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(ABSTRACT)

Microwave tempering experiments were conducted on frozen blocks of shrimp (FSB) and
the results were used to help determine if microwave tempering of FSB is an improved thawing
method over the current, traditional method, water immersion. Results of the microwave
tempering experiments were also used to help determine which microwave tempering method
amongs those explored by this sudy is most effective.

Complete thawing of a FSB in amicrowave oven was found to be impractica; however,
using acombination of microwave tempering followed by water immersion can successfully
thaw aFSB. After amicrowave tempering experiment was conducted, the final stages of
thawing were completed by using the traditiona water immerson method. The amount of time
to complete the thawing was recorded and is referred to as the additiond thawing time. The
amount of shrimp cooked during microwave tempering was aso recorded and calculated as a
percent. The additiond thawing time and the percentage of shrimp cooked were used as criteria
to compare microwave tempering experiments and also to compare microwave tempering
experiments with the current method.

Thefirg set of microwave tempering experiments explored the advantages of freezing a

microwave susceptive materid within the FSB before microwave tempering. FSBswith
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susceptors and FSBs without susceptors were tempered in a microwave oven. The FSBs were
tempered in a 2450 MHz microwave oven at 255 W for 35 minutes and at 406 W for 22 minutes.
The results showed that the addition of susceptors does improve the microwave tempering
process. The percentage of cooked shrimp and the additiona thawing time was lessfor FSBs
with susceptors than for FSBs without susceptors. The susceptors seem to help distribute the
microwave energy more evenly, which reduces runaway heeating and in turn reduces the amount

of shrimp cooked.

When compared to the current method, microwave tempering with susceptors reduced the
tota thawing time by 45% while microwave tempering without susceptors reduced the tota
thawing time by 43%. Both microwave tempering methods, with and without susceptors, are an
improvement over the current method. The addition of susceptors does improve the microwave
tempering process, however, the improvements are not significant enough to judtify its
recommendation.

The second set of microwave tempering experiments explored the advantages of pulse
microwave tempering. During pulsed microwave tempering the microwave oven was st to a
high power level and was turned ON for a period of time and then OFF for a period of time. The
ON/OFF pattern was repeated throughout the microwave tempering process. Severa pulsed
tempering experiments were conducted at a microwave power level of 848 W and at a
microwave power level of 993 W. The results showed that there is no significant advantage to
using pulsed microwave energy during tempering as opposed to continuous, fixed microwave
energy. The results showed that fixed microwave tempering is more effective than pulsed

microwave tempering. The percentage of cooked shrimp was lower for fixed experiments than
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for pulsed experiments and the additiond thawing time was dightly lessfor fixed experiments
than for pulsed experiments.

A mathematica modd was developed to help predict he temperature profiles of a FSB
during microwave tempering. Experimenta temperature data were collected at four locations
within the FSB during microwave tempering by using four Luxtron FHuoroptic temperature
probes and a Luxtron Fluoroptic thermometer. Overal, the temperatures predicted by the moddl
were within 2 °C of the experimental temperatures. After the first 500 seconds or so of
microwave tempering, the temperatures predicted by the modd were consstently less than the
experimenta temperatures.

From this study it was determined that the most effective microwave tempering method,
amongs those conducted in this study, of a 2.2 kg (5 Ib) frozen block of shrimp was
accomplished by setting the power output to 255 W and the microwave cooking (tempering) time
to 35 minutes. As previoudy mentioned, the addition of susceptors does improve the process but
the improvements are not sgnificant enough to judtify its recommendation. Pulse tempering is

not an improved method over fixed tempering.
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Chapter 1

| ntroduction

As of 1995, the total world shrimp supply amounted to 2.64~ 10° kg (5.8 hillion Ib),
which includes both farm raised and wild caught shrimp (Shang et al., 1998). The amount of
shrimp processed, domestic and international, has steedlily increased since the 1960's. Theworld
shrimp supply was 5.46 - 108 kg (1.2 hillion Ib) in 1969, 9.78 " 108 kg (2.2 billion Ib) in 1979,
1.49" 10° kg (3.3 billion Ib) in 1989, and 2.64 ~ 10° kg (5.8 hillion Ib) in 1995 (Keithly et al.,
1993). Thisincreasing trend of world shrimp production is expected to continue. Imports of
shrimp to the USA have aso increased since the 1960’ s and most of this increase occurred
during the 1980's. Import shrimp amount was 1.2~ 10° kg (257 million Ib) in 1979, 1.5~ 10® kg
(336 million Ib) in 1984, and 2.5~ 10°® kg (538 million Ib) in 1989 (Keithly et al., 1993). A
report by Keithly (1993) stated that the vaue of imported shrimp has aso steadily increased
sincethe 1960's. The vaue of imported shrimp in current prices increased from $1.61/kg
($0.73/1b) in 1969 to $6.34/kg ($2.88/Ib) in 1989. Thetota vaue of shrimp imported by the

USA was around $1.6 billion in 1989. This amount is expected to increase over the years since
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the amount of shrimp imported is expected to continue to increase and the vaue of imported
shrimp is aso expected to continue to increase.

The imported shrimp are frozen as raw whole shrimp in the form of blocks and stored on
board fishing vessals at —18 °C (Olsen et al., 1990). Before any further processing of the shrimp
can be made at the shrimp processing plant, the shrimp must be thawed. The thawing of frozen
shrimp at the processing plant is performed by re-circulating freshwater over the blocks. The
thawing processis often referred to as water immersion. After thawing, the shrimp are trested
with various additives. At this point, depending on size and qudity of the shrimp, the shrimp are
packaged for sale, refrozen asindividua shrimp and then packaged for sale, or cooked, refrozen
asindividud shrimp, and then packaged for sdle.

The processing of shrimp at a shrimp plant is atime-consuming and expensive process.
The mgority of the processing time is spent on thawing the shrimp.  The current water
immersion thawing process takes 4-5 hours (Olsen et al., 1990). The length of the processisa
concern of the shrimp plant for severa reasons. One of these reasons isthe fact that the long
thawing process limits the ability of the shrimp plant to adjust purchase orders. Changesin
purchase orders made by commercia companies to the shrimp plant must be made daysin
advance. Since the thawing processis adaylong process, the shrimp plant must process a shrimp
order the day before the ddlivery date. Therefore, an increase to an order made on delivery day,
or arush order usualy cannot be satisfied.

Attempted changes to shrimp purchase orders made on ddliver day can cost the shrimp
plant Sgnificant amounts of time and money. Theinability of the shrimp plant to stisfy rush
orders cogs the industry since thisinability can be viewed as possble revenuethat islos. A

cancelled order or reduction in an order dso hurts the shrimp industry. If an order is cancelled
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the day before or day of ddivery, the shrimp for this order had most likely aready been
processed. The cancelled order leaves the plant with alarge quantity of processed shrimp ready
for ddivery and sde. This shrimp must be placed back in storage, which takes time and
occupies freezer space; furthermore, the time spent processing the order is wasted time, an
additiona cogt to the plant.

The long thawing process aso costs the plant because the thawing process produces
wastewater. The shrimp industry produces large amounts of waste both as solid, heads and
shdlls, and processing water with dissolved and particulate organic compounds. As previoudy
mentioned, the thawing of shrimp is performed by re-circulaing freshwater over the frozen
blocks of shrimp (FSB). The mgority of wastewater produced at a shrimp plant is attributed to
the long thawing process. The digposing of this wastewater isamgor concern from both an
economic and environmenta standpoint.

Improvements to the current thawing method can be made and a faster method that
produces less wastewater is needed. Work done by Roberts et al. (1998) explored the possibility
of usng ohmic hest to thaw shrimp. Results from the study found that ohmic heat can be used to
thaw FSBs. The ohmic heating of a FSB does not use any water and does not produce much
wadtewater. The results showed that the time for ohmic thawing was comparable to water
immerson. The mgor concern of this method is runaway heeting, which occurs because the
electrica conductivity of thawed food is about two orders of magnitude greater than that of
frozen food.

Microwave energy can be used to help thaw FSB. Aswith ohmic heating, the mgjor
concern of thismethod is runaway heating. 1t may be possible to control runaway hesting during

microwave tempering of a FSB by freezing a microwave susceptive materid within the FSB.
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Microwave susceptive materias are currently manufactured in the form of sheets. The shetsare
known as microwave susceptor heater boards, microwave susceptors, or smply susceptors. The
susceptors are currently used in the food industry to assist browning of foods during microwave
heating and are used in microwave popcorn packages. The microwave susceptors are designed
to absorb microwave energy a amuch higher rate than foods.

The microwave susceptive materia can theoretically be used to assst microwave
tempering of aFSB. The materid is frozen in some manner within the FSB. During microwave
tempering, the susceptive meterid absorbs the mgority of the microwave energy. The energy
absorbed is converted to heat and transferred through conduction to the surrounding medium.
The temperature of the surrounding medium rises and the shrimp is thawed. The susceptors will
theoreticaly reduce or diminate runaway heating by controlling the source of heat and limiting
the amount of microwave energy directly absorbed by the FSB. The susceptors so provide an
interna source of heat so that thawing is experienced throughout the FSB instead of from the

surface to the interior.
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Objectives

The god of thisstudy isto determineif the additions of microwave susceptors to frozen
blocks of shrimp sgnificantly improve the microwave tempering process. Severd microwave
tempering tests were conducted in this study. The following are the specific objectives of the

microwave tempering tests and of this study.

1. Identify a microwave power output level and microwave tempering time that is most
effective for the microwave tempering of frozen blocks of shrimp (FSB).

2. Determineif the addition of microwave susceptors to FSBs sgnificantly improvesthe
microwave tempering process.

3. Determine if microwave tempering is an improved method over the current water
immerson method.

4, Investigate the possible advantages of pulsed microwave tempering. Determine if pulsed
microwave tempering is an improved method over fixed microwave tempering.

5. Develop amathematical modd that can predict the temperature profile of a FSB during

the microwave tempering process.
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Chapter 2
Principles of Microwaves

and Microwave Heating

Overview

This chapter begins with a brief description of microwaves and microwave hesting.
Next, an explanation of how microwavesinteract with amaterid and why this interaction causes
an increase in the temperature of the materid isprovided. Of particular interest during this
interaction is the amount of energy a materid absorbs during microwave hegting. Thisisknown
and caculated as the power absorbed and is related to the electrica properties of the materid. A
large portion of this chapter concentrates on power absorption and the related dlectrical
properties.

The second portion of this chapter provides background and history on the thawing of
foods with microwave and the art of microwave susceptors. The section explains why thawing

foods is an important unit process in the food industry and the problems associated with thawing
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of foods. Next, past work done with microwave thawing is presented. The last section of this

chapter contains a description of microwave susceptors.

The Theory of Microwaves and Microwave Heating

Frequency and wavelength

Wavdength or frequency classifies eectromagnetic radiation. Microwaves represent the
€lectromagnetic spectrum between frequencies of 300 MHz and 300 GHz. Usudly microwaves
are described as radio waves of very short wavelength. Microwaves are usudly givenin
centimeters, while radio waves are in kilometers, televison in meters and infrared in microns.
The frequency of microwaves lies between the television frequencies and infrared. The

rel ationship between wavelength and frequency is represented by the following equation:

?2=clf 2.1)

where
? = wavdength in free space (M)

¢ = speed of light (m/s)

f = microwave frequency (1/s)

Frequency is measured in Hertz (Hz) and is equivaent to cycles per second. Microwave

useis regulated by government agencies becauise microwaves are used in radar navigation and
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communication equipment. The USA Federd Communications Commission (FCC) has set asde
frequencies in the microwave range for indudtria, scientific and medica gpparatus. Most
microwave ovens operate at either 915 MHz or 2450 MHz. Microwave ovens manufactured
today for commercid and home usudly operate at 2450 MHz. Some industrid microwave ovens

operate at 915 MHz.

Absorb, transmit, and reflect

In many ways, microwaves are Smilar to visblelight. Microwaves can be focused into
beams, they can transmit through hollow tubes, and they can be reflected or absorbed by a
materid. Microwaves can aso tranamit through materias such as glass ceramics and plastics
without any absorption or reflection. When amaterid absorbs microwaves, the microwave
energy is converted to heat. Some materias reflect or tranamit dl microwaves, such as metals
and plastics respectively; however, most materials transmit a certain percentage of microwaves,
reflect a certain percentage of microwaves, and absorb the remaining percentage of microwaves.
The microwave properties of amaterid determine the amount of microwaves absorbed,

reflected, and/or transmitted.
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Microwave heating

The absorption of microwaves by amaterid results in the microwaves giving up their
energy to the materia. Thistrandfer of energy causes the temperature of the materia to rise.
The microwaves themsdves do not heat up materids. The heat generation in a microwave fied
is caused by ionic polarization and dipole rotation of the water molecule.

The polar moleculesin foods, such as water, interact with microwaves to produce hest.
A moleculeis described as polar if it has a positive and negetive end. The polarity ina
microwave fied changesrapidly. A microwave oven operating at 2450 MHz produces a
microwave field that changes polarity 2.45 billion times per second. Figure 1 shows how polar
moleculesin the presence of microwave field attempt to orient themselves according to the
rapidly changing field (Decareau and Peterson, 1986). The rotation of the molecule leads to
friction with surrounding medium and hest is generated. The rotation of the molecule o
produces kinetic energy, which produces additiona hest.

lonic conduction is another important microwave heeting mechanism. When an dectrica
field (i.e. microwave fidd) is applied to food solutions containing ions, theions move & an
accelerated pace due to their inherent charge. The ions collide and the collisons cause the
converson of kinetic energy of moving ionsinto therma energy. A solution with higher
concentration of ions will have more frequent collisons and therefore heat faster than a solution

with lower concentration.
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Figure 1. Movement of adipole in an dectricd fidd.

Power absorbed, dielectric properties and penetration depth

The amount of power absorbed by a materia exposed to amicrowave fidd is expressed

by the following equation:

P=55.61?210"E? f ?tand (2.2)
where
P = power dissipation (W/nT)
E = voltage gradient (V/m)
f = frequency (1/9)
? = reldive didectric congtant

tand =thelosstangent
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Equation 2.2 clearly show that the amount of power absorbed by a material exposed to a
microwave field depends on the didectric property, ?, of the materid. There are two important
dielectric properties, the relative didectric constant, ?, and the relative dielectric loss, 7'. The
relative dilectric constant expresses the true ability of the materid to store dectrica energy and
the relative didectric loss denotes the ability of the materid to disspate dectrical energy. These
properties provide a measure of a materid’ s eectricd insulating ability. Foods are very poor
insulators and therefore absorb alarge portion of eectrical energy when placed in a microwave
field, which results in instantaneous hesting.

The dielectric properties are measurable quantities and the didlectric loss factor is equa
to the product of two other measurable quantities: the dielectric constant, €, and the tangent loss,

tand:

e' = etand (2.3)

Theloss tangent provides an indication of how well amaterid can be penetrated by an electrical
fiedd and how it disspates eectrica energy as heat.

Over the past few decades research has been done on didlectric measurements of foods.
Our basic understanding of dielectric properties in foods can be attributed to the work of Collie
et al. (1948) and Hasted et al. (1948). Their work provides exact measurements of the debye
parameter which isamgor factor when determining food diglectric properties. Their work has
aso been amgor building block in the development of predictive models for food digectric
behavior which are difficult to develop because didectric properties of foods vary significantly

with frequency, moisture content, temperature, sdt content, and physica date.
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As previoudy mentioned, the power absorbed by a materia in amicrowave fidd is
strongly dependent on the dielectric properties of the materid. The term penetration depth is
often used when describing the amount of power absorbed by a material exposed to a microwave
fidd. The penetration depth isafunction of both dielectric properties and providesinformation
that serves as aguiddine for the heeting efficiency of amaterial. The term penetration depth has

over the years acquired three smilar yet dightly different definitions.

Electrical field penetration depth

Equations that describe microwaves are often written in terms of the eectricd field, E.
The dectrica field penetration depth is defined as the depth at which the dectrical field has
diminished to 1/e of its origind vaue. This definition of penetration depth is used frequently by

microwave engineers but rarely by food scientists or food engineers.

Half-power penetration depth

Haf-power penetration depth is defined as the distance into amaterid microwaves must
penetrate before the microwave power is reduced to one hdf its origind vaue.
Power penetration depth

Thisisthe most useful and commonly used definition of penetration depth. The heating
of aproduct depends directly on the power available at any given position. The power a any

point within an infinite dab is determined by the following eguation:

P(2) / P, = 7% (24)
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where
Po = incident power of microwave oven (W)

P(z) | P, = fraction of power remaining as afunction of distance into the materia

e = Napierian logarithm base, a mathematical congtant
z = location within the materid (m)
dp = power penetration depth (m)

The power penetration depth is therefore defined as the depth a which the microwave
power has decreased to /e or 36.8% of its origina power. The power penetration depth of a
materid isafunction of the microwave frequency and the didectric properties of the materia

and is given by the following eguation:

where
e" =rdativedidectric loss
€' =rdative didectric constant

| o = wavelength of microwave (m)
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Power output and speed of heating

The hegting rate of a dielectric materid is directly proportiond to the power output of the
microwave sysem. A high rate of heeting is possble in a microwave field; however, most food
gpplications require good control on how fast the foods are heated. 1f the foods are heated too
fast, undesirable effects on the physical properties of the food may occur. Measuring the power
output of amicrowave is possible and is accomplished by following the procedure set by the
Internationa Microwave Power Inditute. First heat a quantity of water, two liters, in the
microwave oven for a period of time, 120 seconds, and note the temperature change. The

fallowing equation can then be used to cal culate power output:

P = Vr DTc,/Dt (2.6)

where

V'  =Volume of water = 2 liters = 1000 ml
r =dengty of water (g/ml)

DT = temperature difference (C°)

Cp, = pecific heat of water (Jg-K)

Dt =changeintime (s

P = power output (W)
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Most microwave ovens can operate at only one power level and thus one power output.
This power levd is the operating power level of the microwave oven and is adso referred to as
maximum power, high-power, or one hundred percent power. Since the microwave oven is not
capable of operating at any power level besides the operating power level, the microwave oven
applies pulsed hesting to mimic the desired reduced power level. To operate at a percentage of
the operating power leve the microwave oven runs at maximum power for a period of time and
then shuts off for aperiod of time. This ON/OFF cycle is repeated throughout the entire
microwave-cooking process. The amount of time the microwave oven is turned ON and the
amount of timeit is turned OFF during each cycle is determined by the power setting of the
microwave oven. At one hundred percent power setting, the microwave oven is ON one hundred
percent of thetime. At seventy-five percent power setting the microwave oven is ON for
seventy-five percent of each cycle and OFF for the remainder of each cycle. Thelength of the
cycleisdifferent for different microwave ovens and can be as long as one minute and as short as
amillisecond.

A microwave designed for use in the home has an ON/OFF cycle around sixty seconds
long. These microwave ovens usualy have the following power setting choices: High (T100%),
medium high (T 75%), medium (T50%), and low (T 25%); therefore, a microwave oven of this
type st a medium high-power level would operate for around 45 seconds and shut off for the
next 15 seconds.

Commercid microwave ovens used in the food processing indusiry dlow more flexibility
in the power setting and can usudly have power output adjusted to any percentage of maximum
power output. The commercid microwave oven’'s ON/OFF cycle is much shorter than a

microwave oven designed for use in the home. In fact, the pulsing between ON/OFF can be so
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rapid that multiple cycles can be completed in asecond. Since the pulsing is so rapid, it can be
assumed that this type of microwave oven is operating continuoudy &t the selected power

Seiting.

Thawing Foods with Microwave Ener gy

I ntroduction

The thawing of frozen foodsis an important unit process in the food industry because the
industry relies heavily on large quantities of food that have been preserved by freezing at harvest
time for use throughout the year. The thermd conductivity of frozen foods is three times that of
non-frozen foods. The most common thawing method is to apply heet to the surface of the
frozen food and alow the heat to conduct to the interior. Since the hest is gpplied to the surface,
it thus must travel through the surface to reach theinterior. The surface thaws first and now has
alower therma conductivity than the frozen interior and cannot transfer adequate hest to the
interior without increasing the temperature of the thawing surface to undesirable levels. The
result of thisis long thawing cycles that are often characterized by unacceptable changesin

product qudlity.

Early radio frequency thawing work

Using radio frequency energy was suggested as a solution to the thawing problem in the

middle 1940's. The theory of radio frequency defrosting was discussed by Brown et al. (1947).
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Martin (1945) discussed dectronic defrosting of frozen fruit and Lund (1945) reported that radio
frequency energy was being used commercialy to defrost frozen eggs.

The work of Cathcart and Parker (1946) showed that frozen fruit and eggs could be
thawed in minutes by radio frequencies. Some of the advantages of the new method were that
only foods needed were defrosted, labor was reduced, and production was more flexible. It was
aso noted that it was not necessary to completely defrost the food products, but instead defrost
to the point where it could be broken into smaller pieces.

The scientific work of radio frequency thawing was begun by Ede and Haddow who first
reported on the eectrical properties of foods at high frequency in 1951. They werethefirg to
discover that these properties, in part, determine the amount of electrica energy absorbed by a
food materia. These dectrica properties are known as the diglectric properties. It was at this
time the term runaway heating was coined. During thawing with radio frequency, it was
observed that portions of the food were overheated before the remainder had been thawed. This
behavior was dtributed to variaionsin dectrica conductivity and thus dielectric properties

within the food product.

Microwave thawing

Thawing foods with microwave energy is difficult because of the sgnificant difference
between dectrical properties, didectric properties of ice and water. Table 1 showsthat ice hasa

low didectric loss congtant when compared to water (Schiffman, 1986).
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Table 1. Dielectric properties of water and ice at 2450 MHz

Rdative Rddive Loss
Dielectric congant, € Didlectric loss congant, €' | Tangent, tand
Ice 3.2 0.0029 0.0009
Water (at 25°C) 78 12.48 0.16

Because of itslow didectric loss factor, ice is more transparent to microwaves than water
and therefore water heats up much more rapidly when exposed to microwavesthanice. If the
food product has portions frozen and unfrozen, then the product will experience runaway
heeting. To avoid this, dl portions of the frozen food product should be maintained a a
temperature just below the freezing point throughout microwave oven tempering process. This
can be accomplished by using alow-power setting.

Bengstoson (1963) compared radio frequency thawing at 35 MHz and 2450 MHz.
Although he found both frequencies showed satisfactory results, the thawing time was 20-30
minutes at 35 MHz for a4-5 cm block of meat or fish compared to less than 3 minutes at 2450
MHz. Research by Decareau (1968) showed that beef chunks appear to thaw at the juncture
between pieces a 2450 MHz and therefore large blocks can be easily separated after short
exposure. Frozen seafoods (clam mest, scallops, shrimp, and flounder) were uniformly thawed
to—2.2 to 1.2 °C by using microwave energy (Learson and Stone, 1969). The thawing allowed
the seafood product to be easily separated.

The microwave thawing of frozen, raw, headless shrimp was noted as advantageous for
many reasons (Learson and Stone, 1969); production control was improved; water usage was

substantialy reduced; ice requirements were reduced, since there was no temperature overshoot;
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bacteriologica qudity control was improved and costs were lower than for air or water thawing.
Microwave thawing of shrimp at 915 MHz was reported by Bezanson et al. in 1973.

There are severd important factors to consider when designing a microwave thawing
system. Decareau (1968) summarized these factors suggesting that the system should be
designed in such way that the product goes directly from the freezer to the microwave. If the
product remains in the ambient temperatures too long before microwave tempering, it is not
possible to thaw the core because most of the energy is absorbed by the surface (Meisdl, 1972).
Decareau (1968) aso recommended that thawing not be carried to completion in the microwave.
Thefinal portions of the thawing process should be completed under plant ambient temperature
conditions or, where possible, in water asin case of shrimp.

Miesd (1972) first recognized that microwave penetration from the surface at 2450 MHz
decreases rapidly as the product temperature approaches 0 °C. This makesit dmost impossible
to keep surface temperature of the product low and thaw the core of the product. In studies by
Miesdl on lamb and pork, he found that core temperatures higher than —3 °C were difficult to
achieve without overhegting the surface,

The work of Miesd (1972) and others brought on the idea of microwave tempering as
opposed to microwave thawing. Microwave tempering is defined as raisng the temperature of a
frozen product from frozen storage temperature to temperature dightly below the product’s
freezing point. The penetration depth of microwave energy decreases as temperature of the
frozen product increases. Wang and Goldblith (1976) collected data on the penetration depth of
frozen beef at 2450 MHz and 915 MHz at severa temperatures. Their work is summarized in

Table 2.
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Table 2. Penetration of microwave energy into frozen beef

Temperature (°C) Penetration (mm) Penetration (mm)
2450 MHz 915 MHz
-40 300 600
-20 90 260
-10 20 90

Subgtantialy less energy isrequired if the tempering is terminated at alower temperature. The
work of Wang and Goldblith (1976) showed that haf as much energy is required to temper

frozen beef from —17.7 °C to —4.4 °C, 62.8 Jg, than to temper it to —2.2 °C, 128.3 Jg.

Principles of Microwaves and Microwave Heeting



Summary

The concept of using microwave energy to thaw foods was identified in the early 1950's.
Early work predicted that complete thawing with microwave was not practical; however,
microwave tempering showed great potential. Microwave tempering rather than complete
thawing makes sense because in most cases complete thawing is not necessary, is awaste of
energy, affects quaity, and increases processing time.

Microwave tempering has severd advantages over most thawing processes. The
microwave tempering process can handle large amounts of frozen product at small cost, has a

high yidd, and is accomplished in small spaces with no bacteria growth (Miesd, 1972).

Microwave Susceptors

I ntroduction

Microwave susceptors have been used in microwave packages to assist heating of
microwave products since the early 1980's. Their main use is to combat the lack of browning
that occurs when foods are heated in a microwave oven. The surface of afood product heated in
amicrowave does not become hotter than the boiling temperature of water. For effective

browning, temperatures of over 177 °C (350 °F) are required. A solution to this problem isto
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use an externd source that can provide the temperature high enough for effective browning
(Maynard et al. 1989).

The first type of externa source used came out in the early 1980's and was cdled the
browning dish. The dish was made of ceramic or glass and was coated with athin layer of tin
oxide. When exposed to microwaves, the oxide layer on the dish absorbs the energy and
becomes extremely hot. In fact the temperature of the dish could be raised to as high as 204-
260°C (400-500 °F) (Turpin, 1989). Astime passed, the browning dish lost popularity asthe
development of an inexpensive, disposable externd- heating source that could be incorporated
into each package was devel oped.

Thisinexpengve heater was cregted by depositing athin film of metd on aplagtic film of
polyester and then laminating the metalized film to paperboard (Brastad 1980). The patent of
Bragtad (1981) includes the use of metdlized film to convert microwave energy to hest.
Aluminum with a thickness of around 10-20 angsroms was used initidly. Thisauminum film
and paperboard combination became known as a susceptor heater board, a microwave susceptor,
or smply asusceptor. A susceptor is defined by Winters et al. (1981) as adevice for converting

microwave energy to heat that in turn heats another product.

Theory of susceptors

A metdlic sheet of very low resdtivity (high conductivity) reflects virtudly dl
microwaves. No energy is absorbed in the sheet, since al microwaves have been reflected. On

the other hand, a sheet with extremey high resitivity (low conductivity) is essentialy an
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insulator and nearly al microwaves are tranamitted and none absorbed.  Therefore, sheets of

zero and infinity resgtivity have zero power absorption and thus no hesting.

The maximum possible amount of microwave energy absorbed by a sheet occurs at some

vaue of resdivity between the two endpoints: zero and infinity (Anderson, 1988). The

absorption of a susceptor as afunction of resigtivity can be caculated. Buffler (1991) presented

the following smple equations for calculating the absorption of a susceptor as a function of

resdivity:
1
P =
" @+ar)
r
P =
* (r+05)
P=1-P-P, (29)
where

Pr = power reflected (W)
P, = power absorbed (W)
Pt = power transmitted (W)
r =R/Z,

R = resgtvity of film (O)

Z, = residtivity of free space, 377 O
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According to the equation the maximum vaue of absorption occurs a afilm resistivity of Z,/2 =

188.5 O. Thistheoreticd value agrees well with the experimental results of Lindstrom (1990).

Guidelines for microwave susceptors

Most susceptors are congtructed by vacuum metdlization where athin film of metd is
deposited on a PET subgrate. The most common coating meta is duminum; however, other
metals such as chromium, tin oxide or even silver or gold can be employed (Brasted, 1980).
Aluminum is preferred because it is inexpengve and readily avalable (Turpin, 1980). The
thickness of the coating is correlated with the resstivity and thus the power absorbed. Brasted
(1980) recommended aresistivity of the coating be 1-10 ohms/cn?. Brasted, like Turpin,
recommends thin coatings of auminum applied by vacuum evaporation on a polyester subgtrate
and dates that metal coatings of 0.1 microns or less alow microwave energy to be tranamitted to
acondderable degree. The US patent by Brasted (1980) also mentions that the film can be
supported by paperboard. Intimate contact of the film and the food are essentia to success
because of the low heat capacity of the film.

The US patent of Bahitt (1992) states that the susceptor reaches the desired temperature
within 5- 10 seconds after exposure to the microwave fidd; furthermore, continued heating of the
materia occurs until maximum temperature is resched. The susceptor is designed in suchaway
that it becomes transparent to microwave energy after the maximum temperature is reached.

Limiting the maximum temperature and preventing runaway heeting of the susceptor is
important epecidly for susceptors laminated to paperboard. The problem isthet if the

paperboard temperature goes above 233 °C (451 °F) charring and burning can occur. To solve
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the problem the susceptor is designed in such away that the continuous metal film bresks gpart
into “meta idands’ as the pladtic film expands when heated. This limits the heeting and thus the
temperature since the gaps between the metal have decreased the conductivity. Designing the
susceptor film with aresdivity below the maximum absorbing point dso solves the problem.

By using these two “tricks of the trade’ the susceptor film can be designed to reach a hesting
temperature anywhere between 121-233 °C (250-450 °F) dmost immediatdly after exposure to

microwave fidd and maintain this temperature throughout the microwave cooking process.
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Chapter 3

Modeling the Heat Transfer of Foods

Overview

Presented in this chapter are the basic concepts important for proper modeling of the heat

transfer of foods. The fundamenta equations that govern heat transfer as well as a brief
description of the equations are presented. Solving the equations using numerical methods and

the advantages of numerica methods are discussed. This chapter so contains a brief

description of past work done on modeling the heat transfer in foods during microwave cooking.

Of particular interest when modeling heet trandfer of amaterid is the temperature
digtribution. An accurate mode can provide the temperature distribution at any time during the
heet trandfer process by solving the fundamentd heet transfer equations. Properties of the
materia such as dengty, pecific heat, and therma conductivity are included in the fundamentd
equations. For accurate modeling, the vaues of these properties must be known. For this
reason, the vaues of dengity, specific heat, and thermd conductivity of shrimp aswell as

predicting equations used to estimate these properties are included in this chapter. The electrica
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properties of shrimp are also discussed and vaues are presented. The dectrical properties are
used to estimate the amount of power absorbed during microwave heating.

All knowledge necessary for development of the model has now been presented. A
mathematical mode that predicts the temperature distribution of afrozen block of shrimp (FSB)
will now be presented. The last section of this chapter contains a detailed description of this

modd.

Fundamentals of modeling heat transfer

Modes of heat transfer

Modding the hest transfer in food productsis difficult. Thefirst step isto become
familiar with the fundamentd equations that govern heeat transfer. Hest trandfer isenergy in
trangt due to atemperature difference. There are three modes of hest transfer: conduction,

convection, and radiation. Fourier’s law defines one-dimensiond conduction as follows

dT (3.1)
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where
q = heat flow rate by conduction (W/n')
k = therma conductivity of materid (W/m-°C)

dT/dx = temperature gradient (°C/m)

The therma conductivity, k, is atrangport property and is a characterigtic of the materia
which depends on temperature.

The next mode of hest transfer, convection, is due to conduction and bulk fluid motion.
Convection occurs between a solid surface and a flowing fluid. Newton's law of cooling defines

convection heat transfer as follows:

q"=h(Ts- Ty) (32

where
q = hest flux norma to surface of solid (W/nT)
h = heat transfer coefficient (W/nt-°C)
Ts =temperature at the surface of the solid (°C)

Ts = temperature of the fluid (°C)

The flow property, h, depends on thermd properties, flow conditions, and geometry.

The last mode of heet trandfer, radiation, is defined as energy emitted by matter at afinite

temperature (Incropera, 1990). When modeling the hesat transfer of food products this mode of
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heat trandfer isinggnificant and may be neglected. Thisistrue for most processes that heat

foods except for baking.

Heat conduction equation

The purpose of most food heet transfer model s isto predict the temperature distribution
within the food product during heating. The temperature didtribution at any time during heating
may be predicted by solving the heat conduction equation. The heat conduction equation is
derived by usng Fourier’s law and gpplying the consarvation of energy to adifferentia volume

indde asolid. The following equation is a atement of the conservation of energy:

Es = (Ein — Eout) + Eg (3.3

where
E« =rate of energy Storage at atime =t (J)
En — Eout = net rate of energy entering the control volume by conduction (J)

= = rate of heat generation in the control volume at time =t (J)

Fourier’slaw is used to define the net rate of energy entering the control volume by conduction.

The energy generation term, E, is defined by the following equation:

Eq=gdx dy dz (3.4)
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where

g = energy generation rate per volume (W/nt)
The rate of increase of stored energy, E, is defined by the following equation.

Eq =7C, %dxdydz (39)

where
? =dengty of maerid (kg/m3)

cp = gpecific heat of the materia (Jkg-C°)

The heat conduction equation is derived by subgtituting these conduction rates into the
energy equation and then dividing by the differential volume, dxdydz. The temperature, T
digtribution as afunction of position, X, y, and z and time, t can be caculated by solving the heat
conduction equation. The complicated equation is difficult to solve but is Smply a statement of

the conservation of energy (Vick,1997).

.. " . 3.6
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The heat conduction equation presented uses a rectangular coordinate system. The equation has

a0 been derived in cylindrica coordinates and spherica coordinates.

Numerical methods
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As previoudy mentioned, the heat conduction equation can be difficult to solve. Thisis
especidly true for Stuations involving complicated geometry, nonlinear properties, and/or
nonlinear boundary conditions. For these Stuations, numerica methods are employed.

Numerical methods are employed when modding the hegt transfer of food products. The
most popular methods used are the finite difference method (FD) and the finite e ement method
(FE). Numericd methods provide gpproximate solutions to the equation at a finite number of

points (Vick, 1997).

Modeling heat transfer of foods during microwave cooking

Over the past severa decades, numerous models describing the heat transfer in afood
product during microwave cooking have been developed. Ohlsson and Bengtsson (1971) began
the work on the modeling of the microwave heating process and used FD to solve the
fundamenta hest trandfer equations. In 1995, Zhou et al. developed athree dimensond mode
using FE to predict temperature in food materid's during microwave cooking.

Swami (1982) used FD to model microwave hegting of cylindrical agar. Later that
decade, amathematical model was developed by Taoukis et al. (1987) to predict thawing time
and temperature profiles of microwave thawed meet cylinders. Research by Mdlikarjunan and
Mittal (1994) used FE to modd beef carcass chilling. The mode included thermal properties as
afunction of temperature. The microwave cooking of shrimp was modeled by Mdikarjunan et

al. (1996) as atwo dimensond cylindrical dab usng FD.
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Mogt of the modds mentioned include the microwave energy as the heat generation term
in the governing hesat transfer equation and use some form of equation 2.5 to estimate the
microwave power absorption by the food product. Equation 2.5 isaresult of Lambert’s law and

is frequently used to estimate microwave power absorption of foods.

Propertiesof Shrimp

Thermal conductivity, specific heat and density

The therma conductivity, specific heat, and densty are dl terms found in the heat
conduction equation. The vaues of these properties must be known in order to solve the hesat
conduction equation and determine the temperature profile of the materid during the heat
transfer process.

Research by Mirshain 1997 provided a density prediction model for shrimp and
experimental data of the dengity of shrimp a various temperatures. These experimenta data are

summarized in Table 3.
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Table 3. Dendty of shrimp at various temperatures

Temperature (°C) | Density (kg/nt)
30 1065.24
20 1064.54
10 1064.48
-1 1065.05
-2 1034.61
-5 1019.70
-10 1010.95
-15 1006.78
-20 1003.28
-25 1000.61
-30 998.44

Bandyopadhyay et al. (1998) collected experimental data on the therma conductivity and
the specific heat of shrimp at various temperatures. They developed atheoretica model to
predict the therma conductivity of shrimp and used an empirical model based on the
Schwartzberg' s equation proposed by Succar and Hayakawa (1984) to predict the specific heat
of shrimp. Summary of the experimenta data and the vaues predicted by the modelsis shown

in Table4. Both modds match well with the experimentd results.
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The following is the modified Schwartzberg equation:

Cp.app = C1 T=T, (3.7)

Coapp = Ce +DI(To—T)"  T<T, (3.8)

where

Cpapp = apparent specific heat (Jkg-C°)

Ce = constant whose value islisted in Table 5
C1 = congtant whose vaueislisted in Table 5
D = congtant whose vaueislisted in Table 5
T = temperature of the shrimp (°C)

To = freezing temperature of water (°C)

Table 4. Experimenta and predicted data of the therma conductivity and specific hest of shrimp

(Bandyopadhyay et al. 1998)

Temperature (°C) | Thermd conductivity (W/mPC) Specific heat (kJkg’C)
Experimentd Predicted by Experimentd | Predicted by
Theoretical model empirica modd

30 0.51 0.52 3.63 3.82

20 0.49 0.52 3.63 3.82

10 0.49 0.52 3.63 3.82

-1 0.50 0.52 203.18 207.95

-2 0.96 1.12 53.42 56.30

-5 1.27 1.48 9.9 10.11

-10 1.41 1.59 3.88 3.93

-15 1.49 1.64 2.80 2.82

-20 1.55 1.67 2.38 241

-25 1.58 1.68 2.20 2.27

-30 1.60 1.69 2.10 2.15
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The values of the constants used by Bandyopadhyay et al. (1998) to predict the apparent
specific heat of shrimp arelisted in Table 5. Succar used these congtants in 1989 to predict the
specific heat of lean fish meet. Table 4 and Figure 2 clearly show that the specific heat varies
subgtantialy with temperature. Figure 2 shows that the specific heet increases dramatically near
—1 °C, which is the freezing temperature of shrimp. Thisis due to the fact that a phase changeis

occurring within the shrimp as frozen water within the shrimp changes Sate to weter.

Table 5. Vauesof congtants used in equation 3.7 and 3.8

mc. (%) | Ce (kcd/kgC®) | n() D (kca-C™™Yykg | C; (kcalkg-CO)

Fishmeatleen | 82 0.448 1.999 49.3 0.916

Fishmeatleen | 75 0.282 1.628 41.6 0.874

Table 5 clearly shows that the values of the constants are dependent on moisture content
(m.c.). The shrimp samples used by Bandyopadhyay had a moisture content of 80.75%. He
used smple interpolation to calculate the gppropriate va ues of the constants used in equations
3.7and 3.8.

As previoudy mentioned, Bandyopadhyay et al. (1998) suggested amodel for predicting
the therma conductivity. They used equation 3.9 and the predicted vaues of therma
conductivity found by using equation 3.9 are listed in Table 4. The temperature dependence of

the thermal conductivity term is shown graphicaly in Figure 3.

Modédling the Heat Transfer of Foods 35




5

8

T L

3

Specific heat Cp, kI Hg°C N

5

-10
Temperature T, °C
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Adopted from Bandyopadhyay et al. (1998)

Modeling the Hest Transfer of Foods

10

36




J 14
O I
L
< 12
X
2
=
8 1
-}
S
c
o
O I
g 0.8
)
e
|_

0.6

0 20 -10 10
TemperatureT, °C
Figure 3. Thermd conductivity of shrimp
Adopted from Bandyopadhyay et al. (1998)
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k = -1.35 + 0271(Ty - T) + 4645x, + 05561/(T - T)* - 2.39%,/(T, - T) - 1L21¢,
(3.9)

where
k =thermd conductivity of shrimp (W/m-°C)
T =temperaure of shrimp (°C)
To = freezing temperature of water (°C)

Xw = moisture content of shrimp

Dielectric properties

A modd was developed by Mdlikarjunan et al. (1999) to predict the dielectric properties
of shrimp. The mode equations depend on the temperature and moisture content of the shrimps

and the frequency of the microwave oven.

€=¢ +c,l (3.10)
3,0
e = + o T)g=2=
o+ )872; (3.10)

€'=¢ +CT + Gl

(3.12)
_bb
e'= (% + T + T2 202
elTo
(3.13)
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where
€ = didectric constant
€' =didectric loss factor
T =temperaure of the shrimp (°C)
To = freezing temperature of shrimp (°C)

C, = empiricd parameter whose valueisin Table 6
C, =empiricd paameter whosevdueisin Table 6
aa =empirica parameter whose vaueisin Table 6
Cs; =empirical parameter whosevaueisin Table 6
C4 = empirica parameter whose vaueisin Table 6
Cs =empirical parameter whosevaueisin Table 6

bb = empiricd parameter whosevdueisin Table 6

Table6. Vaue of constantsin equations 3.10, 3.11, 3.12, and 3.13

Frequency | C; C aa Cs Ca Cs bb
(MHz)

2450 58.82 | -0.067 | 1.18 | 18,52 |-0.1407 | 0.0012 | 1.55

915 64.54 | -0.102 | 1.23 |21.13 | 0.0055 | 0.0011 | 1.49

The vaues of the congtants in equations 3.10, 3.11, 3.12, and 3.13 depend on the
frequency of the microwave energy source. The freezing temperature of shrimp, To, is assumed
to be—1 °C. If thetemperature of the shrimp is greater than T,, then the didlectric congtant is

calculated using equation 3.10 and the didectric loss factor is caculated usng equation 3.12. If
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the temperature of the shrimp is less than T, then the di€lectric congtant is calculated using
equation 3.11 and the dielectric loss factor is calculated using equation 3.13,

The temperature dependence of the didlectric congtant and the dielectric loss factor is
shown graphicaly by Figure 4 and Figure 5. Chapter 2: Microwave thawing discussed the fact
that the electrical properties of water are much greater than that of ice. Thisfact isthereason
why water heats up much more rapidly when exposed to microwavesthanice. Figures4 and 5
clearly show that the eectrica properties of shrimp increase dramatically as the freezing point of
shrimp isapproached. Thisislogicd since a this temperature ice within the shrimp is turning to
water. The differencein the eectrica properties of shrimp above and below freezing point

explains why thawed portions of a FSB will heat much more rapidly than frozen portions.
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The Mathematical M oddl

I ntroduction

A two dimensond heet transfer modd was developed to predict the temperature
digtribution of afrozen block of shrimp (FSB) during microwave hegting. Thefinite difference
method was used to solve the fundamentd hesat transfer equations and obtain the difference
equations in the x-y plane. The difference equations were solved using the commercia software
MATHEMATICA 3.0.1. Included in this section is adetailed description of the model. An
electronic or hard copy of the modd coding is available through Dr. C Gene Haugh, Virginia

Tech or Matthew Schaefer, Penn State.

Assumptions

A schematic of the circumstances of which thismode is intended to duplicate is shown
in Figure 6. Figure 6 shows the experimentd testing system, a FSB exposed to a microwave
field with heat convection heat transfer boundary conditions at al four boundaries, x =0, x =L,
y =0, andy =H. Also shown in Figure 6 are the microwaves that cause heat generation within
the FSB. The modd assumes the heat generation term varies only in the y-direction. The heat
trandfer in the z direction of the FSB is neglected. The rectangular coordinate system used by the
mode isshown in Figure 7. The bottom left corner of the rectangular FSB is taken asthe origin,

x=0andy=0.
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The FSB is divided into a specified number of rectangular control volumes. The
formulation of the control volumes is described in more detail later. For now it isimportant to
understand that each control volumeis distinguished with two integer numbers m,n. The integer
m identifies the location of the control volume in the x-direction and the integer n identifies the
location of the control volumein the y-direction.

The FSB isacombination of frozen shrimp and weter; however it is assumed that the
properties of the FSB are that of shrimp. As previoudy mentioned, Lambert’slaw is frequently
used to estimate microwave power absorption by food. As previoudy mentioned, it is assumed
that the microwave power absorption varies only in the y-direction. The modd usesthe

following equation to caculate power absorption:

@ & (H -y )ud (3.14)
SCnp = Qo¥EXpe———150"
é dp g
where
dp = power penetration depth calculated by using equation 2.6 (m)
SCm,n,p = heat generation or power absorbed due to microwave heating
a location “m,n” and time p (W/nT)
H = height of the FSB (m)
Yn = location in y-direction within FSB (m)
Qo = hest generation at the surface of the materia (W/nt)

The heet generation term is afunction of penetration depth and therefore the amount of

power absorbed by the FSB will vary in the y-direction. For example, the heat generation at the
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surface of the FSB will be sgnificantly different than the heat generation at the midway point of
the height of the FSB. The penetration depth is afunction of the dilectric properties, which are
afunction of temperature; therefore, the penetration depth and thus the heat generation are dso a
function of temperature. Chapter 2: Microwave thawing explains that the penetration depth of
microwave energy decreases as the temperature of the product increases. Thismakesit amost
impossible to keep the surface temperature of the product low and thaw the core of the product.
The decrease of penetration depth of a FSB as temperature increases is shown graphicaly by
Figure 8. Figure 8 shows that the penetration of a FSB varies from 35.1 cm a —30 °Cto 1.7 cm
at -1 °C. Asprevioudy mentioned, the heat generation term, equation 3.14, represents the
microwave power absorbed by the FSB during microwave tempering and is afunction of
temperature. Since the penetration depth varies significantly with temperature, it follows that the
power absorbed will aso vary sgnificantly with temperature.

The temperature dependence of the heet generation or power absorbed is shown in Figure
9 and Figure 10. Figure 9 shows that the power absorbed near the surface of a FSB varies from
around 110 kW/n?® at —30 °C to 105 kW/n at 0 °C. Figure 10 shows that the power absorbed at
the core of a FSB varies from around 103 kW/nt at —30 °C to 24 kW/n? at 0 °C. Thefigures
clearly show that the power absorbed by the FSB changes dramaticaly with temperature. As
previoudy mentioned, the power absorbed varies sgnificantly in the y-direction. This difference
isshown in Figure 11, which isaplot of the graphsin Figure 9 and Figure 10. The powers
absorbed at the surface and at the core are comparable at very low temperatures. At —30 °C, the
power absorbed near the surface is 110 kW/nT and the power absorbed at the core is 103 KW/n.
The difference between the power absorbed at the surface and at the core increases as the

temperature gpproaches the thawing temperature of the FSB, -1 °C, with the largest difference
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occurring near the thawing temperature. At —20 °C, the power absorbed near the surfaceis ill
around 110 kW/m?® while the power absorbed at the core decreased to 100 kW/ne. At—10 °C,
the power absorbed near the surface is once again around 110 kW/nt> while the power absorbed
a the core decreased to 92 kW/nt®. At —1 °C, the power absorbed near the surface decreased
dightly to around 105 kW/nt while the power absorbed at the core decreased to 23 KW/n.

The mode developed predicts temperature profiles during microwave thawing or
microwave tempering of a FSB. Obvioudy phase change, more specificaly ice turning to water,
will occur during the microwave thawing or tempering process. The energy required for this
phase change is accounted for using a temperature dependent specific heet term. Unlessthe
boundary conditions are changed by the user, the model assumes a convection boundary type
exigts a dl four boundaries with an ambient temperature of 25 °C and a convection hest

transfer coefficient value of 20 W/(n-C°) (see Figure 6).
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Figure 8. Penetration depth of afrozen block of shrimp (FSB)
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Finite difference method

The following section describes and derives the fundamenta difference equations used
by thismoded. The mode consderstwo dimensiond hest transfer with prescribed volumetric
heat sources and boundary conditions. The following form of the heet conduction equation is
used:

m_1
ft

= — —_+1a?<— + S, Y. 1) - Sy OT (3.15)
Vo

S ﬂxg e Ty

The source term is divided into a portion independent of temperature and a portion
proportiond to temperature. The physica domain is broken into control volumes (CV’s) for
numerica anadyss. Cregting the CV’sis known as control volume discretization and is shown in
Figure 12. Figure 12 is congtructed by first specifying the CV’s and then placing agrid point in
the center of each CV. A CV of zero thickness is then placed around each boundary. A typica
control volume “m,n” from Fgure 12 isshown in detall in Figure 13.  Thefollowing isthe

notation used in Figures 12 and 13.

Notation

p integer indicator of time

pp tota number of time steps

Dt,  timesteplength(s)

m integer indicator in x-direction for atypica CV

mm  total number of CV’sin the x-direction
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?Xm

?Yn

Yn

Tm,n
?XE
?XW
’?yN

?ys

x-direction length of typicd CV “mn” (m)

x-location of the center of typicd CV “m,n” (m)

integer indicator in y-direction for atypical CV

tota number of CV’sin the y-direction

y-direction length of typica CV “m,n” (m)

y-location of the center of typica CV “m,n” (m)

designates the east Sde face of the CV

designates the west Side face of the CV

designates the north side face of the CV

designates the south side face of the CV

temperature at the center of CV “m,n” (°C)

distance between the center of CV “m,n” and its east neighbor “m+1,n" (m)
distance between the center of CV “m,n” and its west neighbor “m-1,n" (m)
distance between the center of CV “m,n” and its north neighbor “m,n+1" (m)

distance between the center of CV “m,n” and its south neighbor “m,n-1" (m)
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The heat conduction equetion is integrated over atypica control volume and time.

b NEG] & 16, ﬂaf-(ﬂT L
. AL LI t Y, )T - 2C, —ixdydt = 0
0 008 s T I & e T by ) - by T - 2G, bl

Details of the integration are presented in Appendix A. After parforming the integration, the

solution is preserted in the following form:

nTnQ,n' aVVnnI?}ln aEm m+1n aSn mnl aNm mn+1 bmn

(3.17)
where

k 2k . 0
aV\(n,n yn_ = Oyn P 1n7mn :
g Xm 1 m,n + kam 1ng

Kk & 2k, 6

aEmn _ f)yn ,)E - Oyn > ln’)mn *

Xe g Xﬂ+1kmn + kam+an

aSnn _r)xmo__,;xmai 2kmnlmn 9

yS g yn 1 m,n + ynkmn 1@

Ee 2km,n +1™m,n O

K
N = 2% 5= = PXn H
" ?yn g?ynkm,nzl + ?yn+lkm,nb

20, = (?Cp)m’n?xm?yn o
p

= aQ,, +aW,, +aE,, + aS,, +aN,, + SE,.?2%:?V,

— p-1
IDm,n - aQn,nTm,n + $?n,n?xm?yn
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Boundary conditions

For this two-dimensiond transent heat conduction mode there are four boundary
conditions, onea x =% =0,oneay =y, =0,0nea X = Xym+1 =L, andonea y = ypn+1 = H.
The control volume discretization method used places agrid point on the boundary surrounded
by avolume of zero thickness. This alows the boundary conditions to be used directly. At each
boundary dl but one neighbor coefficient in equation 3.17 is zero. The modd can handle three
types of boundary conditions, a constant hesat flux, a constant temperature, or convection. As
previoudy mentioned, convection hegt transfer is assumed to be the boundary condition at each
boundary. The vaues of the coefficients depend on the type of boundary condition. The user
may change the boundary condition type; however, if the user chooses to change the boundary

condition type the user must dso enter the vaue of the heat flux or congtant temperature. The

notation used in Tables 7, 8, 9 and 10 is described in Appendix B.

Table 7. Coefficient valuesa x = 0 dl coefficients zero except akp n

Boundary Inputs

aEo,n

a0n

BO,n

T¥X0n, hxOn

kP1 o/(Dx1/2)

akEp n + hxOn

HxOn~ T¥xOn

Table 8. Coefficient vauesat x =L dl coefficients zero except aWmm+1.n

Boundary Inputs

aWmm+1,n

Amm+1,n

bmm+1,n

T¥xLn, hxLn

KPmm,n/(DXmm/2)

anm+17n + hXL n

hxLn~ T¥xLn
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Table 9. Coefficient valuesa y = 0 dl coefficients zero except at aNm o

Boundary Inputs | aNm,o an.o Bmm+1,n

T¥yOm , hyOm kPrm.1/(Dy1/2) aNm,0 +hyOm HyOm ™ T¥yOm

Table 10. Cofficient vauesa y = 0 dl coefficients zero except at aSnnn+1

Boundary Inputs | aSmnn+1 8m,nn+1 Brmm+1,n

T¥yHm ’hyHm kpm,nn/(DYnn/Z) aSm,nn+1 + hyHm HyHm ! T¥yHm

A large number of Smultaneous equations now exist and solving them can be difficult.
Vick (1997) suggests the use of the line-by-line method. This method is a combination of the
direct tridiagond agorithm used to solve one-dimensond problems and the Gauss- Siedd

method.

Model description

Thefollowing section is a detailed description of the two-dimensiona hegt transfer model

used to predict the temperature profile in FSB during microwave hegting.

User inputs

The mode requires the user to input severd values. The user entersthe height, length

and width of the frozen shrimp block (FSB) and dso theinitid temperature of the block. The

freezing temperature of shrimp, Tshrimp, is assumed to be—1 °C. Thisvaueisused in the
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equations that are used to caculate the didectric properties of the FSB. The user may change the
value; however, it is not recommended.

The user next enters the total microwave cooking time, MCT, in seconds and chooses the
time step, . 1t is recommended that the time step be no greater than thirty seconds and no less
than five seconds. The mode was run using a thirty second time step, aten second time step, a
five second time step and a one second time step and the calculated temperature profiles were
compared. The temperature profiles ca culated when using a thirty second time step varied on
average by only 0.04 °C from the temperature profiles calculated when using a one second time
sep; however, the computation time varied significantly. The computation time for athirty
seconds time step was 26 seconds while the computation time for a one second time step was
1051 seconds.  Summary of the results used to determine the recommended time step length is

ligedin Table 11.

Table11. Data used to determine appropriate time step length

Computation | #of XxCV's | #ofyCV's | 2t Average
Time (9 Difference (°C)
26 5 3 30 0.04
73 5 3 10 0.01
151 5 3 5 0.01
1051 5 3 1 --

After the time step is selected, the user enters the power leve of the microwave oven.
The modd cdculates the heat generation at the surface of the materid by dividing this power
level by the volume of the FSB. The user enters either 915 MHz or 2450 MHz asthe

operating frequency of the microwave oven. The mode then chooses the appropriate constants
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for equations 3.10, 3.11, 3.12, and 3.13, which are used |ater to calculate the dielectric properties
of the FSB. Finaly, the moisture content of the FSB is entered. The moisture content entered
must be less than or equal to 0.85 and greater than or equa to 0.75. If the user does not enter a

vaue for the moisture content then the modd assumes the moisture content is equa to 0.80.

Formulation of control volumes

Experiments were conducted that collected temperature data of a FSB during microwave
tempering. Four temperature probes were placed at specific locations and the location of these
probes is described in Chapter 4: Sample Preparation. All four probes are positioned to a depth
of 254 cm (1in.) and at the midway point of the width, 9.525 cm (3.75in.). The postioning of
the four probes varies only in the x-direction. One end of the FSB istakenasx = 0. Probe#1is
located at x = 4.445 cm (1.751n.), probe #2 a x = 10.16 cm (4 in.), probe #3 at 16.51 cm (6.5
in.), and probe #4 a 22.225 cm (8.75in.). The model constructs an x-grid and y-grid when
formulating the control volumes. The x-grid and y-grid are constructed and the modd is able to
predict the temperature at the center of each control volume. The center of four of these control
volumes is the location where a temperature probes was placed. This alows for acomparison
between experimenta data and temperature vaues predicted by the modd. A recommended
number of CV’sin the x-grid and y-grid were determined in asimilar manner asthe
recommended time step was determined. The results found that the y-grid should have &t least
five CV’'sand the x-grid at least ten CV'’s. Increasing the number of CV’sin ether direction

from these recommended vaues does not significantly change the temperature profiles
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cdculated by the modd. Unless the user changes the grid size, the model constructs and uses a

x-grid with ten CV’sand ay-grid with five CV’s.

Material properties

Since severa of the materia properties are dependent on temperature, the model

ca culates these properties at each time step by using the values found from at previous time step.

The temperature dependent properties are therma conductivity, specific heet, diectric constant,

and didectric loss factor.

Microwave properties

The mode contains afunction, TempAverage, which caculates the average temperature
of the FSB a each time step. The didlectric congtant is calculated at each time step by using the
function DielectricCongtant, which uses either equation 3.10 or 3.11 to calculate the didectric
congtant. The dielectric loss factor isdso caculated at each time step by using the function
DielectricL ossFactor, which uses either equation 3.12 or 3.13. The DidectricConstant and
DidectricL ossFactor functions use the caculated average temperature as the vaue of the
temperature of the shrimp. The didlectric properties vary with temperature and thus time;
however, the model assumes that the dielectric properties do not vary with position. The
penetration depth of the FSB is afunction of the didectric properties and therefore time. The
model calculates the penetration depth at each time step by using the function PenetrationDepth,

which uses equation 2.6.
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Thermal conductivity

The therma conductivity is caculated at each time step by using the function
Therma Conductivity, which uses equation 3.9. The equation clearly shows that the thermal
conductivity is dependent on temperature, which is dependent on position and time; therefore,

the therma conductivity isindividudly caculated not only a each time step but dso at every

grid point.

Soecific heat

The specific heat is dso dependent on temperature and thus position and time. The
gpecific heat is cdculated a each time step and at each location by using the function
SpecificHesat, which is uses either equation 3.7 or 3.8. The modd consdersthe fact that the
congtants in equations 3.7 and 3.8 depend on moisture content and cal cul ates the appropriate

constants to be used in the equations.
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Density

The dengity of the shrimp is assumed by the model to be constant and equa to 1000
kg/n?. The function DensitySpecificHest is the product of the density and specific heat. The

function calculates this product at each time step and location.

Boundary conditions and formulation of time steps

The next step of the modd isto discretizetime. The user has already entered the time
sep and totd time. After these parameters were entered, the model calculated the total number
of time steps, pmax.  All information needed for the mode to discretize time has been provided.

The modd specifies the type of boundary condition, constant hegt flux, constant
temperature or convection at each boundary. A constant heet flux boundary is referred to as
boundary condition type 1, a constant temperature is referred to as boundary condition type 2,
and a convection boundary condition is referred to as boundary condition of type 3. By ating
BCx0 = 3 thisexplains that the boundary condition at x = O is governed by convection. This
notation is used at al four boundaries, i.e. BcyH = 1 explains that the boundary conditiona y =
H is governed by a congtant temperature. The model assumes a type three boundary condition
exigs a al four boundaries. Furthermore, the vaue of the convection hegt transfer coefficient at
each boundary is assumed to be equd to 25 W/(mf-C°) and the ambient temperature at each
boundary is assumed to be equa to 23 °C. The mode assumes these values are constant and do

not vary with pogdtion or time.
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The modd isflexible and if the user desires he/she may change the vaue of the
convection heet transfer coefficient or ambient temperature or even vary the vaue of the
convection heat trandfer coefficient or ambient temperature with position and/or time. The user
may aso enter adifferent type of boundary condition a any boundary. If the user decidesto
apply adifferent type of boundary condition then he/she must aso enter the appropriate
boundary condition inputs. The boundary condition inputs include the vaue of heet flux for
boundary condition type 1, the value of congtant temperature for boundary condition type 2, and
of course the value of the heat transfer coefficient and the ambient temperature for boundary

condition type 3.

Heat generation due to microwaves

The heat generation due to microwaves is dependent on position and the penetration
depth. The penetration depth depends on the didlectric properties, which are dependent on
temperature. Thusthe heat generation isafunction of position and time. The heat generation
due to microwavesis cacuated a each time step and position by using the function
HeatGeneration, which uses equation 3.14. The source term, Spm,n,p is assumed by this model to

be equal to zero.
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Calculate the coefficientsin the finite difference equation

The mode calculates the coefficientsin equation 3.17 at each time step. The functions
IteriorCoefficientsl, InteriorCoefficients2, InteriorCoefficients3 and InteriorCoefficients4 are
used by the modd to cdculate the vaues of aWn n, 8Em n, 8Sm.n and aNp . The vaue of these
coefficients depend on the therma conductivity, which may vary with position and time; for this
reason, the modd ca culates the coefficients at each time step and each location except for the
boundaries. The zero coefficients at the boundary are set equal to zero. The function
InteriorCoefficientsis used by the modd to caculate the values of a0, n, an n, @d by n. The
vaue of these coefficients may aso vary with position and time so the modd calculates the
coefficients at each time step and location except for the boundaries.

The coefficients a the boundaries are caculated by the functions CoefficientsAtx0,
CoefficientsAty0, CoefficientsAtxL and CoefficientsAtyH. The function CoefficientsAtx0
ca culates the non-zero coefficients al , @p,n and by n. The function CoefficientsAtxL caculates
the non-zero coefficients aWmm«+1.n, @nm+1,n ad bmm+1,n. The function CoefficientsAtyO caculates
the non-zero coefficients aky, o, am,0 and bm 0. The function CoefficientsAtyH ca culates the nor+

zero COdeCIGIT[S aEm,nn+1, an,nn+1 and bm,nn+1-
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Solving finite difference equations

The function IterateForTemperatures ca cul ates the temperature profiles by using the
line-by-line method suggested by Vick (1997). The function works in the following manner.

The function continues to ca culate the temperatures aslong as the initid While statement is
satisfied. The While satement asksif avaue known as RdativeChange is greater than
RelativeChangeMax and if iterations, is less than iteretionsmex.  The ReaiveChangeisinitidly
set to avaue equa to RelativeChangeMax + 1 and the iterations, isinitidly set equd to zero.
This ensures the While statement is satisfied and the ensuing Do statement that calculates
temperatures will beinitidly activated. Next, the function stores the temperatures caculated at
each location from the previous iteration and names them Toldm . Iterations; is now equd to one
more than it was before the While statement was satisfied.

The Do satement solves for the temperatures by using the line-by-line method. After the
temperatures are caculated a vaue caled AverageChangeis cdculated. The AverageChangeis
equal to the sum of the absolute difference between the temperature just calculated and the
temperature caculated by the previous iteration at every location divided by the total number of
grid points. The average temperatureis aso caculated and is caled AverageTemp. The
RdativeChange is equd to the AverageChange divided by the AverageTemp.

The user can st the convergence criteria. Otherwise, the value of RelativeChangeMax is
set by the modd to be equal to 10 and the value of iterationsMax is five. The model now sets
the initial temperatures of the FSB at each location equa to the initid temperature entered by the

user.
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Solve for temperatures at each time step

The mode has established al necessary functions to caculate temperature profile of the
FSB at each time step. The functions are called upon at each time step in the following order:
TempAverage, DidlectricCongtant, DidlectricL ossFactor, PenetrationDepth, HeatGeneration,
Therma Conductivity, SpecificHeet, DensitySpecificHest, I nteriorCoefficientsl,
InteriorCoefficients?, InteriorCoefficients3, InteriorCoefficients4, InteriorCoefficients,
CoefficientsAtx0, CoefficientsAtxL, CoefficientsAtyO, CoefficientsAtyH and finaly
IterateForTemperatures. The corner temperatures are assigned as equal to the average of the

temperatures of the north neighbor, east neighbor, south neighbor, and west neighbor, whichever

two apply. Themode is now ready to print the temperature profile of the FSB at each time step.
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Chapter 4

| nstrumentation and Experimental Procedure

Overview

This chepter describesin detail the microwave tempering experiments conducted by this
sudy. Indl eght different microwave tempering experiments were conducted on frozen blocks
of shrimp (FSB). The microwave power levels used and microwave cooking times chosen for
these experiments were based on observations made during preliminary experiments. Each

different experiment was conducted three times.

Thetesting system

The FSB’s were tempered in a microwave convection oven, model number LBM-
1.2A/9276, designed and built by Cober Electronics. The microwave oven is cagpable of
operating a any percentage of its operating power and has a very short (less than one second)
ON/OFF cycle (see Chapter 1: power output and speed of heating). During microwave

tempering, the temperature of the FSB was recorded at four locations within the FSB. The
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temperatures were recorded by using four Luxtron Fluoroptic temperature probes, model number
SFF2, aLuxtron Fluroptic thermometer, model number 790, and a computer for data acquisition.
The FSB was placed in the microwave oven cavity on astand. A schematic of the stand
isshown in Figure 14. The stand was congtructed out of Plexiglas, plastic screws and glue.
During the microwave tempering, ice is thawed and water is produced. Preliminary experiments
found thet if this water is not removed from the microwave oven the water continues to heat and
turnsto steam. This steam does not temper the FSB but rather cooks the shrimp. Numerous
0.635-cm diameter holes were drilled through the base of the stand. The holes dlowed any
thawed ice produced during microwave tempering to drain into afunne shown in Figure 15.
The funnd drainage system was constructed from aregular Frishee, afunne, Teflon tubing,
Duck tape and glue. The drainage system is placed under the stand and the Teflon tubing runs
through a circular opening drilled through the bottom of the microwave oven cavity. The
openingwas 1.27 cmin diameter and wasis located in the center of the base of the microwave
oven.
A schematic of the microwave tempering testing system is shown in Figure 16. The
figure shows a FSB in the Plexiglas stand, the drainage system placed beneeth the stand, and the

temperature probes connected to the thermometer.
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Frott View Top View

Figure 14. Schematic of the Plexiglas stand

Figure 15. Schematic of the funnd drainage system
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Figure 16. Schematic of microwave testing system
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Acquiring the shrimp and microwave susceptors

A roll of microwave susceptor film laminated to paper was obtained from Phoenix
Packaging, Maple Grove MN. Jeff Laney, Nationa accounts manager a Phoenix Packaging,
was kind enough to donate this rall of film to the Virginia Polytechnic and State University. The
susceptor has aresistance of around 80 ohms/square and is made from duminum at athickness
of around 20 anggtroms. The duminum is metallized to polyester film and then laminated to
paperboard.

Ten blocks of frozen shrimp were obtained from Neptune Seafood inc., Norfolk VA and
used during preiminary testing. Information obtained by the preliminary tests was used to help
design the microwave tempering experiments. The shrimp from Neptune were sized at 31/35,
had the shell on, and were headless. Shrimp sizes are expressed in counts per pound or per
kilogram. For example, 31/35 means 31 to 35 shrimp per pound. Each block from Neptune had
anet weight of 2 kg (4.4 1b).

After completion of the preiminary experiments, an additiona 30 blocks of shrimp were
purchased from Rich Sea Pack, St. Smon GA. Each block weighed 2.2 kg (5 Ib). The shrimp
were headless with shell off and sized at either 130/150 or 150/200. All thirty blocks were
obtained from the same source; therefore, it is assumed that the properties of the shrimp used

during each microwave tempering experiment are identicd.
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Sample preparation

The shape and size of the FSB, the location of the microwave susceptor, and the location
of the temperature probes were identica for each experiment. This was accomplished with the
help of two wooden boxes shown in Figure 17 and Figure 18. A 0.635 cm (0.25in.) thick piece
of oak plywood was used as the base of each box and pine boards with awidth of 1.9 cm (0.75
in.) and aheight of 8.9 cm (3.5 in.) were used for the front, back, and sides. The wooden boxes
were identica in Size, which ensured the length and width of each FSB formed was identicd. As
shown in Figure 17 and 18, the box forms a FSB with alength of 9.05 cm (7.5 in.) and awidth of
26.67 cm (10.51in.).

The FSB used during experiments were formed in the following manner. A FSB
obtained from the Neptune Seafood or Rich Sea Pack was removed from awalk-in freezer
maintained at -20 °C and placed in alarge cylindrica container. The container was filled with
cold water and the FSB was dowly thawed. Once the temperature of the block had reached a
point in which the shrimp could be individualy separated the water and shrimp in the container
were poured into alarge strainer.

While the FSB thawed, the wooden box was assembled. The base, front, back, and two
sides of the wooden box were screwed to each other and to the base. To prevent leakage, Crisco
was gpplied to al contact surfaces before the box was screwed together. Crisco was then applied
with abrush to the indde surfaces. A piece of wax paper was placed on top of this layer of

Crisco.
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Figure 17. Top view of wooden box used to formulate a FSB without susceptors
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Figure 18. Top view of wooden box used to formulate a FSB with susceptors

Units for the dimensonsare cm (in.)

Instrumentation and Experimenta Procedure

(7.5)

(7.5)

74



For experiments conducted on a FSB with no microwave susceptive materia, the wooden
box preparation has at this point been completed. However, some of the experiments designed
required the microwave susceptive material to be frozen within the FSB. For these experiments,
the pogitioning of the microwave susceptive film was part of the wooden box preparation.

The paper-thin microwave susceptor sheets were cut into rectangles measuring 26.6 cm
(85in.) inlength and 7.62 cm (3 in) in height. For reasons discussed later in Chapter 5, it was
decided that the sheets would be frozen verticaly within the FSB. The length of the FSB was
26.67 cm (10.5 in.) and a microwave susceptor sheet was positioned at 8.89 cm (3.5in.) and
17.78 cm (7 in.). Postioning and securing of the sheets was a problem. The sheets were paper-
thin and did not stand vertically on their own; furthermore, the sheets had to be positioned a
exactly 889 cm (3.5in.) and 17.78 cm (7 in.) for each experiment. This problem was solved by
the following method. First 20.635 cm (0.25 in.) deep and 2.54 cm (1 in.) wide rectangular
cavity was carved into the ingde front and back walls of the wooden box. The cavity extended
from the bottom to the top of the box. Indl, four rectangular cavities were carved. The cavities
are shown in Figure 18.

One cavity was carved on the front wal in such away that one Sde of this rectangular
cavity was located a 8.89 cm (3.5 in.) and another cavity was carved so that one Sde of this
rectangular cavity waslocated at a17.78 cm (7 in). Identica cavities were then carved into the
back wall. Rectangular wooden blocks 8.89 cm (3.5in.) tall, one 2.54 cm (1 in.) wide and 0.635
cm (0.25 in.) deep were made and used to “plug” the cavities and hold the microwave susceptor
sheetsin position. The microwave susceptor sheet was placed verticaly in the wooden box at
either 889 cm (35in.) or 17.78cm (7 in.) and the ends of the sheet were placed into the

cavity. A wooden block was then snugly placed into one of the cavities, trapping one end of the
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sheet. The sheet was pulled tight so that it stands vertical and the wooden block for the opposite
sdewasinserted. Figure 19 shows atop view of the wooden box before the susceptor sheets are
postioned in the box and Figure 20 shows a wooden box with microwave susceptor sheets.

After the box was prepared, it was placed in a-20 °C freezer.

The wooden box was now reedy to be filled with shrimp. The shrimp were removed
from the strainer and placed gently, by hand, on top of the wax paper indde the frozen box. The
shrimp were placed in such away that the height of the entire block was equd. 1ce water was
then poured into the box and the entire box was covered with plastic wrap and placed insgde the -
20 °C freezer.

The origind FSB was a combination of frozen shrimp and water. Preliminary
experiments found that the block could contain anywhere from 200-600 ml of water. In order for
the FSBs formed in thiswooden box to be identical to a FSB processed at a seafood industry,
this water must be taken into congderation. The water was accounted for by two factors. One,
the shrimp was placed inside the box immediatdy after it was Srained. Thus, this shrimp was
wet and carried a ggnificant amount of the water. Preliminary experiments and observations
found that this did not account for dl of the water and that adding 50 ml of water to each block

was necessary. The shrimp blocks formed had an approximate height of 5.08 cm (2in.)
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Figure 19. Top view of awooden box before susceptors are positioned

Figure 20. Top view of awooden box after susceptors are positioned.
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The wooden boxes congtructed were assembled in five pieces and could be easily
dismentled by removing the screws. The boxes were constructed in this manner becauseit is
difficult to remove the FSB from the box without dismantling the box. A wooden box held
together by screws no matter how tightly cannot hold water without lesking. Wet shrimp and
water were to be placed insde the box and an obvioudy concern was water lesking out of the
box during freezing process. Prdiminary experiments helped determine the best method for
ensuring no leskage would occur during freezing process. The combination of Crisco, wax paper
and freezing the box solved the problem. Using a frozen box was essentid; this helped speed the
freezing process of the water and shrimp, thus giving less time and opportunity for leskage to
occur.

The wooden box filled with the water and shrimp mixture was left indde the -20 °C
freezer until the mixture formed into asolid. After phase change was accomplished, the box was
removed from the freezer. As previoudy mentioned, the box formsa FSB that is 19.05 cm (7.5
in.) long and 26.67 cm (10.5in.) wide. Four 0.3175-cm (0.125-in.) diameter holes were drilled

into the FSB to adepth of 254 cm  (1in.) and at locations shown in Figure 21.
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Figure 21. Location of temperatures probes
Unitsfor the dimensions are cm (in.)
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The holes were drilled precisely at these locations by the following procedure. A mark
was made on the top of the 19.05 cm (7.5 in.) long left and right walls at exactly 9.53 cm (3.75
in.). The marks were made using a straight edge and a sharp knife. The markings were then
emphasized with amarker. Similar markings where made on the top of the 30.48 cm (12 in.)
long front and back walls at exactly 6.35 cm (2.5in.), 12.07 cm (4.75in.), 1842 cm (7.251in.),
and 24.13 cm (9.5in.). The markings are shown in Figure 22, which isatop view of atypica
box. By using the markings, a piece of masking tape was placed from the |eft wall to theright
wall at exactly 9.53 cm (3.751n.). Similar strips of masking tape were placed from the front wall
to the back wall at 6.35cm (2.5in.), 12.07 cm (4.751n.), 18.42 cm (7.25in.), and 24.13 cm (9.5
in.).

Figure 23 shows visudly how the desired locations of the temperature probes are marked
by the intersection of the masking tape. The desired locations were marked, the tape was
removed and the holeswere drilled. As previoudy mentioned, the holes were drilled to a depth
of 254 cm (1in.). A piece of tape was wrapped around the 0.3175-cm (0.125-in.) diameter drill
bit at exactly 2.54 cm (1in.). The tape prevented the drill bit from penetrating any deeper than

254cm(lin.).
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Figure 22. Top view of wooden box with markings used to accurately position temperature
probes. Unitsfor the dimensionsare cm (in.).

Figure 23. Top view of wooden box with intersection of masking tape used to accurately position
temperature probes.
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The shrimp and water has frozen into a FSB and the holes for the temperature probes
have been drilled. Next, the wooden box was dismantled and the FSB was placed on atray. The
diameter of the temperature probes was between 0.229 cm (0.09 in.) and 0.279 cm (0. 11 in.),
which is dightly smaler than the diameter of the holes. The probes were gently inserted into the
holes. Since the diameter of the holes was larger than the diameter of the probes, asmal gap
existed. This gap wasfilled in with amixture of shrimp and water that was kept in a4 °C
refrigerator. The mass of the FSB was recorded and the FSB was placed inside a freezer
maintained at -40 °C. Preiminary experiments found that the FSB should be stored inside this

freezer for aminimum of two hours before conducting the microwave tempering experiment.

Experimental testing

Next, the FSB was removed from the freezer and placed in the Plexiglas ¢and. The stand
and FSB were then placed ingde the microwave oven on top of the funnd drainage system and
in the center of the microwave (Figure 16). The temperature probes were connected to the
thermometer. The computer used for data acquisition was turned on and the data acquisition
program, DiskSave, was initiated. The program was instructed to record temperature in degrees
Cdsus every second. The microwave oven cooking time and power level were st to the
appropriate values. These vaues were determined by conducting numerous preliminary
experiments.

A series of preliminary tests were conducted to help determine a microwave power leve
and cooking time that is mogt effective for tempering a FSB. The tests found that this power

level is between 30% and 40%. Further testing found that a FSB stored at -40 °C can be
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sgnificantly thawed with minima cooking of shrimp by microwave cooking a 30% power leve
for 35 minutes.

The power output of the microwave oven was determined for the following power levels
100%, 90%, 80%, 70%, 60%, 50%, 40%, 30% and 20%. The method used for determining
microwave power output is described in Chapter 2: Power output and speed of heating and the
temperature data and caculaions are in Appendix C. Table 12 isasummary of the microwave

power outputs at each power level.

Table 12. Power output of microwave oven

Power level (%) | Power output (W)
100 993
90 885
80 848
70 794
60 639
50 550
40 406
30 255
20 101

A FSB tempered by this microwave oven at 255 W (30%) power level for 35 minutesis
exposed to 535.5 kJ of microwave energy. In dl eight different microwave tempering
experiments were conducted by this study. Each type of experiment used approximately 535.5
kJ of microwave energy. For example, the microwave oven at 406 W (40%) power level hasa
higher power output, 406 W than a 255 W power level; therefore, the microwave cooking
(tempering) time for 406 W power level isaround 22 minutes. In 22 minutes a 406 W power

leve the FSB is exposed to 535.9 kJ during microwave tempering.
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Microwave tempering a 255 W power level for 35 minutes and at 406 W power leve for
22 minutes was conducted on FSB. The tests were conducted on atypica FSB without
susceptors and a FSB with susceptors frozen within it in the manner previoudy described. A
series of experiments that explored the effectiveness of pulsed heating (tempering) were dso
conducted. The pulse experiments were adso based on using 535.5 kJ of energy and aso on the
previoudy determined microwave cooking times for 255 W and 406 W power levels. The pulse
experiments used a high-power level, either 848 W (80%) or 993 W (100%), and were designed
to mock the 255 W and 406 W power level experiments. For example, the 255 W power level
test was mocked with pulsed heeting a 406 W power level. To accomplish this, the microwave
oven was turned ON for 18 seconds and then turned OFF for the next 42 seconds. This ON/OFF
cycle was repeated until 35 minutes was reached. The 255 W power level test was also mocked
with pulsed heating a 993 W power level and the 406 W power level test was mocked with
pulsed heating at 848 W power level and 993 W power level. The ON/OFF cycle for each pulse
experiment was 60 seconds and the microwave cooking time was 35 minutes for pulse
experiments mocking 255 W power level and 22 minutes for experiments mocking 406 W power
level. Cdculations used to find microwave cooking times and total energy for the experiments

arein Appendix D. Thefollowing is a detailed description of each experiment conducted.
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Test: 255 W power level.
Description: The FSB was tempered in the microwave oven a 255 W power leve for 35
minutes. The FSB was exposed to gpproximatdy 535.5 kJ of energy during the

microwave tempering process. The test was conducted three times.

Test: 255 W power level with susceptors.

Description: The FSB with microwave susceptive materia was tempered in the
microwave oven at 255 W power level for 35 minutes. The FSB was exposed to
gpproximately 535.5 kJ of energy during the microwave tempering process. The test was

conducted three times.

Test: 255 W pulsed at 848 W power level.

Description: The FSB was tempered in the microwave oven with pulse heating at 848 W
power level for 35 minutes. During each minute of microwave tempering, the microwave
oven was on a 848 W power leve for 18 seconds and then turned off for the next 42
seconds. This cycle was repeated until 35 minutes was reached. The FSB was exposed
to approximately 534.2 kJ of energy during the microwave tempering process. The test

was conducted three times.

Test: 255 W pulsed at 993 W power level.
Description: The FSB was tempered in the microwave oven with pulsed heeting at 993 W
power level for 35 minutes. During each minute of microwave tempering, the microwave

oven was on a 993 W power leve for 15 seconds and then turned off for the next 45
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seconds. This cycle was repeated until 35 minutes was reached. The FSB was exposed
to approximately 521.3 kJ of energy during the microwave tempering process. The test

was conducted three times.

Test: 406 W power leve.
Description: The FSB was tempered in the microwave oven at 406 W power leve for 35
minutes. The FSB was exposed to gpproximately 535.9 kJ of energy during the

microwave tempering process. The test was conducted three times.

Test: 406 W power level with susceptors.

Description: The FSB with microwave susceptive materia was tempered in the
microwave oven a 406 W power level for 35 minutes. The FSB was exposed to
goproximately 535.9 kJ of energy during the microwave tempering process. The test was

conducted three times.

Test: 406 W pulsed at 848 power leve.

Description: The FSB was tempered in the microwave oven with pulsed heating at 848 W
power level for 22 minutes. During each minute of microwave tempering, the microwave
oven was on a 848 W power leve for 30 seconds and then turned off for the next 30
seconds. This cycle was repested until 22 minutes was reached. The FSB was exposed
to gpproximately 541.0 kJ of energy during the microwave tempering process. The test

was conducted three times.
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8. Test: 406 W pulsed at 993 W power leve.
Description: The FSB was tempered in the microwave oven with pulsed heating at 993 W
power leve for 22 minutes. During each minute of microwave tempering, the microwave
oven was on a 993 W power leve for 25 seconds and then turned off for the next 35
seconds. This cycle was repested until 35 minutes was reached. The FSB was exposed
to approximately 524.3 kJ of energy during the microwave tempering process. The test

was conducted three times.

After the microwave cooking process was completed, the temperature probes were
removed, the FSB was removed from the Plexiglas stand and the mass of the FSB was recorded.
The microwave cooking processes described above did not thaw the FSB but instead tempered
the FSB. Thefind stages of thawing were completed by using flowing weter.

The FSB was placed in arectangular plastic container that contained severa 0.635 cm
(0.25in.) diameter holes on the side, back and front panels. Water at atemperature of
approximately 29 °C and aflow rate of 1100 ml/swas used to complete the thawing process.
The water was dlowed to flow into the rectangular container a a specific location. The
container would dowly fill with the thawing weter. Every five minutes the shrimp that had
become loose and separated form the block were removed. The block was aso turned over and
rotated 180° every five minutes. This process was continued until the thawing was completed,
that is, dl the shrimp had separated into individua shrimp. The total time for this process was

recorded and is called the additiona thawing time.
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Asabasis of comparison, a FSB was completely thawed using only the thawing water
method described above. Thisisthe ninth and find experiment conducted. As before, this
experiment was conducted three times.

At this point one of the nine tests had been completed and the FSB isthawed. After
complete thawing, the shrimp were counted and the total number of shrimp in each block was
recorded. Each shrimp wasindividualy inspected to determine whether or not it had been
cooked by microwave tempering process. The total number of cooked shrimp for each block
was recorded.

The average volume occupied by 100 shrimp was determined for each block of shrimp by
placing 100 shrimp in a graduated cylinder filled initidly with 500 ml of water and recording the
volume. The difference of the find volume and initid volume is the volume of the 100 shrimp.
This measurement was performed three times using 100 different shrimp from the block for each
measurement. The average of the three tests was taken as the volume occupied by 100 shrimp
and the average volume occupied by a single shrimp was calculated for each block.

After the shrimp were counted and ingpected, dl of the thawed shrimp from the block
were placed on a scae and the mass was recorded.  Since the total number of shrimp and the
meass of the shrimp are now known, the average mass of a single shrimp can be determined for
each block. By knowing the mass and the volume of the shrimp, the average dengity of the
shrimp in each block can be calculated.

The mass of the FSB was recorded before microwave tempering and after microwave
tempering. During microwave tempering, water runs into the funnd drainage sysem and is
directed into arectangular tray located undernesth the microwave oven. The difference of the

mass before microwave cooking and after microwave cooking can be used to estimate the

Instrumentation and Experimenta Procedure 88



amount of water cgptured by funnd drainage system. This amount of water is an indication of
the amount of ice thawed during microwave tempering. As previoudy mentioned, the weight of
the srimp isin each FSB is recorded; thus, the tota amount of water in each block can be
gpproximated by taking the difference of the initid mass of the FSB and the tota mass of the

shrimp in that FSB.
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Chapter 5
Summary of Problem

and Formulation of Solution

Overview

Chapter one contains a brief discusson on the current thawing methods of shrimp used
by the seafood industry. The problems associated with the current method are explained. These
problems have prompted the industry to explore dternative thawing methods. This chapter
contains a summary of the problems encountered by seafood industry when thawing shrimp and

describes the proposed solution presented by this study.
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Background

Microwave tempering of foods, in particular shrimp, has been successfully accomplished,;
however, the seafood industry has been reluctant to use microwave energy to temper shrimp
mainly because the industry believes microwave tempering will significantly affect the qudity of
the shrimp. Quality of product is dways important in the food industry but especidly important
when dedling with such a high priced product as shrimp.

The qudity of shrimp is affected during microwave tempering when portions of the FSB
are dlowed to cook. Improper microwave tempering of a FSB produces a FSB with portions
gtill frozen, portions thawed, and other portions cooked. The FSB is completely thawed in the
microwave oven and the mgority of the shrimp are il raw; however, a portion of the shrimp
are cooked or partialy cooked by the microwave tempering.

The FSBs processed for retail sale at a shrimp plant arefirst thawed. After the FSBsare
thawed the shrimp are usudly cooked and then refrozen as individua shrimp and packaged for
se. If the FSB isthawed by using the microwave thawing method described above, an obvious
problem exists. The shrimp cooked during the microwave tempering process are cooked twice.
This*“twice cooking” may significantly affect the quality of these shrimp. To avoid this, the
microwave tempering process should be designed in such away that the amount of cooked

shrimp is minimized.
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The Problem associated with microwave thawing of shrimp

The main problem with microwave tempering of FSB is runaway hegting, which is
attributed to the difference in the eectricd (dielectric) properties of ice and water (see Chapter 2:
Thawing foods with microwave energy). This causes the above mentioned premature cooking
which may result in undesirable changesin properties such as the texture, color, and/or taste of
the shrimp.  Neverthel ess, microwave tempering has severa advantages over most thawing
processes. The microwave tempering process can handle large amounts of frozen product at
andl cog, hasahigh yield, and is accomplished in smdl spaces with no bacterid growth
(Miesd, 1972). The only noteworthy drawback to microwave tempering is runaway heeting.

The consequence of runaway heeting is inflated when dealing with an expensive food
product such as shrimp. Chapter 2 explains that to avoid runaway heating the frozen food
product should be maintained at atemperature just below freezing point throughout the
microwave tempering process. This can be accomplished by using a low-power setting.

If the temperature of a portion of the food product is alowed to rise aboveitsfreezing
point, the temperature of this portion will rise much faster than the surrounding frozen portions
and runaway heating will occur. Runaway heeting is obvioudy related to temperature variation
within the food product; therefore, by avoiding alarge temperature variation within the food
product during microwave tempering, runaway heeting can be reduced and hopefully eiminated.
At high-power levels, the product is exposed to high levels of microwave energy during short
periods of time, often resulting in temperature differences within the product. A low-power

etting reduces the chances of runaway heating since lower power settings produce less
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temperature variation within the product than high- power settings. It has been known for some

time that a low-power setting should be used when thawing food products.

The proposed solution

Asde from using alow-power setting, other ideas on how to prevent runaway heating
and control the sometimes erratic microwave energy have been proposed. Oneideaisto use
some sort of microwave susceptive materid to assst microwave-thawing process. The
susceptive materid isfrozen in some manner within the food product. During microwave
tempering, the mgority of the microwave energy is absorbed by the susceptive materid and not
by the food product. The energy absorbed by the susceptive materia is converted to heat and
transferred through conduction to the surrounding medium.  The temperature of the surrounding
medium rises and the food product is thawed.

The microwave absorption capability of the microwave susceptive materid must be
subgtantialy greater than that of frozen shrimp. Microwave susceptive materias have been used
to assist the heating of microwave products since the early 1980's (see Chapter 2: Microwave
Susceptors). A wide variety of these materials exist. The materia absorbs microwave energy at
an extremely high rate; some materials reach temperatures above 200 °C within seconds of
exposure to amicrowave fied. Theoreticaly, this type of materia can be used as described
eaxlier to as3st microwave tempering of frozen shrimp. The only thing left isto decide is how to

gpatidly arrange the susceptive materia within the FSB.
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It wasinitialy decided that the microwave susceptive materid would be formulated into
small spherical beads and the beads would be arranged throughout the shrimp block before

freezing (Figure 24).

Figure 24. Front view of FSB with microwave susceptive beads

Arranging the beads in such away thet they are evenly digtributed throughout the FSB is
difficult if not impossble. The arrangement in theory has tremendous potentid. The beeds
absorb microwave energy and provide heat sources throughout the FSB. The arrangement has
not only solved the problem of runaway hesting but aso the mgor problem associated with
thawing foods.

As explained in the introduction of Chapter 2: Thawing foods with microwave energy, the
therma conductivity of frozen foods is three times that of non-frozen foods. The most common
thawing method is to in some way apply heet to the surface of the frozen food and dlow the heat
to conduct to the interior. Since the heet is gpplied to the surface, it must travel through the
surface to reach the interior. The surface thaws first and now has alower therma conductivity
than the frozen interior and therefore cannot transfer adequate hest to the interior without

increasing the temperature of the thawing surface to undesirable levels. The result of thisislong
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thawing cydes that are often characterized by unacceptable changesin quality. The addition of
susceptive beads solves this problem by providing an internd source of heat. Thawing is
experienced throughout the FSB as opposed to from the surface to the interior.

Arranging these beads in such amanner is difficult if not impossble. Thisisespecidly
true since alarge portion of shrimp processed are packaged and frozen overseasin third world
countries. For the arrangement to work, the susceptive beads would be somehow arranged
within the package before the shrimp are added. A package with beads suspended throughout it
would be impractica and expensve.

A more practical arrangement of susceptorsis needed. Instead of formulating the
microwave susceptive materid into beads the materid is formulated into paper-thin shests.

These sheets are then frozen verticaly within the FSB (Figure 25). This arrangement is much
more practica than the arrangement involving beads. The shrimp are placed within a rectangular
paperboard package and then frozen. Before the shrimp are placed in the package, one end of a
susceptive sheet could somehow be fastened to the inside of one of the walls of the package and

the other end fastened to the ingde of the opposite wall.
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Figure 25. Front view of FSB with microwave susceptor hester boards

The shrimp are added to this paperboard package with susceptors and the shrimp are then
frozeninto a FSB. The microwave susceptive materiad is not currently manufactured in the form
of beads, however, the materid is manufactured in the form of sheets and known as amicrowave
susceptor heater board, a microwave susceptor or smply a susceptor. The congtruction of this
rectangular paperboard package with susceptor heater boards is much more feasble than a
package with susceptive beads.

The rectangular paperboard package determines the size and shape of the FSB. The
susceptor heater boards are arranged in some manner within the FSB. Numerous possibilities of
thisarrangement exist. As previoudy mentioned, it was decided that the susceptive sheets will
gtand verticaly within the FSB. It was also decided that each FSB would contain atotd of two
susceptor heater boards. The sheets span widthwise across the FSB with one sheet located at one
third of the length and the other at two thirds of the length (Figure 25).

The pogitioning of the sheets has visudly separated the FSB into three sections identical
in 9ze and each one-third the Size of the entire FSB. Chapter 2 explains that microwave thawing
of shrimp is not practica; however, microwave tempering is practicad. Successful thawing of

FSB can be accomplished by microwave tempering followed by applying current thawing
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methods (water immersion). The objective of the microwave tempering isto complete as much
of the thawing process as possble before usng water immersion. This reduces the amount of
time needed by the current method, which reduces water usage, cost, and processing time.

The decisons made regarding the arrangement of the susceptor heater boards hope to
minimize the amount of time needed by the current thawing method. The susceptor heater
boards will absorb the mgority of microwave energy and distribute this energy to the
surrounding frozen shrimp. The shrimp located close to the susceptor heater boards should thaw
first. The FSB isnow separated into three smaller partidly thawed FSB.

By reducing the size of the FSB, the amount of time required by water immersion to
complete the thawing process is aso reduced. The susceptor hester boards not only assist the
thawing process by separating the FSB into smaller pieces but aso help prevent runaway
heeting. Findly, the temperature of the FSB israised by the microwave tempering, which

further reduces the amount of time required by water immersion.

Choosing the type of microwave susceptor

The“art” of microwave susceptorsis briefly explained in Chapter 2: Microwave
Susceptors. The susceptors properties, mainly the thickness and type of metal used, determine
how the susceptive materia will react when exposed to a microwave field. Specificdly, the
properties help determine how fast the temperature of the susceptive materid will rise, to what
temperature, and how long it can maintain at this temperature. The question this section hopesto
answer is. Can the most effective type of susceptor to use for this microwave tempering of FSB

goplication be identified, and if so isthis materid available?
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The question is not easily answered. The microwave susceptor fidd isafairly new areg,
beginning inthe early 1980's. Information on different types of susceptors and their propertiesis
not readily available. Research and work done in thisarea by individua corporationsis kept
within the company and not available to the public.

Many food corporations manufacture products that use microwave packages with a
microwave susceptor. The most abundant product is the microwave popcorn package. A
susceptive sheet is sandwiched between the paper packaging side of the package labeled “This
Side Down”. During microwave heating, the sheet hests up quickly to avery high temperature,
205-260 °C (400-500 °F), and the kernels resting on this sheet conduct this heat and eventualy
pop. The process continues until the bag isfilled with popped kernels.

Thereis atemperature at which the popping of these kernelsis most effective. Oncethis
temperature is identified, the susceptive sheets are congtructed in such way that they will reach
this temperature and maintain it throughout the microwave cooking process. Each food
corporation identifies what they believe is the most effective temperature and the susceptive
sheets are designed according to these specifications. Even though a susceptor heeter board is
used for the same gpplication, i.e. pop corn kernels, the susceptor heater board designed by one
food corporation is dightly different than the susceptor heater board designed by a different food
corporation.

The heater boards are used by the food industry for other applications, specificaly
browning of foods. Microwave susceptors are not currently used by the food industry for any
other gpplications. A susceptor heater board designed to assst browning is dightly different

than the microwave susceptor board designed for a microwave popcorn package.
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Although the susceptor heater boards do differ, in genera this difference is not
ggnificant. Thetwo gpplications they are used for, browning and popping kernds require
smilar temperatures. Some boards designed may hest to the temperature more quickly or
maintain the temperature more steadily but overal the susceptor heater boards available on the
market today are essentidly the same.

It is difficult to determine the most effective type of susceptor heater board to use for the
microwave tempering of FSB. Logicaly, before spending the time on choosing or designing the
best heater board for microwave tempering of shrimp, it should be determined whether or not the
microwave tempering of shrimp isimproved by the addition of a microwave susceptive materid.
Using thislogic, it was decided that the microwave tempering experiments conducted would use
microwave susceptor heeter boards readily available in today’ s market; furthermore, assuming
the difference between existing susceptor heater boards is not significant, any type of susceptor
hester board can be used.

The focus of this udy isto determine if the microwave tempering of FSB is Sgnificantly
improved by the addition of amicrowave heater board. If the process is Sgnificantly improved
then the most effective type of susceptor should be identified. In the meantime, experiments are

conducted with microwave susceptor hester boards available in today’ s market.

L ocation of temperature probes

During microwave tempering the temperature of the FSB was recorded every second. In
al four temperature probes were available and the location of these probesis described in

Chapter 4: Sample Preparation. All four probes are positioned to a depth of 254 cm (1in.) and
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at the midway point of the width, 9.525 cm (3.75in.). The postioning of the four probes varies
only in thex-direction. One end of the FSB istaken asx = 0. Probe#1 islocated a x = 4.445
cm (1.75in.), probe#2 at x = 10.16 cm (4 in.), probe #3 a 16.51 cm (6.5 in.), and probe #4 at
22.225 cm (8.751n.) (see Figure 21).

Using susceptive materid theoreticaly will prevent runaway heating and thus the pre-
maturely cooked shrimp; however, the concern of cooking shrimp is not diminated by the
addition of susceptors. The susceptor heats to a high enough temperature that the shrimp located
close to the susceptor may be cooked. For this reason, the temperature of the shrimp located
near susceptive heater boards is more closaly monitored.

Two of the temperature probes are positioned so that for experiments conducted with
susceptors probes #2 and #3 they are located only 1.27 cm (0.5 in.) from a susceptive heater
board. Probe location was the same for al experiments. The temperature data collected is

eventualy compared to the temperature data predicted by the mathematicd modd.
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Chapter 6

Results and Discussion

Overview

In this study, severa microwave tempering experiments were conducted on frozen blocks
of shrimp (FSB). During each microwave tempering experiments conducted, the FSB was
exposed to approximately 530 kJ of microwave energy. In this chapter the results from the
microwave tempering experiments are presented. The chapter begins by briefly describing the
preliminary experimerts and the criteria used for comparing microwave tempering experiments.
The results from the microwave tempering experiments on FSB with susceptors and microwave
tempering experiments on FSB without susceptors are compared. This comparison is used to
determine whether or not microwave tempering processis sgnificantly improved by the addition
of susceptors.

Next, the microwave tempering experiments mentioned above are compared to the
traditiond current thawing method (water immersion). In this study the FSB were not

completely thawed in the microwave oven; insteed, the FSB was tempered by microwave energy
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and the find stages of thawing were completed by using aform of water immersion. A full

description of the method used to complete the thawing can be found in Chapter 4. Experimental

Testing. Asabasisof comparison the method was used to thaw a FSB that was not tempered

with microwave energy. This experiment is known as the control experiment.

The control experiment is used asamode of the traditiona current thawing method. The

results from microwave tempering experiments are compared to results from control
experiments. This gives an indication of whether or not the use of microwave energy has
ggnificantly improved the thawing process.

The study’ s main god was to determine whether or not the addition of susceptors
ggnificantly improves the microwave tempering of FSB and determine if the microwave
tempering methods identified are a Sgnificant improvement over current thawing method.
Although nat the primary focus of this study, additional microwave tempering experiments were
conducted. These microwave tempering experiments explored the advantage of using pulsed
microwave heating as opposed to fixed microwave heating. The pulse heating microwave
tempering experiments were compared to the fixed heating microwave tempering experiments.
This comparison is used to determine whether or not microwave tempering processis
sgnificantly improved by using pulsed heating. The tests are ranked and the most effective
microwave tempering method isidentified. As before, the microwave pulse experiments are
then compared to the control experiments.

The final section of this section isthe mode vaidaion. A mathematicd modd was
created to predict temperature of the FSB during microwave tempering. The temperature data

predicted by the modd is compared to the experimentd data collected during testing.
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Preliminary experiments

Chapter 4: Experimental testing explains that numerous preliminary experiments were
conducted to help determine a microwave power level and cooking (tempering) time thet is most
effective for tempering shrimp.  The microwave tempering experiments conducted in this study
were based on these prdiminary findings. A full description of the eight different microwave

tempering experiments and the control experiment isfound in Chapter 4: Experimental Testing.

Criteria for comparing experiments

The effectiveness of the microwave tempering experiments must somehow be measured.
The effectivenessis measured by two factors: the thawing time after microwave tempering
(additional thawing time) and the percentage of cooked shrimp. After microwave tempering, the
thawing of the FSB is completed by using a thawing method smilar to current methods used by
shrimp industry. A full description of the method is found in Chapter 4: Experimental testing.
The method submerges the FSB in water by continudly filling a container with water. The
amount of time to complete thawing is recorded and is referred to as the additiond thawing time.
The flow rate of the water during this method was measured and the amount of water used
during this process was recorded. This amount of water is referred to as the additiona thawing

water amount.

With susceptors vs. without susceptors
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FSBs were tempered in a microwave oven with susceptors and without susceptors at 255
W power level and 406 W power level. The FSB is exposed to approximately the same amount
of energy, 530 kJ, during each microwave tempering experiment conducted. Differences
between the vaues of the additiond thawing water amount and the percentage of shrimp cooked
may be attributed to whether or not the FSB contains susceptors but aso may be attributed to
whether the FSB was tempered at 255 W power level or 406 W power level. Furthermore, the
additional thawing water amounts for FSBs with susceptors and without susceptors may differ
sgnificantly only for 255 W power leve tests and not for 406 W power leve tests or vice versa
When comparing the results, al of these possibilities must be considered.

All these possibilities are consdered by atisticdly andyzing the data with a two factor
ANOVA with replication test. The atistical test was run on the data collected by usng EXCEL
and the results are summarized in Table 13. A 95% confidence interval was used when
comparing results of the tests; therefore, a p-vaue less than 0.05 indicates that vaues are

sgnificantly different.
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Table 13. Effect of power level and susceptors

Mean_v_due Mean value of P—\_/due P—(}/due
e | o | Fetltond | "Gy | (i | oo
amount (L) water) cooked)
Power 1 *
255W 1512 14
406 W 1531 53
Susceptors 1 * *
YES 1420 3.0
NO 1618 3.7
Power 1 *
Susceptors
255 W YES 1458 11
255 W NO 1565 1.7
406 W YES 1392 4.9
406 W NO 1671 5.7

* mean vaues are sgnificantly different (p-value<0.05)

Additional thawing water amount

The vaues of additiona thawing water amount for tests conducted with susceptors was
sgnificantly less than the values of the additiond thawing water amount for tests conducted
without susceptors. The additional water amount for tests with susceptors was 1420 L whilethe
additiona water amount for tests without susceptors was 1618 L. The additiond thawing water

amounts for experiments conducted at 255 W power level and a 406 W power level do not vary

sgnificantly.
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The interaction trestment, power ~ susceptors, is sgnificant. The differencein the
additiona thawing water amount between experiments with susceptors and experiments without
susceptors may only be significant a 255 W power leve or only a 406 W power level. By
referring to Table 13, it appearsthe additiond thawing water amounts differ Sgnificantly at both
255 W power level and 406 W power level. Theinteraction p-vaueisless than 0.05 because the
difference between the additiond thawing water amounts amongst susceptors and non-susceptors
is much greater at 406 W power level than at 255 W power level. At 255 W, the additiona water
amount for tests with susceptors was 1458 L while the additiona water amount for tests without
susceptorswas 1565 L. At 406 W, the additiona water amount for tests with susceptors was

1392 L while the additiona water amount for tests without susceptors was 1671 L.

Percentage of shrimp cooked

As previoudy mentioned, the percentage of cooked shrimp isaso used as a criteriafor
determining the effectiveness of the microwave tempering experiment. The percentage of
shrimp cooked for FSBs with susceptorsis significantly less than the percentage of cooked
shrimp for FSBs without susceptors. The percentage of shrimp cooked during tests with
susceptors was 3.0 while the percentage of shrimp cooked without susceptors was 3.7.

The percentage of shrimp cooked is significantly less at 255 W power leve than at 406
W power level. At 255 W, the percentage of shrimp cooked was 1.4. At 406, the percentage of
ghrimp cooked was 5.3. The interaction trestment had no effect and from thisit can be
concluded that the difference between percentage of cooked shrimp for FSBs with susceptors

and FSBswithout susceptorsis significant a both 255 W power level and 406 W power level.
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At 255 W, the percentage of shrimp cooked during tests with susceptors was 1.1 while the
percentage of shrimp cooked during tests without susceptorswas 1.7. At 406 W, the percentage
of shrimp cooked during tests with susceptors was 4.9 while the percentage of shrimp cooked

during tests without susceptorswas 5.7.

Summary

Less cooking of shrimp occurred during microwave tempering experiments with
susceptors. Thisis due to the fact that the susceptive materia absorbs microwave energy and
digtributes this energy to the interior. Significantly less shrimp were cooked at the 255 W power
level than at the 406 W power level. There was no significant difference between thawing water
amounts at 255 W power level and a 406 W power level; however, there was a sgnificant
difference between thawing water amounts of FSB with susceptors and FSB without susceptors.
From these results it is concluded that the most effective microwave tempering method amongst
those compared in this section is microwave tempering at 255 W power level for 35 minutes with
susceptors. The next best method is microwave tempering at 255 W power leve for 35 minutes
without susceptors, followed by 406 W power level with susceptors, and finaly 406 W power

level without susceptors.

Microwave tempering vs. control experiment: part 1

The study has shown that a combination of microwave tempering and water immerson

can successfully thaw aFSB. The next step of this study is to compare results from the
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microwave tempering experiments discussed in the previous section with the control experimen.
Table 14 contains the thawing times and percentage of cooked shrimp for each type of
microwave tempering experiment and the control experiment. Each experiment was conducted

three times and listed in Table 14 is the mean vaue of the three tests.

Table 14. Comparing microwave tempering and control: part 1

Test Type Additiond % cooked Microwave Totd
thawing time Shrimp Tempering time Thawing time
©) C) C)

255 W

Susceptors: YES 1326a 1.1a 2100 3426a
255 W

Susceptors. NO 1423b 1.7b 2100 3523a
406 W

Susceptors: YES 1265a 4.9c 1320 2585b

406

Susceptors: NO 1519b 5.7d 1320 2839b
Control

(current method) - 0.0e - 6180c

Mean vauesin a column not followed by the same letter are Sgnificantly different

The totd thawing times of the experiments conducted with susceptors at 406 W power
level and the experiments conducted without susceptors at 406 W power level were sgnificantly
lessthan the tota thawing time of the control experiment. Using microwave tempering at 406 W
power level with susceptors reduces process thawing time by 58%; Using microwave tempering
at 406 W power level without susceptors reduces process thawing time by 54%. The process
thawing time is substantialy improved but the percentage of cooked shrimp at this power leve is

much too high. A percentage of cooked shrimp above 4% is consdered high by this study and a
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percentage of cooked shrimp below 2% is considered low by this study. For these reasons, the
microwave tempering of a FSB at 406 W power leve is not recommended.

Using microwave tempering a 255 W power level without susceptors reduced thawing
time by 45%. Using microwave tempering a 255 W power level with susceptors reduced
thawing time by 43%. The percentage of cooked shrimp at 255 W power level waslow. The
use of susceptors has improved the thawing time as well as reduced the percentage of cooked
shrimp, however, the improvementsin this study are not nearly as substantia as expected.

The study has shown that microwave tempering of FSB combined with water immerson
isaggnificant improvement over the current thawing method. Processing time can be
sgnificantly reduced with minima cooking of shrimp. The study recommends microwave
tempering for 35 minutes in a microwave oven with a power output around 250 W. The addition
of susceptors will improve the process but the improvements are not substantia enough to

outweigh the cost and difficulty of adding susceptors.
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Fixed tempering vs. pulsed tempering

From this Sudy, it is recommended that one use microwave tempering for 35 minutesin a
microwave oven with a power output of around 250 W. The microwave oven isturned ON
during the entire microwave tempering process. Thistype of continuous heating isreferred to in
this study asfixed hesting. This study is dso interested in the advantages of pulsed microwave
tempering. Pulsed heating or pulsed microwave tempering is described in previous sections of
thisstudy. Pulsed microwave tempering conssts of using a high-power level and turning the
microwave ON and then OFF in cycles during the microwave tempering process.

The microwave tempering experiments using pulsed heating are described in Chapter 4:
Experimental Testing. Asbefore, the FSB is exposed to gpproximately the same amount of
energy, 530 kJ, during each microwave tempering experiment conducted. For each power levd,
255 W and 406 W, three categories of tests exist, those conducted without pulsed tempering
(fixed), those conducted with pulsed tempering a 848 W power leve (80%), and those
conducted with pulsed tempering at 993 W power level (100%).

The results were compared by usng adatistica test. Differences between the vaues of
additiond thawing water amount and the percentage of shrimp cooked may be attributed to
whether or not pulsed tempering was used or whether the FSB was tempered under 255 W power
leve conditions or 406 W power level conditions. Furthermore, the additiona thawing times for
pulse experiments and fixed experiments may differ significantly only for 255 W power level
conditions and not for 406 W power level conditions or vice versa. Once again atwo factor

ANOVA with replication atistical test was used to properly compare the data. The statigtical
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test was run on the data collected by using EXCEL and the results are summarized in Table 15.

A 95% confidence interval was used when comparing results of the tests; therefore, ap-vaue

lessthan 0.05 indicates that vaues are sgnificantly different.

Table 15. Effect of power level and pulseleve

5 Zajgi\t/iirﬁ Mean value of (Zﬁofa P{c}//il;e
. 0
Trestment DF thawing water %gigénp thawing srimp
amount (L) water) cooked)
Power 1 *
255 W 1565 4.3
406 W 1617 8.0
Pulse 1 * *
Fixed 1618 3.7
848 W 1673 6.3
993 W 1656 8.4
Power ~ Pulse 1 *
255 W~ Fixed 1565 1.7
255 W~ 848 W 1678 4.2
255W " 993 W 1655 7.0
406 W~ Fixed 1671 5.7
406 W~ 848 W 1667 8.4
406 W~ 993 W 1658 9.8

* mean vaues are sgnificantly different (p-value<0.05)
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Additional thawing water amount

The additiond thawing water amounts for experiments conducted at 255 W power level
condition do not vary significantly from experiments conducted at 406 W power level
conditions. The p-vaduefor pulseleve and for interaction isdightly lessthan 0.05. Thereisa
sgnificant difference between the additiona thawing times of fixed experiments and pulse
experiments, however, the interaction p-vaue indicates that this difference may only occur at
elither 255 W power leve conditions or 406 W power level conditions.

Table 15 clearly shows that the additiona thawing water amount for 406 W fixed, pulsed
at 848, and pulsed at 993 W do not vary sgnificantly. For 406 W fixed, the additiond thawing
water amount was 1671 L. For 406 W pulsed at 848 W, the additional thawing water amount
was 1667 L. For 406 W pulsed a 993 W, the additiona thawing water amount was 1658 L. On
the other hand, at 255 W power level conditions the additional thawing water amounts for fixed
issgnificantly less than the additiona thawing water amounts for pulsed at 848 W and pulsed at
993 W. For fixed 255 W power level conditions, the additional thawing water amount was 1565
L. For 255 W pulsed at 848, the additiond thawing water amount was 1678 L and for 255 W

pulsed a 993, the additiond thawing timewas 1655 L.
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Percentage of shrimp cooked

As previoudy mentioned, the percentage of cooked shrimp is aso used as a criteriafor
determining the effectiveness of the microwave tempering experiment. The datawere
getigicaly andyzed in the same way that the additional thawing water amount data were
andyzed.

FSBs tempered with fixed heet is Sgnificantly less than the percentage of cooked shrimp
for FSBs tempered with pulsed heat. The percentage of shrimp cooked is significantly less at
255 W power leve than at 406 W power level. The difference between percentage of cooked
shrimp for FSBs tempered with fixed heat and FSBs tempered with pulsed hest is Sgnificant a
both 255 W power level conditions and 406 W power level conditions. The percentage of
shrimp cooked during fixed 255 W power level test was 1.7, which is Sgnificantly lower than at
al other conditions. The percentage of cooked shrimp for 406 W fixed was 5.7, for 406 W
pulsed at 848 W was 8.4, for 406 W pulsed at 993 W was 9.8, for 255 W pulsed at 848 was 4.2

and, for 406 W pulsed at 993 W was 7.0.

Summary

Percentages of cooked shrimp were much higher for pulse experiments than for fixed
experiments at both 255 W power level conditions and 406 W power level conditions,
furthermore, a 255 W power level conditions the additiona thawing water amount for fixed
experimentsis less than that of pulse experiments.  Additiond thawing water amounts between

fixed and pulse experiments do not vary significantly at 406 W power level conditions. Pulsed
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heeting does not improve additiona thawing water amount and more cooking of shrimp occurs
when pulsed heating is used than when fixed hegting isused. For these reasons, pulsed hesting

is not recommended as an improved method of microwave tempering.

Microwave tempering vs. control experiment: part 2

This section isintended to compare pulse microwave tempering experiments and the
control experiments. The previous section determined that there is no significant advantage by
using pulsed tempering. In fact, the best results occurred with fixed tempering at 255 W power
levd. Microwave tempering at 255 W power level was compared to control experimentsin a
previous section. Since it has been determined that pulsed tempering is not an improved method
over fixed tempering, comparing pulsed tempering to the control experiment is unnecessary.

The results of this section lead to the same recommendation as before, microwave tempering for

35 minutes in a microwave oven with a power output around 250 W.
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Model validation

A mathematica modd that predicts the temperature of FSB during microwave tempering
was developed. The deviation between the experimental results and the results predicted by the

modd were cdculated by using the following equation:

(6.1)

where
S =vaiance
Tp =temperature predicted by mode (°C)
Te = Temperature observed during experimental testing

n = number of data points

The predicted data agreed well with the experimental data. The overall deviation was
caculated by using equation 6.1. The temperature predictions were within 2 °C. The predicted
data and the experimentd data were plotted on the same graph and some examples of the graphs
can befound in Appendix E. The predicted data are represented with a dashed line and the
experimental data are represented with asolid line. 1t is clear from these graphs that the mode
matches well with experimentd data during initid stages, up to around 500 s, of microwave
tempering; however, the model does not match nearly as wdl in the latter stages of microwave

tempering, especidly near 0 °C, which is near the freezing temperature of the FSB.
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The increased variance around this temperature is attributed to the fact that the specific
heat equation used to predict the specific heat of the FSB was intended for predicting the specific
heat of shrimp meat and not a shrimp and water combination such asaFSB. The specific heat of
aFSB isless than the specific heat of pure shrimp and therefore the specific heat model over
estimates the specific hest of the FSB. The differencesin actud specific hest of the FSB and
specific heat of pure shrimp are minor in beginning stages of microwave tempering but as0 °C is
approached the specific heat of the FSB increases dramaticaly. Thisincrease is overpredicted
by the specific heat modd resulting in predicted temperatures that are less than the experimental
temperatures.

Experimenta data were collected at four locations within the FSB and in dl eight
different types of microwave tempering experiments were conducted. The overdl variance
between predicted and experimentd resultsis around 2 °C. As previoudy mentioned, the model
does not match aswell during find stages of microwave tempering when the temperature
approaches 0 °C. Therefore, in dl likelihood the mgority of the variance is attributed to
differences in time and thus temperature.

The same modd was used to predict the temperatures of each type of experiment. Some
of the variance may be attributed to differencesin type of test. In other words, the modd may
match satisfactorily for some types of experiments and not satisfactorily for other types.
Experimental temperature data was collected at four different locationsin the FSB. The probe
location and positioning of the probesis thoroughly described in Chapter 4: Sample preparation.
The probe locations were the same for each test conducted. Some of the variance may be
attributed to probe locations meaning that the model may match better with experimenta data at

some probe locations than others. 1t isvisualy obvious from graphsin Appendix E that the
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mgority of the variance is due to differencesin time; however, further proof can be obtained by
cdculating the variance at each location and for each test. The calculated variances are listed in
Table 16. The variances for each location and each test are around the same 2 °C asthe overall
vaiance. Thisisan additiona indication that the mgority of variance is due to differencesin

time.

Table 16. Variance between predicted and experimenta results

Vaiance (°C)
Oved| 1.96
L ocation#l 2.02
L ocation#2 2.08
Location #3 211
Location #4 1.82
255 W fixed Susceptors. YES 2.08
255 W fixed Susceptors: NO 1.70
255 W Pulsed at 848 W 2.03
255 W Pulsed at 993 W 1.96
406 W fixed Susceptors. YES 2.08
406 W Fixed Susceptors. NO 1.71
406 W Pulsed at 848 W 2.04
406 W Pulsed at 993 W 2.02

The model assumes the density of the FSB was 1000 kg/n?. The density of the shrimp
after thawing was found experimentally by the method described in Chapter 3: Experimental
testing. The densities found experimentally were between 1010 kg/nt® and 1070 kg/nt® and

matched well with the assumed value of density, 1000 kg/n.
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Temperature distributions predicted by the model

The temperatures predicted by the moded at the four locations were within 2 °C of the
experimental temperatures. From thisit can be assumed that the predicted temperatures at all
other locations are also within 2 °C of experimental temperatures. The model can be used to
andyze various temperature profiles of the FSB. Examples of some of these possihilitiesare

illustrated by Figures B.1-B.11 found in Appendix B.
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Chapter 7

Summary and Conclusions

Summary

Microwave tempering

The thawing of shrimp isan important unit process for the seafood industry. A large
portion of the shrimp sold by seafood companiesin the USA isimported in the form of frozen
blocks. The frozen blocks of shrimp (FSB) are usudly thawed by water immersion. After
thawing, the shrimp are placed are tumbled and treated with sat solutions and coloring. The
shrimp are then cooked, refrozen asindividua shrimp, and packaged for sde. The thawing
processis extremey time consuming, which limits the flexibility of the seefood indudtry to
adjust purchasing orders, furthermore, the traditiona water immersion method produces large
amounts of wastewater and disposing of thiswater isamgor expense. Thereisademand for an
dternative thawing method of shrimp that is faster and produces less wastewater than the

traditiond method.
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In this study, microwave tempering techniques were investigated as an dternative
thawing method of FSB. Preiminary experiments found that microwave tempering of aFSB
followed by water immersion can successfully thaw a FSB. Complete thawing of a FSB with
microwave energy is not practica because of “runaway heating”. Runaway hegting occurs
during microwave tempering because the dectric conductivity of thawed foods is about two
orders of magnitude greater than frozen foods. This study explored the possibility of freezing a
microwave susceptive materia within the FSB to help control or diminate runaway hesting.

The study determined if the addition of such amaterid sgnificantly improved the microwave
tempering process.

Two microwave susceptive sheets were frozen verticaly within aFSB. The FSBs tested
were 26.67 cm (10.5in.) long, 19.05 cm (7.5 in.) wide, and 5.08 cm (2 in.) high. The sheets
were positioned widthwise across the FSB with one sheet positioned 8.89 cm (3.5 in.) from one
end of the FSB and the other sheet positioned 8.89 cm (3.5 in.) from the other end of the FSB.
The FSBs with susceptors and without susceptors were tempered in a microwave oven a 255 W
for 35 minutes and at 406 W for 22 minutes. These combinations of power level and microwave
tempering times were based on observations made during preliminary experiments. Thefind
stages of the thawing process were completed by water immersion. The amount of time to
complete thawing (additiond thawing time) and the percentage of shrimp cooked during
microwave tempering were recorded and used as criteria to compare microwave tempering
experiments.

The experimentd results indicated that around 2% fewer shrimp are cooked during
microwave tempering of a FSB with susceptors than during microwave tempering of aFSB

without susceptors, furthermore, the thawing time for FSBs with susceptorsis 14% less than the
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thawing time for FSBs without susceptors. The results found the percentage of shrimp cooked at
406 W was 5.3 and that the percentage of shrimp cooked at 255 W was only 1.4. These results
indicate that significantly more shrimp are cooked a 406 W than at 255 W. The susceptive
materid absorbs microwave energy and helps didtribute this energy to the interior of the FSB.
This helps control runaway heating and reduces the number of shrimp cooked during microwave
tempering. The additiona thawing time was less, 1290 s, for FSB with susceptors than for FSB
without susceptors, 1470 s. Thisisan additiond indication that the materid helps didtribute the
microwave energy.

The microwave tempering followed by water immersion method (combined method) isa
ggnificant improvement over the water immersion method (control method). When compared to
the control method, the thawing process time is reduced by 45% by using the combined method
with susceptors and by 43% by using the combined method without susceptors. The thawing
processtime is reduced from 6180 s to 3426 by using the combined method with susceptors and
from 6180 s to 3523 s by using the combined method without susceptors. Although the addition
of susceptors seems to improve the microwave tempering this improvement is only sgnificant
when comparing microwave tempering methods. Both combined methods, with and without
susceptors, are asignificant improvement over the control method. When compared to the
control method, the combined method with susceptors is only 2% more effective than the
combined method without susceptors. The improvements are not significant enough to judtify
the use of susceptors during microwave tempering of FSB. The results from the combined
method at 406 W were not considered since the percentage of shrimp cooked during microwave

tempering was too high, around 5%.
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The second set of microwave tempering tests explored the advantages of using pulsed
heat as opposed to fixed heat to temper aFSB. The pulse microwave tempering experiments
were based on observations made during preiminary testing. In dl, four pulse experiments were
conducted. During these pulse experiments, the FSB was tempered in amicrowave oven for
ether 35 minutes or 22 minutes by turning the microwave oven ON and then OFF in cyclesat a
high-power level (848 W or 993 W). The FSB was exposed to approximately 535 kJ of energy
during the pulsed tempering process. Results form the fixed experiments, the microwave
tempering tests conducted earlier a 255 W and 406 W, were compared to results from the pulse
experiments. As before, additiona thawing time and percentage of cooked shrimp were used to
compare microwave tempering experiments.

The results indicated that the use of pulsed heating during microwave tempering is not an
improvement over fixed heeting. The amount of shrimp cooked during the 255 W pulsed at 848
W tests, the 255 W pulsed at 993 W tests, the 406 W pulsed at 848 W tests, and the 406 W
pulsed at 993 W tests were 4.2, 7.0, 8.4 and 9.8 respectively. The percentage of shrimp cooked
during the fixed 255 W power level condition testswas 1.7 and the percentage of shrimp cooked
during the fixed 406 W power level condition testswas 5.7. The amount of shrimp cooked
during pulse experiments is greater than the amount of cooked shrimp during fixed experiments
especialy when compared to the fixed 255 W power leve tests.

Thereis only a 2% difference between the additiond thawing times (additiona thawing
water amount) of the tests conducted at 406 W power level and the tests conducted at 255 W
power level. The additional thawing water amount of the tests conducted at 255 W was 1632 L

while the additional thawing water amount of the tests conducted at 406 W was 1665 L. The
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additiond thawing time was dightly less for the fixed experiments, 1470 s, than for pulse

experiments, 1512 s.

Cost analysis

The purpose of this section is to determine whether or not using the combined method
reduces costs. To do this, the operating cost of thawing the shrimp at a plant using the current
thawing method is compared to the operating cost of thawing the shrimp at aplant using the
combined method. In order to accomplish this comparison, severa assumptions must be made
and the assumptions are described throughout the anadlyss. The processing plant using the
current method is referred to as the old plant and the processing plant using the combined
method is referred to as the new plant. The operating costs of the plant are compared. The new
plant uses less water and therefore has lower water costs and surcharges; however, the new plant

must pay for additiona eectricity that is used during microwave tempering.
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Shrimp amount

It is assumed that both the new and old plant process the same amount of shrimp asa
typica shrimp processing plan, around 900 kg (2000 Ib) of shrimp per 8 h. It isaso assumed
that the new and old plants operate for 5 days aweek and for 2 weekend days amonth. It is
assumed that the plants are closed for two weeks ayear due to holidays. Therefore, the new and

old plants produce around 246,600 kg (543,000 Ib) of shrimp per year.
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Water amount

It is assumed the old plant uses the same amount of water as atypica shrimp processing
plant, around 380,000 L (100,000 ga) to process 900 kg (2000 Ib) of shrimp. Sincethe old plant
processes 900 kg of shrimp per day then it follows that the old plant use 380,000 L of water per
day. Sixty percent of thiswater is used to thaw shrimp. This assumption was based on thawing
shrimp in vats and dlowing 38 L/min (10 gd/min) of water to flow through 20 gationsfor 5

hours.
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As previoudy mentioned, the plants operate for five days a week, fifty weeks ayear, and
for two weekend days a month. The new plant uses approximately 62,472,000 L (16,503,000

gd) of water per year to thaw shrimp.
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The old plant uses the current method to thaw shrimp. Results from this study showed
that by using microwave tempering the thawing water amount can be reduced by as much as
45%. This cost andyss assumes that using the combined method reduced thawing water amount
by 40%. Therefore, the new plant uses approximately 37,483,200 L (9,900,000 gal) of water per

year to thaw shrimp.

Operating costs

Using the combined method has reduced the thawing water amount; however, the new
plant must pay for the additiona energy used to operate the microwave oven. This study showed
that successful microwave tempering of a2.25 kg (5 1b) FSB can be accomplished by using a
power level of 255 W for 35 minutes. From thisit is assumed that the new plant uses 535.5 kJ of
energy to thaw 2.25 kg (5 Ib) of shrimp, which isequd to 238 kJkg. The amount of energy

required per year can now be calculated and isequal t05.9° 107 kJ.
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The energy is purchased by the new plant in the form of dectric energy or dectricity and
then converted to microwave energy. Only acertain percent of the electric energy is converted
to microwave energy and is referred to in this sudy as the overal microwave oven efficiency.
The efficiency is assumed by this study to be 60%. This meansthe new plant must pay for
97,818,000 kJyear of eectric energy in order to provide the necessary 58,690,800 kJyear of
microwave energy. At an assumed rate of $0.07/kW-h, the total operating cost of the microwave

ovenisequa to $1,902/year.
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Cost of water and wastewater treatment

Both the new and old plants must pay for the water used to thaw shrimp. The following
assumptions are made for each plant based on conversation with Robert Lane, 1999. The plant is
billed on amonthly basis and the amount of water used is assumed to be the same each month.
The plant is billed $1.20 per 100 ft of water for the first 3000 ft* and $1.08 per 100 ft° for the

remainder of water usage. The old plant uses 62,472,000 L/year (83,847 ft*/month) and the new
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plant uses 37,483,200 L/year (110,308 ft3/month). This meansthe old plant is charged
$23,880/year ($1,990/month) and the new plant is charged $14,700/year ($1,230/month) for the

water used to thaw the shrimp.
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The new and old plant must o pay for disposing of the thawing water and since the
thawing water amount is different for each plant then the cost of disposing the water will aso be
different. The assumptions made for the cost of disposing wastewater is again based on a
conversation with Robert Lane. The plant must pay surcharges and the study assumes that there
are atotal of three surcharges, one based on BOD (biochemica oxygen demand), one on TSS
(total suspended solids), and one on TP (total phosphates).

The BOD for the new and old plant is assumed to be 757 mg/L. The plants are charged

for BOD above 250 mg/L and are charged $52 per 100 kg of BOD ($23.50 per 100 Ib of BOD).

The old plant is charged $16,470 per year for BOD and the new plant is charged $9,882 per year

for BOD.
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The TSSfor both plantsis assumed to be equa to 356 mg/L. The plants are charged for
TSS above 250 mg/L and are charged $44 per 100 kg of TSS ($19.95 per 100 Ib of TSS). The
old plant is charged $2,913 per year for TSS and the new plant is charged $1,748 per year for

TSS.
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The TP for both plantsis assumed to be equa to 14 mg/L. The plants are charged for TP
above 6 mg/L and are charged $237 per 100 kg of TP ($107.6 per 100 Ib of TP). Theold plant is

charged $1,184 per year for TP and the new plant is charged $711 per year for TP.
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Overall cost of thawing
The overdl cost of thawing the shrimp at the new plant (current method) and the old
plant (combined method) islisted in Table 17. The table shows that the cost of thawing at the

new plant is around $30,000, which is $15,000 less than the cost of thawing at the old plant.

Table17. Cogt of thawing

Cost per year (Hlyear)
Source Old Hmt New F’la’lt
(current method) (combined method)
Additiond dectricity
used to operate 0 1,902
microwave oven
Water usage 23,880 14,700
BOD 16,470 9,882
TSS 2,913 1,748
TP 1,184 711
TOTAL 44,447 28,943
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Mathematical model

A mathematica modd was developed to help predict the temperature profile of a FSB
during microwave tempering. The temperature profiles predicted by the model were within 2 °C
of temperature data collected during microwave tempering experiments. Various plots of the
temperature profile predicted by the mode can be found in Appendix B. The plotsillustrate how
the temperature of the FSB varies with time as well as pogtion inthe x and y directions.

The modd matched well with experimenta data during the initial 500 s of microwave
tempering. After that, the temperatures predicted by the modd were consistently less than the
experimentd temperatures (see Appendix E). Thisdifferencesis attributed to the fact that the
mode assumes the properties of the FSB are equa to properties of shrimp and therefore the
model over estimates the value of specific heat of the FSB. The over estimation becomes more
sgnificant in the late Sages of microwave tempering when the temperature of the FSB
gpproaches the thawing temperature of shrimp because the vaue of specific heat of shrimp
changes dramatically around this temperature.

The mode is extremely flexible and dlows the user to adjust numerous conditions of the
microwave tempering process such as the size of the FSB, the microwave power level, and the
microwave tempering time. The modd can be used to help make suggestions and design
microwave tempering experiments for future sudy. An accurate model can eiminate the need

for prdiminary testing, which saves time, money, and resources.

Summary and Conclusons

130



Conclusions

The following condusions were made from the analysis of the experimenta resultsin

this sudy:

1. Microwave tempering of shrimp followed by water immersion is an improvement over
the traditiona water immerson method. The combined method saves time and reduces
the amount of wastewater.

2. The mogt effective microwave tempering of a2.2 kg (5 1b) frozen block of shrimpis
accomplished by using a microwave oven with a power output around 250 W. The block
should be tempered in the microwave oven for 35 minutes.

3. The addition of microwave susceptive sheets did improve the microwave tempering
process but not significantly enough to jutify its recommendation.

4, Use of pulsed microwavesin tempering is not an improved method over fixed
microwaves.

5. The temperatures predicted by the model were within 2 °C of the experimental

temperatures.
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Recommendation for future study

Numerous posshilities and idess for additional study in the area of microwave tempering
of shrimp were discovered during this study. This study concluded that the improvements made
by the use of susceptive materid are inggnificant. This concluson holds true only for the type
of susceptor and positioning of susceptor used in thisstudy. Freezing the susceptive sheets
horizontaly ingtead of verticaly within the FSB might make sgnificant improvementsin
microwave tempering. Furthermore, the susceptive materid could be formulated into smdl
beads and these beads could be frozen throughout the FSB. The susceptive beads may
ggnificantly improve the microwave tempering process. This study recommends exploring the
advantages of making these types of changes to the geometry and positioning of the susceptive
materia and identifying the most effective combination. The study aso recommends conducting
future sudies that attempt to identify the most effective type of susceptive materia to use during
microwave tempering of shrimp.

This study used a 2450 MHz microwave oven to conduct microwave tempering
experiments. The susceptive materid available in today’s market is designed for use at 2450
MHz. Microwave tempering is more effective with a microwave oven that operates at 915 MHz
because the penetration depth at 915 MHz islarger than at 2450 MHz. The advantages of using
915 MHz to temper FSB should be explored. The addition of a microwave susceptive materia
that is more effective with 915 MHz microwaves may sgnificantly improve the microwave

tempering of FSBs.

Summary and Conclusons

132



The core temperature history of a FSB tempered at 2450 MHz and a 915 MHz was
predicted by usng mathematical modedl. The results were plotted on a graph (Figure 26). The
solid line represents the core temperature of FSB tempered at 915 MHz and the dashed line
represents the core temperature of FSB tempered at 2450 MHz. The graph shows that the use of
915 MHz is a possible improvement. This study aso recommends exploring the advantages of
using radio waves to thaw FSBs since the penetration depth of radio wavesis even larger than
microwaves at 915 MHz.

The mathematical model was aso used to determine if theoretical addition of susceptive
beads would improve microwave tempering. The mathematica modd with susceptive beads
assumed the beads absorb 75% of microwave energy. A plot of the core temperature history of a
FSB with beads and the core temperature history of a FSB without beads are shown on the same
graph (Figure 27). The solid line represents the FSB with beads and the dashed line represents
the FSB without beads. According to the modd response, the addition of beads has improved
the microwave tempering process.

Improvements to the mathematical model can be made. The predicted temperatures are
less than the experimenta temperatures during later stages of microwave tempering asthe
temperature of the FSB gpproaches the temperature at which theice turnsto water. The energy
required for this phase change is accounted for by atemperature dependent specific heet term.
This energy could aso be accounted for by using enthapy formulation. The FSB is a mixture of
water and shrimp. A more precise modd would use property vaues in between the property
vaues of shrimp and property vaues of water. Thisis possble by smply assgning acertain

number of control volumes the properties of water and the others the properties of shrimp.
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Figure 26. Core temperature history of afrozen block of shrimp during microwave tempering at 2540

MHz and 250 W and at 915 MHz and 250 W.
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Figure 27. Core temperature history of a FSB during microwave tempering a 2450 MHz with

susceptive beads and without susceptive beads.
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Appendix A

Derivation of Finite Difference Equations

Notation

p integer indicator of time

pp tota number of time steps

Dt,  timesteplength(s)

m integer indicator in x-direction for atypica CV
mm  total number of CV’sin the x-direction

?Xm  x-direction length of typicd CV “m,n” (m)

Xm x-location of the center of typica CV “m,n” (m)
n integer indicator in y-direction for atypica CV
nn tota number of CV’sin the y-direction

?yn  y-direction length of typicd CV “m,n” (m)

Yn y-location of the center of typicd CV “m,n” (m)
E designates the east Sde face of the CV

w designates the west Sde face of the CV

N designates the north side face of the CV

Derivation of Finite Difference Equations
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S designates the south side face of the CV

Tmn temperature at the center of CV “m,n” (°C)

?xg  digance between the center of CV “m,n” and its eest neighbor “m+1,n" (m)
?xw  disgtance between the center of CV “m,n” and its west neighbor “m-1,n" (m)
?yn  digance between the center of CV “m,n” and its north neighbor “m,n+1” (m)

?ys  distance between the center of CV “m,n” and its south neighbor “m,n-1" (m)
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| | ! | |
| | | | |
¢ o . . . . * @
Yo | | | | : B
————— e e e N SRR
[ | | m,n+"|| |
¢ o : o o * | o | * @
_____ LML __
I ' m-1,ni mn im+in |
y P @ : * | o | * | o o & Dy
_____ S S VU S S
N = R
¢ o | ¢ | ¢ | ¢ | ¢ | * @
: I I | |
————— e L s e e
| I I | |
I T | ¢ | o o | o o ¢ |DVy
| I I | |
Yy e—e ' P— - -~ PO— *—o
}(D:[:I }{1 }'{2 :H:m }{mm }{mm+1=

Figure 2. Control volume discretization (Vick, 1997)
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Figure 3. Typica control volume“m,n” (Vick, 1997)
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e o, 12170,
tggv)éﬂxg o Tvé Tyg

Integrate the energy equation over atypica control volume “m,n” and over thetime interval t,.1

S.(x1)- S,(x.1)- ?Cp%fmxdydt:o
u

and t,. For convenience, the energy equation is divided into three terms before performing

tp
Ft=TP2t,

t
p-1
integration. The equation is integrated over timein afully implicit manner, where the

temperature over eech time interval is evauated at the end of each timeinterva. The
temperature T° is the temperature a time level t, and represents the average temperature over the
timeinterva ?t, preceding timet,.

Now perform integration of each term in the energy equation.

AT e 1T
A= Ooo—xgei( —X+dXdydt
th1 SW e 7]
th N £ . . ~
u
A= oekale & IO Hayar
wasee Txeg e fixg,q
th N A . RN
i ael -T.,0 el - T ou
A — 0 N Eg m+1‘,7n m,ni_ kwg m,n’) m-1n :[}jydt
tp1 S € X g a2 X w 20
N é P p P _ TP [
A — C\ﬁk %Tmﬂ,n Tm n 0 k %Tm n Tm-l,n _l:Pthy
5 ° ?2X 5 ?X o
s@ E o} w o8]
A — ?k &T£+l,n - Tnlj,n 9 %Tnﬁ,n - r’rI?-l,n zt)t F’t)
T3 E(é ?2X P ?2X et
e E %) w a
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B = Sk 11 Dixdydt
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B — éékN Tm+ln Tmn:_ kséTm,n Tm-l,n :lfpt PdX
e ?Y N 17} ?Ys a0

+1,n mn = _ k m,n m-1,n gl,Jr)tPf)
. 0?7t ?y
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‘YN o Ys 20

o

C=0
ths

C=[Schnp- SPmnsT]2X 02y 2"
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o SCm,n,p - Spm,n, pT}deydt

w

o=

n

"NEg 9T
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N E
D = 0¢Cp [TP T" lhxdy
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T;’,née?Cp?x W2V

Sc

Subdtitute these terms, A, B, C and D, rearrange and divide through by 2t

?Y g Ke T,Eﬂn% ?ynée?kxww Z ?Y . g m_ ”ynge mn:

k _ k Kk k
?X ée,)yN Tnfmlgj ?Xmée?yss T 1% ?X gae’PyNN Tn':n;;)j- ?X ée?yN T"fné
Sc

P P
mm?x 2y .- Sp m‘inm,n?x L2y - 7CpT

p
Group terms and multiply through by —1.

L2y, ey Sy
to ?X ¢ ?2X w ?Y N
k. O & k, O & k, O
P : P - P - P
Tm+1n§)yn 7 = :- Tm-l,ng?yn 7 W :- Tmn+1g?xm 7 N :- Tmn
’Xe g ’Xw @ XN @
m,n,p?xm?yn + ?Cp?x m?ynT rrF:n1
“tp
The solution is now presented in the following form:
am,nTr‘rF: aW Tr$11n aE Tr$1+1n as TnF:n 1° aN Tp

m,n+1
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where

k x 2k k 0
aw,., =2y, W —Oyné min mn T
OXW ?Xm—lkmn +?kam—1,nﬂ
—n kE =2 2km+1nkr’r1n 9
aEmn - 'yn P y é,) K =
'X Xm+l mn +7? Xm m+ln @
- mn 1 =
aS,, = ?X é ;
r)yS ynl mn+ ynkmn 1ﬂ
K, K, uKnn O
aN ., =?X, > =7?X o -

mg?ynkmnﬂ + yn+1kmn B

1
2y ——
m?Yn 2,

20, = (°C,) 2x
— p
a,, =a0,, +aW,_  +aE_  +aS,  +aN ., +5p,,?X

by =80, Tht +Sch ?X,.?Y,

mn 'mn

The therma conductivity, k could vary from one control volume to the next. The harmonic
mean is used to caculate the therma conductivity, ke, kw, ks, and kn, which represent the

thermd conductivity & the interface of the control volumes.
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Appendix B

Predicted Temperature Profiles

A mathematica heet transfer model was developed in MATHEMATICA 3.0.1 that
predicts the temperature profiles of afrozen block of shrimp during microwave tempering. The
temperatures predicted by the mode are afunction time and of pogtion in the x-direction and y-
direction. The modd was run and numerous plots illustrating how the temperature varies during
microwave tempering were produced. This gppendix contains some of these plots.

The mode was run under the following conditions. A time step of 30 seconds was used,
the length was 26.67 cm (10.5 in.), the width was 19.05 cm (7.5 in.), and the height was 5.08 cm
(2in.). The FSB wasdivided into control volumes of equa sze with 19 control volumesin the
x-direction and 9 control volumesin they-direction. The initid temperature of the FSB was -25
°C, the ambient temperature was 20 °C, and the convection heat transfer coefficient at dl four
boundaries was equal to 25 W/m?-°C. The moisture content was 0.80 and the density was 1000

kg/n.
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Figure B.1isaplot of temperature at midway point of the height, y = H/2, asafunction
of pogtion in the x-direction. The figure contains three plotsone a time=450 s, one at time =
1050 s, and one at time = 1650 s. Figure B.2 isaplot of temperature at the midway point of the
length, x = L/2, asafunction of pogtion in the y-direction. The figure dso contains three plots
onea time=450s, oneat time=1050 s, and one at time= 1650 s. Figures B.3-B.5 are three-
dimensond graphs that illugtrate the temperature digtribution at time =450 s, time= 1050 s, and
time = 1650 sas afunction of x and y position. Figures B.6-B.8 are three-dimensiond graphs of
the temperature distribution a y = H/2 asafunction of x postion andtime. FiguresB.9-B.11 are
three-dimengona graphs of the temperature digtribution at x = L/2 as afunction of y postion
andtime. Figures B.6 and B.9 show the temperature distribution during initia stages of
microwave tempering, from time = 0 suntil time=300s. Figures B.7 and B.10 show the
temperature distribution during middle stages of microwave tempering, from time = 750 s until
time=1050s. FiguresB.8 and B.11 show the temperature digribution during initid stages of

microwave tempering, from time = 1500 suntil time=1800s.
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Figure B.1. Predicted temperature distribution as a function of postion in x-direction, Y = H/2
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Figure B.4. Predicted temperature distribution of a FSB as afunction of postion, time= 1050 s
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Figure B.5. Predicted temperature distribution of a FSB as a function of postion, time= 1650 s
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Figure B.6. Predicted temperature distribution of a FSB as a function of position in the x-direction
from t = 0 seconds until t = 300 seconds. y = H/2.

Figure B.7. Predicted temperature distribution of a FSB as afunction of position in the x-direction
from t = 750 seconds until t = 1050 seconds. y = H/2.
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Figure B.8. Predicted temperature distribution of a FSB as a function of pogition in the x-direction
from t = 1500 seconds until t = 1800 seconds. y = H/2.

Figure B.9. Predicted temperature digtribution of a FSB as afunction of position in the y-direction
from t = 0 seconds until t = 300 seconds. x = L/2.
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Figure B.10. Predicted temperature distribution of a FSB as afunction of postion in the y-direction
from t = 750 seconds until t = 1050 seconds. x = L/2.

Figure B.11. Predicted temperature distribution of a FSB as afunction of position in the y-direction
from t = 1500 seconds until t = 1800 seconds. x = L/2.
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Appendix C

Calculation of Power Output

Measuring the power output of a microwave is accomplished by following the procedure
st by the International Microwave Power Inditute. First, heat two liters of water in the
microwave oven for 120 seconds and note the temperature change. Equation 2.6 can then be
used to calculate power output. The dengity of water was assumed to be equd to 1 g/ml and the

specific heat was assumed to be equal to 4.186 J(g-K)
P =Wr DTc,/Dt (2.6)

where
V' =volume of water = 2 liters = 2000 ml
r  =dendty of waer (g/ml)
DT = temperature difference (C°)
Co = spexific heat of water (Jg-K)
Dt =changeintime (9

P = power output (W)
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Two temperature probes were used to record the temperature of the water during microwave
cooking. Temperature probe #1 was placed near the bottom of the water level and probe #2 was
placed near the top of the water level. The initid and find temperature of each probe was
recorded and the average initid and find temperatures were then calculated. The difference of

the average fina and initid temperaturesis the vaue of the temperature difference, DT in

equation 2.6. For each power level, the power output was ca culated three times and the average
of the three calculaions is taken to be the power output of the microwave oven for the power

level in question. The data recorded and calculations performed are summearized in the following

table:

Table C.1. Summary of power output caculations

Power level Initid Temperature Fina Temperature Power Power

(%0) (°C) (°C) (W) (W)
1 2 Avg. 1 2 Avg. -- Avg.

100 2494 | 2480 | 24.87 | 36.82 | 40.73 | 38.78 970

100 25.22 | 2498 | 25.10 | 37.09 | 42.41 | 39.75 1028 993

100 25.22 | 2498 | 2510 | 36.45 | 41.89 | 39.17 982

90 2448 | 25.10 | 24.79 | 35.80 | 39.65 | 37.73 902

90 25.19 | 25.02 | 25.11 | 3557 | 39.60 | 37.59 871 885

90 2493 | 2495 | 2494 | 3547 | 39.69 | 37.58 882

80 25.00 | 25.10 | 25.05 | 33.27 | 40.44 | 36.86 824

80 2492 | 25.08 | 25.00 | 33.05 | 41.22 | 37.14 847 848

80 24.85 | 2489 | 2487 | 33.79 | 41.03 | 37.41 875

70 25.05 | 25.13 | 25.09 | 33.54 | 40.53 | 37.04 833

70 2498 | 24.06 | 2452 | 30.97 | 39.15 | 35.06 735 794

70 2489 | 2481 | 24.85 | 33.79 | 39.25 | 36.52 814

60 2443 | 2483 | 24.63 | 3242 | 36.60 | 34.51 689

60 2496 | 2525 | 2511 | 31.95 | 36.19 | 34.07 625 639

60 2497 | 2491 | 2494 | 32.27 | 3491 | 33.59 603

50 24.23 | 25.14 | 24.69 | 30.86 | 35.10 | 32.98 579

50 2489 | 2494 | 2492 | 30.15 | 35.12 | 32.64 539 550

50 25.00 | 25.03 | 25.02 | 31.22 | 34.10 | 32.66 533
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40 2490 | 2497 | 24.94 | 29.28 | 33.25 | 31.27 442
40 25.02 | 25.01 | 25.02 | 29.13 | 32.18 | 30.66 393 406
40 24.98 | 25.08 | 25.03 | 29.35 | 31.65 | 30.50 382
30 2491 | 2499 | 2495 | 27.35 | 30.05 | 28.80 269
30 2499 | 25.04 | 25.02 | 27.77 | 29.39 | 28.58 249 255
30 2490 | 2484 | 24.87 | 27.74 | 29.11 | 28.43 248
20 2494 | 2512 | 25.03 | 26.00 | 26.97 | 26.49 102
20 25.06 | 2497 | 25.02 | 26.28 | 26.52 | 26.40 97 101
20 24.84 | 2495 | 2490 | 26.22 | 26.57 | 26.40 105
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Appendix D

Calculation of Microwave Cooking Time

Preliminary microwave tempering experiments were conducted on frozen blocks of
shrimp. The experiments found that the most favorable results occurred when the shrimp were
tempered by a microwave oven with power output of 255 W for 2100 s (35 min). During this
time the frozen block of shrimp was exposed to 535500 J of microwave energy. Thisamount of
energy was used as aguide for al other experiments conducted.

The microwave used has a power output of 255 W when set at a power level of 255 W.
The power output of the microwave oven for each power level was determined and those vaues
arelisted in Table 12 and the caculations of these vauesis described in Appendix C.

As previoudy mentioned, the microwave cooking time (MCT) for the 255 W power leve
tests was determined by the preiminary experimentsand is 2100 s. The MCT was caculated for
the 406 W power level experiments by dividing 535500 J by the power output of the microwave
oven. Thiscaculated MCT was then rounded to the nearest minute. Thetotal energy for the
particular experiment was calculated by multiplying this rounded value of MCT by the power

output.

Cdculaion of Microwave Cooking Time
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For the pulse experiments, an on/off cycle of 60 swas used. It was decided that the pulse
experiments would have the same MCT as the experiment they wish to mimic; however, the
microwave oven is not turned on for the entire MCT but rather for a portion of the MCT. The
amount of time the microwave is turned on for during each cycle was caculated as a percentage.
The percentage is found by dividing 535500 by the power output and the MCT. This percentage
isthen multiplied by 60 s to determine the amount of time the microwave is turned on for during
each cycle. Thetimeisrounded to the nearest second. As before the rounding affects the total
energy. Thisnew vaue of totd energy for the particular experiment is caculated. The

following are the caculations performed and a summary of the resultsisin Table D.1.

Notation

E = amount of microwave energy produced by microwave oven during the
microwave tempering experiment (J)

P = power output of the microwave oven (W)

MCT = microwave tempering time (minutes)

PCT = percentage of on/off cycle of which microwaveisturned on

Ony = amount of time during each cycle of which the microwave ovenis
turned on (seconds)

Cyde = total amount of time of each cycle = 60 seconds

Cdculaion of Microwave Cooking Time
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1 Test: 255 W power leve.

E=P  MCT = 255W" 35 mnutes”’ 60—5 = 535500 J
I1mnute

2. Test: 406 W power level.

_ 535500J _ 535500J

MCT = 1318.9s = 22.0nm nutes
P 406 W
, . , 60s .
E=MT P =22mnutes Trr 406 W = 5359203
m n

3. Test: 255 W pulsed at 848 W power level.

PCT = 53}5500\] _ 535}5003 — 0.301
P~ MCT 848 W’" 2100s
On, = PCT" Cycle =0.301" 60s = 18.0s
1
E=P  MT’ SUNI. 848 W~ 2100s ’ 18s | 5342403
Cycl g 60s

4. Test: 255 W pulsed at 993 W power level.

PCT = 535,3500J _ 535,500J — 0. 258
P~ MCT 993 W”" 2100s
On, = PCT" Cyclg =0.258" 60s = 15.41s
1
E=P o 993 W’ 2100s 15s 521325J
Cycl e 60s
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5. Test: 406 W pulsed at 848 W power leve.

pcr - 5355003 _ 5355000 _ o .
P~ MCT _ 848W 13205
On, = PCT" Cycle =0.478  60s = 28.7s
E=p° McT' — ™ = g34w’ 1320s° 225 = 541024]
Cycl e 60s

6. Test: 406 W pulsed at 993 W power levdl.

PCT = 59?500J _ 535,500J — 0. 408
P~ MCT 993 W™ 1320s
On, = PCT" Cycleg =0.409" 60s = 24.4s
24
E=P o 993 W’ 1320s ° 222 = 524304J
Cycl e 60s

TableD.1. Summary of caculations

Test PW) | E(k) | MCT (min) | On (s

255 W 255 535.5 35 --
406 W 406 535.9 22 --
255 W

oulsed 2 848 W 848 534.2 35 18
255 W

oulsed at 993 W 993 521.3 35 15
406 W

oulsed at 848 W 848 541.0 22 29
406 W

oulsed at 993 W 993 524.3 22 24
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Appendix E
Plots of Predicted Temperature History and
Experimental Temperature History during

Microwave Tempering of Shrimp

Eight different types of microwave tempering experiments were conducted on frozen
blocks of shrimp (FSB). Temperature data were collected during each microwave tempering test
conducted. The temperature data were collected at four locations within the frozen block of
shrimp (FSB). Thistemperature data are referred to as the experimenta temperatures. A
mathematical moded designed to predict the temperature of a FSB during microwave tempering
was created. The temperature data produced by the modd is referred to as the predicted
temperature. For each type of microwave tempering test conducted, the resulting predicted and
experimenta temperatures obtained were plotted on the same graph. This gppendix contains
samples of these graphs. A dashed line represents the predicted temperatures and a solid line

represents the experimental temperatures.

Pots of Predicted Temperature History and Experimental Temperature History During
Microwave Tempering of Shrimp
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FiguresE.1-E.2. Predicted and experimenta temperature history during microwave
tempering of FSB at 255 W power leve
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Figure E.2. Predicted and experimental temperatures at location #3 and #4
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Figures E.3-E.4. Predicted and experimenta temperature history during microwave tempering
of FSB with pulse heat at 993 W power level (100 %) ON for 15 seconds and
then OFF for 45 seconds for atotal of 35 minutes
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Figure E.4. Predicted and experimental temperatures at location #3 and #4
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Figures E.5-E.6. Predicted and experimenta temperature history during microwave tempering
of FSB with susceptors at 406 W power level
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Figure E.7. Predicted and experimental temperatures at location #1 and #2
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