method and its modification method, and differential scanning
calorimetry (DSC).

The mixture method uses the technique of adding high temperature

water to the sample whose specific heat is to be determined, or
dropping a sample at room temperature into an ice calorimeter and
measuring the amount of ice melted (Wright and Porterfield, 1970;

Suter et al., 1975; Kazarian and Hall, 1965; Disney, 1954). The
mixture method has experienced difficulty in determining the specific

heat of hygroscopic foodstuffs, because of direct contact with the heat

exchange medium. In these cases, the heat of solution of foodstuff
components would need to be determined. The modifications of the
mixture method got around the problem of direct contact of food
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sample and heat exchange medium by encapsulating the sample in a

copper cylinder and immersing the capsule in water in a calorimeter at
different temperatures (Li et al., 1971; Kulacki and Kennedy, 1978).
However, the modification methods needed tedious sample preparation

and precaution to avoid moisture loss during preparation of the sample

at temperature levels different from room temperature. The application
of differential scanning calorimetry (DSC) can only apply to fully

homogeneous samples due to its small (milligrams) sample size. DSC
needs to be conducted by a very expensive instrument, and also
requires careful sample preparation and comprehensive training of
operation personnel in order to properly do the measurement.

APPARATUS CONSTRUCTION AND Cp DETERMINATION
We used a modified calorimeter method based on Hwang and

Hayakawa (1979). The reason was due to its cheap experimental
setting which was a modified household quart sized wide-mouth

vacuum jar (Fig. 4-3), and its reasonable accuracy. The household
vacuum jar (Aladdin Industries Inc., Nashville, TN) consisted of a

plastic lid and cover, plastic handle and jacket, vacuum bottle, and an

inner plastic cup. The vacuum bottle was between the inner plastic cup
and the jacket, and there was a space between the inner plastic cup and

the vacuum bottle. The space was used to hold water as a heat
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exchange medium. To prevent leakage of the water, an 0-ring was put

at the top of the vacuum bottle to seal water. A Copper-Constantan
thermocouple (0.76 mm diameter) was inserted in this space to monitor
the heat exchange medium temperature recorded by a datalogger (model
21X, Campbell Scientific, Inc., Logan, UT).
The experimental system consisted of the calorimeter (which was

the modified vacuum jar, including the distilled water used as heat
exchange medium) and sample. From the law of energy conservation,
the applied equation was following:
Cps x M8 x Tog + Cpk x Mk x Tok = Cps x Mg x Tf + Cpk X Mk x Tf + R

where:

Cps & Cpk = specific heat of sample & calorimeter,

respectively;
Ms & Mk = mass of sample & calorimeter (including heat
exchange medium), respectively;
Tos & Tok = initial temperature of sample & calorimeter,

respectively;

Tf = final temperature of system;

R = heat lost.

This equation had two unknown parameters, the specific heat of
sample Cps and the specific heat of the calorimeter Cpk. Hence, in order

to know the Cp the Cpk needs to be addressed first.
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Since the specific heat of distilled water was well known, the
specific heat of the calorimeter (Cpk) could be derived from the above

equation by using a known mass of distilled water as sample. The

determination of heat loss R would be addressed in the next section.
As long as the specific heat of the calorimeter was known, the
specific heat of the sample could be obtained through the above energy
conservation equation.

Hwang and Hayakawa (1979) commented that the accuracy of
specific heat measurements by this method was largely dependent on

the accuracy in determining the temperature rise of the calorimeter. So
a large recorded temperature increase was desirable. The large
temperature increase could be achieved by heating the sample and/or

cooling the calorimeter to get a big initial temperature difference
between the sample and the calorimeter.

Distilled water (140g), used as the heat exchange medium, was
placed in the calorimeter in the space between the vacuum bottle and

the inner plastic cup. The calorimeter was kept in the refrigerator until
the test to obtain a low initial calorimeter temperature. Approximately
30 minutes before the test, the calorimeter was removed from the

refrigerator and set at room temperature to reach a constant heat
exchange rate with the environment. This minimizes the transient
effects of changing temperature between the outer mass of the
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calorimeter and the environment. Because of the installation of the
vacuum bottle, the inner plastic cup and heat exchange medium would
still maintain a low temperature.

Sample (500g distilled water) was placed in a glass bottle and

heated to 85°C in a water bath. Then the cover and lid were removed
from the calorimeter; the heated water was taken out of the water bath
and immediately poured into calorimeter; and the lid and cap were

quickly and tightly screwed back to the calorimeter. The temperature
of the heat exchange medium was read continuously by the

thermocouple and recorded by the datalogger at 60 seconds intervals.
Three different ways were used with difference in the

environmental conditions to compare the accuracy of results and

practicality. The first one was to set the calorimeter in an open space
without special temperature control; the second one was to set the

calorimeter in an incubator; the third was to set the calorimeter in a
windshield chamber allowing free air convection and without changing

environmental temperature. The details and explanation can be seen
below.

Fig. A-2 shows a typical time-temperature history curve of

calorimeter in the open space condition. With the sample of distilled
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Figure A-2: Typical time-temperature curve of heat exchange medum
for determining calorimeter specific heat under open space contrition
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Figure A-3: Typical time-temperature curve of heat exchange medium
for determining calorimeter specific heat by using incubator
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water having known mass and specific heat Cp the calorimeter specific
heat Cpk could be obtained from the above energy conservation
equation. It was difficult to know the heat loss R which varies in rate

during the experimental period (in Fig. A-2, this is the period from time

zero to the time when the system reached its steady rate of change at
about 40 minutes). Hence we used the same assumption used by
Hwang and Hayakawa (1979) that the rate of heat loss to the
surroundings was constant throughout the experiment. This assumption

was based on the observations that it took about 10 minutes for the
change of temperature to become gradual. Based on this assumption,
the rate of heat loss may be determined from the temperature change

rate of the linear portion of Fig. A-2.
R= (Cps x M, + Cpk x Mk) x t x dT/dt
where:

dT/dt stands for the slope of the linear portion of temperature
history in Fig. A-2;

t is the test time needed to reach the steady rate of change
(40 minutes in the example of Fig. A-2)

.

With the above approach, the unknown calorimeter specific heat
Cpk could be found.

Knowing the calorimeter specific heat Cpk, the system could be
then used to determine an unknown sample specific heat Cp, by

repeating the same procedure.
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The heat exchange rate during the entire experimental period was

not actually equal to the constant rate found from the linear portion of
time-temperature history. This difference would introduce error in the

final results. Besides this concern was the fact that under ordinary
circumstances, the system was sitting in open space in a shared lab; the
fluctuating environmental conditions (like people walking around the

setting, door opening, etc) made it difficult to keep a constant heat
exchange rate between the system and its surroundings. This tended to
cause deviations of experimental data and produce large errors (Fig. A
2).

Based on the above considerations, an incubator (VWR Scientific,
Model 1565) was used to provide a stable surrounding temperature.
The incubator temperature was set at the anticipated equilibrium

temperature when the system was to have reached its steady rate of
change. This was approximately known from the temperature history of

the calorimeter setting in the open space (the peak in Fig. A-2). By
using the incubator, the curvilinear portion of the time-temperature
history (from the beginning to the equilibrium point) became more

gradual (Fig. A-3) compared to the one in the open room (Fig. A-2). It

took about 40 minutes in Fig. A-2 to reach the steady rate of change
(the peak), whereas about 80 minuters in Fig. A-3 to reach the steady

rate of change (the peak). Hence, the calculated heat loss for the
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method using the incubator would be closer to its real value compared
with the case of setting the calorimeter in an open space.
The method using the incubator will give a high degree of

accuracy, as shown in the next section. However with the benefit of
higher accuracy, the method has more restriction due to its dependence

on the accessibility to the incubator. This method also took more time
to complete the measurement. Hence, it would be ideal if the incubator
could be avoided while still maintaining a reasonable accuracy. A
windshield chamber built from a cardboard box was used to cover the

system in order to provide a relatively stable environment. The
windshield was made of a 66x56x35 (cm) cardboard box with a 25x8

(cm) opening cut in each wall and top to allow free convection to
maintain a constant surrounding temperature.

SYSTEM EVALUATION
Measurement of Cpk and Cps by three different methods have been

conducted to evaluate their accuracy and practicality.
Table 1 illustrates the accuracy comparison among three methods
(based on 4 replicates).

The system sitting in open space gave

8%

error off the published Cp value for distilled water in the temperature
range

30-80°C.

The method using the incubator gave

2% error in the

same temperature range. The third method, covering the calorimeter
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with a windshield, gave approximately 5% error off the published C,

value in the same temperature range. While third method did not give a
result as good as the one with the incubator, the error was within a
reasonable range. The simplified method (without incubator but with
use of a windshield) required less test equipment and was more flexible
and practicable in the laboratory and processing line. It also gave a

reasonable accuracy. Hence, it was decided this simplified method
would be used in our studies for measuring specific heat of Pacific
whiting stabilized mince.

Table 1: Accuracy comparison of three methods for measuring
specific heat of distilled water (J/g°C)
Temperature Standard *
(°C)
(distilled water)
30
45
65
80

4.179
4.180
4.187
4.193

mean

Open Space
std error(%)

4.489
4.513
4.546
4.566

0.09
0.12
0.05
0.09

7.42
7.97
8.57
8.90

Incubator
std error(%)

mean
4.243
4.268
4.286
4.297

0.10
0.10
0.05
0.08

1.53
2.11

2.36
2.48

mean

4.377
4.377
4.414
4.448

Windshield
std
error(%)

0.10
0.07
0.07
0.10

4.74
5.07
5.42
6.08

*Mohsenin, 1980.
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APPENDIX C

Involved Calculations in the Experiments

(a). MOISTURE CONTENT AND SALT CONCENTTRATION
FOR SURIMI PASTE
1. Determine moisture content of surimi sample.
Using an infrared moisture determination balance (AD-4714A, +/
0.2%, A&D Co., Ltd, Japan) to determine the raw moisture of
sample.

2. Weigh the surimi sample.
(Mettler PM 2000, Mettler Instrument Corp. NJ, tolerance limit +/
2.5%)

3. Calculate the amount of salt and ice needed in order to get the
desired salt concentraion and moisture content.
desired moisture content (frac.) =
(water in sample) + (needed ice)
(sample weight) + (needed ice) + (needed salt)

desired salt content (frac.)

(needed salt)
(sample weight) + (needed ice) + (needed salt)

There are two equations for two unknowns, hence the derived
formula are below:
D(W RW)
needed salt (g) = S(W RW)
needed ice (g) =

1SD

1SD

where:

W = sample weight (g)
R = raw moisture (fraction)
S = desired salt concentraion (fraction)
D = desired moisture content (fraction)

Note: during each sample preparation, moisture content had been
double checked after the mixing.

RW
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(b). SAMPLE IMPEDANCE (Zload)
By using Superposition Principle of electrical circuit analysis, the
following can be obtained from Fig. 2-2:
V4(

NI 1

Rs(10K)(10K))+V3((Z/+( Rs(10K)))(10K)
Rs +10K
Rs +10K

(Zl + (Rs(10K)

+10K))(10K)+(Z/+(Rs(10K))+10K)Rs
Rs +10K

where: Z/ = sample impedance Zioad;

Rs = a resistor for protecting from short circuit fault; it
can be seen in Fig. 2-2 and equals to 35 ohm in this
study;
V1= voltage measured from sample;
V3 & V4 = voltages measured from transformer output;
10K = the resistance of the ground resistors (see Fig. 2-2)
and equals to 10000 ohms.

From the above equation, the sample impedance Zioad can be derived as
following:
V 4(

Rs(10K)(10K))+
Rs(10K)
V3 xZlx(10K) + V3 x(10K)x (
Rs +10K
Rs +10K)

= VlxZlx(10K) + V1(10K)x(R5(10K))+ VlxZlxRs + VlxRsx1OK
Rs +10K

+ V1 xRsx (

Let

B1

Rs(10K),
Ry +10K)

(Rs(10K) )
Rs +10K

V4x(10K)xB1 + V3xZlx(10K) + V3x(10K)xB1 = VlxZlx(10K)
+ Vlx(10K)xB1 + VlxZlxRs + VlxRsxB1
+ VlxRsx1OK
Then:

V4x(10K)xB1 + V3x(10K)xB1 - Vlx(10K)xB1 -V1xRsxB1
- VlxRsx1OK = VlxZlx(10K) + VlxZlxRs -V3xZlx(10K)
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(V4 + V3 - V1)x(10K)xB1 - VlxRsx(B1 + 10K)
= Zlx(V1x1OK + VlxRs - V3x10K)
Z1

(V4 + V3 - V1)*(10K)*B1 - V1 *Rs*(B1 + 10K)
(V1*10K + V1 *Rs - V3*10K)

where: Rs = 35 (ohm), 10K = 104 (ohm).

(c). DC ELECTRICAL CONDUCTIVITY (ads) ) & ABSOLUTE
DIELECTRIC LOSS (c")
From the equivalent experimental model (Fig. 2-1):
1/Zioad = 1/Rde + 1/Re

at DC or low frequencies conditions,
laload = 1/Rdc,

Zload = Rdc = L / (adcxA)

where, adc = DC electrical conductivity;
L = sample length;
A = sample section area;
Zload = sample impedance.
Hence,
ci'de = L / (AXZload)

while in high frequencies conditions, absolute dielectric loss s
begins to show its effect.
1/Zioad = 1/Rdc + 1/R,,
Since
R.= L / (27cfAen)

Hence

1/Re = 1/Zioad

where

f = applied frequency.

27cfAC/L = 1/Zioad - 1/Rde
= (L /2irfA)x( 1/Zioad

1/Rd.

1/Rdc)

