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Freezing is one of the important technologies for preservation of foods.
In this project, using surimi as a food model, thermophysical properties of frozen
foods were evaluated and the freezing process was simulated using a finite
element package.

To measure temperature-dependent thermal conductivity, a line-source
probe system was used. Effects of test conditions and sample history were
investigated. Thermal conductivity of Alaska pollock (Theragra chalcogramma)
surimi having 0, 4, 6, 8, and 12% cryoprotectant levels was measured in the
range of -40 to 30° C. Other thermal properties were analyzed using differential
scanning calorimetry (DSC) at the same cryoprotectant concentrations and in the
same temperature range. Each dynamically corrected DSC thermogram was
used to determine initial freezing point, unfreezable water (bound water),
apparent specific heat, enthalpy and unfrozen water weight fraction.

When water content of the sample is controlled, thermophysical
properties of surimi have a relatively weak dependence upon cryoprotectant level

in the unfrozen and fully frozen (-40° C) ranges. However, the initial freezing



point and the properties just below this point were significantly affected.

From measured data, the Schwartzberg thermal property models for
frozen foods were investigated. The models agreed well with experimental data.
However, possibility for further improvement is demonstrated by using DSC
analysis. This research additionally demonstrated the great potential of DSC for
measuring and modeling frozen food thermal properties.

Using the derived property models, a commercial PC-based finite element
package was used to simulate the process of freezing a food block in a plate
freezer. The capability of the program to handle temperature-dependent
thermal properties and time-dependent boundary conditions enabled a simulation
which accounted for measured changes in thermal properties, ambient
temperatures and overall heat transfer coefficient. Predicted temperature history
agreed well with measured data. Sensitivities of important model parameters,
which were varied within their experimental error range, were also investigated
using a factorial experimental design method. The result showed that in
decreasing order of influencing freezing time prediction, attention should be
given to apparent specific heat, block thickness, overall heat transfer coefficient,

ambient temperature, thermal conductivity, and density.
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t. Freezing time in Equation 2.1

Xa

Temperature in°® C

Temperature of probe thermocouple at t, in°® C

Temperature of probe thermocouple at t, in® C

Absolute temperature in ° K

Ambient temperature in ° C. For a plate freezer, it is in fact the
temperature of refrigerant flowing in the plates and a step changed
variable.

Initial freezing point in® C

Freezing temperature of the pure water in° C

Initial temperature in® C

Datum temperature of H determination, in° C

Temperature on the surface in° C

Overall heat transfer coefficient in W/m?K and a step changed
variable for plate freezer.

Mole fraction of water in Equation 2.2
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Time constant in Equation 2.2 in second



Thermophysical Properties and Temperature Response of

Surimi--Measurement and Modeling

CHAPTER 1. INTRODUCTION

As modern science has developed, interdisciplinary research has become
more and more common and important. For example, in the ASME (American
Society of Mechanical Engineers) 1990 winter annual meeting, the ASME Heat
Transfer Division Committee on Heat Transfer in Manufacturing and Material
Processing (K-15) sponsored a session on "Heat Transfer in Food and Polymer
Processing."

In the food industry, many processes are oriented to heating and cooling.
Heat transfer analysis is a powerful tool to optimize the processes and
equipment design. In this thesis, I focused on the process of freezing foods.

Freezing has been a long time technology for preservation of foods. Food
is a complex biological system, and therefore freezing food is a complex process.
Since water is often a major part of food, phase change occurs. Fig. 1.1 shows a
temperature-time curve for freezing foods compared to that of pure water. As
indicated in the figure, the process can be divided into three stages (Hung,
1990):

1. Precooling. This reflects the reduction of product temperature from the

initial temperature to the initial freezing point, which is the temperature
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Water
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Fig.1.1 Freezing of foods (not in scale)



that ice crystallization begins. There is no change of phase in this stage
and the removed heat is referred to as "sensible heat."

2. Freezing. This represents the crystallization of water in foods. The heat
removed for this phase change is referred to as "latent heat of fusion."
However, at a temperature marginally below the initial freezing point, a
small amount of water first crystalize and consequently the concentration
of solutes in the food increases and the freezing point further decreases.
Thus, the phase change of foods occurs over a broad range of
temperatures, unlike pure water that changes phase at a single
temperature of 0° C. This phenomenon was characterized as "freezing
point depression” (Heldman and Singh, 1981). In this stage, removal of
heat involves both sensible heat and the latent heat of fusion.

3. Tempering. This begins when the removal of latent heat of fusion is
negligible compared to sensible heat. This stage continues until the food

reaches its final temperature.

Mathematically, a heat conduction equation can describe the freezing

process as:

oT o aT, 3 aT, a oT
Cp(T)p(T)E Ex—[k(ngx—] ‘é;[k(ng] -a;[k(z)g] ................ 1.1

with the initial condition (at t<0):

TUEXYZ) =T ceeeeereeiessintesenscsss s 1.2
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and the third kind boundary condition (at t>0) imposed on the outer boundaries:

U(Ta-T,)--k(n[%TiL_aZ] ........................ 13

dy oz
As indicated in Equation 1.1, the partial differential equation is nonlinear
because thermal properties are a function of temperatures due to the freezing
point depression. Obviously, descriptions of these temperature-dependent
property data must be available to model the process.

Thermal properties of interest in this research are thermal conductivity,
enthalpy and apparent specific heat. Thermal conductivity, k, indicates the ease
with which heat will flow through the material, which is a solid-liquid mixture for
foods. Enthalpy, H, is the energy content of the substance, relative to some low
temperature datum, often selected as -40° C. Apparent specific heat, Cp, is the
change in enthalpy with temperature, dH/DT. It includes both sensible heat and
latent heat of fusion (Comini and Bonacina, 1974; Schwartzberg, 1977; and
Chen, 1984). Fig. 1.2, 1.3, and 1.4 show expected forms of the functions
describing the temperature-dependent thermal conductivity, enthalpy and
apparent specific heat. Enthalpy does not appears in Equation 1.1, but it is a
fundamental property to determine required heat loading for a refrigeration
system. It is therefore included in this project. Density appears in Equation 1.1
but it is not included as part of this research project. It’s change is negligible
relative to other food thermal properties because it usually decreases only about

5 to 9% near the freezing temperature even for high moisture content foods
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(Schwartzberg, 1977).

In equation 1.3, the overall heat transfer coefficient, U, is not a property
of the food, but of the environment. It is the measure of heat being transferred
between the foods and ambient and it includes food packaging effect on
convection heat transfer. The value of U may present additional nonlinearities
and complications in the freezing model. For example, it may be spatially-
dependent in a blast freezer and time-dependent in a plate freezer.

Engineers are interested in studying freezing models because they need
information to optimize the process and to design refrigeration systems. To
optimize the process, we need to find an economical means to achieve a
relatively faster freezing rate. This is desirable because it results in fine ice
crystals and consequently better food quality. (This subject has been extensively
studied by food scientists; a detailed review is available through Fennema et al.,
1973; and Fennema, 1985). Another term related to freezing rate is "freezing
time". It is the time required to lower the temperature of the food from its
initial temperature to a given final temperature at its thermal center. The higher
the freezing rate, the shorter the freezing time. The freezing time is also
important to design the process and it can be predicted using Equations 1.1-1.3.

Equations 1.1-1.3 and associated thermophysical property data are also
applicable to many other food processes. Examples are thawing foods,
temperature changes in cold storage and transportation, among others. All of

these processes and associated temperature changes have an important influence



on the final quality of the products.

In this thesis, a product called "surimi" is used as a food model to conduct
the study. Surimi is an intermediate raw material made of washed minced fish
meat and is used to make imitation seafoods such as crab legs and shrimp meat.
Surimi has two major and important features. One is its gel-forming capacity
that, upon heating, creates a desired texture for a variety of imitation seafoods.
The other is its long-term stability in frozen storage due in part to the additional
of cryoprotectants like sucrose and sorbitol (Sonu, 1986).

Surimi technology originally came from Japan. In recent years, Japan’s
exports of surimi-based products to the U.S. have been rising sharply. For
example, exports of simulated crab meat to the U.S. have risen from about 2,600
tons in 1981 to 27,000 tons in 1984. An interesting point is that Japanese surimi
production depends mostly on Alaska pollock taken from the U.S. waters (Sonu,
1986).

In recent years, the surimi-based food industry has rapidly developed in
the U.S. However many phenomena in the process are still poorly understood.
One example has been the temperature-dependence of thermal properties. An
anti-denaturant, also called cryoprotectant, such as 4% sucrose and 4% sorbitol,
is commonly added to stabilize surimi quality during cold storage. Boose and
Keppeler (1967) reported that the concentration in a sugar solution exhibited a
great influence on its thermal properties. Therefore, determination of thermal

properties of surimi is even more complicated than that of other foods.
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Plate freezers are generally used for freezing surimi blocks in industry. By
bringing the surimi package into direct contact with freezer plates that are
maintained at desired freezing temperature, rapid freezing can be achieved.
Usually, the plate freezer is designed to make food package in direct contact
with ‘plates on two sides and to apply pressure increasing the surface heat
transfer coefficient (Heldman and Singh, 1981).

Because of the unique characteristics of surimi, the availability of large
fish resources off Oregon and the Pacific Northwest, and the intense national
interest in surimi-based products, I conducted this research attempting to provide
a better understanding of thermophysical properties of surimi and temperature
response in its freezing process. However, the ultimate objectives were aimed at
frozen foods in general:

1. Develop instrumentation and measure thermophysical properties of foods in
freezing temperature range.
2. Evaluate existing thermophysical property models and explore

possibility of improvement.

3. Simulate the freezing process, with the example of a surimi block in a plate

freezer in this case, using the finite element method.
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CHAPTER 2. LITERATURE REVIEW

Discussion in this chapter follows the order of Equations 1.1-1.3. First,
different approaches to construct freezing models will be described. Second,
methods to measure and model thermophysical properties are discussed. Third,
techniques to estimate the overall heat transfer coefficient and to verify the

freezing models are briefly introduced.

FREEZING MODELS

Freezing as a method of food preservation began at the turn of the century.
The earliest freezing model was developed by Plank in 1913 (Hung, 1990). In
recent decades, the freezing model has been extensively investigated, especially
after modern computers and numerical modeling technologies became powerful
tools in heat transfer analysis. As recently reviewed by Hung (1990) and Cleland
et al. (1986), existing models may be divided into two major categories. One is
“analytical models" that can be characterized as its assumption that the
phase-change occurs at a single temperature. Another is "numerical models" that

can simulate the phase-change taking place over a broad range of temperatures.

Analytical models

High nonlinearity of Equation 1.1 makes it impossible to be solved by an
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analytical means. Hayakawa and Bakal (1973) considered an approximate
analytical solution by applying the third kind of boundary condition (convective
and radiative cooling or heating). Although it was analytical in nature, the
complexity of calculation makes it impractical to use. Plank (cited by Heldman
and Singh, 1981) developed a simple form solution, which has been extensively

applied for about half century. The most general form of Plank’s equation is:

H 2
i X 80 S 2.1
T-T, k&

Where P and Q are constants that vary depending on the geometry of the object.
The major limitations are assumptions that latent heat is removed at a single
temperature, sensible heat is neglected, and thermophysical properties are
constant over temperature. Since these are serious limitations, many researchers
(Nagaoka et al.,, 1955; Hung and Thompson, 1983; Cleland and Earle, 1976,
1977, 1979, 1982, 1984) had tried to modify the Plank’s equation. For example,
Cleland and Earle (1976, 1977, 1979, 1982, 1984) empirically modified the
geometric factors by regression analysis of experimental data. In a recent study,
Wang and Kolbe (1987) found that their formulas were not only simple to apply,

but more accurate than many other models.

Numerical models
As computers become more and more powerful, a numerical solution of

Equation 1.1 has become a preferred method if one needs accurate solution.



13

The advantage is that it requires fewer assumptions on the physical process of
freezing. The only concerns are the possible errors caused from imprecise
thermophysical data, and numerical truncation and rounding (Cleland et al.,
1986). By using a finite difference approach, Heldman and Gorby (1975),
Hsieh et al. (1977), Succar and Hayakawa (1984), Bonacina and Comini (1971),
Cleland and Earle (1977 and 1979), and many others, successfully simulated the
process of freezing foods. By using a finite element method, Comini and
Bonacina (1974), Hayakawa et al. (1983), Purwadaria and Heldman (1983), and
others, also provided many good examples. In general, the finite element
approach is more powerful than that using finite differences. The major reasons
are that the finite element approach can easily handle irregular geometries,
heterogeneous materials, and complex boundary conditions. In addition, a high
order (quadratic or cubic rather than linear) approximation can be used to
obtain more accurate results if necessary. Its disadvantage is that the computer
storage requirements and run times are greater than those for finite difference
(Cleland et al., 1986).

In any event, it appears that the numerical models are more accurate over
the analytical ones because of more reasonable assumptions (Hung, 1990). They

are therefore the more appropriate method to be applied in this thesis.

PC-based finite element package

Because of the unique characteristics of the food freezing process, many
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researchers, especially those who were graduate students, have spent tremendous
amount of time to develop computer programs, whether using the finite element
or the finite difference approach. In many circumstances, the efforts even
became the major part of their theses. In recent years, many commercial finite
element packages, which are very powerful in handling nonlinearities, complex
boundaries, irregular geometry, graphics and interfacing, have been marketed to
aerospace and automotive industries. It is certainly significant if these packages
can be used to simulate food freezing process. One of these packages is a PC-
based program, ANSYS (Swanson Analysis System, Inc., Houston, PA). It allows
using temperature-dependent thermal properties, thus allowing Equation 1.1 to
be numerically solved. It is also able to handle complex boundary conditions.
This is important because cooling media in plate freezers is a two-phase-flow
refrigerant. This results in the overall heat transfer coefficient and ambient
(refrigerant) temperature being time-dependent variables.

In Chapter 5, ANSYS was used to simulate the process of freezing a
surimi block using measured temperature-dependent thermal properties, and
time-dependent values of overall heat transfer coefficient and ambient
temperature. Results showed that predicted temperature history agreed well
with measured data. By applying the model, sensitivity of these parameters
appearing in Equations 1.1-1.3 was investigated using a factorial experimental

design method.
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THERMOPHYSICAL PROPERTIES

Equation 1.1 suggests that freezing time prediction requires not only a
model, but knowledge of the thermal properties as well. As computer and
numerical modeling technologies have developed, precise solution of Equation
1.1 depends mainly on the quality of property data. Generally speaking, the
methods to determine these temperature-dependent properties can be classified

into two major groups: prediction and measurement.

Thermophysical property models

Due to difficulties in the measurement of thermophysical properties in
frozen foods, models can provide reasonably accurate means of determination.
Some researchers (Heldman, 1975; Heldman and Singh, 1986) believed that
predicted results are as good as measured data and that therefore measurement
is not necessary. Several researchers (Sweat, 1983; Succar, 1985; and Miles,
1983) have reviewed food thermophysical property models in great detail. All
such literature indicated that existing models may be divided into three
categories: regression (of empirical data), analytical and analytical-empirical.

Regression models are usually easy to develop and apply due to their
simple forms, which are typically a function of temperature and moisture
content. They are also relatively accurate because of their basis upon

experimental data. Their disadvantages, however, are that they are usually
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limited to certain conditions or foodstuffs, and often have no underlying physical
meaning.

Analytical models are based on physical principles of the freezing process.
For example, because of the four-fold difference between the thermal
conductivities of water and ice, thermal conductivity of foods in the freezing zone
strongly depends upon how the water changes its phase. Long (1955) proposed
that the thermal conductivities of frozen foods could be predicted by the
temperature-dependent unfrozen water fraction, which is the amount of unfrozen
water which decreases with temperature during freezing. Lentz (1961)
successfully predicted thermal conductivities of fish muscle, fats and gelatin gels
by applying the Maxwell equation (1904). Heldman (1974) derived an equation
to predict unfrozen water fractions by an expression of freezing point. Later, He
developed a unique procedure to model all thermal properties appearing in
Equation 1.1 (1982). The derivation can be described as following.

Based on chemical potential of the pure solute and the pure liquid, a
freezing point depression equation can be derived by introducing molar free
energies and enthalpy. It gives a mole fraction of water in the freezing product

as a function of temperature as:

Then, enthalpy of frozen foods could be predicted by the sum of the integrations

of the heat content for each component (including product solids, unfrozen



17

water, and ice) over appropriate limits. Using -40° C as a datum at which H=0,

it is:

H-MCpsf " aT+M,Cpy[ " aT+ [ M(D)C, (DT

+My(DL+ [ MDCH DT 2.3

And apparent specific heat is simply given as:

dH
Co(D) = —vininnsrasasasssasasnesssssssssssasssssasenens 24
D T

For thermal conductivity, Heldman suggested using the models developed by
Kopelman (1966) which assumed food as a two-phase system (solids and liquid)

having a fibrous structure. For heat flow parallel to the fibers:

2 kS

k=g [1-N3 (1= )]s e 25
k
L

and for flow perpendicular to the fibers:

e R 26
1-Q(1-N)
Where
O e 2.7
kS
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Heldman also cited that, however, thermal properties predicted by his procedure
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agreed well with tested data of fruits, vegetables and juices, but not for meats.
Succar (1985) reported that Heldman’s procedure to determine thermal
conductivity for meats could produce a variance of up to 24%. The reasons are:
1) the solutes in the food system become more concentrated and create
non-ideal conditions which depart from ideal assumptions made in the
derivation; and 2) unfreezable water (or bound water), which is the amount of
water remaining unfrozen at -40° C (Fennema, 1985) is not considered. The
advantage of these models, however, is that only two parameters--initial freezing
point and moisture content of the unfrozen product--need to be measured and
the measurements are easier than those for other thermal properties in the
freezing temperature range.

Analytical-empirical models, which were developed by Schwartzberg (1976,
1977, 1985), are based on a similar theory but with additional consideration of
the unfreezable water and empirical parameters. These models were derived by
correlating thermodynamic activity of water and temperature; their final form

became an unfrozen water fraction model as:

nw_bns - TO_T} 2 8

where b is unfreezable water. With this relationship, other thermal properties,
which are functions of food components, can be described as functions of

temperature. The apparent specific heat is:
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Based on this C, expression, the enthalpy equation was then changed to the

form:

(n,,-bn)AH, T,-T,
T-T, T,-T

H-(T-TQIC,+ I 2.10

Observing that frozen foods are two-phase systems, the thermal conductivity
could be determined by interpolating between conductivity values in the thawed

and fully frozen states as:

To_Ti
k-kf+B(Ti—7)+(ko—kj)[ﬁ] ................................ 2.11

The advantage of Schwartzberg’s models is that accuracy can be improved
by considering bound water and by using empirical parameters such as C,, B, k,
and k,. For example, a better agreement with measured data was reported by
Succar and Hayakawa (1983). The disadvantage of these models is that they are
restricted to foods for which empirical parameters are determined.

Because one of our objectives in this research is to measure thermal
properties, it is therefore not difficult to determine the empirical parameters in
Schwartzberg’s models. With appreciation of their simple forms and accuracy,

this research used Schwartzberg’s models. In light of measured data, his models
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were evaluated and the possibility of improvement was explored as described in

Chapters 3 and 4.

Thermophysical property measurement

Regardless of what models are used, evaluation, improvement and
sometimes development of these models still must depend on experimental data.
The major difficulty in such measurements is the influence and state of water,
especially in the temperature range slightly below the initial freezing point. In
this section, I discuss not only the techniques to measure the thermal properties
appearing in Equation 1.1, but also those properties associated with the thermal
property models, such as unfreezable water, unfrozen water fraction, and initial
freezing point.

Thermal conductivity can be measured using two different techniques:
steady-state and transient.

A typical and widely used steady-state apparatus is the Guarded Hot
Plate. It is a unidirectional heat flow method to measure thermal conductivity
for dry homogenous specimens in slab form. The details of the technique are
given by ASTM (1970). Several workers have reported the use of this method
for foods; the accuracy of their results diminished if the samples contained
appreciable amounts of moisture (Mohsenin, 1980). This is presumably due to
the migration of moisture during the period before steady-state is reached.

For transient measurement, Sweat (1972, 1975, and 1983), Sastry and
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Datta (1984) and Mohsenin (1980) reported the use of a line source probe as a
sensor specifically developed for small food samples. The theory of this
technique was developed by Ingersoll and Zobel (1954), Underwood and
McTaggart (1960) and Nix et al. (1967) based upon the following observation:
the temperature rise at any point in an infinite solid containing a suddenly
initiated, constant-rate, line heat source, is a function of spatial position, time,
thermal properties of the solid and source strength (Nix et al., 1967). The
analytical solution of this transient heat transfer problem in cylindrical geometry

is reported by Ingersoll and Zobel (1954) as:

where

If B < 0.16, which is valid in most cases, all but the first two terms of the series
can be deleted with no more than a 1% error. Therefore, between times t, and
t,, we have:

T,- Tl-nln(—-) .................................................... 2.15
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Then the thermal conductivity can be calculated as:

/' T-T
I e Mt 5 R X [

During the test, a line heat source is inserted into a sample initially at a
uniform temperature. The line source is then heated at a constant rate and the
temperature adjacent to the line source is monitored. A plot of In(time) vs.
temperature is assumed to be linear and the thermal conductivity can be
calculated by the slope as suggested in Equation 2.16.

Many researchers (Sweat and Haugh, 1974; Ramaswamy and Tung, 1981;
Murakami and Okos, 1988) have measured thermal conductivity using this
technique and reported that it was fast and simple. The disadvantage is that the
nonlinearity of the In(time)-temperature plot and excess temperature increase
resulting from heating significantly influence the accuracy.

In Chapter 3, I described the development of a PC-controlled system and
the measures to improve this technique by investigating a variety of experimental
conditions. In light of measured data with respect to the different concentrations
of cryoprotectant in surimi, thermal conductivity models were also evaluated.

Enthalpy and apparent specific heat are often measured using calorimeters,
such as adiabatic calorimeters (Long, 1955; Hwang and Hayakawa, 1979), ice
calorimeters (Disney, 1954; Haswell, 1954), electrically heated box calorimeter
(Sastry and Datta, 1984) and Differential Scanning Calorimetry (DSC)

(Mohsenin, 1980; Lund, 1983; McNaughton and Mortimer, 1983).
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DSC is preferred in this project for the following reasons: it gives accurate
results, needs a very small sample size and works rapidly and simply
(McNaughton and Mortimer, 1975; and Lund, 1983); and it is not only suitable
for measuring thermal properties appearing in Equation 1.1 but is also applicable
to the study of other parameters associated with the thermal property models.
These include initial freezing point, unfreezable water, and unfrozen water
fractions (Roos, 1978 & 1986; McNaughton and Mortimer, 1975; and Lund,
1983).

Fig 2.1 is a schematic representation of a DuPont 910 DSC (DuPont
instruments, Wilmington, DE). The sample and reference pans are placed on
the platform of the thermoelectric (constantan) disc. As heat is transferred
through thé disc at a prescribed rate, the differential heat flow to the sample and
reference can be calculated using the measured temperature difference over the
chromal discs. Thus, differential heat input (dH/dt) as a function of temperature
(or time because of constant rate of temperature rise) can be determined. An
example DSC plot may look like Fig. 2.2. The displacement from the
thermogram to the baseline is proportional to apparent specific heat at that
temperature while the shaded area indicates the enthalpy of the reaction.

Unfreezable water (bound water) also can be measured using DSC (Ross,
1978 and Roos, 1986). First, the water content of the food needs to be
determined. The sample is then cooled to -40° C or lower in the DSC cell. As

the frozen sample is heated at a constant rate, fusion of ice is detected as a peak
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area on the thermogram. Unfreezable water is simply the difference between
the total water content and the amount of ice melted.
Unfrozen water fraction can be determined using DSC as the summation of

unfreezable water and melted ice fraction at the temperatures of interest.

As a dynamic calorimeter, a disadvantage of DSC is that the thermogram
is often distorted due to time "lag." Such distortions were found in reports of
Roos (1986) and Ramaswamy and Tung (1981) and limited the DSC applicability
in the study of frozen food properties. Investigating a similar problem for
microcalorimetry applications in biophysical chemistry, some scientists (Randzio
and Suurkuusk, 1980; Mayorga and Freire, 1987) developed a dynamic correction
method to restore the thermogram.

In Chapter 4, The model was modified for DSC and applied to correct
the thermogram obtained from the apparent specific heat measurement. In light
of measured enthalpy, apparent specific heat, unfreezable water and unfrozen
water fraction of surimi with different cryoprotectant concentrations, possibility

to improve Schwartzberg’s thermal property models was also exhibited.
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Initial freezing point of foods is lower than that of pure water because of
additional solutes, either due to the initial chemical composition or due to ice
fraction increase during freezing (Fennema et al., 1973). Obviously, it is
necessary to measure the initial freezing point, because both the changes of
phase and thermophysical properties begin at this temperature.

Fennema et al. (1973) reviewed two types of freezing point apparatuses
that are in common use. One is a conventional cryoscope specified by ASTM
(1955). The sample is cooled and stirred at a rate just sufficient to ensure
uniformity in the fluid phase. The cooling rate should be moderately slow (on
the order of 1° C/min) and temperature-time data is collected. The temperature
is measured by a mercury-in-glass or platinum resistance thermometer. To
induce crystallization, the tip of a cold rod may be immersed. The freezing point
can be determined from the time-temperature curve after the correction for
supercooling is made by an extrapolation method. Another apparatus, called a
thermistor cryoscope, is similar to the previous one except a thermistor replaces
the thermometer, and a vibrating wire is used to induce crystallization.

In this project, I measured the initial freezing points of surimi with
different cryoprotectant concentrations, using two different means. In Chapter 3,
the technique used was similar as that described by Fennema et al. (1973). In

Chapter 4, DSC was used because its thermogram also shows the temperature

that phase change begins.



28
OTHER ASSOCIATED EXPERIMENTS

Determination of the overall heat transfer coefficient

There are many empirical data and models available for the general
determination of heat transfer coefficients. However, these data and models are
often only accurate to within +30% for general geometries and conditions
(Kreith, 1963). In addition, I am interested in the "overall" heat transfer
coefficient. For a plate freezer, the overall heat transfer coefficient depends
upon a variety of factors such as surface condition, contact pressure and
packaging material (Cowell and Namor, 1974). Many researchers ( Cowell and
Namor, 1974; Zuritz and Singh, 1985; Sastry et al., 1985, Wang and Kolbe, 1987)
have successfully used aluminum or brass (for which internal heat conduction is
known) to simulate a food package under practical industrial conditions. This
classical lumped parameter method (Welty et al., 1984) should be applicable in
this project.

In Chapter 5, I developed a PC-controlled apparatus to determine the

overall heat transfer coefficient as a function of time for the plate freezer.

Verification of freezing model

Many researchers (Bonacina and Comini, 1973; Schwartzberg et al., 1977;
Purwadaria and Heldman, 1983; and Zuritz and Singh, 1985) used measured

temperature history of food at its thermal center to verify their freezing models.
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There is no difficult to adopt this technique in this research and the application

was successful as described in Chapter 5.
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CHAPTER 3. THERMAL CONDUCTIVITY OF SURIMI--

MEASUREMENT AND MODELING

ABSTRACT

To measure temperature-dependent thermal conductivity of surimi, a line-
source probe system was developed. Effects of test conditions and sample
history were investigated. Thermal conductivity of Alaska pollock surimi having
0, 4, 6, 8, and 12% cryoprotectant levels was measured in the range of -40 to 30°
C. Thermal conductivity of surimi has a relatively weak dependence upon
cryoprotectant level when water content of the sample is controlled at 80.3%.
From measured data, the Schwartzberg model and its modification were selected
for future prediction. Three parameters in the model, T;, B, and k’; were found

to have a linear variation with cryoprotectant concentration.
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INTRODUCTION

Before food scientists and engineers can model, optimize and design
processes and equipme'nt, they must understand the thermal properties of foods.
To simulate freezing and frozen storage is no longer the problem it once was;
with the advent of modern computer and numerical methods, we can accurately
solve nonlinear heat conduction equations. Consequently, the essential task for
food engineers now is to improve the accuracy of predictions of temperature-
dependent thermal properties. Among the many existing models for foods, those
developed by Heldman (1982), Schwartzberg (1977, 1983) and Murakami et al.
(1985) are the most favorable because of their sound theoretical background and
the broad range of their potential applications. After comparing several existing
models with published experimental data, Succar (1985) reported that
Schwartzberg model showed the best agreement. For more accurate prediction,
however, its modified form, developed by Succar and Hayakawa (1983), fit best.

In the case of a new food product, we need to measure its thermal
properties before we can apply the models. This project focuses on the thermal
conductivity, k, of surimi, an intermediate raw material in the frozen state, used
to make seafood analogs. It is made of minced and washed fish meat with a
range of cryoprotectant concentrations. Sucrose and sorbitol are commonly used
as the cryoprotectant to stabilize surimi’s quality during freezing and frozen
storage.

For measuring the thermal conductivity of foods, the line-source probe
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method is fast and simple and to require a relatively small sample (Sweat, 1985).
It therefore was the preferred means for our study. To apply this method on
foods in the temperature range below 0° C, two conditions must be met:
linearity of the temperature vs. In(time) plot must be satisfied, and temperature
increase after heating must be limited to assure measurement at the correct
temperature and to minimize effect of latent heat of fusion. The relation
between the two conditions has been discussed by Sweat (1976), but there is
limited and conflicting published information on the influencing factors, such as
power level, scanning rate and time. For linearity, Sweat and Haugh (1974)
reported that r*>0.99 was used; Ramaswamy and Tung (1981) used r*>0.8;
Murakami and Okos (1988) used r*>0.9. For temperature increase, no specific
value was given by Sweat and Haugh (1974), and Sastry (1987) recommended
that for frozen foods, temperature increase be limited to 1.5° C. Murakami and
Okos (1988), however, cited that the probe method is not applicable in cases
where the time is short or the temperature change is less than 3° C. Therefore,
it is appropriate to investigate how these factors affect a new system for which
no standard experimental procedure exists.

Measuring the thermal properties of frozen foods requires an
understanding of sample history (such as previous freezing and thawing
conditions) and freezing rate during the experiment. For sample history,
Poppendiek (1966) compared a sample of bovine liver that had been slowly

frozen and thawed (freezing to a little below 0° C and slow thawing to room
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temperature) with one that had been rapidly frozen and thawed (freezing to -
196° C by liquid nitrogen and thawing in warm water). He reported that
measured k values of the first sample wés 10 to 20% greater than that of the
second. Neither of the cases, however, are typical of rates encountered in the
food industry. Although many researchers have observed that freezing rate will
significantly influence ice crystallization (Reid, 1988), little information has been
found in existing literature to describe how it affects k measurement.

The objectives of this research were (1) to develop an appropriate
measurement system for frozen foods and to investigate the effects of various
experimental conditions; (2) to examine the effects of sample history on
measured k values and to measure the thermal conductivity of surimi having
different levels of cryoprotectant; and (3) to select the most accurate model for
future prediction.

MATERIALS & METHODS
Materials

Calibration materials. To calibrate the system, both glycerine and a gel
of 0.5% agar and water were used.

Surimi samples. Surimi samples were Alaska pollock (Theragra
chalcogramma) obtained from Western Alaska, Inc. of Kodiak, Alaska. Surimi
was taken from the production line prior to the addition of cryoprotectants and
air-shipped with gel-ice to Corvallis, Oregon. The water content of the surimi

was 80.3%, measured by drying the sample in a vacuum oven at 105° C for 24
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hours, with six replicates. The surimi was then mixed using a mortar and pestle
to obtain five different levels of cryoprotectant, which consisted of half sucrose
and half sorbitol (Lampila, 1988). Cryoprotectant concentrations were 0, 4, 6, 8,
and 12% expressed as percent of total weight (8% is the typical commercial
level). Water content of the mixture was controlled to 80.3% (wet basis). Each
sample was then stored in a -80° C freezer after evacuating and sealing in three
plastic frozen storage bags (to prevent moisture loss). Water content was

checked after completion of experiments.

System development

Apparatus. Our k measurement apparatus configuration was based on
the system described by Sweat (1976) and appears in Fig. 3.1. The line-source
probes, purchased from V. E. Sweat (Texas A&M University), had a heater
resistance of 223.1 (/m. Sample holders were plastic tubes (5 cm X 3 cm
diameter) made from film capsules and having both ends insulated. From
previous tests with glycerine, there was no edge effect under the conditions of a
routine test. Temperature was controlled in a Neslab LT-50DD bath having a
temperature stability of +0.02° C. Both the multimeter and the DC power
supply are Microntas (made for Radio Shack). The accuracy of the current
measurement in the heater circuit (Fig. 3.1) was 0.1 mA. An additional switch
(Fig. 3.1) was used to initiate heating in an effort to minimize time delay. A

Campbell 21X datalogger (Logan, Utah) supported temperature-time
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measurement to a maximum scanning rate of 25 readings/sec. The datalogger
was bi-directionally interfaced with a PC so measurement could be programmed.
Analysis of data and calculation of thermal conductivity were done using Lotus 1-
2-3 software.

Power level test. Effect of power level on the results of the line source
probes was tested both on 0.5% agar and water gel, and on the surimi with 0%
cryoprotectant level. For the sample of 0.5% agar and water gel, k values at two
power levels (8.9 and 3.2 W/m) were measured at 30° C, while those at four
power levels (8.9, 5.7, 3.2 and 1.4 W/m) were examined at -20° C. Six replicates
were used for each level. For the sample of surimi, k measurement with various
power levels (from 0.8 W/m to 8.9 W/m) was tested at temperatures of -15, -10,
and -5° C. Four replicates were used for each measurement.

Scanning rate & time duration. To obtain satisfactory linearity of
temperature vs In(time) plot and to limit temperature increase after heating, fast
scanning rate and short time are necessary. Five levels of scanning rate, 20, 10,
1, 0.1 and 0.05 readings/sec, were examined while the duration for these five
levels were 8, 16, 16, 100 and 200 sec, respectively. Thermal conductivity of four
replicates for each level was measured at -10° C. The average of tested k
values, standard deviation, and 1 were recorded for analysis. The sample used

was surimi with 6% cryoprotectant concentration.
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Thermal conductivity measurement for surimi

Sample history effects. To examine the effects of previous freezing and
thawing history on the measured k values, samples with 0% cryoprotectant level
were tested with four different treatments: (1) fresh (unfrozen) sample just
arrived; (2) sample rapidly frozen in a -37° C freezer, then thawed in a 30° C
bath; (3) sample frozen in a -23° C freezer, then thawed in a 20° C bath; and
(4) sample slowly frozen in a home freezer (-18° C), then thawed by ambient
room air. Frozen storage time for all treatments was less than one week.
Thermal conductivity at 30° C and -30° C were measured for each treated
sample with four replicates.

To evaluate the effects of chilled storage time on k measurement, samples
without cryoprotectant were tested at zero time (2 days post-catch), after 2 days
in a refrigerator at 4° C, and after 6 days in a refrigerator at 4° C. Thermal
conductivity values at 30° C and -30° C were measured with four replicates.

Thermal conductivity measurement for surimi. Thermal conductivity
values of the pollock surimi having five different cryoprotectant levels were
measured in the range -40 to 30° C. Samples were removed from the -80° C
storage freezer and thawed in a 30° C bath. Probes were inserted in the
samples which were placed in latex bags and immersed in the controlled
temperature bath. From a variance analysis, four replicate samples were
required for statistical significance. The samples were simultaneously cooled in

the bath from 30° C, stopping at each temperature at which a k measurement
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was to be taken. It often required over an hour to reach equilibrium, as
detected by the center temperature reading. The k value was measured at 30,
20, 10, 0, -5, -10, -15, -20, -25, -30, -35 and -40° C. The scanning rate was 20
readings/sec for all experiments. The power levels used were 1.4 W/m at -5° C,
1.8 W/m at -10 and -15° C, and 7.2 W/m at the rest of temperatures. During
the regression of temperature vs In(time), the procedure was standardized by (1)
eliminating the first 1.5 of seconds data (30 data points), (2) using a duration of
8 sec, and (3) accepting k values measured only when r>0.99. To minimize the
effect of the heat of fusion, however, the k measurement at -5° C differed from
the others in three respects: (1) the earliest available linear data was used; (2)
the duration was shortened to 2-3 sec; and (3) the r* value was lowered to 0.9.

Freezing rate effects. The samples were first slowly frozen in a -5° C
bath. I also determined what would happen to the measured k values if a faster
freezing rate were used. For this study, k values of two samples, cooled by
different freezing rates, were measured at -30° C. One was frozen step by step
as described before, while the other was directly and rapidly frozen at -30° C.
The sample used was Pacific whiting surimi with 8% cryoprotectant level, made
by the Seafoods Lab, Oregon State University, Astoria, Oregon. There were 4
replicates for each measurement.

Initial freezing point measurement. Application of numerical thermal
property models requires measurement of the initial freezing point, T;.

Apparatus similar to that described by Fennema et al. (1973) was developed.
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Thermocouples, calibrated at 0° C by an NBS-certified thermometer, were used.
Pollock surimi with five different cryoprotectant levels were packed as before
and submerged in a -8° C bath. Temperature-time data was recorded by the
Campbell 21x datalogger. An electro-magnetic vibrator was employed to
initialize ice crystallization when the temperature reached a point near the
expected T; value. There were 4 replicates for each cryoprotectant level. (The
error was estimated at +0.1° C, limited mainly by the resolution of the NBS-

certified thermometer.)
RESULTS & DISCUSSION

System development

The system was satisfactory for quick and simple k measurements with
reasonable accuracy and reproducibility. During the experiments, calibration was
checked against a 0.5% agar and water gel at 30° C nine times, each with 4 to 6
replicates. The mean k value of these nine runs was 0.623 W/mC, with standard
deviation of 0.015 W/mC (2.4%). Error could be estimated as -0.8% when
compared with an expected value of 0.628 W/mC (Sweat and Haugh, 1974). The
system was also calibrated once against glycerine at 25° C with 5 replicates. The
mean k value was 0.289 W/mC with standard deviation of 0.0045 W/mC (1.5%),
and the expected value was 0.285 W/mC (Welty et al., 1984), indicating an error

of +1.4%. Thus our system performance equalled or exceeded that reported by
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Sweat and Haugh (1974), Ramaswamy and Tung (1981), and Murakami and

Okos (1988).

The results of power level tests agreed well with those of Sweat (1976).
In the unfrozen temperature range, there was no significant difference in
measured k values when applying either 8.9 or 3.2 W/m power. A power level of
7.2 W/m was chosen for surimi measurements because the higher power levels
gave higher r? values. Even though a greater temperature increase occurred in
the high power case, it did not affect the accuracy very much since thermal
conductivity of foods has a very low temperature dependence in the unfrozen
temperature range.

In the frozen temperature range, for the same reason 7.2 W/m was again
selected in the range -40 to -20° C. Thermal conductivity of foods is
temperature dependent in this range, but the dependence is relatively weaker
than that at temperatures slightly below T,. A power level of 1.8 W/m was
selected at temperatures of -15 to -10° C, and a level of 1.4 W/m was chosen
at -5° C. A smaller power level was used at these temperatures because it
would result in a smaller temperature increase, less heat of fusion, and
consequently more reasonable k values.

For the effects of scanning rate and duration, k measurement at
-10° C was selected because it was neither near T; (which would cause more
difficulty), nor near fully frozen range (which has a relatively weak temperature

dependence). Results showed that as the scanning rate decreased, the departure
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of measured k from expected values increased, as did the standard deviation.

An opposite trend was found for the time and r* values.

Thermal conductivity measurement for surimi

Knowledge of the effect of sample history on k measurement is important
to the food scientists and engineers for handling foods in frozen temperature
range. This is especially true for seafoods because fresh samples are often not
available. In this case, the result of the test on the effect of sample history
indicated no significant difference for measured k values at 30 and -30° C. This
conclusion was drawn from an ANOVA analysis with 95% confidence. The same
conclusion was found for the effects of refrigerated storage time postmortem and
of freezing rate during the experiments.

Measured k values of pollock surimi with five different cryoprotectant
levels are given in Table 3.1. Data in the Table are the mean of four replicates,
with maximum standard deviations less than 5.0% in the unfrozen range and less
than 10.1% in the frozen range. These error results agree with the estimations
reported by Sweat and Haugh (1974). Data are also plotted in Fig. 3.2 to 3.6 to
describe subsequent model development. For the temperature ranges of -40 to
-10° C and 0 to 30° C, data indicated no statistical difference between k values
measured on samples having different cryoproteétant levels, using an ANOVA

analysis with 95% confidence.



Table 3.1. Measured k value of surimi

Cryoprotectant Concentration

Temp. 0% 4% 6% 8% 12%
T, =-035° C T, =-0.75° C T, =-1.01° C T, =-1.16° C T, =-1.63° C
¢ k Std. k Std. k Std. k Std. k Std.
W/mC Dev.% W/mC Dev.% W/mC Dev.% W/mC Dev.% W/mC Dev. %
-40 1.473 5.2 1.429 4.9 1.508 3.8 1.434 3.0 1.465 5.5
-35 1.425 2.1 1.390 2.0 1.434 3.5 1.404 1.6 1.422 4.1
-30 1.397 3.5 1.362 4.4 1.390 2.0 1.373 5.0 1.362 4.3
-25 1.333 3.6 1.274 6.4 1.373 3.7 1.352 5.0 1.349 6.4
-20 1.252 5.0 1.263 53 1.324 3.6 1.307 9.2 1.284 5.6
-15 1.227 9.5 1.192 4.4 1.252 3.4 1.260 4.6 1.276 5.8
-10 1.123 101 1.152 4.0 1.194 5.4 1.176  10.8 1.218 4.1
-5 1.031 8.8 1.023 7.4 1.056 3.7 1.181 23 1.230 5.0
T; 0.504 1.6 0.465 9.4 0.477 4.1 0.492 3.4 0.489 5.8
10 0.487 2.5 0.484 5.0 0.489 2.4 0.509 3.0 0.505 4.9
20 0.521 0.4 0.472 4.0 0.509 1.2 0.516 3.2 0.498 5.0
30 0.516 2.2 0.508 2.0 0.506 4.2 0.527 34 0.508 3.2

=

1. Freezing points, T, for each cryoprotectant level are also given in the table.
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Thermal conductivity, k (W/mC)

m Experimental data
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Fig. 3.2. Thermal conductivity of surimi with 0% cryoprotectant concentration
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Thermal conductivity, k (W/mC)

n  Experimental data
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Fig. 3.3. Thermal conductivity of surimi with 4% cryoprotectant concentration
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Thermal conductivity, k (W/mC)
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Fig. 3.4. Thermal conductivity of surimi with 6% cryoprotectant concentration
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Thermal conductivity, k {(W/mC)

B Experimental data
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Fig. 3.5. Thermal conductivity of surimi with 8% cryoprotectant concentration
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Thermal conductivity, k (W/mC)

R Experimental data
1.4 | —~|— 8chwartzberg model
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Fig. 3.6. Thermal conductivity of surimi with 12% cryoprotectant concentration
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The initial freezing point, T,, varied linearly with cryoprotectant levels, as shown
in Table 3.1 and Fig. 3.7. The standard deviation of each measurement was less

than 8.0%.

Model application

To select an appropriate model, four reported by Heldman (1982),
Murakami et al. (1985), Schwartzberg (1977, 1983) and Succar and Hayakawa
(1983), were investigated. The Murakami et al. model was not suitable to this
project because detailed composition of the surimi is not commonly available.
The Heldman model, as reported by Succar and Hayakawa (1983), was found to
deviate somewhat from the tested data and, therefore, was not chosen in this
research.

The Schwartzberg model (1977, 1983) for thermal conductivity agrees well
with experimental data because all three parameters used by the model have to
be obtained from experiments. The model is:

T -T,

) S 3.1
T-T

k=K + B(T,~T)+(k,~k)(

where T is the temperature; T; is the initial freezing point which has been
discussed previously; T, is the normal freezing temperature for pure water; k, is
the thermal conductivity in thawed state; B and k’; are respectively the slope and
intercept at T, of a straight line representing the thermal conductivity values in

the "fully frozen" zone. As shown in Fig. 3.2-3.6, the model agreed well for low
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Fig. 3.7. Plot of T; vs cryoprotectant concentration
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cryoprotectant level samples. Agreement was not so good as cryoprotectant
concentration increased. This is probably due to the fact that for high
cryoprotectant concentrations, the ideal solution approximation used by the
model is less valid.

Both parameters B and k’; were found to have a linear relationship with
cryoprotectant level, as shown in Fig. 3.8 and 3.9. For comparison, B and k’; of
pure ice are respectively 0.01177 W/mC? and 2.22 W/mC, calculated from data
given by Dickerson (1969). Variations in T, B and k’; need to be well-defined to
more easily allow their use in models.

To obtain an improved fit, Succar and Hayakawa (1983) modified the
Schwartzberg model by determining B and k’; simultaneously through nonlinear
parameter estimation. When this is done the two parameters no longer have
their original physical meanings. Plots of this modified model are included in
Fig. 3.2-3.6. Agreement became very good (R?>0.99) because of the parameter
estimation technique used. Values of B and k’; determined by the modified
model remain linear functions of cryoprotectant level, as shown in Fig. 3.8 and
3.9.

Although cryoprotectant level had no statistically significant effect in the
range -40 to -10° C, k value in the range of temperatures slightly below T; was a
linear function of the cryoprotectant level. This is probably because T, is a linear
variation of the cryoprotectant concentration. The question arises why, in the

range of -40 to -10° C, T,, B and k’; are linear functions of cryoprotectant level,
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but k value is not. The five treatments described by the modified model,
extended to -70° C are shown in Fig. 3.10. Though it is not clear how much
validity one should give to such extrapolations, th¢ predicted k values at -70° C
(plotted in Fig. 3.11) were a linear function of cryoprotectant level. In results
reported by Boose and Keppeler (1967), measured k value of sugar solutions was
significantly affected by the sugar concentration. It may be appropriate to
conclude thus, that k value of surimi has a relatively weak linear relationship
with cryoprotectant level when water content is controlled.

Noted that in order to obtain reasonable measured k values at -5° C, the
standard procedure of the regression had to be modified. Latent heat has a very
strong influence on measurements at temperatures slightly below the initial
freezing point. The line-source technique originally resulted from solution of a
linear, transient, cylindrical heat conduction equation (Ingersoll et al., 1954).
Linearity particularly implies that the thermal properties used in the equation
were independent of temperature or time. This equation, and its further
development by Nix et al. (1967), however, are no longer valid when applied to a
food material undergoing a rapid phase change. This occurs in the temperature
range between T, and about -10° C, when both k and apparent specific heat (a
sum of sensible heat and latent heat of fusion) vary strongly with temperature.
As described by Schwartzberg (1977) and Heldman (1982), the sharp peak
displayed by apparent specific heat just below the freezing point, will create a

positive error in the value of k measured by the line-source method. In short,
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the probe method does not work well for food in a temperature range slightly
below T;. A numerical solution of the partial differential equation may be used
to evaluate how the apparent specific heat affects the k measurement and
corrects the error, as suggested by Schwartzberg (1988). Another is to use a
steady state measurement technique, such as guarded hot plates. Either may do
a better job, but it still may not be superior to a prediction by a precise model.

Further research in this area is therefore necessary.

CONCLUSIONS

This system works well and appears to be an improvement over other
report approaches. The research also indicated that as the probe method is used
more and more for foods, the experimental procedure needs to be standardized.

The probe method is not appropriate for determination of thermal
conductivity at temperatures slightly below the initial freezing point. The
prediction of k values in this temperature range using a precise model is
probably more accurate than measurements.

Sample history relating to freezing and thawing, time postmortem under
refrigerated conditions, and freezing rate during the measurement do not
significantly affect the measured k values.

Thermal conductivity of surimi has a relatively weak dependence upon the

cryoprotectant level when the water content of the sample is controlled.
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The Schwartzberg model (1977, 1983) and its modification by Succar and

Hayakawa (1983) agree well with experimental data.
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CHAPTER 4. THERMAL PROPERTIES OF SURIMI ANALYZED USING DSC

ABSTRACT

Thermal properties of surimi made from Alaska pollock (Theragra
chalcogramma) were analyzed using differential scanning calorimetry (DSC) in
the freezing range. Each dynamically corrected thermogram was used to
determine initial freezing point, unfreezable water (bound water), apparent
specific heat, enthalpy and unfrozen water weight fraction. When water content
was controlled at 80.3% (wet basis), the cryoprotectant concentration had little
effect on thermal properties in the unfrozen and fully frozen (-40° C) ranges.
However, the initial freezing point and thermal properties just below this point
were significantly affected. The study also demonstrated the great potential of

DSC for measuring and modeling frozen food thermal properties.
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INTRODUCTION

The thermal properties of frozen foods are of interest to food engineers
in modeling freezing and frozen storage processes and in designing equipment.
Indeed, as modern computer technology develops, the improved accuracy of
models describing freezing and frozen storage of foods depends mainly on the
accuracy of thermal property data. In recent years, many researchers have
successfully developed thermal property models for frozen foods. Most of these
models are based on the equation of freezing point depression (Heldman, 1982;
Schwartzberg, 1977, 1983; Chen, 1985a, 1985b, 1986). Upon comparing these
models with published experimental data, Succar (1985) reported the
Schwartzberg model showed best agreement because it allowed use of empirical
parameters to improve accuracy. Among those researchers who have
investigated thermal property models, few have included measurements;
however, a number of them referenced data of Riedel (1956, 1957) (Fennema et
al. 1973; Schwartzberg, 1977, 1983; Chen, 1985a). There seem to have two
reasons for this disregard of measurements: the accuracy of measured values was
seen to be no better than that of predicted values; and measurements of
improved precision were extremely difficult at temperatures near the initial
freezing point.

Differential scanning calorimetry (DSC) has been widely used in polymer
science for a variety of analyses. The advantages of DSC are that it works

rapidly and simply, much valuable information can be obtained by a single
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thermogram, and a very small sample can yield accurate results (McNaughton
and Mortimer, 1975). This technique has been used to analyze thermal
properties of frozen food. For example, Duckworth (1971), Ross (1978) and
Roos (1986) successfully determined the unfreezable water of foods; and
Ramaswamy and Tung (1981) studied apparent specific heat, C,» of apples.
However, these earlier uses of DSC in frozen food research focused on only one
or two properties.

In analyzing thermal properties of frozen foods with DSC, many
researchers have reported a distorted C, curve near the initial freezing point, T;.
This limitation has restricted the application of DSC in this field. To study
apparent specific heat, Jason and Long (1955) used an adiabatic calorimeter
which operated as a differential thermal analyzer (DTA). They reported that a
slope of infinity was not found at T, nor did the C, function fall sharply to the
expected low values at the temperature just above the unfrozen region. They
suspected that a time "lag" was responsible. The distorted C, curves were also
found in the reports of Roos (1986) and Ramaswamy and Tung (1981). In
biophysical chemistry, some researchers have extensively investigated the
methods of dynamic correction, and several correction methods have been
suggested (Randzio and Suurkuusk, 1980; Mayorga and Freire, 1987). Although
most of the instruments they modeled were microcalorimeters, the principle of

measurement is the same.
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This is a report of research in which DSC was used to analyze thermal
properties of surimi, an intermediate raw minced fish material which is typically
thawed from the frozen state to make seafood analogs. In this study, a number
of thermal properties were dealt. The initial freezing point, T, is the
temperature at which crystallization begins. It is one of the basic parameters of
food composition effects in thermal property models; unfreezable water (or
bound water), b, is the amount of water remaining unfrozen at -40° C
(Fennema, 1985). It is important to the accuracy of thermal property models
(Succar, 1985). Unfreezable water is also a composition-dependent variable;
latent heat of fusion, H;, is the heat of phase change; enthalpy, H, is the energy
content relative to some low temperature datum, often selected as -40° C
(Fennema et al., 1973; Heldman, 1982; Schwartzberg, 1983). Enthalpy data are
essential to food engineers not only to support the design of freezers and frozen
storage processes, but also to mathematically model the freezing process by a so-
called enthalpy formula method (Mannapperuma and Singh, 1988); apparent
specific heat, C, is the rate of enthalpy change with respect to temperature,
dH/dT. It includes both sensible heat and latent heat of fusion in the frozen
temperature range. Apparent specific heat is one of the most important thermal
properties used in solving the classical non-linear heat conduction equations that
describe freezing and frozen storage processes (Schwartzberg, 1977); unfrozen
water weight fraction, n,, is the amount of water remaining unfrozen at a certain

temperature. It includes both uncrystallized free water and bound water.
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The temperature-dependent model of n, is the basic equation used to
predict the frozen food thermal properties including thermal conductivity,
apparent specific heat, enthalpy and density (Heldman, 1982; Schwartzberg,
1983). Published reports use a variety of terms to describe the temperature-
dependent water portion of frozen foods. Fennema et al. (1973) used a term
"per cent frozen water,” defined as the mass percentage of ice with respect to the
total amount of initial water; Heldman and Singh (1981) used "unfrozen product
fraction,” defined as the mass fraction of unfrozen product with respect to the
total food sample. In this report, "unfrozen water weight fraction" is a term
similar to that used by Schwartzberg (1983), which means the summation of
bound water and melted free water divided by the total mass of the sample.

Overall, the objectives of our research were: to demonstrate alternative
DSC techniques for analyzing thermal properties of frozen foods; to measure the
initial freezing point, bound water, latent heat of fusion, apparent specific heat,
enthalpy and unfrozen water weight fraction of surimi at different cryoprotectant
concentrations and to investigate the effects of cryoprotectant level on these
properties; and to compare existing thermal property models for frozen foods

with DSC data and to evaluate possible improvements.
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MATERIALS & METHODS

Materials

Surimi samples were made from Alaska pollock (Theragra chalcogramma)
obtained in Alaska. Surimi was taken from the production line prior to addition
of cryoprotectants and air-shipped with gel-ice to Corvallis, Oregon. The water
content of the surimi was 80.3%, measured by drying the samples in a vacuum
oven at 105° C for 24 hours, with 6 replicates. The surimi was then mixed with
cryoprotectants (0, 4, 6, 8 and 12%) consisting of half sucrose and half sorbitol
(Lampila, 1988). The water content of the mixture was controlled to 80.3% (wet
basis) for all cryoprotectant levels. All samples were stored in a -80° C freezer
after they were evacuated and sealed in 3 plastic frozen storage bags to prevent
moisture loss.
DSC measurement

A DuPont 910 differential scanning calorimeter (DSC) was used with a
sample temperature capability of -85° C obtained with a two-stage mechanical
cooling accessory. To eliminate water condensation in and under the DSC cell, I
forced 40 mL/min nitrogen gas through the purging port while 140 mL/min
nitrogen gas flushed through the cooling port. The system was calibrated using
DuPont calibration software, with indium and distilled water samples used for
calibration of heat flow and two temperature points. Surimi samples of 6 to 8

mg (7.23+1.18 mg for 15 scans) were sealed in aluminum pans and weighed on a
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Mettler semi-microbalance (Model AE 240) with an accuracy of +0.01 mg.
Empty aluminum pans were used as references. For each cryoprotectant level,
ran five scans: a baseline, a distilled water standard, and three replicate surimi
samples, all scanned from -80° C to 40° C at a heating rate of 2° C/min. A
sensitivity of 1X was selected for the measurements. Fig. 4.1 shows a typical
single thermogram of surimi with 0% cryoprotectant concentration. The
instrument was first calibrated so the peak of a distilled water standard occurred

at 0° C, as described below.

Initial freezing point

To determine the initial freezing point, I scanned a distilled water sample
weighing 6+0.5 mg prior to scanning the three replicate surimi samples for each
cryoprotectant level. Peak temperature for the distilled water standard was
adjusted to 0° C using the standard DuPont DSC software. The peak
temperature of the surimi thermogram then indicated the initial freezing point,

T;, as shown roughly in Fig. 4.1.

Apparent specific heat
Displacement of the thermogram from the baseline (Fig.1) gives a
differential sample heating rate (Aq) from which the apparent specific heat can

be calculated at each temperature (DuPont Instruments, 1988):
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Fig. 4.1. A typical DSC thermogram of surimi sample

60

§9



66

where E is a "cell calibration constant” (DuPont Instruments, 1988) which takes
into account any error relating to enthalpy measurement of the DSC. An
average of E values for seven calibrations in this research was 1.033, with a
standard deviation of +0.050 (+4.8%). In the measurement, a ratio method
(O’Neill, 1966) was applied with a distilled water standard in the unfrozen and
fully frozen temperature ranges. By comparing apparent specific heat
determined using Equation 4.1 with a distilled water standard under the same
condition, I ensured a more accurate measurement. The calculation was carried
out using the spreadsheet Quattro Pro (Borland International, Inc., Scotts Valley,
CA).

Curve BDFG in Fig. 4.2 shows temperature-dependent C, values of surimi
having an 8% cryoprotectant concentration, as determined by Equation 4.1.
Because of the relatively slow time response of dynamic calorimetry, the curve
was distorted to the right, thus giving C, values which were an incorrect function
of temperature. Randzio and Suurkuusk (1980) described a first-order

correction which can be modified to apply to these results:

......................................... 42
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The time constant = describes the delay of the sample response due to the mass
of the calorimeter cell and thermal resistance between the cell and its
surroundings. After correction, the trace represented by BDF in Fig. 4.2 will
shift to that represented by BCE. In this research, T was evaluated by iteration
of the integral by assuming that the enthalpy change (areas under the curve)
indicated by BDF and BCE must be the same (Randzio and Suurkuusk, 1980).
That is, Area BDFEIB equals Area BCEIB within 1 kJ/kg (approx. +0.4%).
Typically,  was on the order of 1 second (0.94+0.08 second for 15 iterations).

Analysis and numerical integration were carried out using Quattro Pro.

Unfreezable water

Unfreezable water, b, was considered as the difference between the total
water content of the product and the amount of watef detected by the DSC
fusion endotherm (Ross, 1978). The heat of fusion can be determined by the
area of BCEIB in Fig. 4.2. It indicates the amount of free water that has gone

through a phase change between -40° C to T,

Unfrozen water weight fraction

On the DSC thermogram (Fig. 4.2), a partial area of the melting peak
(area of BCEIB) at any temperature represents the amount of free water melted
from -40° C to the temperature of interest. The unfrozen water weight fraction,

n,, was determined by the summation of unfreezable water and melted free
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water divided by the total mass of the sample.

Enthalpy

Enthalpy, H, can be mathematically determined by

T
H- fT (o ¢y Y 7 LA 43
R

The temperature datum (Ty), at which H=0, was selected as -40° C. An
enthalpy value at any temperature was determined as a partial area under the C,
curve. For example, Area ABCEFGHA (Fig. 4.2) represents the H value at 20°

C.
RESULTS & DISCUSSION

DSC measurement
Fig. 4.3 shows DSC thermograms (prior to any dynamic correction) for
three different cryoprotectant levels; that for distilled water is included for

comparison. Peak temperatures shifted toward lower temperatures as
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to cryoprotectant concentrations increased. The phase change of surimi occurred
over a broader range of temperature as cryoprotectant was added (and protein
content was accordingly decreased, since water content was controlled at 80.3%).
The temperatures at which the phase change began (the "incipient melting
points” defined by Roos, 1986) were about -13° C, -21° C and -28° C for surimi
at 0%, 6% and 12% cryoprotectant levels, respectively.

Frequent calibration has been found important with respect to all factors
influencing accuracy of DSC measurement, such as mechanical cooling, nitrogen
purging, water condensation, inconsistency of sample loading, sample pan
position and sample size. For seven calibrations using a distilled water standard,
an average value of H; was 330.2 (compared to 333.22 kJ/kg reported by
Heldman and Singh, 1981), with a standard deviation of 10.9 kJ/kg; and the
average peak temperature was 0.16+0.20° C. These data may also indicate the

error involved in DSC measurement.

Initial freezing point

Table 4.1 shows the initial freezing points determined from the peak
temperature of the DSC thermograms and from our previous research (Wang
and Kolbe, 1990). It can be seen that the T, values reported here are more
scattered and consistently 0.1 to 0.3° C lower than those from our previous
research. Scatter was most likely due to the error of DSC in temperature

readings. The lower DSC T, values should be expected; as discussed by



Table 4.1. Initial freezing points

From DSC thermogram From time-temp. curve
Cryo. T; S.D.! T; S.D.2
conc.

% °C *C *C °C
0 -0.22 0.07 -0.35 0.06
4 -1.24 0.15 -0.75 0.04
6 -1.33 0.24 -1.01 0.08
8 -1.49 0.20 -1.16 0.09
12 -1.65 0.02 -1.63 0.04

! Evaluated from 3 replicates.
? Evaluated from 4 replicates.
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Fennema et al. (1973), the time-temperature curve extrapolation method often
results in an erroneously high freezing point. Although each of the two methods
had different advantages, the data analyzed by DSC are more favorable because
they are not affected by freezing rate and supercooling. There was almost no
temperature gradient within the sample, and the system had been frequently

calibrated using a distilled water standard.

Apparent specific heat

Table 4.2 gives the dynamic corrected C, values. For comparison, I
include Riedel’s data and plot them with C, of surimi at 0% cryoprotectant level
in Fig. 4.4. Good agreement was clearly demonstrated. In the unfrozen and
fully frozen temperature ranges, C, values under different cryoprotectant levels
were not statistically different. For example, at 20° C and -40° C, the mean of
five C, values with different cryoprotectant concentrations were 1.64%5.9% and
3.67+1.4%, respectively.

I should point out here that one disadvantage of the dynamic correction
process was that the noise of the signal significantly increased (refer to Fig. 4.2).
In Table 4.2, the C, values in the unfrozen and fully frozen temperature ranges

are based on raw DSC data which were determined by using



Table 4.2. Measured apparent specific heat of surimi

Cryoprotectant concentrations

Temp. 0% 4% 6% 8% 12% Riedel!

°C Cp S.D. C S.D. Cp S.D. Cp S.D. Cp S.D. Fish muscle
KkgC %  WkgC % KkkgC % KkgC % kkeC %  klkgC

-40 1.78 3.7 1.52 6.1 1.60 2.8 1.70 8.8 1.62 3.7 1.84
35 1.82 5.2 1.54 4.8 1.59 34 1.80 8.6 1.69 5.9 -

-30 1.90 4.8 1.60 7.1 1.63 2.0 1.89 8.4 2.03 4.7 2.09
25 198 4.3 1.71 6.6 1.87 2.6 2.22 13 2.37 1.4 ---

20 214 5.2 1.97 5.8 2.19 3.2 2.58 6.6 2.81 2.6 2.59
-15 226 0.2 2.66 4.3 2.84 3.2 3.19 4.3 3.50 3.9 3.07
-10  3.56 0.2 4.49 4.2 4.52 2.6 5.82 4.9 6.78 24 4.14

-8 4.67 1.6 6.47 2.7 6.47 10.3 8.55 4.1 10.04 1.1 5.27
-6 6.79 0.4 11.33 99 11.09 11.7 1537 5.6 17.65 21 1.73
-4 1424 6.8 28.96 9.6 27.01 13.7  34.21 3.6 33.45 2.1 15.30
-2 5177 2.1 81.41 4.1  79.65 120 81.74 5.7 59.03 5.3 67.30

T, 107.87 1.3 99.80 3.7  89.92 11.7  83.21 6.1 63.44 40 108.47*
10 3.68 2.2 3.59 6.0 3.55 1.5 398 111 3.57 0.6 3.72
20 374 1.8 3.64 6.6 3.66 1.8 3.70 2.7 3.61 1.6 372

! From Chen (1985a), which were averaged values of cod (80.3% water content) and haddock (83.6% water
content) reported by Riedel (1956).
2 Temperature for this value was -1° C according to Chen (1985a).
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the ratio method and which were not influenced by the signal noise. However, in
the range of -20° C to T;, dynamic correction had to be applied and the noise
had to be smoothed out. In our research, the smoothing procedure was to use
the mean value of surrounding areas. In addition, an overshoot observed as the
value of C, fell to the unfrozen range was smoothed out as noise.

Randzio and Suurkuusk (1980) reported that to obtain a reliable
correction, overshoot should be avoided, and the areas under the peaks of raw
DSC data and corrected data should be maintained the same. These two criteria
depend not only on the quality of DSC raw data but also on correction
parameters, which vary with each measurement and with the characteristics of
each individual calorimeter. Therefore, improved methods of determining time
constants and better smoothing routines may result in further improvement of
DSC measurements.

Because distilled water has C, values similar to those of high-moisture-
content foods in the unfrozen and fully frozen temperature range, I used it in
this research to correct C, values at each end of the temperature scale,
employing the ratio method of O’Neill (1966). This method, however, could not
be used in the temperature range near T; because the phase change Qf foods
occurs over a broad range of temperature rather than at a single point. It was
therefore necessary to develop a special standard material to make the ratio
method applicable to frozen foods. Such material should have similar thermal

properties and phase transition characteristics. Tylose (a mixture of
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methylcellulose and water) has been extensively used as a food model in the

study of freezing and may be adequate for that purpose.

Unfreezable water

Table 4.3 gives the values of the latent heat of fusion, H;, and calculated
unfreezable water, b. Ross (1978) suggested that since both unfreezable water
and water activity, a,, were composition-dependent variables, unfreezable water
should always be reported with corresponding water activity. The a,, values of
surimi samples at different cryoprotectant concentration were calculated
according to Raoult’s law and are also reported in Table 4.3. In the calculation
of a,, the molecular .weight of water, sucrose and sorbitol used were 18.0, 342.3
and 182.2, respectively (Weast and Astle, 1980). The molecuiar weight of fish
protein solute was estimated as 493.8, an effective molecular weight reported by
Chen (1985a).

From Table 4.3, it can be seen that b and a,, vary similarly with respect to
the cryoprotectant concentration, first falling, then rising, as cryoprotectant
concentration increased. This trend agreed with that reported by Hanafusa

(1985), in which the unfrozen water at -40° C was in fact the unfreezable water



Table 4.3. Unfreezable water, latent heat of fusion
and water activity of surimi

Cryo. b H;, a,
conc.
% gHO i
g solids kg
0 0.54 231.6+4.1%'  0.9911
4 0.46 237.8+1.3% 0.9892
6 0.42 240.2+2.5% 0.9882
8 0.46 237.7+0.1% 0.9849
12 0.54 231.8+4.3% 0.9853

AVG?%: 0.48%11.1%  2358%+1.7% 0.9877+0.3%

! Evaluated from 3 replicates.

2 The average and standard deviation of 5 values at different cryoprotectant
levels.
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I define here). Statistically speaking, however, both b and a,, values were not
significantly different at different cryoprotectant concentrations. The reason may
be that when the water content was controlled at 80.3% for all cryoprotectant
levels, variation between the concentrations of cryoprotectant and fish protein
solute in the proposed range were not significant enough to make statistical
separation of the b values. I therefore suggest that the average value in Table
4.3 should be used.

Given the various definitions of b found in published reports, the value of
b=0.48 were obtained agreed with published data. For example, Schwartzberg
(1983) reported that Riedel found b=0.39 for fish. From data of unfrozen water
at -40° C reported by Pham (1987), b=0.401 for cod with an 80.3% water
content, the same as that of our surimi samples. Comparing with other meat,
Roos (1986) reported that b=0.6 for reindeer meat with 74.9% water content.
Ross (1978) reported that b=0.6 for the mixture of ground beef, soy flour,
sucrose, NaCl and lard at the ratio of 11:13:8:1.5:1 (a,=0.99), and b=0.49 for

isoelectric casein with the same water activity.

Enthalpy
Table 4.4 gives the enthalpy values, H, and Fig. 4.5 shows a typical curve.
In another current project, I am simulating a surimi block in a plate freezer,

using a finite difference enthalpy formula program provided by Mannapperuma



Table 4.4. Measured enthalpy of surimi

Cryoprotectant concentrations

Temp. 0% 4% 6% 8% 12% Riedel

°C H S.D. H S.D. H S.D. H S.D. H S.D. Cod muscle
klkg % kikg % kl’kg % kl’kg % klkg % kl/kg

-40 0.0 00 0.0 0.0 0.0 0.0 00 00 0.0 0.0 0.0

-35 100 5.2 8.1 6.2 8.3 1.5 93 87 88 33 ---

-30 19.1 4.8 15.6 6.5 16.3 5.1 18.6 8.9 18.2 3.7 19.1
-25 28.5 4.3 24.2 6.6 24.8 4.0 28.7 8.6 292 3.1 ---
-20 39.0 5.2 331 6.3 35.1 3.2 40.8 8.1 42.0 21 41.9
-15 49.8 0.2 44.5 6.0 47.4 24 35.1 7.6 582 0.7 56.2
-10 64.0 0.2 59.9 5.7 65.0 25 76.1 6.7 83.0 08 74.1
-8 72.2 1.6 68.7 5.6 75.7 3.2 89.8 6.4 999 1.2 83.6
-6 83.1 0.4 81.2 5.3 92.6 4.6 113.2 6.2 1274 1.7 96.2
-4 1027 6.8 104.9 4.9 128.5 6.9 160.3 5.3 1774 19 117.2
-2 1629 21 161.6 3.6 232.2 7.2 273.2 2.7 2751 13 176.2
T, 2725 13 286.8 24 294.1 6.7 305.6 2.0 2924 19 297.4%
10 3554 22 341.2 2.7 382.6 7.3 350.8 1.8 3405 21 359.0
20 3918 138 386.2 4.6 418.8 6.7 389.5 2.0 3769 1.9 395.6

! Chen (1985a) cited from Riedel (1956). Water content was the same as that of the surimi samples, 80.3%.
2 Temperature for this value was -1° C.
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and Singh (1988). The H values with 8% cryoprotectant concentration were
used in the calculation and good agreement with experimental data has been
observed.

It should be mentioned here that at 20° C, the H values at different
cryoprotectant levels were not statistically different. The average value was 392.6
kJ/kg with a standard deviation of +£4.0%. This showed that the cryoprotectant
concentration had little effect on H values at that temperature and at a constant

water content.

Unfrozen water weight fraction

Table 4.5 reports the unfrozen water weight fraction, n,, at different
cryoprotectant levels and Fig. 4.6 shows a typical n,, curve for surimi with 8%
cryoprotectant concentration. In the low temperature range, all values reported
here are relatively higher than Riedel’s. This disparity was due to the difference
in water content and initial freezing point. It was probably also influenced by the

different bound water values used (Table 4.3).

Modeling
Schwartzberg’s model (1977, 1983) was investigated in this research
because of its sound theoretical background, broad potential applications and

good agreement with experimental data. Derivation of this model resulted in an



Table 4.5. Measured unfrozen water weight fraction of surimi

Cryoprotectant concentrations

Temp. 6% 8% 12% Riedel!

*C n, S.D. n, S.D. n, S.D. n, S.D. n, S.D. Haddock
% % % % %  (83.6% H,0)

-40  0.106 4.1 0.091 1.3 0.083 2.5 0.091 0.1 0.106 4.3 0.065

35 0.107 52 0.091 6.2 0.083 34 0.091 0.5 0.107 0.5 -

-30  0.108 4.8 0.091 6.5 0.084 2.0 0.091 0.8 0112 1.1 0.067

-25  0.111 4.3 0.092 6.6 0.086 2.7 0.096 0.8 0.121 1.7

20  0.115 5.2 0.096 5.8 0.093 3.2 0.106 1.1 0.135 2.1 0.079

-15 0121 0.2 0.107 4.3 0.107 2.4 0.124 1.4 0.160 3.2 0.095

-10  0.137 0.2 0.133 5.7 0.136 2.6 0.162 2.0 0.211 4.3 0.111

-8 0.151 1.6 0.155 2.7 0.159 3.2 0.193 2.6 0.252 4.5 0.135

-6 0.174 0.4 0.195 5.3 0.200 4.6 0.253 3.8 0.325 4.8 0.159

-4 0.223 6.8 0.298 - 4.9 0.296 6.9 0.385 4.2 0.467 4.4 0.202

-2 0.399 2.1 0.591 4.1 0.577 7.2 0.715 1.7 0.752 3.1 0.371

T, 0.803 13 0.803 2.4 0.803 6.7 0.803 0.8 0.803 24 0.836%

! From Riedel (1956) as cited by Fennema et al. (1973).

? Temperature for this value was 0° C according to Fennema et al. (1973).
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equation describing unfrozen water weight fraction, n,, as a function

oftemperature:

nw_bn.l' TO-I}
n_-bn. T-T

wo s (4

............................................. 4.4

This equation was the basis for developing the models of Cp H and thermal
conductivity, k. The n,, equation is limited in application due to two assumptions
inherent in the freezing point depression equation: ideality and dilution of the
solution (Fennema et al,, 1973). A variety of published modifications of the Co
H and k models were in fact attempts to correct the deviation caused by these
two restrictions. Since DSC is capable of measuring n,, it naturally leads to
another approach -- correcting the unfrozen water weight fraction model.
Comparison of models with data in our study focused on surimi with 8%
cryoprotectant concentration, since this level is common in commercial
production.

Fig. 4.6 shows measured n,, values compared with the prediction (dotted
line) of Equation 4.4. The Schwartzberg model does not appear to fit well, a
conclusion which seems unexpected. In the low temperature range, the
maximum deviation with respect to experimental data was about 15.7%. First,
this deviation may partially reflect the deviation from the assumptions of ideality

and dilution. As freezing proceeds to the low temperature range, solutes
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become more concentrated, and the assumptions of ideality and dilution are less
valid. Second, one can see that Equation 4.4 holds only at the upper (T=T,)
limit. When T=-40" C, however, the left-hand side of the equation is zero
because of the definition of b, but the right-hand side will equal a non-zero
quantity (0.025 assuming T;=-1° C and b=0.46). The only way to decrease the
error is to lower the datum temperature and redefine b. Such an inherent
inaccuracy at low temperature may cause a series of model inaccuracies in this
temperature range, for example, overestimation of C; and H, and
underestimation of k.

To better model n,, values measured by DSC, I suggest using an equation

in the following form:

n~a'+b' (%) +c/ (%‘)2 +d’ (%’)3 ....................................... 4.5

Using nonlinear regression, the four parameters estimated for different
cryoprotectant concentrations are given in Table 4.6. The plot (Fig. 4.6) of the
equation proposed here for the surimi with 8% cryoprotectant concentration
agreed well with measured data.

Using Equation 4.4, Schwartzberg derived a C, model as:

T -T)AH
C-Cf+(nw—bn,)(;—')——2—° .............................. 4.6
(T,-D




Table 4.6. Parameters in Equation 4.5

Cryo.
conc.

’

a

b’

2

Cc

d,

0%
4%
6%
8%

12%

0.0878
0.0687
0.0606
0.0627

0.0665

-0.5448

-0.4951

-0.5962

-0.7574

-1.3333

0.0826
2.0700
1.8294
2.9423

1.7686

0.0422
1.9347
1.8731
3.6133

3.2827

0.9976
0.9992
0.9998
0.9997

0.9995
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Combining Equations 4.4, 4.5 and 4.6, I obtained a modified model of C, and

plotted it as the "Proposed” curve in Fig. 4.7. Both the models of Schwartzberg
and of that proposed in this paper seemed to fit well, although they departed
from the experimental data in different temperature ranges. To rescale and
compare the models in the lower temperature range, I enlarged portion A, as
marked in Fig. 4.7, and shown in Fig. 4.8.

Schwartzberg’s H model is in the form:

(n,,-bn)AH, (T,-T)

H=(T-TICp =2 o T

) DS 4.7

Fig 4.5 illustrates three sets of H values in which one termed as "Proposed"
represents the modification of Equation 4.7 by using Equations 4.4 and 4.5.
Both models fit well with the experimental data. At the datum temperature, the
H value was not overestimated by the Schwartzberg model because the model

forces H=0 when T=Tyg.

Although calorimetry data do not directly relate to thermal conductivity k,
Equation 4.5 may also be used to improve the accuracy of a k model. Data
reported by the authors (Wang and Kolbe, 1990) are compared to three k
models (Fig. 4.9). One is the original model of Schwartzberg (1977, 1983).
Another is the proposed model derived by inserting Equation 4.5 into the

Schwartzberg k model. The third is a non-linear regression model suggested by
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Succar and Hayakawa (1983). Again, underestimation of k values by the
Schwartzberg model was obvious from the figure. The proposed model clearly
shows the improvement over the Schwartzberg original. One should expect that
the proposed model would not fit as well as the one suggested by Succar and
Hayakawa (1983), which was associated directly with the experimental data of k,
rather than n,,

From the above discussion, It can be seen that the Schwartzberg model agreed
well with experimental data, although further improvement is possible using the
variations described. Among several parameters in Equation 4.4, the value of b
may warrant further study. Chen (1986) developed a model describing b as a
function of temperature and solids concentration. Such a relationship to replace
our assumption of'a constant b value may influence the goodness of fit,
especially in the low temperature range. Nevertheless, this work has
demonstrated the potential of developing thermal property models using DSC

analysis.

CONCLUSIONS
By applying dynamic correction techniques, I demonstrated that DSC has
great potential as a tool for investigating frozen food thermal properties. A
single DSC thermogram could be used to obtain initial freezing point,
unfreezable water, latent heat of fusion, unfrozen water weight fraction, apparent

specific heat and enthalpy. To improve the accuracy of results, further research



93

needs to be conducted regarding dynamic correction, standard testing materials
and standard measurement procedures. When water content was controlled,
cryoprotectant level had little effect on the thermal properties in the unfrozen
and fully frozen temperature range, but had significant effect on initial freezing
point and thermal properties at temperatures slightly lower than T, The
Schwartzberg model agreed well with experimental data; however, our study

demonstrated further improvements by using DSC analysis.
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CHAPTER 5. ANALYSIS OF FOOD BLOCK FREEZING

USING A PC-BASED FINITE ELEMENT PACKAGE

ABSTRACT

A commercial PC-based finite element package was used to simulate the
process of freezing a food block in a plate freezer. The capability of the
program to handle temperature-dependent thermal properties and time-
dependent boundary conditions enabled the simulation resulting from measured
changes in thermal properties, ambient temperatures and overall heat transfer
coefficient. Predicted temperature history agreed well with measured data.
Sensitivities of important model parameters, which were varied within their
experimental error range, were also investigated using a factorial experimental
design method. The result showed that in decreasing order of influencing
freezing time prediction, attention should be given to apparent specific heat,
block thickness, overall heat. transfer coefficient, ambient temperature, thermal

conductivity, and density.
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INTRODUCTION

With modern computers having high speeds and almost unlimited
memory, there is little difficulty in accurately and easily simulating food freezing
processes using numerical methods. Many researchers have developed their own
programs using either finite difference or finite element approaches. Graduate
students in this area have frequently put their major effort int-o developing the
programs as a major part of their theses. However, these programs are often
limited by an orientation to specific applications, by their awkward input/output
formats, or by a difficulty to expand to a different set of conditions.

Many commercial finite element programs are now available, especially
those aimed at the aerospace and automotive industries. These packages are
powerful, expandable and user-friendly. They can handle a variety of
nonlinearities, including temperature-dependent thermal properties, and time-
and/or temperature-dependent boundary conditions. They often have very
extensive graphics capabilities including immediate display for model geometry,
boundary conditions, field contour and interfacing with other graphics software.
They allow users to run the package using macros and user files, and to modify
the package by using common programming language. Some of them have
menu-driven analysis procedures or on-line documentation assistance, which are
extremely helpful to new users.

To model freezing of foods, a heat conduction equation can describe the

process if it is written with temperature-dependent thermal properties accounting
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for the phase change of foods that occurs over a broad range of temperatures.
An example is the use of "apparent specific heat" or "effective specific heat,"
which includes both sensible heat and latent heat of fusion. Application of such
models has been well documented in literature (Cleland et al., 1986; Hayakawa
et al. 1985; and Hung, 1990). Modeling freezing in a plate freezer may present
additional complications due to non-uniform boundary conditions. Because the
cooling medium in the freezer plates is a two-phase-flow, the overall heat
transfer coefficient and ambient temperature (temperature of the refrigerant)
vary with the state of the refrigerant. This may not be so easily handled by many
existing freezing programs.

Besides the use of an appropriate program, success in modeling a freezing
process also depends on the use of good quality data to define parameters
associated with the model. These parameters are temperature-dependent
apparent specific heat, thermal conductivity and density; time-dependent overall
heat transfer coefficient and ambient temperature; and block thickness.
Sensitivities of these parameters have been investigated by many researchers
(Cleland and Earle, 1976; Cleland et al., 1982, 1987a, 1987b; Hsieh et al., 1977;
and Hayakawa et al. 1983). However, most of their analyses were based on data
measured over a very broad range and for a wide variety of food products. In
this project, I am interested in how these parameters affect the freezing time

prediction when they might vary in the experimental error range.
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The objectives of this research were (1) to explore application of PC-
based finite element package to model food block freezing in a plate freezer;
and (2) to investigate the sensitivities of model parameters affecting the freezing

time prediction as they vary in the experimental error range.
THEORETICAL CONSIDERATIONS

Freezing of foods can be modeled by a nonlinear heat conduction

equation: or o or, o ar, a oT.
P(DCP(DE‘a[k(T)a]+$[k(7)“é;]+'a-z[k(7)§] ------ 5.1

with appropriate initial and boundary conditions. In a plate freezer, a food block
can be considered as an infinite slab if one is interested in analyzing the
temperature change at the thermal center. The equation thus describes a one-

dimensional problem (Fig. 5.1) as:

o d

oT.
C(D—-— — e 52
PIDC(DZ - D]
The initial temperature (at t<0) is:
TX) =T, 5.3

When t>0, the boundary condition of the "third kind" becomes:

aT.
UT,~T) =KD, g 5.4
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Where T, is ambient temperature. For a plate freezer (Fig. 5.2), T, will be
taken as the temperature of two-phase refrigerant flowing in the freezer plates.

U is an overall heat transfer coefficient defined as:

In this equation, h is the convection heat transfer coefficient, D is thickness of
any packaging material, and k is thermal conductivity of the packaging material.
Therefore, U is associated not only with convection in the refrigerant passage,
but also with effective contact influences between the food block and refrigerant.
These include construction of the plates, pressure placed on the plates, air films,
packaging materials, surface irregularities, etc. The h value here is in fact a
convection coefficient between the refrigerant and freezer plate passage surface
and is dominated by the state of the two-phase-flow refrigerant. Flow rates,
boiling, and thus h can be expected to be high at the beginning of the process,
and to diminish as freezing progresses. As a result, both values of U and T,
should be time-dependent variables throughout the freezing process.

Due to symmetry, the problem can be simplified by taking half the
thickness of the food block so that one side has the boundary condition as given
in the Equation 5.4 while the other side is adiabatic as:

—==0]  Leveeeertiieeeeeeeessreeseenns 5.6
ox ]x-é
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Both finite difference and finite element approaches have been commonly
used to model] freezing process (Cleland et al., 1986; Hayakawa et al., 1985;
Schwartzberg, 1983; and Hung, 1990). However, the finite element approach
handles irregular shaped boundaries and complicate boundary conditions more
easily than does the finite difference method (Segerlind, 1976). Therefore, a
finite element method is often a better choice to handle complex problems
(Hung, 1990).

A commercial PC-based finite element package, ANSYS-PC/THERMAL
4.3 (Swanson Analysis Systems, Inc., Houston, PA) was used in our project.
Since this was considered as a one-dimensional problem and the half thickness of
the food block was only about 31.8 mm (1'/, inch), 10 nodes (9 elements) were
used in the analysis. As shown in Fig. 5.1, the first element was "convection link"
while the rest of the elements were "conducting bars" (refer to ANSYS, 1988).
ANSYS has the capability to simulate a phase change process by defining the
phase change temperature and entering the value of latent heat of fusion;
however it does not work here because the phase change of foods occurs over a
broad range of temperatures. ANSYS allows use of temperature-dependent
specific heat, thus the problem can be handled by using the apparent specific
heat. A time step optimization feature in the ANSYS program enables
shortening computer-run-time. However, this had to be inactivated to avoid
calculation having a big time increment near the initial freezing point. A large

amount of heat is removed at this temperature and jumping over of it may result
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a serious error in the calculation. For a transient problem, the ANSYS program
uses an implicit time integration scheme to solve the governing equation. This
scheme is unconditionally stable, but a time step needs to be chosen to balance
accuracy of the solution with computer-run-time. The finer the time step, the
more accurate the solution, but the more iterations and longer computer-run-
time is needed. Estimated time step and number of iterations determined in this
analysis were 1 min. and 150, respectively, following the procedure given in
ANSYS (1988). When a smaller time step was tried, results showed no effect on
temperature history, indicating that the proposed time step and iteration were
adequate.

In running ANSYS, models of thermal conductivity k(T) and apparent
specific heat C,(T) were taken from Wang and Kolbe (1990a, 1990b) assuming
the food product to be surimi with 8% cryoprotectant concentration and 80.3%
moisture content. Density values of p(T) were evaluated according to Succar
and Hayakawa (1983). These temperature-dependent properties were entered in
an user file as tables of values. The values were entered every 1° C from -10°
C to the initial freezing point, then at a greater interval in the rest of the
temperature range. The overall heat transfer coefficient and ambient
temperature were also entered in the user file as linear functions of time

according to regression analysis of measured data.
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EXPERIMENTAL PROCEDURES

Food samples

The food samples used were surimi made from Alaska pollock (Theragra
chalcogramma). Samples had cryoprotectant ingredients of 4% sucrose, 4%
sorbitol, and 0.03% tripolyphosphate (TTP), and were purchased from UniSea
Inc., Seattle, WA. Moisture content of the sample was 78.4% (with 0.09%
standard deviation) measured by drying of six replicates in a vacuum oven at
105° C for 24 hours. The surimi blocks were thawed in a 3° C room for 48

hours before the experiment.

Temperature measurement

To verify the model, three experiments were conducted with surimi blocks
in a plate freezer (Dole Refrigerating Co., Lewisburg, TN) at the Utilization
Research Center, National Marine Fisheries Service, Seattle, WA. Type T, 30
gage thermocouples (Omega Engineering, Inc., Stamford, CT) were threaded
through four 18 gage hypodermic needles of different lengths. To ensure the
thermocouples placing at desired positions, the hypodermic needles were fixed
on an aluminum frame (5/64 inch thick) to serve as a guide. Thermocouple
locations are given in Fig. 5.3. Temperatures on the freezer plate surface and on

refrigeration suction lines were also measured. All these temperature
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measurements were programmed and recorded by a Campbell Scientific 21X
Datalogger (Campbell Scientific, Inc., Logan, UT) interfaced by using a PC.

Surimi blocks were wrapped in a 1.5 mil polyethylene film. As a result of
folding, there were three layers of the film between the block and the freezer
plate. To minimize freezer cycling, 8 plates of salt water/thermal mass were
frozen with the sample and the differential switch on the plate freezer was
adjusted to the minimum. Both pressure and temperature history of R-22
refrigerant circuit, indicated by gages on the freezer, were also manually
recorded.
Overall heat transfer coefficient measurement

Cleland et al. (1982) reported that measurement of the overall heat
transfer coefficient, U, was more important than that of temperature, although it
was also more difficult. Later, to determine U value, they used a piece of metal
having known thermal properties in place of food in an immersion freezing
operation. They reported that the experimental error was about 9% with 95%
confidence (Cleland et al., 1987a, 1987b). Cowell and Namor (1974) used the
same method for a plate freezer but they assumed the U value to be a constant.
In our project, the U value was estimated using an aluminum block (Fig. 5.3)
having dimensions 190.5 x 127.0 x 25.4 mm (7.5 x 5 x 1 inch). To make a valid
infinite slab case, the aluminum block was insulated on all faces except that
contacting the freezer plate. The block was also wrapped with polyethylene film

in the same way as the surimi sample. Three 30 gage thermocouples placed at
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locations within the block gave readings that were essentially identical, indicating
validity of the lumped parameter model (Welty et al., 1984). In the theory of the
lumped parameter model, the U value is determined by plotting the transient
response of a mass subjected to a step change in ambient temperature, assuming
an exponential response of the lumped-mass. For the plate freezer in this
project, however, the lumped-mass model was applied in each time interval. - The
ambient temperature was also varied with respect to the time intervals according

to the measured data.

Sensitivity analysis of model parameters

A factorial experimental design technique (Box et al., 1978) was used to
analyze the sensitivity of the model to various parameters. Table 5.1 gives the
six factors in two levels that were considered in our analysis. The values in level
1 were taken as "control"; most of them were either measured in the current
project (values of U, T, and L) or taken from previous research (Wang and
Kolbe, 1990a, 1990b). In level 2, all variations from the control were assumed to
be within the range of experimental error and in the direction which would
increase the freezing time. These included -10% for U (Cleland et al., 1987a,
1987b) and k(T) (Wang and Kolbe, 1990a); +10% for C,(T) (Wang and Kolbe,
1990b); +4% for p(T), +2° C for T,, and +5 mm for L. The later values
without references were estimated from authors’ experience. According to

orthogonal theory, 8 trials were carried out to represent a total of 128 (28)
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Table 5.1. Factors and levels in the experiment

U KkT) C(T) T) T, L

W/m’K WMk kIkgK kgm®* °C mm

Level 1 W&K* W&K W&K S&H° REC® 63.5

Level 2 10%4 -10% +10% +4% +2°C°  +5mm

* W&K indicates data from the current project or from previous research (Wang
and Kolbe, 1990a, 1990b).

® S&H indicates data estimated using the model reported by Succar and
Hayakawa (1983).

° REC indicates recorded refrigerant temperature data which is a function of

time. 9 The percentage indicates the amount of adjustment from its

corresponding value in Level 1.

¢ T, in Level 2 is also a function of time, 2 ° C higher than its corresponding
value in Level 1.
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Table 5.2. Layout and results of the sensitivity analysis

8] k(T) C(T) (T T, L Freezing Time
Trial
No. W/m?’K W/Mk kl/kgk kgm® °C mm min.
#1 12 1 1 1 1 1 120
#2 1 1 1 2 2 2 145
#3 1 2 2 1 2 2 180
#4 1 2 2 2 1 1 142
#5 2 1 2 1 1 2 162
#6 2 1 2 2 2 1 170
#7 2 2 1 1 2 1 142
#8 2 2 1 2 1 2 164

Main effect: 12.75  7.75  20.75 4.25 12.25 19.25
(min.)

% increase: 10.6% 6.5% 17.3% 3.5% 10.2% 16.0%

? The number here, 1 or 2, represents the levels given in Table 1.
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experiments in which the experimental factor varied one at a time. The upper

part of Table 5.2 gives the detailed experimental layout.

RESULTS AND DISCUSSION-

ANSYS analysis

Fig. 5.4 shows a typical ANSYS result which agreed well with measured
data. Measured temperature history at thermal center was not available from
the experiment, because the tested surimi block was thicker than expected. As a
result, the thermocouple designed to measure the temperature at geometric
center was 1/4»inch off.

In most freezing analyses reported in literature, both ambient temperature
and overall heat transfer coefficient are considered constants. In our project,
however, the ambient (refrigerant) temperature, T,, was not a constant according
to our measurement (Fig. 5.5). Furthermore, when using the lumped-mass
model to estimate the overall heat transfer coefficient, U, it was found that the
semi-logarithmic plot of the metal temperature history was not linear at all (Fig.
5.6). This indicated that the U value was not a constant either. That both the
T, and U values were not constants would directly relate to characteristics of the
two-phase-flow of refrigerant in the freezer plates. At beginning, great
temperature difference between the food block surface and the refrigerant

resulted a great amount of heat being carried away. Thus the rate of refrigerant
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flow was high and the refrigerant was rapidly boiling; additionally both T, and
the U values were relatively high. Later, after phase change on the food block
surface, the temperature difference became smaller, the heat flow rate decreased
and the refrigerant boiling slowed down, and the T, and U values declined
accordingly. Fig. 5.7 shows how the U value changed as a function of time.

In running ANSYS, both the T, and U values were divided into two linear
functions of time indicated by the solid lines in Fig. 5.6 and 5.7. The U values
were estimated by applying the lumped-mass solution at each time interval, i.e.,
using the slopes of semi-logarithmic plot between the two adjacent data points.
This is in fact only an approximation because the lumped-mass model can only
be applied in case of constant U value. The T, readings taken from the
temperature gage on the freezer may have also included some inaccuracy due to
the gage itself, sensor location, and load on the freezer. Although developing
methodology to measure and model non-constant heat transfer coefficient is
beyond the scope of this report, results did demonstrate an important advantage
of this commercial PC-based finite element package. That is its ability to easily
accommodate variable boundary conditions characteristic of this plate freezer
problem.

It should be noted that the thermal properties used in this simulation
were taken from models (Wang and Kolbe, 1990a, 1990b) for which the moisture
content was controlled at 80.3%. However, the moisture content of the sample

used in the plate freezer experiment was 78.4%. Two cases were tried in
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running ANSYS. One was to use thermal property models determined from our
previous projects for the higher moisture content material. Another was to use
the thermal property values adjusted to the 78.4% moisture content applying
models developed by Dickerson (1969), Schwartzberg (1983), and Succar and
Hayakawa (1983). If freezing time is defined as the time elapsed from 3° C
(initial temperature of the surimi block in the experiment) to -20° C at thermal
center, the freezing time with adjusted thermal property values was only 6
minutes (5%) less than that shown in Fig. 5.4. Because the "adjusted values"
carried many uncertainties (for example, relating to initial freezing point), using
previously measured data was more reliable. The 5% difference in freezing time
prediction may be considered to be an error due to the inaccurate thermal

property data used.

Sensitivity analysis

With the definition of freezing time described before, the freezing time
determined from Fig. 5.4 was 120 minutes. This may be taken as a "control" for
the convenience of the following discussion.

Table 5.2 gives the result of the factorial experimental design analysis. In
the table, each model parameter was taken as a factor and adjusted in the
experimental error range to see how it affected the freezing time prediction.

The "effect” of a factor means the change in response (in this case, increase of

the freezing time) as the values from Level 1 were move to Level 2. The "main
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effect” measures the average effect of that factor over all conditions of the other
variables (Box et al., 1978). The percentage increase of the freezing time in the
table was defined as:

Main effect N
Control

100%

Results from the table indicate that the sensitivity of the model to the varied
parameters, in the order of from higher to lower, were C(T), L, U, T, k(T) and
p(T). It cannot be overemphasized that this result is only applicable in the
adjusted range I proposed. For example, the effect of the U value seems a little
lower than what one might expect. This may be caused by using only 10%
adjustment according to the experimental error reported by Cleland et al.
(1987a, 1987b). Some literature has reported a greater uncertainty in estimation

of the U values.

CONCLUSIONS

ANSYS worked well to simulate the freezing process for surimi. Its
capability of modification, expansion, interfacing, and especially that of
permitting temperature-dependent properties and time-dependent boundary
conditions has great potential for a variety of food process modeling. This paper
has demonstrated that spending time to write an individual program is no longer

necessary.
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Sensitivity analysis showed that errors in measured parameters affect
freezing time prediction in different degrees. The order of highest-to-lowest
degree of influence were: apparent specific heat, block thickness, overall heat

transfer coefficient, ambient temperature, thermal conductivity and density.
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CHAPTER 6. SUMMARY AND RECOMMENDATIONS

In summary, the following conclusions and recommendations can be
drawn from this research:

The system developed to measure thermal conductivity for frozen foods
works well and appears to be an improvement over other reported approaches.
This research also indicated that as the probe method is used more and more for
foods, the experimental procedure needs to be standardized. The probe method
is not appropriate for determining thermal conductivity at temperatures slightly
below the initial freezing point. The prediction of k values in this temperature
range using a precise model is probably more accurate than measurements.
Sample history relating to freezing and thawing, time postmortem under
refrigerated conditions, and freezing rate during measurement, do not
significantly affect the measured thermal conductivity values.

By applying dynamic correction techniques, this research demonstrated
that DSC has great potential as a tool for investigating frozen food thermal
properties. A single DSC thermogram can be used to determine many important
thermophysical properties of frozen foods, including initial freezing point,
unfreezable water, latent heat of fusion, unfrozen water weight fraction, apparent
specific heat and enthalpy. To improve the accuracy of results, further research
needs to be conducted, to apply dynamic correction techniques, and to develop

standardized testing materials and measurement procedureés.
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When water content is controlled, thermophysical properties of surimi
have a relatively weak dependence upon the cryoprotectant level in the unfrozen
and fully frozen temperature ranges. However, .cryoprotectant levels have a
significant effect on initial freezing point (T;) and on properties at temperatures
slightly lower than T..

The Schwartzberg model for thermal properties of frozen foods agreed
well with experimental data; however, this study demonstrated further
improvements by using DSC analysis.

ANSYS worked well to simulate the freezing process for surimi. Its
capability of modification, expansion, interfacing, and especially that of
permitting temperature-dependent properties and time-dependent boundary
conditions has great potential for a variety of food process modeling. This thesis
has demonstrated that spending time to write an individual program is no longer
necessary. Sensitivity analysis showed that errors in measured parameters affect
freezing time prediction in different degrees. The order of highest-to-lowest
degree of influence were: apparent specific heat, block thickness, overall heat

transfer coefficient, ambient temperature, thermal conductivity and density.
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