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Accurate information on the thermal properties of

a vegetable is needed to establish the energy requirements

of a particular heating or cooling process. In the freez-

ing region of a few vegetables, some of the thermal prop-

erties have been determined. In the heating and cooking

regions, these properties have not been determined in terms
useful for engineering design parameters. Therefore, an
investigation was made of the variations in thermal dif-
fusivity of a potato section from the raw state to the

cooked state. Physical properties were also evaluated
to determine correlations with thermal diffusivity.

In the cooling and freezing region of vegetables,
previous investigators have used the guarded hot plate
method or the Cenco-Fitch apparatus to determine thermal
properties. The guarded hot plate requires considerable
time and involves a steady state heat transfer process.
The Cenco-Fitch apparatus involves a rapid transient heat
process with errors of approximately 5% or larger.

In the procedure used, a heated cylinder of ’ilin-

:one rubber or steel was placed in direct conta;t

&
)
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tuberosum) .

cylindrical section of Excel potato (Solanum
The temperature history at X = 0 and at X = L of a given

length of the potato section was used to calculate the

thermal diffusivity by a finite difference method. Thermal

diffusivities were determined at the beginning and ending

of each heat treatment. After the thermal diffusivity was

the calculated and the measured temperatures

determined,

at X = L differed by a root mean square value of 0.43°F.
Simultaneous recordings of temperatures at X = 0

and X = L permitted a measurement of the temperature-time

area between the 160°F line and higher temperatures up to

215°F. The degree-minute area was related to the heat ex-

posure of the potato section and was a parameter of the

study. Specific gravity was determined for the raw potato

sections. Elastic modulus was determined for both the raw
and heat treated potato sections.
The following results were obtained:

1. The thermal diffusivity of the potatoes de-

creased during a 15-day storage at 40°F.
2. The specific gravity of the raw potato sections

was not related to the 15-day storage, thermal diffusivity,

or elastic modulus.
3. As heat exposure increased, thermal diffusiv-
ity increased up to a maximum and then decreased.

4. The addition of heat to the potato section in-

itially increased the elastic modulus. As cooking progressed,
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1. INTRODUCTION

When designing a heating or cooling process for
a vegetable, one must make an energy balance of the system
and calculate the net energy requirements. An energy bal-
ance equates energy losses and consumption to energy input.
To determine the net energy requirements, the vegetable
can be treated as an engineering material. The thermal
properties of the vegetable should be known over the oper-
ating range of the process. To calculate net energy re-
quirements, one can estimate the values of thermal prop-
erties and also assume that these properties remain con-
stant during the heating or cooling process. With the
present development of the science of heat transfer, an
engineer should not have to rely on these estimates and
assumptions. Hence, the objective of this research was
to define and evaluate the engineering parameters that
influence the thermal properties of a vegetable.

The thermal properties considered in this research
are thermal conductivity, specific heat, density, and
thermal diffusivity. The physical properties considered
are specific gravity and elastic modulus. Researchers
have determined relationships between the specific gravity

of potatoes and other physical properties.
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The elastic modulus of a heated potato specimen
was used as an indication of the degree of cooking or proc-
essing. The elastic modulus was used because of its previ-
ous use in work on potatoes (Finney, 1963).

Blanching is a heat process used by food processors
to inactivate enzymes in vegetables. Food scientists and
others have found that enzymes can be inactivated if the
vegetable is held for a specified time in a heating medium
that is maintained at a given temperature (Tressler and
Evers, 1957; Melnick, Hochberg, and Oser, 1944). But to
the engineer, these specifications do not describe the en-
ergy balance or the heat requirements of the system. The
engineer must know the mass rate (lbm/hr) of vegetables
to be blanched, the initial and final temperatures of the
vegetables, and the thermal properties of the vegetables.
The food researchers have defined an end point in terms
not amenable to engineering solutions.

While being heated, the vegetable changes from a
raw state to a partially cooked state and the physical
properties are changed (Finney, 1963; Personius and Sharp,
1938; Simpson and Halliday, 1941; Weier and Stocking, 1949;
Crafts, 1944; Kaczmarzyk, Fennema, and Powrie, 1963). Would
not the thermal properties also change under such conditions?
A correlation between thermal properties and physical prop-
erties would enable an engineer to obtain thermal proper-

ties with a minimum of equipment and time. With accurate




w ------------------------—-—-—-—-—-H
3

values of thermal and physical properties of a vegetable,
an engineer could apply an energy balance to heating and
cooling processes. Thus he could design more efficient
equipment and production facilities for the food process-
ing industry. Properly designed facilities would reduce
the investment in over-sized equipment and reduce the haz-
ards of inadequate facilities. As the size, complexity,
and competition of the food processing industry increases,
a carefully engineered production facility becomes imper-
ative.

The change in thermal conductivity of metals with
temperature is well known and is described by a simple
equation (Schneider, 1955). Because a vegetable undergoes
physical and chemical changes during the heat treatments,
one might reasonably expect its thermal properties to change
not only with temperature but with other factors.

Heating processes for vegetables are usually tran-
sient processes. The temperature difference between the
vegetable and the heating medium changes with time and
theoretically the vegetable does not reach the temperature
of the Heating medium. Steady state processes are denoted
by a constant temperature difference or gradient between
the heating medium and the product. Some researchers have
used a guarded hot plate, a steady state device, to deter-
mine the thermal conductivity of meat (Miller and Sunderland,

1963). Others have used a modified Cenco-Fitch apparatus,

-
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a transient state device, to determine the thermal conduc-
tivity of meats, fruits, and vegetables (Walters and May,
1963; Bennett, Chace, and Cubbedge, 1962, 1964). The dis-
advantage of the guarded hot plate is that the transient
process found in industrial practice is not duplicated.
The modified Cenco-Fitch duplicates the transient process
but is subject to errors of approximately 5% (Bennett,
Chace, and Cubbedge, 1962; Wing and Monego, 1959). When
the thermal and/or physical properties of a vegetable vary
with the heat absorbed, one must use other means to deter-
mine them.

The research described in this thesis utilized a
transient process in which the heat received by the potato
was related to heat exposure. The method involved the
transfer of heat through a finite length of a semi-infinite
cylinder of a potato specimen. The method of finite dif-
ferences was used to make the thermal diffusivity calcula-
tions.

Equally as important as the quantitative results
of the research was the development of equipment and pro-
cedures for determining the thermal properties of foods
in the solid state. The same principles have been used
to determine the thermal properties of metals (Beck, 1963).
The advantages of this transient process over the methods
using the guarded hot plate or the Cenco-Fitch apparatus

are discussed.




2. LITERATURE REVIEW

2.1 Thermal Properties
2.la Thermal Conductivity

Eucken (1940) was probably the first to examine
the thermal conductivity of a material composed of several
substances. Eucken (1940) applied a formula, derived by
Maxwell (1904), that expressed the thermal conductivity
of a material as a function of the relative volumes and
conductivities of the different particles of which a mate-
rial is composed.

The following quotations from Long (1955) are de-
scriptions of fish muscle as related to the theoretical
equation of Maxwell-Eucken. "“Briefly, the major component
is water, in which are dissolved various inorganic salts,
organic substances such as proteins and fats being dis-
persed through this medium, either in the form of an emul-
sion or in a colloidal state, the whole mass being held
loosely together by connective tissue." "The fish muscle
is considered to be, at any one temperature in the freez-
ing zone, part ice, part salt solution of determinable
concentration, and part protein. The thermal conductivity
was calculated from the relative proportions of these con-

stituents present at each of a number of temperatures."
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Long used a specially designed cylindrical calorim-
eter with a heat source along the cylinder axis and a heat
sink at the radius. Axial guard sections were used to
eliminate end-losses; the heat flow was radial from source
to sink. No analysis of errors was presented.

Long determined the thermal conductivity of fish
muscle from 40°F to -15°F and compared the experimental
results with the theoretical equation of Maxwell-Eucken.
The resulting theoretical curve was well within the dis-
persion of the experimental data. The experimental thermal
conductivity appeared to be constant between 30°F and 40°F.
Below 30°F, the thermal conductivity increased as the tem-
perature decreased.

Kethley, Cown, and Bellinger (1950) estimated the
average thermal conductivities of some fruits and vegetables
over the range of 80°F to 0O°F. These authors were inter-
ested in the cooling of fruits and vegetables as a tran-
sient heat transfer process. Solid objects of food as well
as canned foods were suddenly immersed in a cold constant
temperature medium. After measuring the temperature his-
tory of the objects, Kethley et al. used the graphical
method of Gurney and Lurie (1923) to determine the thermal
diffusivity of the foods. (These temperature-time charts
are now found in most conduction heat transfer textbooks;
Eckert and Drake, 1959; Kreith, 1958; and Schneider, 1955.)

For the specific heat of a fruit or vegetable, Kethley et al.

e
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used an average apparent specific heat which was defined
as "the quotient obtained by dividing by 80 the total Btu
required to raise the temperature of one pound of the sub-
stance from O°F to 80°F."

For the temperature interval of 80°F to 32°F,
Kethley et al. (1950) found that the average thermal con-
ductivities of strawberries, Irish potato flesh, English
peas, and peach flesh ranged from 0.61 Btu/(hr st2oF) /£t
thickness to 0.78 Btu/(hr ft2°F)/ft thickness. No analysis
of errors was given.

Lentz (1961) used a guarded hot plate apparatus
to determine the thermal conductivity of several concen-
trations of gelatin gels from 5°C to -25°C. Gelatin gels
were used because models of such material are frequently
used in studying the effects of physical factors on cool-
ing and freezing rates of foods. Using the guarded hot
plate to determine the thermal conductivity of ice, Lentz
obtained results that were reproducible to within + 1%.
The thermal conductivities of ice as determined with the
guarded hot plate were about 1% lower than the most reli-
able values available. In experiments with heat flow both
parallel and perpendicular to the grain of meat, Lentz
(1961) also determined the thermal conductivities of sev-
eral meats from 10°C to -25°C. Some of his conclusions
were:

1. At temperatures above freezing, the thermal




conductivities of all the meats tested were
about equal and about 10% below the established
value for water.

2. Thermal conductivity curves for meat were all
linear at temperatures below -10°C; the thermal
conductivity increased as the temperature was
decreased.

3. The thermal conductivity of meat did not appear
to be directly related to moisture content or
fat content.

4. Heat conduction was 15% to 30% greater along
the fibers than across them.

Lentz (1961) also applied the Maxwell-Eucken equa-

tion to 6%, 12%, and 20% gelatin gel solutions to obtain

a theoretical thermal conductivity. The theoretical and
experimental values were in good agreement (-2.4% to +0.4%
difference) for the 6% and 12% gel solutions but not for
the 20% gel solution (+4.3% to +14.1% difference).

A tabular summary of thermal conductivities of
meats and fats from published reports was given by Lentz
(1961). Most of the thermal conductivities were from 0°C
to -20°C. The increase of thermal conductivity with de-
crease in temperature was evident in all the results shown.

Bennett, Chace, and Cubbedge (1962) used a modified
Cenco-Fitch apparatus to determine the thermal conductivity

of samples of Marsh grapefruit rind and samples of Valencia



orange rind. The National Bureau of Standards used a
guarded hot plate to determine the thermal conductivity
of the sample of silastic silicone rubber that Bennett et
al. used for equipment calibration. The average error of
the modified Cenco-Fitch apparatus was dpproximately 5%
with variations from -2% to +13%.

The modified Cenco-Fitch apparatus used by Bennett
et al. consisted of a sample of orange rind held between
a plate and a plug. The plate was maintained at a constant
temperature during the test and the plug was initially at
a lower uniform temperature. As the test progressed, the
temperature of the plug increased due to the heat flow from
the plate through the rind sample. Bennett et al. (1962)
found that the thermal conductivities were significantly
lower for plate and plug temperatures of 212°F and 78°F
respectively than the thermal conductivities obtained with
plate and plug temperatures of 130°F and 78°F respectively.
It was stated that the above variations showed the neces-
sity for exercising care in selecting the optimum plate
and plug temperatures. These variations could have been
due to moisture lost from the sample in contact with the
212°F plate. Voids resulting from the loss of moisture
would have an insulating effect and thus a lower value of
thermal conductivity. No physical properties of the grape-
fruit or orange rinds were given in the report. Bennett

et al. did not consider the initial temperature of the



rind samples.

The report of Bennett, Chace, and Cubbedge (1964)
was a continuation of the research described in 1962.
Bennett et al. altered the Cenco-Fitch apparatus to obtain
a constant pressure on the samples during testing. Other
modifications resulted in an equipment error of 2.68% as
contrasted to the previous average of 5%. In addition to
the experimental determinations of thermal conductivity
of orange and grapefruit rind, Bennett et al. (1964) also
experimentally determined the thermal conductivity of the
juice vesicles of the fruit. By assuming that the rind
and the juice vesicles comprised two concentric, hollow
spherical shells, the authors derived an equation for the
apparent thermal conductivity of the whole fruit. The cal-
culated values of apparent thermal conductivity compared
well with values that Bennett et al. found in the litera-
ture. In the discussion following the paper of Bennett
et al., the authors noted relationships between specific
gravity and thermal conductivity and between moisture con-
tent and thermal conductivity.

Miller and Sunderland (1963) used a guarded hot
plate to determine the thermal conductivity of beef with
heat transfer perpendicular to the grain. The guarded hot
plate was calibrated with two materials of known thermal
conductivities; agreement was within 0.5% and 1.35% of the

known values. An analysis showed that the error in the




results was less than +2.75% and was quite possibly within
+1%. Miller and Sunderland (1963) used mean sample temper-
atures from 42°F to 2°F. Below 32°F the thermal conductiv-
ity of the beef increased as the temperature decreased.
Above 32°F the thermal conductivity increased slightly as
the temperature was increased. The last statement contra-
dicts the results of Lentz (1961), but Miller and Sunder-
land used beef that had been previously frozen and whose
moisture content was approximately 5.5% less than the beef
used by Lentz. The results of Miller and Sunderland showed
that the thermal conductivity of beef depended on tempera-
ture, moisture content, and direction of heat transfer.
Walters and May (1963) used a Cenco-Fitch apparatus
to determine the thermal conductivity of chicken breast
muscle and skin. The Cenco-Fitch apparatus was chosen
because the test durations of 10 to 20 minutes would have
less effect on the moisture content and physical properties
of the chicken than the several hours required for each
test when using a guarded hot plate. The equipment error
of these authors was found to be 11.1% when the equipment
was calibrated with a sample of material whose thermal con-
ductivity had been determined by the National Bureau of
Standards. Walters and May (1963) found no significant
effect on thermal conductivity from variations in percent
moisture or percent fat of the muscle and skin. The mois-

ture content varied from 69.1% to 74.9% and the fat content
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was from none detected to 5.9%.

Charm (1963b) used an equation from Ball and Olson
(1957) to derive expressions for determining the thermal
conductivity of a finite cylinder of frozen material. The
equation in Ball and Olson (1957) was based on heat pene-
tration data. The thermal conductivity values obtained
by Charm included the container with the material and were
averaged over the range of the heat penetration data. The
value of thermal conductivity obtained by such a method
failed to reflect the change in thermal conductivity with
temperature as had been noted by other authors. Even though
the calculated error for thermal conductivity was 9.3%,
Charm (1963b) stated that the values of thermal conductiv-
ity obtained for frozen codfish were in the range of pre-
vious literature values.

Parker and Stout (1966) calculated the thermal
conductivity of cherry flesh from measurements of density,
specific heat, and diffusivity of cherry flesh between
80°F and 40°F. The following equation was obtained by
multiple correlation analysis:

kgy = -0.275 - 0.0009SS + 0.280 Pgy # 0.327cgy

where kfl is estimated flesh thermal conductiv-
ity (Btu/(hr ft °F))
SS is flesh soluble solids content (%)
F}l is flesh density (gm/cc)

Cey is flesh specific heat (Btu/(1lb °F))

L



ded from the literature reviewed:
1. Determining the thermal conductivity of food

et g products with the guarded hot plate

YOpEI0VE a

does not duplicate the transient proc-
ess found in industry,

b. is of such duration that variations due

to moisture content are not discernable,
and
c. the apparatus has an error less than 3%.
2. Determining the thermal conductivity of food
products with the Cenco-Fitch apparatus
a. duplicates the transient process,
b. requires much less time than the guarded

hot plate, but

e}

usually has errors larger than 3% and
up to 5%.

3. Above freezing, the thermal conductivity of

food products may vary with temperature, mois-
ture content, specific gravity, direction of

heat transfer, soluble solids, and specifié
feod

heat.

e,

During thermal conductivity tests, 3583
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should be subjected to constant pressure.

The graphical method of Gurney and Lurie (1923)
and the method of Charm (1963b) do not account
for influences of physical properties on thermal
conductivity.

Approximately half of the authors did not make
an error analysis.

Most authors checked the equipment with samples
of known thermal conductivity.

No information was found on the thermal con-
ductivity of vegetables or food products above
100°F except for the preliminary work of Bennett
et al. (1962). Most investigations were con-
cerned with the cooling and freezing range.

No one has reported any relationships between
thermal conductivity and shear strength, com-
pression strength, or elastic modulus of vege-
tables or food products.

Thermal conductivity as a function of heat ex-
posure of a vegetable or food product has not

been reported.

2.1b Specific Heat
The work of Siebel (1892) is the first reported

on the specific heat of foods in which he considered food

to be composed of water and solids. Above freezing, the
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specific heat of food was estimated as the percent of water
times the specific heat of water plus the percent of solid
matter times 0.2.

Short, Woolrich, and Bartlett (1942), using a spec-
ially constructed calorimeter, showed specific heat data
on five vegetables, two fruits, fresh ham and fresh shrimp.
The data covered the range from 70°F to -35°F. Above freez-
ing, the data did not agree with the calculations proposed
by Siebel. Most of the data above freezing showed that
specific heat increased slightly as temperature increased.

Short and Bartlett (1944) improved the calorimeter
and changed the procedure and calculations from that used
by Short et al. (1942). Essentially, transient state data
was averaged to a steady state condition and then used to
calculate the specific heat of the fruits and vegetables.
Thus, above freezing and up to 70°F, the specific heat was
treated as being constant for all fruits and vegetables.
The specific heats of various concentrations of sugar so-
lutions were also constant for the same temperature range.

Using similar equipment, in the range of 40°F to
-40°F, the findings of Staph (1949) agreed with the results
of Short and Bartlett (1944); the specific heats of fruits
and vegetables were constant above the freezing point.
But from a few preliminary tests above freezing, Staph
noted, "indications are that at temperatures above the

freezing point the specific heat increases slowly with

.
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temperature rise.®* The author also stated that *data do
not follow Siebel's rule since the specific heats of green
beans, honeydew melons, and Bartlett pears are nearly the
same and yet the water contents vary considerably. Pears
have 79% water content, green beans 88%, and melons 93%."™
One objective of Staph was "to determine a relationship,
if any, between heat capacity and water, fat, and water-
soluble solids content." The results did not show the ex-
istence of a relationship that could be represented by an
equation.

Kethley, Cown, and Bellinger (1950) determined an
average specific heat or a specific heat factor of some
fruits and vegetables. The quantity of heat required to
raise one pound of the fruit or vegetable from 0°F to 80°F
was determined. This quantity, in Btu, was then divided
by 80 to obtain an average specific heat. Because the
value for specific heat was an average, no factors were
identified that influenced the specific heat of the fruits
and vegetables. No comparison was made between the aver-
aged values and the values obtained by other researchers
or by other methods.

The work of Staph and Woolrich (1951) was a con-
tinuation of the studies reported by Short et al. (1942),
Short and Bartlett (1944), and Staph (1949). Again, the
calorimeter was modified and the results obtained between

freezing and 70°F were different than those reported
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previously. The specific heat of carrots, turnips, green
beans, and cauliflower between freezing and 70°F can be
expressed with a quotation from Staph and Woolrich. "When
the fusion point (of the vegetable) has been reached, the
specific heat drops almost instantaneously to values about
1.0 to 0.90 Btu per 1lb per °F. From this point on (to 70°F)
the specific heat decreases slightly with temperature rise,
and in some cases begins to increase again with further
temperature rise." Staph and Woolrich (1951) determined
the water content, fat content, and water soluble solids
content of the fruits and vegetables but did not make any
correlation between these components and specific heat.
Riedel (1951) devised an elaborate calorimeter to
determine the heat content of fruits and vegetables. The
accuracy of the calorimeter was stated thusly: “After
calibrating the calorimeter by electric heating, check
tests made with pure water gave values for the specific
heat of water and the latent heat of fusion of ice which
agreed within 0.2 percent with the best data given in the
literature." Riedel noted that most physical properties
of fruit juices do not depend on the kind of fruits but
on their dry substance content. The dry substance content
of fruit juices was determined by measuring the refractive
index of the juice at 20°C. Between 0°C and 20°C, the data
of Riedel (1951) showed that the specific heat of juices

of fruits and vegetables was a linear function of the dry

=
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substance content; the specific heat decreased as the dry
substance content increased. The relationship was expressed
by the equation

cj = 1.00 - 0.57 Xo

where: cj is the average specific heat, 0°
to 20°C.
Xq is the dry substance content, a dec-

imal.
Riedel expressed the specific heat of a fruit or vegetable
as the sum of the specific heat of the juice plus the spe-
cific heat of the insoluble dry substance content. From
a series of tests, Riedel found that the specific heat of
the insoluble dry substance was 0.29 and was sufficiently
accurate for any temperature and any kind of fruit or vege-
table.

Moline, Sawdye, Short, and Rinfret (1961) were in-
terested in the specific heat of foods between the temper-
atures of -40°C and -160°C. Using a rather simple calorim-
eter, beef was simulated by a model composed of 17.6% pro-
tein, 18% fat, and 64.4% water. The measured values of
the specific heat of the model were compared with the com-
puted values based on the fractional concentration of the
components. The computed values of Moline et al. were

lower than the experimental values by a factor of 1.1l +

0308y (= experimental values)
§ W computed values
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When natural meats were compared with the model, the com-
puted values were lower than the experimental values by
a factor of 1.14 + 0.06. Thus the data indicated that the
specific heat of frozen meat could be predicted with an
average error of 4.4% and a maximum error of 10.5%. Based
on Siebel's method of water content, the error would have
been about 35%.
Charm (1963a) gave the following equation for es-
timating the specific heat of foods:
cp = O.SXf + O.3XS + le
where: Cp is the specific heat
XF is the mass fraction of fat
Xs is the mass fraction of solids
xm is the mass fraction of moisture
The above equation does not account for the temperature
dependence of specific heat as found by Staph (1949).
Charm (1963a) did not cite any references for the equation.
To calculate the specific heat of frozen codfish
in cans, Charm (1963b) stated that "the specific heat of
many materials in the frozen state may be estimated from
Cp = 0.49m + 0.6F + 0.33[1-(m + F)]
where: C_ is the specific heat
m is fraction moisture in material and
F is fraction fat"
Again, no references were cited for the equation.

The only physical properties noted in the literature
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with respect to specific heat were water content and dry

substance content. No information was found that consid-
ered or related shear strength, compression strength, or

elastic modulus with the specific heat of foods or vege-

tables.

In the temperature range of 80°F to 40°F, Parker
and Stout (1966) found that the specific heat of cherry
flesh was related to soluble solids and flesh weight by
the following regression equation:

c = 0.900 - 0.00518s + 0.020 W

£1 L

where c is estimated flesh specific heat

Ll
(Btu/1b°F)

SS is soluble solids content of the

flesh (%)
W, is flesh weight of each cherry (gm)
The standard error of Cgp Was # 0.060 Btu/1lb°F, and the

average c was 0.906 Btu/lb°F. The authors noted that

£1
the combined effects of both independent variables tended
to cancel each other.

With respect to specific heat and the objective
of the research in this thesis, the following is concluded
from the literature reviewed:

1. Based on today's needs, Siebel's method for
the calculation of specific heat is not suf-

ficiently accurate.

2. Between freezing and 70°F, the specific heat
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of some vegetables may increase slightly as
the temperature is increased.

No one has reported the specific heats of vege-
tables at temperatures above 70°F.

No one has reported any relationships between
specific heat and shear strength, compression
strength, or elastic modulus of vegetables or
food products.

The specific heat of fruits and vegetables may
be a function of the insoluble solids content.
Specific heat as a function of heat exposure
of a vegetable or food product has not been

reported.

2.1lc Thermal Diffusivity

Olson and Jackson (1942) used the data from experi-

mental heating curves to derive equations for the thermal

diffusivity,o(, of various shaped objects: brick, rectangu-

lar rod, infinite slab, finite cylinder, infinite cylinder,

and sphere.

In all the equations, thermal diffusivity was

a function of the dimensions of the object and an f-value.

The f-value was defined as the time in minutes for the heat-

ing curve to traverse one log cycle when the log of the

temperature difference between the heating medium and the

object was plotted against time of exposure in minutes.

The f-value represented the reciprocal of the slope of the
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heating curve and was a characteristic of the material
being heated. No information was given that related f-
values to the physical properties of the material.

Kethley, Cown, and Bellinger (1950) recorded the
thermal histories of some individual fruits and vegetables.
The thermal history data and the graphical method of Gurney
and Lurie (1923) were then used to estimate the average
thermal diffusivities of the fruits and vegetables for the
temperature range of 80°F to 0°F. The authors noted that
the estimated diffusivities were of the same order of mag-
nitude as the diffusivity of water in the temperature range
of 80°F to 32°F. The diffusivities of the foods for the
80°F to 32°F range were determined and compared with the

known values for water. The values for the fruits and

3 3

vegetables ranged from 5.35 x 107> £t2/hr to 6.15 x 10~
ftz/hr. Because average values of thermal diffusivity were
estimated, there was no correlation with temperature or
other physical properties.

In studies on the processing of beef in cans,
Hurwicz and Tischer (1952) found that the temperature of
the processing medium and the time at which the temperature
measurement was made on the beef were highly significant
factors in determining the thermal diffusivity of the beef.
The authors noted that the variation in thermal diffusiv-
ity was rather small and could be assumed to be constant

for practical purposes. The thermal diffusivities shown
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in Table 2.1 were the experimental values at different lo-

cations in the container.

Table 2.1 Thermal diffusivity of beef in cans

Retort Temperature = 225°F

2 2 Ko
°<30 min, (cm“/min) 50 min. (cm™/min)
0.09264 0.10091
0.08734 0.09795
0.08230 0.09581

Retort Temperature = 255°F

YA 2/

30 min.(cm /min) =950 min.(cm /min)
0.09454 0.10849
0.09429 0.10463
0.07196 0.10388

The thermal diffusivity increased as time increased
at a given retort temperature. The thermal diffusivity
also increased with an increased retort temperature.

In later studies on the processing of beef in cans,
Hurwicz and Tischer (1956) found that the thermal diffusiv-
ity of beef increased with retort temperatures between
225°F and 261°F. The thermal diffusivity decreased with
increased retort temperatures between 279°F and 315°F.

The authors noted that "the retort temperature range of
261°F to 279°F may be located in the critical region for

processing beef where most of the physical characteristics
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assume their extremes."™ The authors also commented that
"there were no significant differences in thermal diffusiv-
ity due to location in the container™ and that "a possibil-
ity existed that chemical and moisture changes occurring
during processing might have affected the thermal proper-
ties of the beef to different extents depending on the dis-
tance of the region in the can from the source of heat."
Evans and Board (1954) measured the thermal difi
fusivity of cans of bean-bentonite mixture and found that
the thermal diffusivity increased when the temperature of
the heating medium was increased; thermal diffusivity was

3

1.35 x 10~ cm2/sec for a 104°F water-bath temperature and

3 cm2/sec for a 240°F retort temperature. Evans

1.70 x 10~
and Board suggested that the increase in thermal diffusiv-
ity could have been due to condensation of moisture in the
can head space from the bean-bentonite mixture and also
could have been due to a small amount of convection heat-
ing being superimposed on heating by conduction.

From the reported values for the thermal diffusiv-
ity of water, Evans (1958) noted that the thermal diffusiv-
ity of water increased by approximately 19% between 68°F
and 248°F. Based on theoretical calculations, heating and
cooling curves were constructed for water with constant
thermal properties and for water with variable thermal

properties. The author noted that the slopes of both

curves had values near that for constant thermal properties
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when using a diffusivity corresponding to the final temper-
ature. Evans cited evidence that the thermal diffusivity
of foods is less than that of water. The diffusivities

of foods compared with water undergo a smaller variation
with temperature. In additional experiments with cans of
bean-bentonite mixture and cans of agar gel, Evans found
that the thermal diffusivity increased with increased tem-
peratures.

Dyner and Hesselschwerdt (1964) used a mathematical
model and specimens of agar-gel to predict temperature-time
characteristics during food precooling. Thermal diffusiv-
ity was assumed to be constant in order to simplify the
mathematical manipulations. The authors noted, however,
that thermal diffusivity was a function of temperature,
and preliminary test work showed a slight initial decrease
in thermal diffusivity as the temperature was reduced.

The temperature range was not given. The effect of a vary-
ing thermal diffusivity was considered to be minor.

Parker and Stout (1966) determined the thermal
properties of tart cherry flesh in the temperature range
of approximately 80°F to 40°F. Thermal diffusivity was
calculated from temperature history data; the method was
not amenable to showing thermal diffusivity variations
with temperature. A multiple regression analysis showed
that in the temperature range of approximately 80°F to 40°F

the thermal diffusivity of cherry flesh was a function of
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soluble solids; thermal diffusivity decreased as soluble
solids content increased. The thermal diffusivity of cherry

3

flesh was given as 5.104 x 10~ ftz/hr with a standard error

of +0.416 x 1073

ft2/hr.

With respect to thermal diffusivity and the objec-
tive of the research in this thesis, the following is con-
cluded from the literature reviewed:

1. Thermal diffusivity was a function of the re-

ciprocal of the slope of the heating curve.

2. The reciprocal of the slope of the heating
curve has not been related to the physical
properties of the food.

3. The thermal diffusivity of canned beef increased
as the heating medium temperature increased
to 261°F. Thermal diffusivity decreased as
the heating medium temperature increased from
279°F to 315°F.

4. The thermal diffusivity of tart cherry flesh
was a function of percent soluble solids.

5. Variations of thermal diffusivity with temper-
ature up to 255°F may be small enough to ne-
glect for practical purposes.

6. No one has reported any relationships between
thermal diffusivity and shear strength, com-
pression strength, or elastic modulus of vege-

tables or food products.
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2.1d Heat Exposure

For the purpose of this thesis, heat exposure is
defined as the area under a heating or cooling curve when
the dependent variable temperature is plotted against the
independent variable time. Thus if a vegetable were sud-
denly immersed in a heating medium, time would begin at
the instant of immersion and temperature would be that of
any selected point at any instant of time. When an immersed
object attains the temperature of the heating medium, the
transfer of heat ceases (no temperature differential).

But when the object remains immersed after attaining the
temperature of the heating medium, the thermal and physical
properties of the object may be influenced by the total
exposure to the heating medium. No direct references to
heat exposure were found in the literature. But some of
the data tabulated in the references could be examined from
the standpoint of heat exposure.

As cited previously, Hurwicz and Tischer (1952)
found that the temperature of the processing medium and
the time at which the temperature measurement was made on
the beef were highly significant factors in determining
the thermal diffusivity of the beef. The data given in
Table 2.1 shows that thermal diffusivity appears to be a
function of the temperature-time exposure of the product.

The report of Evans and Board (1954) did not give

heating curves or degree-minute data but the tabulations
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showed a larger thermal diffusivity for cans of bean-ben-
tonite mixture heated in a 240°F retort as compared to
heating in a 104°F water-bath. The area under a heating
curve from an initial temperature of 75°F to a 240°F retort
temperature was probably larger than the area under a heat-
ing curve from an initial temperature of 32°F to a 104°F
water-bath temperature. Thus a possibility exists for a
relationship between the heat exposure and thermal dif-
fusivity.

Nicholas and Pflug (1961) processed fresh cucumber
pickles at several combinations of temperature and time:
150°F to 204.5°F and 7 min to 166 min. The pickles became
softer as the area under the heating curve was increased.

Blanching temperature, blanching time, and green
bean firmness data was given by Kaczmarzyk, Fennema, and
Powrie (1963), but the relationships among the three vari-
ables were too erratic to consider firmness as a function
of some temperature-time area. Firmness was related to
temperature intervals and not directly to time and/or tem-
perature.

The effect of cooking temperature and time on the
tenderness of beef was reported by Tuomy, Lechnir, and
Miller (1963). Shear values measured with a Kramer shear
press indicated the tenderness of the beef. From a plot
of lines of constant meat temperature on a graph of shear

press values vs. time, the authors noted that the "curves
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show that the initial effect of heat in the meat was a
toughening and, as the temperature was increased, the de-
gree of toughening increased. After the initial toughen-
ing, which occurred very rapidly, the resulting tenderness
depended upon temperature and time. If the temperature
was below 180°F, time resulted in little or no tenderizing.
If the temperature was 180°F or above, the meat became ten-
der at a rate and to a degree dependent on both time and
temperature.” Thus the heat exposure had an effect on the
physical properties of the beef.

Zaehringer, Cunningham, Le Tourneau, and Hofstrand
(1963) cooked potato slices in boiling water (98°C, high
altitude) for periods of 5 min to 25 min. The potato slices
gained weight during the first 5 min interval of cooking,
and maintained that weight during the second 5 min inter-
val of cooking. After 10 min of cooking, the potato slices
lost weight and the tissue progressively disintegrated with
time. Thus, the heat exposure may have affected the phys-
ical properties of the product.

No information was found on the comparative effects
of short time and high temperature versus long time and
low temperature.

With respect to the heat exposure and the objective
of the research in this thesis, the following is concluded
from the literature reviewed:

l. The extent of heat exposure of a vegetable
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affects the physical properties and thus may
affect the thermal properties.

2. No reports were found that were directly con-
cerned with heat exposure and its influence
on the thermal and physical properties of a

biological product.

2.2 Physical Properties

2.2a Specific Gravity

Researchers have correlated specific gravity with
various physical and chemical properties of potatoces. A
chart for converting specific gravity readings to percent-
age total solids and starch content is used by the United
States Department of Agriculture, Finney (1963).

Whittenberger and Nutting (1950) noted that potato
tissues of highest specific gravity occurred on both sides
of the vascular ring. Tissues of lowest specific gravity>
were in the central section.

Sharma, Isleib, and Dexter (1958) determined the
specific gravity for each of the three concentric zones
within a potato. Zone one was defined as extending from
the tuber surface approximately to the vascular ring. Zone
two was considered to be bounded peripherally by the vas-
cular ring and extended slightly less than halfway toward
the center of the potato. Zone three comprised the re-

mainder of the tuber. A two-year study of nineteen
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varieties showed that zone two had the highest specific
gravity, followed by zone one and then three. Sharma et
al. (1958) concluded that "there was generally little dif-
ference in specific gravity between zones one and two.
Specific gravity of zone three was relatively uniform be-
tween varieties.®™

Sharma, Isleib, and Dexter (1959) investigated the
influence of specific gravity and chemical composition on
hardness of potatoes after cooking. The authors concluded
that ®tubers or parts of tubers with high specific gravity
are firmer after cooking than are those with a low specific
gravity."

An investigation of several rupture parameters of
potatoes by Finney (1963) showed that no linear relation-
ship existed between the parameters and specific gravity.
Finney concluded that "specific gravity and tuber strength
are not linearly related.®

Lujan and Smith (1964) used a shear press, (Kramer
and Twigg (1962)), on raw potatoes cut into cubes to deter-
mine that the correlation of shear force values with spe-
cific gravity was negative and significant at the 1% level.

Porter, Fitzpatrick, and Talley (1964) determined
regression equations for the relationship of specific grav-
ity to total solids of potatoes.

With respect to specific gravity and the objective

of the research in this thesis, the following is concluded
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from the literature reviewed:

l. A known relationship exists between specific
gravity of potatoes and their total solids and
starch content.

2. Specific gravity of a potato may be related
to firmness after cooking.

3. Specific gravity of a potato varies with loca-
tion within the potato.

4. Specific gravity and tuber strength are not
linearly related.

5. Specific gravity has been correlated to the

shear force of raw potato.

2.2b Elastic Modulus

Finney (1963) made an extensive study of the design
parameters of five varieties of potatoes. Raw potato cyl-
inders of various cross-sectional areas and 1 in. long were
subjected to a uniaxial compression test between parallel
plates. The elastic modulus was calculated from the stress
and deformation data. The mean elastic modulus for Russet
Rural potatoes was 543 psi with a 7.9% coefficient of var-
iation.

Finney also determined the elastic modulus on cy-
lindrical sections of Arenac potatoes. The whole potatoes
were kept in various constant temperature chambers prior

to testing. "“Below 60°F, however, and above 105°F the
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elastic modulus varied inversely with temperature from a
maximum of 545 psi at 40°F to a minimum of 355 psi at 135°F.
This decrease in elastic modulus with rising temperature
was in agreement with results reported for other materials.™
"Within the 60 to 105°F range, the elastic modulus was un-
affected by temperature variations." The elastic modulus
was approximately 490 psi in the 60°F to 105°F range.

With respect to elastic modulus and the objective
of the research in this thesis, the following is concluded
from the literature reviewed:

l. An increase in the temperature of a potato can

cause a decrease in the stiffness or elastic

modulus of the potato.



3. THEORETICAL CONSIDERATIONS

3.1 Heat Conduction Equations

The general heat conduction equation that results
from an energy balance on a small volume of material is
given in heat transfer texts (Schneider, 1955) (Carslaw
and Jaeger, 1959) as:

o ) QT Am 2T
m?) +T(k y) +a—(k ﬁ) +——Cpat (3.1)
thermal conductivity of the material

Btu ftw
(——————E——J

where: k
m

hr ft, “oF
T = temperature (°F)
q_. = internal heat generation (Btu)
m hr
V = volume (ft3)
s e Btu
c = specific heat (TB——;F)
m
P = density of the material lbm
ft3

t = time (hr)

Considering a body with the following characteris-

tics,
1. km independent of position and temperature,

2. one dimensional heat flow in the X direction,

and

3. no internal heat generation,

34
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equation (3.1) reduces to:

o T _ 2T

axz.-at (3.2)
where: o = thermal diffusivity
= k_m (ftzn)/hr
RPc

A body subjected to a heat transfer process may
be divided into nodal points that are a distance 4 X apart.
About any node an energy balance can be written and ex-
pressed in finite difference form (Schneider, 1955). Tem-
peratures in the body can be expressed with respect to
position and time by means of subscripts and superscripts
n and t respectively, Figure 3.1. For one dimensional heat
flow in the X-direction in a finite body, nodes are located
at X = 0, X = X, and X = L. Temperature boundary condi-

tions may be specified at X = 0 and at X = L.

-2 x—
0 0

t+l 0
t 0 0 0
n-1 n n+l

Fig. 3.1. Node notations for position and time

In finite difference form, equation (3.2) becomes:

t+1 t+l .t _ M Tt+l _ Tt
~ T-1 ~ Tn *Tha T, = Tn - n (3.3)
@x)? 4

Equation (3.3) can be solved for the temperature at node

n for time t = t+1l.
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m+1 m m
TE*I = Tn-l *Tha * T (M-1) (3.4)
M+ 1
where:
2
(AX) .
M=—— 1
AT a dimensionless number (3.5)

3.2 Thermal Diffusivity by Finite Differences

A computer program using finite differences and
based on the method of Beck (1963) was used to calculate
thermal diffusivity from temperature measurements. The
basic operations of the program were:

l. The magnitude of A X was determined.

2. At the first and last node, a programmed time
step was used to calculate temperatures with
respect to time;

Tt, Tt+l, . Tt+i

where: (t+l) - t programmed time step

(t+i) - t = time interval of data
3. The finite difference equation (3.4) was used
with an assumed o¢ to calculate temperatures
at each node. Calculations were made in two
wpasses"; an "odd pass" proceeding from first
to last node and an "“even pass"™ proceeding
from last to first node.
4. The method of least squares was used to mini-
mize with respect to o« the difference between

the calculated and measured temperatures.
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5. The change in diffusivity was calculated and
added to the assumed & to obtain a new value
ofC.

6. The new value of X was used in an iteration
procedure to determine a more accurate value
fore.

The above program was based on the following as-

sumptions:

1. Initial and boundary conditions of the body

were:

a. T (X,O) =0
b. T (0,t) = T,
Ce. T (w,t) = O

2. One dimensional heat transfer.
3. Constant ¢ with respect to time and temperature.
4. The last node was at X =e0,

The complete program is shown in Appendix A.



4. EXPERIMENTAL EQUIPMENT AND PROCEDURES

4.1 Objectives

The objectives of the research were:

A. To determine the thermal diffusivity of an in-
ternal section of a potato after the section
had received
l. a small heat treatment,

2. sufficient heat treatment to change some
of the physical properties of the section,
and

3. sufficient heat treatment to nearly cook
the section.

B. To investigate the correlation between thermal
and physical properties of the potato section
for the parameters of
1. thermal diffusivity,

2. heat exposure,

3. specific gravity, and

4. elastic modulus.

The first objective was accomplished by holding

a cylindrical heat source in direct thermal contact with
a cylindrical section of potato. Temperature histories

of the semi-infinite potato cylinder were recorded at X=0

38
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(interface of heat source and potato), X=L, and X=infinity.
Temperature histories were used to calculate the thermal
diffusivity of the potato section at X=L.

The heat exposure of the potato section was ob-
tained as the area between the temperature histories at
X=0 and X=L for the duration of the experiment. Specific
gravity was a routine test and the elastic modulus was de-
termined from data of the force applied to a potato section

and the resulting deformation of the potato section.

4.2 Egquipment
The major pieces of equipment consisted of the fol-
lowing:
A. Specimen holder for transient heat transfer ex-
periments. See Figure 4.1.
B. Leeds and Northrup Precision Potentiometer
Model 8686, Serial No. 1581952
Accuracy + 0.03% of reading + 3 microvolts with-
out reference junction
C. Leeds and Northrup Recording Potentiometer, two
pens
Model G, Serial No. B66-752270-1-1

Range 60°F to 260°F, Copper-Constantan Thermo-

couples

Accuracy + 0.3% of full scale
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Figure 4.1. Specimen
holder with elec-
tric heating unit
and black glass
foam insert

Figure 4.2. Specimen
holder with red
silicone rubber
heat source and
microswitch (black)

Figure 4.3. Equipment

during a test.

From left to right:
recording potenti-
ometer, specimen
holder, autotrans-
former, and record-
ing potentiometer
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Figure 4.4. Elastic modulus test equipment. From top
to bottom: dial gauge, load cell (below hori-
zontal bar), and parallel plates with potato
section in place

Figure 4.5. Heat sources: electric heating element
with steel cylinder and silicone rubber cylinder
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D. aneywell Recording Potentiometer, two pens
Model Electronik 17, Serial No. F5731475001
Range 0°F to 250°F, Copper-Constantan Thermo-
couples
Accuracy + 0.25% of full scale
E. Mettler Analytical Balance
Type A, Serial No. 34021
Range 0 to 200 gms.
F. Testing Machine for applying and sensing force
on potato sections (Finney, 1963). See
Figure 4.4.
G. Universal Amplifier
Model RD 5612 00
H. Moseley Autograf X-Y Recorder
Model 135, Serial No. 2138
The specimen holder was designed to hold a heat
source and a potato section in intimate and uniform con-
tact with each other for the duration of an experiment,
Figure 4.2. Each half of the specimen holder was made from
a 3 in. length of standard 6 in. diameter steel pipe. The
stationary half of the holder was welded to channel iron.
A flat base plate and angle iron rails were also welded to
the channel iron. V-grooved wheels mated with the angle
iron rails maintained accurate alignment in all planes be-
tween the movable and stationary halves. The longitudinal

displacement of the V-grooved wheels from each other
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facilitated the rapid installation of the movable half onto
the rails. During the experiments a constant pressure was
maintained at the heat source-potato section interface by
rotating the specimen holder 90° and supporting the holder
by the channel iron, Figure 4.3.

A microswitch and its trip lever were fastened to
the stationary half and movable half respectively, Figure
4.2. When the halves of the specimen holder were brought
together for an experiment, the microswitch completed a
circuit for an electric interval timer and for an indexing
pen on each recording potentiometer. The microswitch was
adjusted to close the circuit when the heat source and po-
tato section made contact. A separate series circuit con-
sisting of a dry cell, light, and metal plates (to simulate
the heat source and potato surfaces) were used to adjust
the microswitch. Adjustment was correct when the light
and indexing pens operated simultaneously.

The insulation for the specimen holder was a poly-
urethane type (Dow Chemical Co., QX-3851.1) with a thermal
conductivity of approximately 0.16 Btu. in.w/(hr. ft%L °F).
A 4 in. length of insulation was machined to a snug fit
in the bore of each half of the holder. Mating grooves
were machined into the halves of insulation to minimize
any air currents and convection heat losses. A hole,
31/32 in. diameter and 1 in. deep, was machined into the

face of the insulation of the movable half of the specimen
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holder; the potato sections were installed in the hole for
the experiments. A hole of the same dimensions was machined
into the face of the insulation for the stationary half

of the specimen holder; a silicone rubber heat source was
installed in the hole for the experiments, Figure 4.2.

When an electric heating element was used for the heat
source, the temperatures were too high for the stability

of the polyurethane insulation; a glass foam insert was

made to go between the heating element and the polyurethane
insulation, Figure 4.1.

For some of the lower temperature experiments, a
heated cylinder of silicone rubber was used as a heat source,
Figure 4.5. Cylinders of silicone rubber 61/64 in. diam-
eter and 1 1/32 in. long were cut from a cured slab of sili-
cone rubber; General Electric Co., SE-3604U. When not in
experimental use, the cylinders were kept at the desired
temperature in an oven.

Most of the experiments were performed with a steel
cylinder and an electric heating element as the heat source,
Figure 4.5. The 1 in. diameter and 1 in. long steel cyl?
inder was continuously heated by a 37.5 watt soldering iron
heating element. Power to the heating element was con-
trolled by an autotransformer. A thermocouple was silver

soldered to the face of the steel cylinder.

The Leeds and Northrup Model 8686 Precision Potenti-

ometer was used to check the calibration of the two recording
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potentiometers. The recording potentiometers were cali-
brated within the manufacturers' tolerance. The instru-
ments were within the manufacturers' tolerance at the com-
pletion of the experiments. The precision potentiometer
was also used to calibrate the thermocouples.

The recording potentiometers were used to record
simultaneously the temperatures at the following locations:

1. heat source contact surface,

2. potato section contact surface,

3. X=L of the potato section, and at

4. X= infinity of the potato.

The analytical balance was used to weigh the potato
sections before and after heat treatment. For specific
gravity determinations, a suspension system was used on
the scales to obtain the weight of the potato section in
water; see Figures 4.6 and 4.7.

For elastic modulus determinations, the testing
machine consisted of:

l. air motor

2. load cell, BLH Type U-1B, 50 1lb. capacity

Accuracy + 0.25% with a maximum nonlinear-
ity of + 0.10% valid for both
tension and compression

3. parallel plates

The double-acting pneumatically driven air motor

had a 4 in. stroke and a hydraulically controlled piston
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Figure 4.6. Weighing potato
section in air

Figure 4.7. Weighing potato
section in water
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speed in both up and down directions. The speed of the
loading piston was independent of the applied force (or
constant) within the force range from O to 150 lbs. The
load cell sensed the force applied to a potato section
located between the 1 1/8 in. diameter parallel plates,
Figure 4.4.

The force signal from the load cell was amplified
and fed into the Y-axis of the X-Y recorder. A constant
pen travel time of 2.09 sec./in. was fed into the X-axis
of the X-Y recorder. Thus the compression of a potato
section was recorded as force (lb./in. of chart) vs. pen
speed (sec./in. of chart). The force scale of the X-Y
recorder was calibrated before each series of tests with
a weight of 10.050 1lbs. suspended from the upper parallel
plate. The gain of the amplifier was adjusted to give a
pen deflection of 1 in. on the graph paper.

A dial gauge, Figure 4.4, accurate to + 0.001 in.,
was used to determine the downward speed of the air motor
piston. Just prior to the compression of a potato section
between the parallel plates, a stop watch was used to meas-
ure the time required for the piston to travel 1 inch.

Thermocouples were made from No. 30 gauge copper-~
constantan wire. The junctions were silver soldered after
the wires had been cleaned of insulation and had been
twisted together. The junctions were trimmed to a length

of 1/16 in. or less. Distilled water was used to calibrate
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the thermocouples at temperatures of melting ice, 74°F,
157°F, and boiling water. The maximum average error of
any thermocouple was less than 0.75% of the known temper-

ature.

4.3 Experimental Procedure

4.3a Flow Chart of Experimental Procedure

2 potato weight of weight of compression
sections —™|sections [—] sections ™ test
in air in water l
compression weight of heat heat
test b¢«—— section e——— transfer source
in air test

4.3b Heat Sources

l. Silicone Rubber

a. The cylindrical section of rubber was heated
and kept in a controlled temperature oven.

b. When preparing for a heat transfer ahd
thermal properties test, the rubber cylinder
was placed in insulation at room tempera-
ture and transported 8 ft. to test room and
specimen holder. (Insulation for transport-
ing rubber cylinder was machined to mate
the insulation of the specimen holder.)

c. The rubber cylinder was dropped into the
specimen holder with a minimum exposure to

the ambient air.
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d. The thermocouple was inserted into exposed
end of the rubber cylinder.

e. After each test, the rubber cylinder was
returned to the oven.

f. No rubber cylinder was used more than once
in an 8 hr. period as a heat source for the
potato section.

2. Steel Cylinder

a. The power to the heating element was turned
on a few hours prior to any experiments.

b. The power level was adjusted with the auto-
transformer to maintain the desired temper-
ature of the steel cylinder.

c. After each experiment the steel cylinder
was allowed to equilibrate to the desired

temperature.

4.3c Potato Sections

1. A 0.953 in. diameter cylindrical section was
removed from a potato. The cylinder was cut
perpendicular to the least curved surface of
the potato, Figure 4.8.

2. An aluminum ring and single-edged razor blade
were used to remove a section from the potato
cylinder.

a. The section was removed from the central

area and just below the vascular ring.
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Figure 4.8. Potatoes and cutting equipment. From left
to right: aluminum ring assembly 1 1/32 in. long,
potato cylinder and ring for cutting potato section
to proper length, and boring tool for removing cy-
lindrical section from potato

Figure 4.9. Semi-infinite portion of potato in specimen
holder with thermocouple at X = L
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b. The 0.953 in. inside diameter aluminum ring

was 0.238 in. thick (length to diameter ratio

of 1 to 6).

Excess surface moisture was removed from the
potato section with a clean paper towel.

The potato section was weighed in air and in
distilled water, Figures 4.6 and 4.7.

Excess surface moisture was removed from the
potato section with a clean paper towel.

The potato section was used immediately for
elastic modulus determinations.

The remaining potato cylinder was placed in
a welded aluminum ring assembly and trimmed
to a length of 1 1/32 in., Figure 4.8.
Another potato section adjacent to the first
was removed from the 1 1/32 in. potato cylinder.
The aluminum ring of 2b above was used.
Excess surface moisture was removed from the

potato section and cylinder with a clean paper

towel.
The potato cylinder was placed in the movable

half of the specimen holder. The potato cyl-

inder became the semi-infinite portion of the

potato, Figure 4.9.

The X = L thermocouple was placed on top of

the semi-infinite portion of the potato.
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The potato section was weighed in air and in

distilled water.
Excess surface moisture was removed from potato
section with a clean paper towel.

The thickness of potato section was measured
with calipers.

The potato section was placed on top of the

X = L thermocouple in the movable half of the

specimen holder.
The X = 0 thermocouple was placed into the po-

tato section.

After the heat transfer test, the potato sec-
tion and semi-infinite portion were placed
together in a plastic bag and sealed.

The plastic bag was placed in front of the room
air conditioner for rapid cooling to room con-
ditions.

After the potato section and semi-infinite por-

tion had equilibrated to room conditions for

a few hours, the pieces were replaced in the
specimen holder for an additional 3 min. heat
treatment at a maximum temperature of 160°F
at X = 0 of the potato.

The potato section was reweighed in air.

The thickness of the potato section was re-

measured.
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The diameter of the potato section was measured
at the X = 0 surface.

The potato section was placed between the par-
allel plates of the testing machine with the

X = 0 surface next to the upper parallel plate.

4,3d Elastic Modulus Determinations

1.

The amplifier was turned on at least one hour
prior to calibration and use.

The X-Y recorder was turned on approximately
15 min. prior to calibration and use.

The calibration of the load cell, amplifier,
and X~-Y recorder was checked at the beginning
and end of each day.

To minimize any horizontal components of shear,
a film of light oil was placed on the parallel
plates of the testing machine.

The air motor was energized to force downward
the piston, load cell, and upper parallel plate.

A stop watch was started when the dial gauge

indicated 0.000 in.

When the dial gauge indicated 1.000 in. the
stop watch was stopped and time recorded as
sec/in.

The X~Y recorder pen was energized just before

the upper parallel plate contacted the potato

section.
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The air motor and X-Y recorder pen were turned
off when the load cell reached its limit or

when the potato section ruptured.

For each experiment the elastic modulus curve
for both the raw and heat treated potato sec-

tions were recorded on the same sheet of X-Y

recorder paper.

Transfer and Thermal Diffusivity Tests

As soon as the thermocouple was inserted in
the rubber cylinder, the two halves of the
specimen holder were pushed into contact. As
the surface of the rubber cylinder contacted

the potato section, the microswitch completed

the electrical circuit to the interval timer

and to the indexing pen on each recording
potentiometer. The specimen holder was ro-
tated 90° so that the potato section was above
the rubber cylinder and the axis of the cyl-
inders was in the vertical plane, Figure 4.3.
Thermal contact at constant pressure between

the rubber cylinder or steel cylinder and

potato section was maintained for the desired

length of test.
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4.4 Discussion of Experimental Technigues

4.4a Potatces

Excel potatoes grown on the Michigan State Univer-
sity Farm, Lake City, Michigan, were used for the tests.
The Excel variety is known to have consistent cooking qual-
ities. The potatoes were harvested in 1965 and stored at
40°F until the tests were performed in July, 1966. Stored
potatoes are normally more uniform in physical character-
istics than freshly harvested potatoes.

The potatoes were removed from storage approxi-
mately 24 hr before use and equilibrated to the testing
room temperature of 76°F. The equilibration of the pota-
toes to the testing room temperature and the performance
of all procedures in the constant temperature testing room
insured an initial condition of uniform temperature dis-
tribution in the potato specimen as required for the ther-
mal diffusivity tests.

Only firm potatoes without defects were used for
the tests. Cylinders cut from soft potatoes were not uni-
form in diameter and the diameter was less than the 0.953
in. specified for the tests. The elastic modulus of a raw
specimen from a soft potato was found to be approximately
100 psi higher than the elastic modulus of a raw specimen
from a firm potato. Ten replications were made at each

test condition.
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4.4b Heat Transfer and Thermal Diffusivity Tests

To minimize thermocouple conduction errors, the
lead wires were placed across the face of the heat source
and wound partly around the circumference of the heat source
before entering the insulation of the specimen holder (Fig-
ure 4.1). The same method was used for placing thermocouple
leads at X = 0, X = L, and at X =00 (Figure 4.9). The
thermocouple at X =o0 was silver soldered to a thin copper
wafer which held the thermocouple in proper position at
all times.

One of the boundary conditions required the tem-
perature at X = o0 to be constant during the interval of
determining thermal diffusivity. The recorded temperatures
at X = oo showed that the boundary conditions prevailed for
at least 2 1/2 min. for every test. Therefore, a data time
of 100 sec. or less was chosen for all tests.

To satisfy the conditions of one dimensional heat
transfer, a potato section length equal to 1/6 of the sec-
tion diameter was chosen. This was a compromise between
edge heat losses and convenient size potato sections.

To attain one of the objectives of the research,
the thermal diffusivity had to be determined for a potato
section before and after heat treatment. The boundary con-
ditions restricted thermal diffusivity data to the first
one hundred seconds of each test, which was satisfactory

for determinations on a raw potato section.
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Because thermal diffusivity data could not be taken
at the end of a heat treatment, the heat treated section
and its semi-infinite portion were removed from the speci-
men holder, stored in a sealed plastic bag, and equilibrated
to the testing room temperature. After attaining the de-
sired initial condition of uniform temperature distribution,
the potato section and its semi-infinite portion were re-
placed in the specimen holder and given a 3 minute heat
treatment with a maximum temperature of 160°F at X = O.

The first one hundred seconds of data from the second heat
treatment was used to compute the thermal diffusivity of
the heat treated potato section.

When silicone rubber cylinders were used for a heat
source, a thermocouple junction approximately 1/32 in. long
was bent perpendicular to the lead wires and was placed
in a small slit in the surface of the rubber. Thus the
longitudinal axis of the junction coincided with the long-
itudinal axis of the cylinder. The same technique was used
for the placement of a thermocouple at X = 0 of the potato
section. The average temperature of the two thermocouples
was used as the temperature at X = 0.

A thermocouple was silver soldered in a small de-
pression in the surface of the steel cylinder. Lead wires
were laid in the groove across the face of the cylinder.
The thermocouple junction was soldered in the plane of the

surface of the cylinder and made direct contact with the
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X = 0 surface of the potato section. Therefore, a separate
thermocouple at X = 0 in the potato section was eliminated
and the thermocouple on the steel cylinder measured the
temperature at X = 0.

A length of 1 in. was chosen for the steel cylinder
to insure uniform heating at the surface in contact with
the potato section. To check for variations in surface
temperature, a thermocouple was placed at several positions
on the surface of the steel cylinder. No variations in

temperature were found.

4.4c Specific Gravity Tests

When a section was cut from a potato, moisture ac-
cumulated on the surfaces. Prior to any weighing opera-
tions the excess moisture was removed with a paper towel.
The potato sections were weighed in grams accurate to the
third decimal place. Removal of moisture other than excess
surface moisture may have introduced some error in the spe-
cific gravity determinations. But the ten :eplicationsi
for each test condition should have averaged out any such

random errors.

4.4d Elastic Modulus Tests

The velocity of the air motor and piston on the
testing machine was not uniform from one operation to the
next. An error in the velocity of the piston would cause

a large error in the calculated strain and the resulting
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elastic modulus of the potato section. By determining the
velocity of the piston for a one inch displacement preced-
ing the contact of the upper parallel plate with the potato
section for each individual test, this error was minimized

to + 1%.




5. RESULTS AND DISCUSSION

Finite difference methods have been adapted to com-
puter use for solving heat transfer equations. The magni-
tude of the errors introduced by the estimation process
are frequently less than the magnitude of the errors in
the data. This is shown in Table 5.1 where many of the
root mean square values are less than 0.5°F. The record-
ing potentiometers had a permissible error of 0.6°F.

All data calculations were done by the Control Data
Corporation 3600 Computer at Michigan State University.

All curve fittings were done with a least squares computer
program identified as E2 UTEX LSCFWOP.

The heat transfer methods used in the experiments
combined with the finite difference method of data analysis
had the advantages of speed, simplicity, ease of applica-
tion to other products and accuracy. Depending upon test
duration, approximately four heat treatments could be com-
pleted in an hour. No difficult laboratory preparations
or techniques were involved. Other biological products
could be adapted to the specimen holder and large masses
were not required. Random errors were cancelled by the
finite difference method, but a continuous error of +1l°F

in temperature measurement was found to cause an error of

60
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-0.5% or less in the value of the thermal diffusivity. As
indicated in the 1literature reviewed, errors of 5% were
not uncommon in the determination of thermal properties.
Some of the terms used in the tabulations and in
the discussions to follow are clarified. The value for the
diffusivity of a "“raw" potato section was determined from
data taken during the first fifty seconds of heat treatment.
(Data were originally taken for one hundred seconds but
changed to fifty seconds for reasons explained in the next
section.) “Heated potato" sections received a specified
heat treatment, were cooled to desirable initial thermal
conditions, and were reheated for a short time at a low
temperature. The only purpose of the reheat was to obtain
data for an additional fifty second interval to determine
the diffusivity of the potato section after the desired
heat treatment. Thus an assumption was made that the re-
heat had no effect on the thermal or physical properties
of the heat treated potato section. The same reheat treat-
ment was given to all heat treated potato sections.
Complete data on all tests and replications is in
Appendix B. The tabulations and graphs in “Results and
Discussion®" contain the averages of ten replications for

each test.

5.1 Thermal Diffusivity

Temperatures of the potato sections at X = 0, X = L,

and X =0 were read from the recorded charts in 10 sec
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intervals from time t = 0 to t = 100 sec. An assumption
was made that the thermal properties of the raw potato sec-
tion were constant during the first one hundred seconds

of any heat treatment and would not influence the value

of thermal diffusivity. This assumption was investigated
by computing the thermal diffusivities at t = 50 sec and

at t = 100 sec. An inspection of Table 5.1 shows that for
all raw potato diffusivities, the average root mean square
value of the difference between the calculated temperatures
and the measured temperatures was higher for the t = 100
sec determinations than for the t = 50 sec determinations.
The average values were 0.980°F for t = 100 sec and 0.447°F
for t = 50 sec. In contrast, small differences occurred
between the rms values at t = 100 sec and t = 50 sec for
the heat treated sections of potato.

As the severity of the heat treatment was increased,
with maximum temperatures of 195°F and above at X = 0, the
rms values for raw potato sections increased to above 1°F
for t = 100 sec. This was not true for the raw potato sec-
tions for t = 50 sec. The agreement in rms values for both
raw and heat treated sections at t = 50 sec was good and
the averages were nearly the same. There were no consis-
tent trends of individual values.

Thus the larger errors in the t = 100 sec data were
due to the changing properties within the potato. Starch

begins to gelatinize in the range of 147°F to 160°F (Talburt
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and Smith, 1959), with moisture movement and evaporation
occurring. The higher temperatures accelerated the changes.
This also accounts for small increases in the rms values

at the higher temperatures after only 50 sec. On this
basis, the t = 50 sec diffusivity data were used for all
subsequent correlations between parameters.

The plot of thermal diffusivity in Figures 5.2 and
5.3 shows the data of the 714 test series to be much higher
than any of the other points. The data was rechecked but
no errors or inconsistencies were found. The rms values
for the thermal diffusivity temperatures of the 714 test
series were comparable to the rms values of other tests.
The 714 test series data were evaluated in two ways: as-
suming the data to be in error, and assuming the data to
be indicative of some unusual change. To give credence
to the 714 test series data, other tests should be performed
with slightly different times and temperatures.

The thermal diffusivity of the raw potato sections
was found to be of the same order of magnitude as some
other fruits and vegetables. Parker and Stout (1963) de-
termined the thermal diffusivity of tart cherry flesh; 5.00

=3 £t/hr to 5.20 x 1073 f£t&/hr. Kethley, Cown, and

x 10
Bellinger (1950) gave values for fruits and vegetables that
ranged from 5.35 x 1073 £té/hr to 6.15 x 10~> f£té/hr.

Hurwicz and Tischer (1956) experienced increasing

and decreasing values of thermal diffusivity for different
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combinations of time and temperature when processing canned

beef. A maximum critical point was also noted.

5.2 Elastic Modulus

Data for elastic modulus determinations was obtained
from the X-Y recorder charts by constructing a tangent to
the first linear portion of the curve following the initial
deformation of the potato section, Figures 5.7, 5.8, and
5.9. The slope of the tangent was used in the calculation
of the elastic modulus.

Because the methods of obtaining data for elastic
modulus determinations involved a destructive test, two
sections were removed from each cylinder cut from a potato.
The section next to the vascular ring was used for raw po-
tato elastic modulus determinations. The heat treatment
of the other potato section was followed by the elastic
modulus determination. Thus an assumption was made that
the elastic moduli of the two raw sections were egqual.

No information was found that invalidated the assumption.

After the elastic modulus was computed for all tests
and replications, the results showed more variation in elas-
tic modulus between the raw potato replications (a minimum
of 51 psi) than between the averages of the tests (a max-
imum variation of 39 psi). Thus the elastic moduli of the
heated potato sections were used for the correlations and
the assumption that the elastic moduli of the two raw sec-

tions were equal became unnecessary.
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5.3 Specific Gravity

Specific gravity was determined on both raw potato
sections; one used for raw elastic modulus tests and the
one used for heat treatment tests. The standard equation
(5.1) was used. The temperature was maintained at 76°F

for all tests.

weight in air
weight in air - weight in water

Specific Gravity = (5.1)

The potato section used for the elastic modulus
test was located nearer the vascular ring than the section
used for the heat treatment tests. For all tests and rep-
lications, the specific gravity for the outer section aver-
aged 0.976% higher than the specific gravity of the inner
section. These results agreed with the findings of Whit-
tenberger and Nutting (1950) and Sharma et al. (1958).

Correlations between specific gravity and the other
parameters were attempted but none were found to exist.
Also, the specific gravity did not show any pattern of

change over the 15-day testing period.

5.4 Heat Exposure

When using a temperature-~time relationship in this
study, the area under the heating curves was considered a
parameter and correlated with thermal diffusivity and elas-
tic modulus. For the purposes of this research, such an
area was denoted as heat exposure with units of °F-min.

No information was found in the literature as to
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the individual effects of temperature and time on biolog-
ical products. One intuitively assumes that exposure to
a 1°F temperature difference for 1 min at 200°F would have
more influence on a biological product than an exposure
of 1°F temperature difference for 1 min at 100°F. In the
absence of any precedent on the subject, a base of 160°F
was chosen;'only temperatures above 160°F were used in the
measurement of the area under the heating curve. The area
was measured with a planimeter. A base temperature of
160°F was chosen for the following reasons:
1. Starch begins to gelatinize in the range of
147°F to 160°F.
2. The maximum temperature of the second heat
treatment on each potato section was 160°F
or less and therefore did not contribute to
the area.
In the correlations of the parameters, the heat
exposure with units of °F-min was used as the independent

variable.

5.5 Correlation of Parameters

S.5a Thermal Diffusivity and Storage Time

The thermal diffusivity tests were conducted dur-
ing a 15-day interval from July 9, 1966, to July 24, 1966.
An unexpected variation of thermal diffusivity with the
storage interval was found. Figure 5.1 is a plot of the

thermal diffusivity of the raw potato sections against the
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test dates. The diffusivity decreased linearily with time

according to the relation

3 4

X test date) (5.1)
4

ol = 6.327 x 107~ - (1.126 x 10~
The root mean square value of the relation was 4.08 x 10~
ftg/hr. Specific gravity and elastic modulus did not show
any correlations with the storage interval. Why the thermal
diffusivity decreased with storage interval is not known.
One can surmise that the change was due to small physiolog-
ical changes that are not detectable with the usual macro-
physical tests.

The variation in thermal diffusivity due to the
storage interval was larger than the variations caused by
heat treatments. Thus for subsequent correlations, the

change in diffusivity from the raw section to the heat

treated section was used for the parameter.

5.5b Thermal Diffusivity and Heat Exposure

Data from Table 5.2 was used to plot the upper curve
in Figure 5.2. As noted in Section 5.5a, the ordinate for
the curve is the change in diffusivity from the raw section
to the heat treated section. Assuming the 714 test series
point to be valid, it may have been a critical point or a
point of maximum influence of heat exposure on thermal dif-
fusivity. Also, the point may have been due to the rupture
of the cell walls and other physical changes that were not

complete or uniform throughout the section. The extent of

cooking is indicated in Figure 5.4 by the depth of the black

PP WAL ATI PO B TR W)
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ring (associated with enzyme activity) below the X = 0
surface; the depth of the ring increased with cooking.

The heat treated sections of the 714 test series were soft
at X = 0 and firm at X = L. The heat treated sections of
the 719 test series were soft at both surfaces and appeared
more uniform in physical appearance. Note that the 719
test series had the most severe heat exposure and the low-
est thermal diffusivity.

The correlation curve shows that the thermal dif-
fusivity increased as heat exposure was increased up to
350 °F-min. Above a heat exposure of 350 °F-min diffusiv-
ity decreased. The correlation was given by

4, (2.528 x 10”° x HE) -

9

o{ = 1,031 x 10"

[3.628 x 10~° x HE?] (5.2)

where: HE = heat exposure (°F - min)

4

The correlation had a rms value of 4.91 x 10~ ftg/hr.

5.5¢c Thermal Diffusivity and Maximum Temperature at X = L

Because the thermal diffusivity of the potato sec-
tions was determined at X = L, a correlation with the max-
imum temperature at X = L was made. The correlation was

given by

2 4

o = -1.962 x 10" ° 4+ (2.617 x 10~

x 10”7 x T2) (5.3)

where: T = maximum temperature at X = L (°OF)

The rms value of the correlation was 5.00 x 10-4 ftg/hr.
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The curve in Figure 5.3 is similar in shape to the
thermal diffusivity vs. heat exposure curve in Figure 5.2.
According to the correlation curve, thermal diffusivity
was a maximum for a temperature of 155°F at X = L. But
as in the previous correlation, the 714 test series had
the maximum values for the curve at an average temperature
of 165°F at X = L. Having the maximum diffusivity occur
in the 155°F to 165°F range suggests that the maximum dif-
fusivity was related to the starch gelatinization of the
potato. A maximum physical and/or chemical change in the
potato may have contributed to the maximum value of thermal
diffusivity. Talburt and Smith (1959) did not discuss the
factors that may influence the temperature at which gelat-
inization occurs.

An examination of Table 5.3 and Figure 5.3 shows
that the maximum temperatures at X = L differed by only
4°F for the 717 and the 711 test series. Correspondingly,
the diffusivities changed very little; 0.327 ft%/hr and
0.297 ftg/hr, respectively. This reaction may be compared
to the differences of 2°F between the 724 and the 714 test
series. The diffusivities changed from 0.322 ftg/hr to
0.792 ft&/hr. This analysis indicates that the 165°F tem-
perature may be the critical point for reactions within
the potato section.

The results of the correlation between thermal dif-

fusivity and maximum temperature at X = L show the following:




74

7 = ¥ 3¢ axnyjexadwsl wnwyxew
9yl pue AJTATSNIITP TewIayl ur asbueyd> ayj usamisaq dTysuolzeray °€°S aanbrg

(4o) 1=X 40 3inj0Jadwd] wWnWIXDW

Qe

(

0.l 091 (VY] ob! 0
_ ' T _ T _ _ N
m_ho
(O]
veL _N\.O
Q_NO
I - 1 ! _ _ _ L

01%) Apmsnypg jowsdyl ur abuoy)

ay
e



75

£E870° T €E€°9LT L8° VLY 9¢T°0 LT (AR ST 6TL

LSVO°'T 0S°*¥9¢ 6C°LSY c6L*0 S9T 0Tc 0T i AVA
LTSO'T §9°€6¢2 0L°*86T L2g*0 At 21e v LTL
68%0°T 99°99¢ 9L°*S06S 2ce*o0 €9T S6T ST veL
LLYO* T SL°TSE 0E°*ST¢E ¢ve*o GGT S6T 0T TCL
PTISO°T g£v°99¢ €L°98T L6C*0 9vT 6LT 0T T1TL
SLEO°T TT*SS¢E £9°9¢ 8VT°O0 SeT C9T 0T 60L
(Tsd) (UTW - Jo) Aun\muMmloaxv (Jdo) (do) (uTur)
03e30d pPa3esH 03304 Poa3edH dansodxd AJTATSNIIFTA T =X 0 = X 3sal ¥oO °ON
K3TAean SNTNPOR 3esH ut abueyd e *dwsy 3o *dwsy y3zbus satass
OF3¥Toadsg oT3se1d WNWT XN WNWT XN 3$9]
sxajawexed

9yl JO sanTeA abeasAr U3 TM pajeTnge3 s3sa3 FO uoTr3dTIdssp pue ajeqgq °*€°S I3Tgel



76

l. Thermal diffusivity increased as the maximum
temperature was increased to 155°F.

2. Thermal diffusivity decreased for temperatures
above 155°F.

3. The lowest and highest temperatures changed

the thermal diffusivity by the same amount.

—

5.5d Elastic Modulus and Heat Exposure

The lower curve in Figure 5.2 shows that the ini-
tial influence of heat exposure was to increase the elas-

tic modulus or to make the potato section less stiff and

more "“rubbery." Additional heat exposure made the potato
sections softer. These results are comparable to the find-
ings of Tuomy et al. (1963) with respect to the influence
of heat on meat; as heat treatment increased the toughen-
ing increased. Tenderness was shown to be dependent on
both time and temperature.

The decrease in elastic modulus with increasing
heat exposure began in the area of the 711 and the 717 test
series. A comparison of the data in Table 5.3 for these
tests shows that a long time and low temperature (10 min
and 179°F) had the same influence on elastic modulus as
a higher temperature and short time (4 min and 212°F).
Note that the heat exposures are similar, being 186.73
°F-min and 198.70 °F-min, respectively. Similar compari-
sons can be made for the 714 and the 724 test series; the

temperatures and times were different but the heat exposures
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and the resulting elastic moduli were equivalent.

The relationships between elastic modulus and heat
exposure are shown more vividly in Figures 5.5 and 5.6.
The rupture of a 719 test series potato between the paral-
lel plates is shown in Figure 5.5. Heat exposure increased
from left to right on the potato sections in Figure 5.6.
Elastic modulus tests on the potato sections in Figures
5.4 and 5.6 resulted in the plots shown in Figures 5.7,
5.8, and 5.9. In the latter figures, the first break in
the slope of the force-time line coincided with the initial
rupture of the potato section. Approximately half of the
heat treated potato sections of the 721 test series exhib-
ited broken force-time curves. All of the heat-treated
potato sections of the 714, 719, and 724 test series ex-
hibited broken force-time curves. In general, the break
occurred with decreasing values of force as the heat ex-
posure was increased.

The correlation between the elastic modulus and
heat exposure was given Dby:

2

E = 3.568x10° + (1.144x10° %t

x HE) - (5.786x10"%

x HE?) (5.4)

where: E elastic modulus (psi)

HE

heat exposure (°F-min)

The rms value of the correlation was 36.53 psi.
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Figure 5.4. Representative
heat treated potato
sections and corres-
ponding semi-infinite
cylinders. Test
series numbers are,
from left to right,
717, 714, and 719.

Figure 5.5. Rupture of heat
treated potato sec-
tion representative
of test series number
719

Figure 5.6. Representative
ruptured heat treated
potato sections. Test
series numbers are,
from left to right,
717, 714, and 719.
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5.5e Thermal Diffusivity and Elastic Modulus

The plot of thermal diffusivity and elastic modulus
against a common parameter of heat exposure in Figure 5.2
indicates that diffusivity and elastic modulus have simi-
lar behaviors with respect to heat exposure. As heat ex-
posure was increased, diffusivity and elastic modulus in-
creased a small amount and then decreased. The initial
rapid decrease in the elastic moduli of the potato sections

was accompanied by the maximum increase in thermal diffusiv-

ity.

5.6 Application of Results

The thermal diffusivity and the elastic moduli of
the heat treated potato sections are plotted in Figure 5.2
to indicate a unique application of physical and thermal
properties. Klastic modulus was a measure of the degree
of cooking or heat treatment of the potato. Therefore,
a potato processor could specify a desirable elastic modu-
lus for his product. An engineer could use the curves in
Figure 5.2 to select the required heat exposure for the
product. A value for heat exposure would permit an engin-
eer to select the most desirable combination of temperature
and time with respect to such factors as energy sources,
equipment capacity, production rates, and costs of opera-
tion.

From the chosen point on the elastic modulus curve,

a vertical line would be extended to the thermal diffusivity
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curve. Predetermined values of density and specific heat
of the potato would be used with the value of thermal dif-
fusivity to calculate the thermal conductivity of the po-

tato. Fourier's heat conduction equation

q=-kAZL (5.5)

where: g = heat requirements (Btu/hr)
would be used to determine the energy requirements of the
process. The advantages of determining the energy require-

ments of the process were discussed in chapter one.




6. CONCLUSIONS

l. The finite difference method of calculating
the thermal diffusivity from temperature history data pro-
vided less variability than the guarded hot plate method
and the Cenco-Fitch apparatus used by other researchers.

2. The thermal diffusivities calculated for the
potato sections at time equal to 50 seconds had lower root
mean square values than the values calculated at time equal
to 100 seconds.

3. The thermal diffusivity of Excel potatoes
decreased during a l5-day storage at 40°F. The 15-day
storage had no influence on other parameters.

4. The specific gravity of the raw potato sections
was not related to any of the determined thermal or phys-
ical property parameters.

5. The thermal diffusivity of the potato sections
was related to the maximum temperature at X = L. As tem-
perature increased, the thermal diffusivity increased up
to a maximum and then decreased with higher temperatures.

6. The thermal diffusivity of the potato sections
was related to heat exposure. As heating increased, ther-
mal diffusivity increased up to a maximum and then decreased

with additional heating.

84
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7. The heating of the potato section initially
increased the elastic modulus. As cooking progressed, the
elastic modulus decreased rapidly.

8. A sudden decrease in elastic modulus of the
potato sections was accompanied by the maximum increase
in thermal diffusivity.

9. The maximum thermal diffusivity was associated

with the starch gelatinization of the potato section.



7. RECOMMENDATIONS FOR FUTURE WORK

The results of this research have indicated an exi-
gency to investigate the following areas:

1. Determine the relationships between time and
temperature for the heat exposure of food products. Derive
a standard definition for heat exposure that would have
universal application and acceptance.

2. Determine the individual contributions of ther-
mal conductivity, density, and specific heat to the varia-
tions of thermal diffusivity with respect to processing
food products from the raw state to the cooked state.

3. Investigate the existence of critical points
or points of maximum change in the thermal properties of
food products.

4. Define the cooked state of food products in
terms of elastic modulus or by standard engineering tests.

5. Determine whether or not meats, fruits, and
vegetables have similar curves for relationships between
thermal properties and physical properties.

6. With respect to vegetables, investigate the
variation of thermal diffusivity with time in storage and

relate the variation to some defined parameter.
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Thermal Diffusivity Computer Program

FTN5,11

(s e Ko lke Ne N lte Ne Xe e ]
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08717766

PROGHAM wQORMNIC

FIND THERMAL DIFFUSIVITY IN A FINITE waLL OF A SEMIINFINITE POTATO WMERE
NTIM = NO, OF [NPUTs, TIM s TIMES OF [NPUTS, TZER s TEMP AT X = 0
TXL ® TEMP AT X = {, TXINF s TEMP AT X = INFINITY, DT = TIME STEP,
YMAX 3 LENGTH OF CALCULATION, ALP = ASSUMED ALPHA, SMINFL s SEMI«[NFINITE
LENGTH, YBF(; = N[T]AL TFMP, MN 8 NO, PF NNDES, JL s TWERMOCCUPLE
POSITION AT X s L, INDEX = CCUNTER, TT s STARTING TIME, TMOV s TIME JUMP
RETWEEN TWND MirASURFD TEMPS, MAXC 3 COUNTER, PL ® LENGTH OF PCTATO SLICE
AT X = L, JJ = MIDNLF NODE, Tx s TIME STEP, T s CALCULATED TEMP,

X 8 CALCULATEN DISTANCE

Nz NUMBER OF THSTS [N THF PRCGRAM

NDIMESSTION T(%)), T2ER(300), TXL(300), TXINF(S0), TIM(S5Nn), X(50), T
1FSTNG(50)Y, PL YD), THREG(SL)

READ 9R, NT[4,MN,JL,PT,YMAX,ALP,N

FORMAT (3110,3F10,2,110)

PRINT 10

FORMAT (/(¢10MID, INPUTS,5X,9HNO, NODES,5X,RAHXsL NODE,5X,2HDT,5%,4H
1YMAX,5%,5HALPHA,5X,12KNO, OF TESTS))

PRINT 99, NT!'v,MN, L,DT,YMAX,ALP,N

FONMAT (55X, 12,12%,12,10X,12,7%X,F5,2,4%,F4,0,5%X,F%5,3,3%,13)

READ 310, (T1vclay, TAz1,NTIM)

FORMAT (kF10,1)

PRINT 11

FORMAT (/(HX,i5HTIMES OF INPUTS))

PRINY 31r, (Ti(lA), 1as1,NTIM)

FOSMAT (FF1C.)

N0 6 Is1,N

FORMLT (/, F1°.3, 13+10.3)

FORMAT (F1N,3,1%x,10F20.3)

FOIMET (110,515,2,0715,8,2F19,2)

1TrRe

ALP=" N05

READ 20, TESTO(IY,PLCD), TXINF DY

FORMET (&FI10. )

1F (TESTrROC(L1)) 6,6,28

PRINT 21, TEsTHCCLD)

FORMBT (/(R®TEST NO,,FR,S))

PRINT 22, PL(1)

FORMAT (/(h4nx,74nWPOTATO LENGT™ AT xxL 1€ ,FR,3,1X,6HINCHES))

READ 111, (T7k& C[H), I83=1, KTIM)

FORMET (FFI1(.™)

PRINY 12

FOWMAT (/(RX,lU~TEMPFRATURES AT X=zN))

PRINT 311, ("2FC[R)Y, 1RBs1, “TIM)

FORMAT (AF1N,2)

READ 115, (1y.(l=), IH=z1,NT]M)

FORMAT (FF10.))

PRINT 16

FORMAT (/(RY, . 9<TEMPERATURES AT Xz3L))

PRINT T1e, (T (i (IW), IHz1,TIM)

FONMLTY (KFI10.2)

PRINT 14, TX'ab(1)

FORMAT (/(Bx,23-ATEMPHFRATURE AT X=INFINITY [S,F7,2))
TREGC Y= TXINE (1)

PRINY 15

EQNMET (//7(5x,7H1TE<ATION, 4, 11HDIFFUSIVITY))
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FTNS.11 08/17/66

PRINT 314, I1TER,ALP
314 FORMAT (&X,12,5x,F15.8)
INDEX=*
TTs TIM(INDEYel)
INDEY2 I V[EX+2
TMOVE TIM (INDEX)TIMCINDFX=1)
TMOVHETMCV=-,NN)]
MAXC= 40,0
SLTs 0,0
RMs0,0
SCLT= n,r
no 20 K=1,5%N
X(K)STREG(])
200 T(A)YERTRENG(])
XMNsMN
SMINFLESePL(])
NXSSMINFL /XHN
XMS(DOXeDX/ (AL2eNT))w25,0
XMM3 Y¥Ma9 .0
XMPsg XMed N
MNPs MMe1
ALPMz (ALPe«DN.0001)
ALPE= ALPe (0.,0001«ALP)
XMEs(DXelX/(ALPE«DT))*25,0
HRME XMEel,(
HRPs XMEe+1,0
C REGIN ODD PASS
201 Tx=0,0
GO TG 2172
278 TX® TXe0.5
212 T(1)=(TX/TMOV) e (TZERCINDEX)-TZERCINDEX=1))eTZER(INDEX-1)
T(MNF )2 (TX/THOVI®(TXINFOINDEX)=TXINFCINDEX<1) )& TXINF CINDEX=1)
20?2 DO 2r3 Kr=2,MN
T(KK)z (T(KK=1)eT(KK+1)eXMMeT (KK))/XMP
203 CONTINUE
X(1)=s T(1)
X(MNF)Ye T(MNP)
DO 3r3 Ke=z?2,¥N
X(KK):(X(KK-‘)*k(KKél)OHQM'X(KK))/HRP
In3 CONTINLE
c FIND SUMMATION
[F(TYy=-TMOVM) 226,222,222
222 ELT=(Xx(JL)=-TCJL)I/ALPM
CLT=TXL(INDEX)=T(JL)
RME kMo (CLT9e2)
SCLTs SCLT+(CLTeELT)
SLTs SLTe(FLTeFLT)
PRINY 90&, TT,(T¢IN),1D31,9)
PRINT 107, TT,(x(IDY, IN=1,9)
PRINT 1072, JL,TXLCINUEX),ELT,CLT,SCLT,SLT
INDEX= [MDFXel
TMOVE TIM(IND=X)=TIMCINDRX=1)
TMOVMs TMOV-.,2"01
TT= TTe ARSEITMLV)
IF(TT=YMAX)20A,206,205
o ki IN VEN PASS
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2nA Txz 0,n
GO T0 214
226 TXs Txe(.Y%
214 T(1):(TX/TMOV)-(TZFR(INDEX)-YZER(lNDEX-l))OYZER(!NDEX°1)
T(NNP)z(YX/lWOV)ﬁ(YxlNF(INUEX)-TXlNi(1NDFX-1))0?XINF(INDEX'1)
DO 204 K. =2,m)
KIEM ek e?
T(K3V2 (T(K3-1)eT(KSel1)eXMMaT(K3)) /7 xMP
204 CONTINIE
X(1)z 1(1)
X(MN‘—)g T(M\ll')
PO 314 K7 =z2,NN
KI3ZMi. ke
X(K3)3 (Y (ROG=1)eX(KIe1)eHRMeX (KS) ) /HKP
304 COVTINIE
IF(TxeT™MOVM) 228,240,230
C FIND  SUFMATIOV
230 FLT=(X(JL)=T(JL)IVY/ZALPM
CLTSTXI (INDEYY-T(JL)
RME8 +Me (M Teer)
SCI Tz SClL Te( | Tel:LT)
SLT2 S Te(FLTeiLLTY
PRINT 903, 1T7T,¢7¢IN),1D21,Y)
D“'NT 10".77,(1(10): ln’]iv)
PRINY 10z, JiL,ToLCINPEX) , ELT,CLT,SCLY, T
INTE 2 [NDFYe1
TMOVE TIt ([Nit=x)=TIM(INDFX=1)
TMOV! 2 TrA(Vv=,0001
TT2 TTe ARSHE(T0V)
IF(TY-vMLXx) 201,701,205
205 CONTINKE
c PN Nha
DAs S0 T/SH
RALP=z I'A/ALP
RMS3 SNRIF(RM/(CINDEX  Y)
PRINY 29
25 FOSMST (/(AHY0 i NOL,1X,13HDIFFUSIVITY, 2%, 11HDELTA ALPHA,3X,13HDEL
1TA A/ALPvA,9Y,9."MS VALUE))
PRINT 217, U ,ulLP,N0A,RALP,R4S
PN7 FORMAT (1]9,% 1, )
1F (11hReMAXYTY  90R,P08,211
208 1F (6nHSF (WAL PY=.,00005) 211,711,630
7210 APz Al PeDA
ITHRe | TE~ o1

GN 70 &
211 A0 TOo 109
& O TIvg
END

Although this program has been used by the author,
no warranty, expressed or implied, is made as to the ac-
curacy and functioning of the program.
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