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DEFINITIONS

Cavity

Deno tes the space enclosed by inner walls and door
into wh ich food is placed to be heated or cooked by
m icrowave energy .

Microwave oven

H Denotes microwave cooking appliance designed to heat
food by m icrowave energy .

Ou tput wattage (Measured)

Cook ing power available in the oven cavity as measured
by a water temperature rise test and converted to watts.

Ou tput wattage (Rated)

Cook ing power available in the oven cavity as stated
i n  specifications by the manufacturer.

Shel f

A hor izontal food supporting surface in the .cavity
of a microwave cooking appliance.

Standing wave pattern

Collection of incident and reflected microwave
energ y in a microwave oven that is based on the
stirrer and cavity design and spe cific for a microwave
oven of a par ticular model and manufacturer.

St i rrer

Denotes a mov ing propeller—like element used in
m icrowave cooking appliances to diffuse the microwave
energy throughout the cooking cavity .

Usable cav i ty vo1u m e~
Calculated as the geometric shape bounded by a shelf
i n the lowes t posi ti on , by the sides of the cavity ,
by the ce il ing an d the c lose d door . Any projection
is cons idered as reducing the cavity volume as though
a plane existed through the extremity of the pro jection.
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DEFINITIONS (CONTINUED)

Nt
S pun f i ber g lass

Finespun f i lamen ts of glass assembled in a matrix
type struc ture and general l y used as an a i r f iltering
media.
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CHAPTER 1

INTRODUCTIO N

M i crowave oven users en compass a b road c a teg ory and
• include hospital foodservices , res tauran t and commerc i al

fas t-food services, schoo l foodservice programs , domes tic

consum ers , bus y pro fess i onals , the e l d e r l y, the handicapped

and youth. Also included are teachers and students of foods

and equ ip men t i n hig h sc hoo ls  an d i n un i vers i ty home econom i cs ,

ho tel and motel and restaurant programs. Microwave oven sales

are expected to attain 640,000 units in 1974. This almost

doubles the 325 ,000 units sold in 1972. Sales are projected

to exceed one million units by 1978.

The m icrowave heating of portioned and individual food

items has been well established in the foodservice industry.

Hosp it al foodserv i ces , res tauran ts , ven di ng opera ti ons an d

industrial mass feeding operations are increasing their

use of m icrowave ovens to augment conventional food recon-

stitution methods. In spite of the large number of micro—

wave ovens curren tly in operation , use r  a p pl i c a t i o n  has

not been optimal. T~e electric field distribution limits

the opt i m i za ti on proce dure , particularly with regard to

moisture and temperature distribution in the heated food

(Stuckly, 1972). H
1
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1.1 Iden tification of the Problem

The microwave oven hea ts by radiation. The radiation

cons ists of electromagnetic energy in the radio-frequency

spec trum. In a microwave oven the electromagnetic waves

are prod uced by a magnetron. The waves are coupled by a

wave gu ide to the oven cavity in which the food is exposed

to the electromagnetic waves. When food or other polar

su bstances are placed in a microwave field they quickly be-

come hot because of the absorbed energy from the microwaves.

This energy is transferred into heat within the polar

subs tance itself by a molecular friction effect. Substances

of different cellular and molecular structure absorb micro-

waves d ifferently; hence heating rates are influenced by

food compos ition.

As m icrowave energy enters the oven cavity , distribution

of the incident waves is accomplished by a wave stirrer.

Re flec ted waves from the i nn er me tal sur face o f the oven

cavity also contributes to the distribution pattern of

m icrowave energy. Because microwave energy travels in a

stra i gh t li ne , reflected and incident waves contribute

to a specific distribution. The specific distribution is

re ferre d to as the s 1~
’anding wave pattern 0 In the zone

where the ener gy i s re flec ted f rom the wa l l s and floor of

the oven cavity , the metal has a re d uc i ng effec t c lose  to

its surface. Th is zone is about 1-2 cm (Napleton , 1971).

There fore , are a s of h ig h an d a reas of low e lec tr i c fi el d s

are prod uced. The effect of uneven heat distribution

_ _ _ _ _ _ _ _ _  A



on the quality of portioned food is one of the major 
•

problems of microwave heating. •~T h e d imens i ons o f por t ione d

food seldom exceed the penetration depth of microwave

ener gy and i n mos t cases  transm i ss i on o f the ener gy w ill

occur. If the majority of energy is transmitted , the

standing waves of the microwave oven are essentially un-

altered and hot and cold spots become an important parameter

to be considered when heating portioned food in a microwave

oven.

1.2 Pu rpose of the Research

Uneven heating of portioned foods in a microwave oven

is a problem. Current methods of identifying uneven dis-

tribution do not record the standing electric field pattern

in areas and levels of the microwave oven simultaneously.

If more even heating is to be achieved , special attention

must first be given to the electric field distribution in

the oven ’ s cavity.

The purpose of this research was to develop a method

for measuring electric field distribution in a microwave

oven.
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CHAPTER 2

REVIEW OF LITERATURE

A rev iew of literature revealed that recognition has

been given to the problem of uneven heating in a microwave

oven. Me thods developed for measuring electric field

d istribution in a microwave oven were varied and there

• ap peared to be little agreement on any specific procedure

wh ich could be standardized.

2.1 Effects on Food of Uneven Electric
Field Distribution in a Microwave Oven

Concern for uneven cook i ng an d q uality of foo d hea ted

in microwave ovens was expressed in the literature. The

uneven electric field concentrations (and resulting heat

ener gy ) have a dele ter i ous effec t on foo d componen ts (Van

Zan te, 1973). Only one study was found that correlated

electric field distribution with its effect on food. Tracy

(1974) developed a method for determining electric field

distribution in a microwave oven and evaluated its effect

on port ioned food. Using a formulation of skim milk

powder , corns tarch , corn syru p and wa ter , electric field

concen trations were determined by the resulting non-

enzymat ic browning reaction. Eight levels each ½ inch

above the preceeding one were divided into 144 sections

each 1 x 1 inch. The re sulting. thermogram was objectively

measured us ing a light reflection meter. A second objective

_ _  -~~~~~ 
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measure of the elec tric fie lC concentration was accomplished

by heat ing 8 ml of water  in each of the 144 c e l l s .  Once

t h e  heating pattern was established , the ef fect of ho t an d

col d cells was determined based on portioned chilled foods

hea ted in various areas of the oven. Weight loss , tempera ture
• an d sensory evalution scores showed a significant inter-

rela tionship between the percentage reflection and temperature

• change measuremen ts and the change in temperature and amount

• of mo isture lost from the food products during microwave

heating. Ground beef patties heated in the hotter areas

were rate d significantly more dry and more firm . The

results of this study indicated that uneven electric field

concentrations have important implications for quality

of prepared and portioned food heated in a microwave oven

where there is uneven energy distribution.

Bengtsson (1969) determined heating patterns of foods

heate d in a microwave oven using an infra -red television

camera. Iso thermic patterns of the fo~d sur fa ce cou l d be

moni tored during the heating cycle. Observations noted

were that the electric field was uneven and that the initial

pa ttern recorde d rema i ned unchanged thou ghou t t h e hea ti ng

period. The effect 6n food quality was not reported.

2.2 Curren t Methodology For Measuring
Elec tric Field Distribution In Microwave Ovens

Becaus e thermocouples and conventional thermometers

canno t be used i n the m i crowave oven cha rn ber dur i ng hea ti ng,

it has become necessary to turn to biological materials to
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measure uneven hea t distribu t ion in the oven. If an alcohol

• or mercur y thermometer is placed in a microwave oven , errors

w i ll occur due to the hea ti ng o f alcohol  or me rcury by the

m icrowave energy. If a thermocouple or a thermistor enclosed

in a th i n me tal tub e i s used , a concen tra t ion of an e lec t r i c

field will occur around the electric wire or metal tube.

One microwave oven manu facturer advertizes a metal shielded

• thermome ter available for use in a microwave oven but its

use is not applicable for portioned food.

Wat anabe (1974) developed a dielectric sheath which

precludes the energ y concen tra t ion effec t aroun d thermome ters

and thermocou ples. By p lac in g the thermometer in a me ta l

tube and wrapping the metal tube in a h3w— los s dielectric ,

the electric flux density between the material being measured

and the thermometer is  greatly reduced. Although accurate ,

the new sheath thermometer has a slow response time.

Van Zan te (1966) used egg whites placed in individual

cups to char t electric field concentrations. Twenty-three

grams of egg white were place in nine Pyrex custard cups.

The egg wh i te , in the cups , was then p laced at equ i dis tan t

po ints in the microwave oven. Heating was terminated when

the first egg white appeared completely coagulated. Areas

• wh ere the egg white was uncoagulated were referred to as

“cold spo ts ” . The ma jor shartcoming of this procedure was

the lack of information in areas where the cups were not

loca ted. 
•

Another technique using egg white for measuring electric
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field concentrations was reperted by Wilhelm and Satterlee

(1971). Egg white was blended in a Waring blender and

poured on to a f la t Py rex p la te. When hea te d i n a m i crowave

oven , cha ng esin the egg white as it coagulated during the

hea ting process were used as an indication of hot spots.

By elevati •ng the glass plate , var ious planes of the micro-

wave oven wer e measured for electric field co.ncentrations.

Reports indicated that resea rchers were using a variety

of foods to determine electric field distribution. Mos t

manufacturers of household microwave ovens feel that the

• only representative method of determining electric field

distribution is to cook a vari ety of foods represent ing

large, med ium and small loads (WeizeoriEk ,1974). Peterson

an d Foerstner (1971) selected cup cakes , potatoes , layer

• cakes , ro ast i ng c hi ckens and mea t l oaves to eva l ua te oven

performance. Cooking results were judged by temperature

measuremen ts taken at a specific position in each food after

coo king. Subjective quality assessmen Cs were also made to

determ ine electric field concentrations . Sixteen different

m icrowave ovens were tested. The authors stated that , better

then any o ther me th o d , cu p cakes showed the true energy

distribution pattern ~in a microwave oven. There was no

descr i p ti on o f how the “true ” ener gy pattern was determined.

The complexity of using food items for developing a standard-

ized and reliable electric field measurement technique was

po i nted ~~~~~t ~~ the var iability of scores among food items 
•

hea ted ir a variety of microwave ovens.
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• Sco tt (1973) developed simulated food to measure

• m icrowave oven cooking performance. A formulation of

• gela tin , water , su gar and food coloring were combined to

an equ ivalent moisture content of most meats. The gelatin

mold m ixture was placed in a microwave oven and energy

appl ied for a specific period of time. Peripher y and in-

terna l mel t character i s ti cs of the gela t in were then g rade d

us i ng a gr i d. Uneven mel t characteristics were then assigned

a score wh ich was deducted from the base score of 10 points.

The procedure was proposed to the International Microwave

Power Ins titute in September 1973 as an international

performance standard.

A non -b iological approach to measure electric field

concen trations was reported by Kumpfer (1972).. The method ,

wh ich was developed at American Microwave, Inc. , provided

a two— dimensional “ p i c ture ” of the energy distribution

pat tern. A sheet of asbestos was wetted with water and

p lace in the plane to be studied . When microwave energy

was applied the color of the asbestos paper changed from

a dark gray to a pure white. The gradation of color was

interpre teias being representative of energy distribution

in the plane being studied. The procedure was not quanti—

• tative and measured electric field patterns in only a

sin gle plane.

Other non—biological techniques using wet blotters

and thermofax film were described and were useful in

po i nti ng ou t the poss i b i li ty of uneven cook ing;  however
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the techiques do not lend themselves to positioning specific

food loads (Van Zante , 1973).

4 Increase in temperature of water has been used for a

number of years by most manu fac turers o f microwave ovens

to evaluate performance (Scott , 1973). Such a test was the

bas is for a draft proposal submitted to Sub—Committee 59H

(microwave appliances), Interna ti onal E lect ro tec hn i cal

Comm i ss i on , for cons ideration as a test standard for deter-

m ining electric field distribution in a microwave oven

(Weizeorick ,1974). The proposal suggested an array of

several and /or individual beakers of water heated in vari-

ous locations to determine repeatability , height sensitivity ,

average UHF efficiency and distribution grade of micro-

wave ovens. In Oc tober 1974, Sub—C omm ittee 59H issued a

statement which said that a test method for determining the

microwave field distribution in the cavity could not be

recommended. Eac h National Committee was requested to

s tudy th i s spec ifi c p rob l em to determ i ne if an acce p tab le

me thod for measur i ng elec tr i c f i eld d i s tri buti on could

be deve loped.

a
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CHAPTER 3

MATERIALS AND METHODS

For this study t he intent was to chart the e lec t r i c
• field of the cooking area in a microwave oven through a

• si ngle ex posure techn iq ue , thereby providing a three—dimen-

sional p icture of energy distribution within the oven cavity .

Bas ic requirements to accomplish this objective were : (a)

a low d i elec tri c loss m ater i al w it h an “op en ” type matrix

that would transmit microwave energy , and (b) a heat acti-

va ted chemical reaction with an exponential relationship to

temperature that could be measured objectively.

3.1 Experiment I. Determining the
• Ou tp u t Wa ttage of the M i crowave Oven

A descr i p ti on of the oven use d i n th i s research an d

its operating specifications are given in Figure 3.11.
0

Of pr i mar y im por tanc e i n m ic rowave oven researc h i s

knowled ge of the frequency of the microwave energy and the

a m o u n t  of cooking power delivered to the food (Tracy , 1974).

T he wat tage  output (cook ing  power)  of most ovens  is 10
a

to 15 per cent be low the rated output s ta ted  by the manu—

fac turer .  Van Zante (1973)  sugges ted  that Method Number

S i x  was the most usable and reliable method of measuring

mic rowave  oven cook ing  power.  The procedure i n v o l v e s  a

convers ion  to w a t t a g e  of B r i t i sh  thermal uni ts (Btu)  that  •

10
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MICROWAVE • OVEN
a 11

- —s ~~~~~~ 
— 

—

BUTTOND • :  TIMER

= © DIAL
— ~ —~~~~~~ TIMER

GLASS CERAMIC ..ftASE

DIMENSIONS:

Cabinet: Width 21 5/8 inches , height 15 inches
depth 21 1/2 inches

Cavity : Wid th 13 inches , height 7 5/16 inches ,
depth 13 inches

Glass Ceramic Base Shelf: W idth 12 inches , dep th 12 inches

• ELECTRICAL SPECIFICATIONS: -

Voltage: 208 to 250 volts AC 3 wire, single phase

Amps: 20 amp circuit 60 cycle

Wa t t a g e :
Standby : -0-
Idle: 3 75 wa t ts
Operat ing:  3500 wa t t s
Outp ut: 1300 wat ts  ( for measu red output see

Table 3.11)

a

FIGURE 3.11 DESCRIPTION AND OPERATING SPECIFICATIONS
OF THE COMMERICAL MICROWAVE OVEN USED
IN ELECTRIC FIELD DISTRIBUTION ~1EASUREt~ENTSTUDY •

• • •
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a re  a b s o r b e d  by a p ound of d~ st ill ed water which has been

hea ted for sixty seconds in a Pyrex glass beaker (one—liter

size). The conversion formula is: cooking watts/hour =

1 p o u n d  FI 2O x ~t F x 60 (1 m m .  heating )/3.413.

In addition to using the procedure outlined in Method

Number Si x , the glass beaker was oriented in the same

• 

• 
m a n n e r  for each replication and position tested in the oven.

The three pos itions tested in the ; oven were: the left rear

corner , the center and the right center. They are shown

• in Figure 3.12. The left rear corner and right center

pos itions were checked for wattage output based on pre-

liminary investigations which indicated that these positions

were the extremes for electr i c fi el d dis tri bu ti on i n the

microwave oven be ing used. The center location is normally

prescri bed for wattage output determination of a microwave

oven. The results of the wattage output tests are given in

Ta ble 3.11. The range in measured wattage output was from

12.1 to 18.9 per cent below the rated output of 1300 watts

sta ted by the manufacturer.

3.2 Experiment II. Sel ectin g a Low
Dielec tric Loss Su b sta nce to be Used
as a Veh icle for Measuring Electric

Fi-eld Distribution

Prev ious studies have been directed toward locating

concen trations of microwave -energy in a single p lane wi th—

in the oven cavity . Wilhelm and Satterlee (1971) proposed

a 3— dimensional method of mapping microw ave . ovens. The •

procedure involved separate microwave heating exposures at 

— •  • - ~~~-~ - • - • 0 ~~~~~~~~~~~~~~ 0 J
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TABLE 3.11 OUTPUT WATTAGE FOR THREE DIFFERENT POSITIONS
IN A MICROWAV E OVEN RATED AT 1300 WATTS

OUTPUT WATTAGEREPLICATIONS Area #1 Area #5 Area #6

1 1055 1090 1143

2 1055 1090 114 3

3 1055 1090 1143

4 1055 1090 1143

5 1055 1090 1143

0

a

•.
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various oven planes , thereb y ass em b ling a collect i on of

hor izonta l  modes for elec tric field concentration deter—

minat ion. The major shortcoming of this experiment was the

lack of information about planes between those charted

and the possible electric field perturbation caused by

• eleva tion changes of the measurement vehicle.

The purpose of th i s experiment was to fi nd a low

d i elec tri c loss ma ter i al that could b e use d as a veh i cle

for sus pend i ng a bio l ogi cal subs tance wh i ch , when exposed

to heat in.a microwave oven , cou l d b e us ed to measure the

energy distribution patterns . Glass , most ceram i cs , pa per ,

ca r db oard , wood and most plastics are partially transparent

to microwave energy (Daly, 1973). Isom i ca , fused silica ,

petrol eum wax , foam pol ys tr e n e , benz i ne an d oven fi lms

were l isted as being microwave transparent. The require-

men ts for the ma terial bei ng sou g h t were m i n i mal d i elec tr ic

loss proper ti es , an open or ma trix type texture to allow a

visual capability for observing reactions , an d a struc ture

that would facilitate chemical impregnation. Spun fiber

glass appeared to have these qualities; however the di —

elec tric loss properties were unknown.
0 Close examination of the fiber glass revealed that

an o ily substance was present. To preclude energy absorption ,

the oil was removed using hexane (Skelly B). The fiber

glass was washed three success ive times to remove all

traces of oil residue. The fiber glass was allowed to air

dry one- half hour after which al l . traces of hexane odor

• 0 0~00•~ 0 0 0 0 ~~~~~~~~~~~~~~ 
0
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were no lon ger evident. Using a shears , the fiber g lass

was cu t in to 12 x 12 i nch shee ts , wh ich were one inch thick.

B e c a u s e  of th e “ springy ” charac ter i sti cs of the fi ber g lass ,

a glass template of the exact size was placed on the matrix

shee ts to com p ress the m for ease i n cut ti n g, as well as to

add a measure of preciseness and uniformity to all the fiber

glass sheets.

• 

0 

The fiber glass had a matted layer on both the top and 
0

bo ttom of each sheet. This gave a concentration of fibers

on both surfaces and would subsequently provide an increased

sur face area for the glucose/glycine solution which was to

be used in the process of measuring the electric field

d istribution. The matted layers were easily peeled from the

ma tri x s i nce the fi ber g lass was a collect i on of cohes i ve

sheets built up to provide thickness. The removal of

succ essive layers was also beneficial in adjusting the

individual sheet to achieve a uniform weight. Each sheet

was adjusted to weigh 8.2 g. 
0

To de term i ne the d i el ec tri c loss pro p er ti es of the

fiber glass after the oil was removed , 50 ml of distilled

wa ter were heated in the oven for 10 seconds in a 400 ml 
0

styrofoam con ta i ner p’ositioned in the center of the oven

cav ity at shelf (floor) level. The mean ~,t i n de grees F

of the wa ter for si x re p l i ca ti ons was to prov i de a ba s i s

for com parison when the water and dry untreated fiber glass

were hea ted i n  the oven. The net decrease in mean tempera—

ture when the water and fiber glass were heated in the oven

•.•__1_~,



r ‘ - --. 

_

- 
17

t o g e t h e r  comp ared to when th water was hea ted al one was

assumed to indicate the approximate amount of energy ab-

sor bed by the fiber glass. Figure 3.21 shows the relative

location of the fiber glass in relationship to the container

0

0

1 

of water. To place the container of water in the precise

location that was used for heating the water alone , the

cen ter por ti ons of the bo ttom two l ay ers of fi ber glass

0 were remov ed to accomodate the wa;ter container. This repre-

sented 12.5 cubic inches of the total 720 cubic inches being

ex pose d , or 2 per cent. The temperature increases for

six replications , both with and without the fiber glass in

the oven are shown in Table 3.21. The difference between

the two means (0.3 F) was not significant according to

Gosse ts ’ Studen t t tes t where;

0 t (~ 1-92)-D 0/ sv’1/n 1+1/n 2

and

~2~~~ 1 (y.-~ 1)
2 

+ 

~~~~~ 

(y~ -~ 2)
2/,n 1+n 2-2.

Based on the findings of this experiment , the fiber

g lass me t the req u i remen ts of a low di el ect r i c loss ma ter i al ,

so a dec ision was made to use this matrix as a vehicle for

• measur ing electric fi~eld distribution in the microwave oven.

3.3 Experiment III. Using the Non-
Enzyma ti c Brown i n g Reac ti on i n a
Mod el System to Measure Electric

Field Distribution

Studies on electric field distribution in the past have 0 -

involved complex food systems which were subjectively evaluated.

— — 
—— ~===~~~~~~~~~~~~~ —— ~~~——•__ 0
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TABLE 3.21 TEMPERATURE INCREASE OF 50 M L OF WATER
HEATED FOR 10 SECONDS IN A MICROWAVE OVEN

• WITH AND WITHOUT FIBER GLASS PRESENT

REPLICATION WATER 

0 

~~~~~~~~ ~~ ss
~t F  ~ t F

1 54 55

2 55 
• 

54

3 54 56
0 

4 55 55 
-

5 55 54

6 54 0 55

54.5 54.8

0

a

_ _ _ _  

• 

.
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Pe terson and Foerstner (1971) studied the cooking performance

of m icrowave ovens using five different food i tems. Each

was evalua ted subjectively for color , texture , ap p ea rance

and oth er “ unusual” charac teristics such as rifts or cracks.

Objective evaluation was limited to weight loss and tempera-
0 

ture differential within and among food items , This method
0 shows that uneven heat ing occurs , but the loca t ion  and level

of the energy concentration were not specifically identified.

The purpose of this experiment was to examine the non-

enzyma ti c brownin g react i on wh i ch , among ot her factors , has

a correla ti on to heat ener gy and hence coul d prov i de a measure

of electric field distribution in a microwave oven.

3.31 The Non-Enzymatic Browning Reaction in a Model System

Hodge (1953) provided a detailed review of literature

• of the browning reaction in model systems whereby reducing

su gars and amines condense in equimolar ratio to form color.

The repor ted mechanism for sugar —a mine condensation involves

openin g of th e ri ng form of the su g ar , addition of the amine

to the carbony l group, an d su b seq uen t el i m i nat i on of a

molecule of water to form the N-substituted glycosylamine

during the initial phase of the browning reaction. The 0

0 react ion occurs in three stages. The initial stage con—

sis ts of the sugar -amine condensation and Amadori rearrange-

men t. In the intermediate stage the sugar undergoes de-

hydra ti on and frag mentat i on , concurrent w i th am i no ac i d

de gradation. The final stage consists of aldol condensation,

aldeh yde -amine polymerization and ’ formation of heterocyclic
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0 
nitro gen compounds. The carl onylamine reaction is favored

by al kaline conditions (I~odge 1953). According to Labuza

• (1972), the temperature for the reaction rate is exponential-

l y rela ted:

Log  Ki/ K 2 =E a /R ( 1/ T i
_ •1/T 2 )

0 where
K 1,K2 

= reac ti on ra te cons tan ts
0 E = A rrhenius activation energy =25 ,000—a 50,000 cal/mole;

R = universal gas law constant= 1.986 cal/mole K
T1,T2 

= temperature in degrees K.

The general plot of the reaction is in Figure ~.311. The
0 

ex ponential relationship of the reaction rate to the tempera -

• ture was considered a major factor that -would accent electric

0 
f ie ld  concen t ra t i ons .

3.32 Procedure For Making Glucose /Glyc ine Solution

Glucose an d g l yc i ne were selec ted as th e sugar and am i no 
-

ac id for the model system. Studies were conducted using a

0 five per cent glucose/glycine mixture (2.5% each) buffered

to pH 9.1 with Na 2PO 4 and NaO J-I , with distilled water as the

solven t. Although heating this solution in a microwa ve oven

produce d some brown i n g, the reaction rate and degree of color

formation were considered inadequate for electric field measure-

ment for this study. - 0

The reac ti on ra te and color format i on d ur i n g heat i n g

in the microwave oven were improved with further formulation

tes ts. The concentrations of glucose and glycine were in—

creased to 12.5% each for a combined 25% concentration of 0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0 0 A
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both compounds by weight , with a re sulting pH of 8.4 using

the same bu ffer and alkali compounds. 
- 

A 2% pre — gela tinized

starch was also added to increase the retention of the solution

on the matrix. This proved undesirable and caused matting

of th e ma tr i x because of the i ncrease d volume of solu ti on

retained. The starch was subsequently eliminated and the

following formulation appeared to provide optimal reaction

ra te , color formation and matrix solution retention:

125 g g lucose , 125 g gl yc i ne , 750 ml distilled water @ 20 C ,

1.4 g Na 2PO 4 a n d  2.2 g NaOH , with final pH at 8.4.

An optimal reaction rate was determined based on combin-

ation of color formation and ending weight of the fiber

glass sheet. The ending weight was a critical factor in

providing under load protection during the terminal minutes

of microwave heating. Thirty-five to 50 grams of glucose/

glycine solution as final wei ght was estimated to provide

this protection. Each of five fiber glass sheets described

in Chapter 3.2, was impregnated with 13.3 g of the 25%

glucose/glycine solution using a chromography sprayer. To

observe color changes and to determine weight loss , the

combined assemblage of five fiber glass sheets containing

a total of 66.5 g of ag lucose /gl yc i ne solut io n were hea ted

in the microwave oven using an interrupted , 30 second heat—

ing sequence. After three minutes of cumulative heating

ti me , there was a d i scern i ble color and a solu ti on en di n g

we ight of 20 g for the fiber glass assemblage. Althou g h

areas of intense electric field concentrations were visually
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24 1apparen t as measured by the t rown ing reaction , areas with

a lesser concen tration of microwave energy did not register

- the gradation of color which would provide a m e a surab le

com parison among areas and levels. An additional experiment

• 
• was conduc ted whereby the weight of the solution retained

in each fi-ber glass sheet was increased by 10.7 g to 24 g,

and the exposure time to microwave energy was increased to

• 4.5 minu tes. This provided a color gradation between areas

of var ying electric field intensity as well as an adequate

ending we igh t  (35 g) for underloa d protection to the

megatron. 
- -

3.4 Experiment IV. Procedure For
Measur ing Electric Field Distrfbution

in a M icrowave Oven

L i terature was cons i sten t i n em p has i zi n g tha t uneven

elec tr i c fi eld concentra ti on i n microwave ovens i s a pro bl em

and measuremen t of th e ener gy di strib ut i on con ti nu es to - -

plague the in dustry. Kumpfer (1972) stated that the achieve-

men t of an acce p tab l e energ y pa ttern is usuall y one of the

most important and difficult problems which the designer

faces. W ilhelm and Satterlee (1971) pointed out that be-

fore toda y ’s consumer can become sa ti sfi ed w it h m i crowave
a

cookery , it will be absolutely essential to become familiar

w ith the peculiar cooking patterns of the oven. This becomes

even more cr it ical when conduc ti n g research on food it ems

hea ted in microwave ovens to insure that electric field

concentrat ions do not interject an unplanned variable. Trac y - 
-

•

(1974) found that electric field concentrations affected
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the relat ive qualit y of food when heated in areas of high

elec tric field concentration.

The purpose of this experiment was to chart electric

field concentrations of a specific microwave oven and

evalua te the reliability of the procedure. The general

procedure invo lved  f iber g lass  matr ix  and g lucose / g l y c i n e

preparat ion , i mpregna tion of the solu tion i n to the ma tri x ,

microwave heat ing of the ma tr i x , sampling, matrix extraction

of the browning reac t ion  and evaluat ion of the browning re-

act ion.

The por tion of the microwave oven selected for study

measure d 12 x 12 x 5 inches. The 12 x 12 inch area represent-

ed the us able cavity floor space. The five inches in height

approxima ted the maximum that any portioned prepared food -

would attain during heating.

3.41 Glucose / G lyc ine  Impregnat ion Procedure 
0

A 25 % glucose/g lycine solution degcribed in Chapter 3.3,

Exper i men t III , was pla ced in a JET-PAK ’ spra ying device.

Each individual pre — cut fiber glass sheet as described in

Chap ter 3.2, Ex per i men t II , was p laced aga i ns t a sta i nless

steel w i re rack i n a~ upri ght position - to allow a free

flow of spray through the matrix. Spraying of the individual

sheets (five for each replication) was accomplished by

‘JET—PAK Sprayon Products, Inc. Clev eland , Ohio. This device is
comonly used for sprayi ng thin-layer chromography plates and uses
Dichiorod ifluoromethane as a propellant.
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using a swee ping overlapping motion often described for

spra y painting. After one side was completed , the shee t

was turne d one-quarter turn , reversed and sprayed on the

oppos ite side in the same manner. Approximately 30 m l of

solu ti on were nee d ed to sp ray each fib er g lass shee t to

achieve 24 g retention. The spraying device was held approxi — -

ma tely six inches from the material being sprayed. When

both sides ha d been sp rayed , a we ight check was made to

determine if additional solution was required. If additional

solu ti on wa s req u i red , the spraying device was held approxi-

mate ly 12 inches from the matrix and one side was re—

spra yed in a broader pattern then previously used. This

allowed for addition of small quantities of solution uni-

formly throughout the matrix . Each sheet was sprayed in this

manner to an ending gross weight of 32.2 g. This gross

weight provided a net solution weight of 24 g or a total of

120 g of glucose/glyc ine solution for the five sheet assemblage.
V

When each shee t of fi ber g lass was im p regna ted w it h

the solu ti on , it was p laced i n a conta i ner to min i m i ze

evapora tion. The sprayed sheets were stacked as each successive

sheet was treated. Ap proximately six minutes were required -

to spra y the five fiber glass sheets. Evaporation losses

prior to microwave heating were estimated to be less then

one gram per sheet.

Af ter the five sheets had been sprayed to the appropriate

weight , a dry, unspra yed th i n fi ber glass shee t , previously

remove d from the surface of the matr i x , was placed at the
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b o t t o m  of t h e  assemblage to provi de a thin i nert sep ara tion

• of the sprayed fiber glass and oven shelf. The purpose of

th is thin sheet was to minimize conduction heating caused

by the dielectric heating of the shelf. The shelf “heating ”

also causes the sprayed fiber glass to stick to the shelf ,

or burn — on , during microwave heating. The thin inert layer

separating the oven shelf and the testing media minimized

this effect.

3.42 M icrowave Heating of the Test Media H

To prov ide a warm -up for the oven prior to’ m i crowave

hea ting of the assemblage of treated fiber glass sheets , 100

ml of water were heated for 30 seconds. -The impregnated

fiber glass was then placed in the oven and the oven acti-

vate d for 90 second periods for a total cumulative time of

4.5 minutes. A stop watch was used for all time sequences;

15 seconds was a standard “ res t” time between each of the

three 90 second heating exposures. - The .4.5 minutes of heating

was based on the results of prel i m i nar y ex perimen ts described

in Cha pter 3.32. Height measurements of the fiber glass

assemblage be fore and after m i crowave he ati ng indicated that

no chan ge i n he ig h t oc~curreddur ing heating.

A t the completion of the 4.5 m inute exposure , the fi ve

sheets were rem oved from the oven and separated. The th i n

iner t sheet was removed from the bottom layer and discarded.

I t should be no ted that before the solu tion was sp rayed

in to the five sheets , the overall he ight was five inches.

0 _ _ _
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However , af ter  spray ing ,  t h e  weight of the solution caused

a compress i on of the bo ttom three lay ers i n a progess i vel y

incre asing amount. The u pp er two la yers of fi ber g lass

assem blage remained unchanged after solution impregnation.
- 

• 
The l ower three l ayers decreased i n th i ckness from their

or iginal one inch to three-fourths , one-half , an d one-

quar ter inch respectively. Prel i m i nar y exper i men ts wh i ch

were conduc ted using the same grade and quality of fiber glass

(accord ing to the label), h ad a ma tted la yer on onl y one

sur face as compared wit h bo th surfac es being ma tt ed on the

fi ber glass used for the exper i men ts in the da ta collec ti on

• phase of this study. The removal of both surfaces apparently

cause d a reduced strength of the matrix and subsequent com-

pression of the lower level sh eets dur i n g th e d ata collec ti on

phase. In spite of the fact that this result •ed i n an obv i ous

concen tration of solution in the lower oven levels as com—

pared with the upper levels , it was no t considered a factor

tha t influenced the measurement of energy concentrations.

No com pression effect was experienced during preliminary

experiments yet the same general pattern of energy distribution

was v isually apparent.
a

3.43 Sample Design and Analysis

Consultation with a statistician indicated that for

stat i stical analys i s , each of the five levels tested in the

m icrowave oven should be divided into nine areas. Considera-

tion was given to dividing each level into yet smaller areas

_ _ _ _ _ _ _ _ _ _ _ _  

J
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to prov ide a more refined evaluation; however the 4 x 4 inch

are as were used si nce they rep resen ted areas normall y

occu pi ed by por ti one d food it ems wh en heated i n a m i crowave

oven. The tota l usable space of the microwave oven cavity

studied measured 12 x 12 x 7 5/16 inches. The cavity space

• of interest in this study was only that cubic volume where 
-

pre— portioned food i tems are heated; thus, for this oven the

established parameters for study were 12 x 12 x 5 inches.

Although portioned food would seldom attain five inches in

height , stacking individual servings of food items in the

oven cavity while heating is a common practice.

A three—fa ctor design was used for statistical analysis

where the effects are additive according to the formula:

V . .  u+R.+L.+R L . . +A +RA. +RLA . . .i-e(j jk)li~~k l  i~.j k tk i~~k
where

i=1 ,2 ,3
j= 1 , 2 , . . , 5

1=1 
0

u overa ll population effect
R~=effect of i t h  rep l ication (a random effect)

L~ =e ffect of jth level (a fixed effect)

RL~~.=ef fect of interaction of ith replication and j th level
Ak=effect of kth~area (a f

•
ixed effect)

RA
~k

=effect of interaction of ith replication and kth area

LA. =e ffect of interaction of jth level and kth area,J1< — —

RLA. . k =effect of interaction of ith replication , j th leve l
and the kth area

e(ijk)=random error assumed to be distributed normal with

mean zero and var iance 

- 
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In accordance with the preceeding statistical design ,

each of the 45 cells was assigned an identification number

as shown in Figure 3.431.

3.44 Matrix Extraction and Sample Dilution Procedure

Imme di atel y u pon remova l from the oven after m i crowave

• heating, the five individual sheets of fiber glass were

separa ted and each cut with a shears into nine samples.

There was some loss of th e brown i n g reac ti on mater i al i n

th e areas w here the shears sepa ra ted the cells ,’ however

this loss -was minimal and uniform between experiments as

measured by weight for each experiment (<0.2 g). The

identity of each cell was retained by attaching a small

piece of masking tape with the appropriate coding infor—

mati on .

After id entification and separation of the 45 fiber

g lass sam ple cells , each samp l e  was  pl~ ced in a 250 ml

beaker . In order tha t each fi ber glass sam p le would fi t

i n to the beaker , the sam p le was cu t in to smal l er pi eces

us ing shears. The cutting was done over the beaker so that

any browning reaction fall -out from the matrix would be

retained as part of the sample. After cutting, 50 ml of

distilled water were added to the sample in the beaker and

the fiber glass was allowed to soak for a minimum of two

m inutes. The water temperature for all extractions was

20 C. A stainless steel spatu la was used to depress the
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fibe r glass and insure total submersion in the water The
- 

. sam p le was th en dec an ted i nto ano th er 250 ml beaker , with -

the fiber glass being retained in the original beaker for

add itional extractions. While decanting, the fiber gl ’ass

was  d e p r e s s e d  w i t h  the spatu l a to ex trac t the maximum

amoun t of effluent. Three additional extractions were

made for eac h sample using 25 ml for each subsequent ex—

traction with the effluent being added to the original

effluent. The last washing provided complete removal of

all visible browning reaction with the fiber glass reverting

to its original white appearance . Fifty ml of water were

used for the first washing because the matrix was dry and

the majority of the browning reaction was removed with this
‘ wash ing. The three subse q uen t ex trac ti ons for each samp l e ,

using 25 ml per wash i ng , were need ed for the areas of sever e

browning, and this procedure was used for all areas to

insure un iformity of dilution for all samples.

Since the e f f luent  extrac ted from~the sam p le cells

contained small particles of fiber glass that could affect

spectrophotometric analysis , the samples were gravity

filtered using #42 filter paper.

The dark colore d’ samples were diluted using 20 C dis-

tille d wa ter so tha t th e color could be effe cti ve ly measure d

by the spectrophotometer within the range of 0.2 to 0.9

absorpt ion units at 310 nanometer (nm). The wavelength

setting was based on a wavelength scan for maximum absorp - .

• tion units of reacted samples (li9ht yellow to dark brown)
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over the range of 290 nm to 500 nm. The samples were scann ed

on the Beckman DB— 6 Gr ating Spectrophotometer and the •

Be c kman ACTA TM III Spec tro p ho tome ter wi th max i mum absorpt i on

for the tes ted samples  occur r ing  at 310 nm on both instru-

ments.

3.45 Spectrophotometer Anal ysis

A f t e r  the effluent extracted from each sample cell was

di luted as desc r i bed  in Chapter 3.44, it was measured for

color using the Beckman ACTA TM III UV—Vis ible Spectrophoto-

me ter. A design feature included wavelength scanning which

was us ed to determ ine the nanometer where maximum light

ener gy absorption occurred for the gluc 9se/g lycine solution

ex tracted from the fiber glass matrix after microwave heat-

ing. Two color ex tremes were selected for wavelength scan—

fling, l ight yellow and dark amber. The results of the wave-

len gth scan are shown in Figures 3.451 and 3.452. The

yellow sample reached a maximum absorb ency peak at 310 nm ,

whereas the dark amber sample exh i b it ed maximum absor pti on

between 330-310 nm. Based on the results of the wave-

length scan , a dec ision wa-s made to test all samples for

absorbency at 310 nm .~ The sam p les w it h color dev elo pmen t -

fall i n g be tween the two extremes were assume d to ex hibit

the same absorbency c h a r a c t e r i s t i c s .

The i nstrum en t was adjus ted for sp lit — beam oper ation

an d the unreac ted or or igi na l glucose /g l yc i ne solu ti on

was used as a reference sample. - A di g i tal displa y prov i ded

~~~~~~~~~~~~~~~~00 ~~~~~~ _~~~~~~~~-~~•~~~~~~~~~~-
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• a four digit decimal value. Values between 0.200 and 0.900

absorb ency units were considered optimal for maximum

accurac y. Samples taken from low electric field concentra-

tions which had values less than 0:200 absorption units

were not diluted and direct reading-values were recorded.

Di lu ted sample read i n gs were mul ti pl i ed by the d i lu ti on

fac tor for the actual sample value. Sample values ranged

from 0.000 to 21.378 absorption units.

V

a 
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CHAPTER 4

• RESULTS AND DISCUSSION

Da ta recorded from the absorbency measurements for

the brown i n g reacti on i n 45 sam p le cells of the fi ber glass

• ma trix measuring 12 x 12 x 3½ inches were tabulated (Appendix ,

Table 1). The second dilution of several samples was

necessary when absorbency units exceeded the maximum optimal

reading of 0.900 on the spectrophotometer digital di~spla y.

Zero values represented sample readings equal to or less

than the reference sample absorbency. 
-

The ran ge , mean an d var i ance of the da ta col l ec ted are

l isted in Appendix Table 2. The original data for cells

A4 , A6 , 84, B5 , B6 and C6 show a wide range in absorbency

units among replications. The high variance for these cells

contributed to the heterogeneity of the original data.

Appendix Tables 3 and 4 show the estimates of treatment

means for the nine areas and five levels of the extracted

browning reaction from the fiber glass matrix. The right

center grid (Area #6) of the microwave oven tested had the

highest absorbency value for the browning reaction , with

the left rear (Area #1) measuring the lowest. Amon g levels ,

the bottom (Level A) electric field intensity as measured by

the browning reaction was approximatel y 10 ti mes grea ter

37 
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than the top leve l  (Level  E ).

4.1 Anal ysis of Data

The valid application of tests of signific ;A nce in

• the analysis of variance requires that the experimental

errors be independently and normally distributed with a

common var iance (Steel and Torrie , 1960). While independ-

ence i s of lesser  concern he re , any violation of homo—

genei ty of variances can have serious consequences on the

anal ysis. To determine whether population variances were

homo geneous , the Q- test for equality of vari an~ e , based

on three repl i ca ti ons , was performed. The Q—tes t statistic

(Burr , 1972) is:

q=(s ~ +...+s~ ) / ( s~ +...+s~ ) 2

where

I 5~ = ½( y
1~~~~

)
2

= (s~ )~~.
V

The test of homogeneity indicated that the observations

f or Lev e ls A , B , and C were no t homogeneous. Consequently,

th e s tandard devia ti ons , based on • the pooled error mean

square , would be too large for comparison among levels and
a

mi ght fa i l to de tec t real d if ferences i n leve l  or area

effects. The data were subsequently measured on a new

scale by transformation IX + .5 , which is recommended

when some of the va lues  are under 10 and espec i all y when

zeros are present (Steel and Torrie , 1960). The transformed

L _ _ 
_ _
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data were homgeneous. The q-v al ues for the transformed

an d original data are shown in Table 4.11.

Ana lysis of variance was performed on the transformed

and the or iginal data using the program LLSP— 1 written for

th e IBM 1620 com puter prov i ded by the College of Agricultural

and Life Sciences Computing Center. This was done to test

the hyp otheses tha t there are no d iffe rences i n the

elec tric fi eld d i s tr i but i on p a t terns amon g fi ve he a t i ng

levels and nine heating areas of the microwave oven.

Ef fec ts due to Repl ica ti on and Level were tested by

compar i t g  their respective mean squares against that for

Erro r(a). The effec t due to Area and the effect of the

Level x Area interaction were tested by comparing their

respec ti ve mean squares a g a i ns t tha t for Error (~~j. Standard

F— tests were employed (Steel and Torrie , 1960). The analysis

of variance of the original data was compared to the analysis

of variance for the transformed data. Al l  tes ts of
V

significance were the same . Because of its homogeneity the

transformed da ta were used for all subsequent analyses.

4.2 Resul ts o f the Anal y s i s

The resul ts of t.he ana lyses of variance are in Tables

4.21 and 4.22. Table 4.21 shows that Replication was not

significant at the 5 per cent level , indicating the method

• was rel iable. There were significant Level and Area main

- 

effec ts and a Level x Area in terac ti on e ffec t; th i s i nd i c a te d - -

uneven elec tric field distribution among areas and levels.

- • - -  -—- --~~~-- -•• 0
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TABLE 4.11 Q-TEST VALUES FOR ORIGI NAL AND TRANSFOR MED
ABSORBENC Y UNITS FOR THE BRO WNING REACT IOU
COLLECTED FROM 4 5 SAMPLE CELLS OF FIBER GLASS
EXPOSED IN A MICROWAVE OVEN

ORIGINAL TRANSFORMEDLEVEL Q-VALUE Q-VALU E
+ .5

A .318* .243

B .382** .270

C 349* .242

D .171 .141

E .185 .161

* Sign ifi cant a t the 5% leve l

** Significant at the 1% level

V
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TABLE 4.21 ANALYSIS OF VARIANCE OF ABSORBENCY UNITS FOR
THE BROWNING REACTION COLLECTED FROM 45 SAMPLE
CELLS OF FIBER GLASS USED TO MEASURE ELECTRIC
FIELD DISTRIBUTION _ IN A MICROWAVE OVEN:
TRANSFORMED ~/X + .5 -

SOURCE df SUM OF SQ UARES MEAN SQUARE F

Replication 2 0.02345 0.01173 0.011

Level 
- 

4 41.81370 10.45344 9•73**

(R x L) Ea 8 8.59403 1.07425 —-
Area 8 45.71615 5.71452 68.80**

Level x Area 32 15.46360 
- 

- 
0.48324 5.82**

Eb 80 6.64507 0.08306 --

** Significant at the 1% level

V

a
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TABLE 4,22 ANALYSIS OF VARIANCE OF ABSORBENCY UNITS FOR
THE BROWNING REACTION COLLECTED F~ OM 45 SAMPLE
CELLS OF FIBER GLASS USED TO MEASURE ELECTRIC
FIELD DISTRIBUTION IN A MICROWAVE OVEN:
ORIGINAL DATA

SOURCE df SUM OF SQ UARES MEAN S Q UARE F

Replica tion 2 8.48 4.24 .16

Level 4 833. 57 208 ,39 7 53**

(R x L) E 8 218 .53 27 .32 ——
Area 8 879.29 109,91 34.67**

0 Level x Area 32 480.71 15 ,02 4 ,74**

E b 80 253 .6 4 3.17 -— 01

** Si gnificant at the 1% level -

V

a -

0 0 0 00
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• Al though the analysis of variance showed that there

was a significant difference among levels , tha t anal y s is  -

• per se did not indicate the areas of the Oven that con-

tr ibuted to the differences. Duncan ’s new mul tiple—range

test was used to de term i ne , for each area , significant

d ifferences among means for the five levels (Steel and

Torr i e , 1960). This test was used because it takes into

accoun t the number of treatments in the experiment , permits

decis ions as to which differences are significant and

wh ich are not and uses a set of significant ranges , each

depending upon the number of means in the comparison. The

resul ts of the miltiple — range test are shown in Table 4.23.

4.3 Discussion

The n ine areas and five levels studied in the micro-

wave oven (Table 3.431) showed a considerable variation 0

in energy concentration as measured by the non-enzymatic -

brown ing reaction. The rear 1/3 of the oven at all levels

(Area 1 , 2, and 3) showed a relatively uniform distribution

of m i crowave ener gy, a lthough the ititensity of the electric

field was much less when compared with other areas of the

cav ity tested. See T.able 4.23. Area #6 exhibited the 
-

greatest range in electric field distribution with a signifi—

can t difference among levels C , D , an d E. There

was no d ifference between Levels A and B but they were

significantly different from Levels C , D, and E. There was

a more un iform energy distribution pattern in the upper
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TABLE 4.23 SIGNIFICANT DIFFERENCES BETWEEN ABSORBENCY UNIT
MEANS IN EACH OF THE FIVE LEVELS FOR EACH OF THE -

AREAS STUDIED IN A MICROWAVE OVEN *

AREA MEANS OF LEVELS
TRANSFORMED JX + .5

E* D C B A
1 0.821 1.065 1.081 1.156 1.267 -

-

E B - C  D A
2 0.871 0.993 1.155 1.217 1.378

E D C B A
3 0.956 1.140 1.140 1.3Q4 1.660

E D C A B
• 4 1.188 1.474 2.013 3.086 3.155

E D C B A
5 0.952 1.733 2.153 2.706 3.303

E 0 C B A
6 1.297 1.853 3.058 3.884 4.001

E 0 C B A
7 1.246 1.634 1.942 2.347 2.591

E D C B A
8 1.214 2.034 2.459 2 ,987 3.221

E -0 C B A
9 1.238 1.763 2.306 2 .692 3 ,242

* V alues no t underscore d by the same l ine d i f fer sign ifi cantl y
at the 5% level

4 Indicates level ident ification

_  j
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lev els of the areas of the microwave oven cavity studied

However th e overa l l  e le c tr ic fi eld i n th e upp er leve ls

was less intense than in the lower levels. When comparing

means , the low er three levels (A , B , and C) had the great-

est range and highest intensity of microwave energy. These

are also the levels that include the part of the cavity

where the majority of portioned foods would be heated.

There was a si gnificant (at
•
the 5 per cent level) Level

x Area interaction. See Table 4.21. This was not entirely

unex pec ted , In Fi gure 4.31 the Level x Area interaction

effect is exhibited. The electric field concentration

behav ior for each of the five levels is , in general , s i m i l a r

over Areas 5, 6, 7, 8 and 9. However , over Areas 1, 2, 3

and 4, Level B exh i b it s a markedl y d if f eren t be h av i or fro m

that of other levels. Between Areas 4 and 5 , Leve ls  B an d

E behaved in a manner opposite (decreasing) from the way

all other levels behaved (increasing).

To fur ther substan ti a te the level  ‘an d area diff erences

shown by statistical analysis, photographs of the fiber

glass matrix heated in a microwave oven are shown in Figure

4.32. The difference amon .g levels and areas is visually

apparent .  As the d i s tance  upwards from the she l f  i nc reased ,

the electric field i ntens ity decrease d; however the rela ti ve

d is t r ibu t ion  of energy among a reas  remained unchanged . Area

#1 , for example was the co ld  spot in each of the ‘~i ve  l e v e l s

and Area #6 was the hot spot as measured by the browning

react ion. These extremes in electric field distribution

_ _  0
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were further verified by over , wattage output tests for

Areas #1 and #6. See Table 3.11. There was a net differ—

0 ence of 88 cooking watts/hour between the hot and cold

spots of the oven tested.

In general , the measure used to determ i ne elec tri c

fi eld d i stri bu ti on could be use ful i n pos iti on i n g var i ous

• por tioned food items in the microwave oven for heating.

The center of the oven (Area #5) is generally recommended

for positioning the p late while heating portioned foods.

Assu m in g that the plate is placed in the center of the oven

while heating, the proper positioning of the portioned food

on the p la te to atta i n op ti mal endin g tem pera tures can be

determined. The relationship of electric field distribution

to heating portioned foods in the microwave oven studie d

can be seen in Figure 4.33 where an eight inch plate is

su per -imposed on the area grid means of the browning reaction.

By p lac i n g a “hard to heat” item such as a pork chop on

the right front section of the plate (areas 5, 6, 8 and 9)

a fas ter heating rate would be attained in relationship

to an “easy to heat”  i tem p laced  on the oppos i te  s ide of

the p la te  (Areas  1, 2 , 4 and 5 ) .  Thus , both items might

a t ta in  an opt ima l en ding temperature at the same time.

The method used in th is research to determine e l ec t r i c

f ie ld  d is t r ibu t ion  u t i l i z e d  a heat ing time that was approxi-

ma tel y four times lon ger than what is normally used for

hea ting portioned foods. Correlation between the two diffe r- •

ent heat ing t imes as it re la tes  to the in tensi ty  of mic rowave

L ~~~~~. • -• -• 
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FIGURE 4.33 APPROXIMATE LOCATION IN A MICROWAVE OVEN
- - OF AN EIGHT INCH PLAPE NORMALLY USED TO
• HEAT PORTIONE [ FOODS , SUPER -IMPOSED
- ON THE AREA GRID MEANS OF ABSORBENCY UNITS
- 

OF THE BROW N ING REACTION; HARD TO HEAT FOOD
ITEM (A)  AND EASY TO HEAT FOOD ITEM (E)
POSITIONED IN AREAS OF HIGH AND LOW ELEC TRIC

- FIELD INTENSITY , RESPECTIVELY 
-

a
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energy may be quest ioned;  how~ ver the oven wa t tage  tes ts ,

in which  water  was exposed to mic rowave  energy for approxi-

mately the same time as recommended for port ioned foods ,

subs tan t i a ted  the r e l a t i ve  d i f fe rence  between the co ld and

hot spots of the oven tes ted.

V

a

-~ ~~~- • ‘ - “ ~~ 0~~~ 0~~~~~~ 0 -



CHAPTER 5

SUMMARY , CONCLUSIONS AND RECOMMENDATIONS

5.1 Summar y

The pur pose of this research was to develop a method

for measur ing e lec t r i c  f i e ld  d is t r ibu t ion  in a mic rowave

oven.

The d i e l ec t r i c  loss  p roper t ies  of f iber g lass  were

s tud ied  to determine i ts  suitability as a vehi cle for

e lec t r i c  f i e ld  d is t r ibu t ion  dete r m i n a t i c n .  To measure the

d ie lec t r i c  loss  p roper t ies  of the f i b e r - g l a s s , 50 ml of

d i s t i l l ed  water  were heated in a m i crowave oven for 10

seconds in a s ty ro foam conta iner . - The mean ~ t in degrees

F of the w a t e r  for  s i x  replications provided a basis for

compar ison when the water  and dry untreated f iber g lass

were heated in the oven.  Based on the~ resu lt s  of the

experiment the f iber g lass  was found to absorb no micro-

wave energ y.

Using the non-enzymat ic  browning reac t ion  in a model

system to measure el ec t r ic  f ie ld  d is t r ibu t ion, glucose and

glycine were combined in a 25 per cent concent ra t ion  and

sprayed into the f iber g lass  mat r i x .  A f te r  heat ing in a

mic rowave oven for 4.5  minutes , each of f i ve  leve ls  were

d iv ided into nine sample c e l l s  measur ing 4 x 4 x 1 Inches.

These areas approx imated  the space normal ly  occup ied  by

por t ioned food items heated In a m ic rowave  oven.

51
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D i s t i l l e d  water  was used as a so lvent  to ex t rac t  the

browning reac t ion  ma terial from the f iber g lass  mat r ix .

An ob jec t i ve  measure of co lor  form at ion was made usin g a

spect rophotometer .  Ana lys is  of va r i ance  of the absorbency

units for the 45 sample ce l l s  ind ica ted that there was no

significant difference among the three replications.

Sign i f i can t  leve l  and area d i f fe rences were i nd ica t i ve  of

the uneven elec tric field d i str i bu ti on i n the area of the

microwave oven cav i ty  studied.  The lower l e v e l s  of the

oven s tudied had the grea tes t  range in e l ec t r i c  f i e ld

concen t ra t ion  wh i l e  the upper l eve l s  exh ib i ted  a more uni-

form but less intense energy pat tern as measured by the

non—enzymat ic  browning reac t ion .  The areas found to be

the hot test  and co ldes t  were checked for wat tage output.

The hot and co ld  spots were be low the rated output of 1300

wat ts  by 12.1 and 18.9 per cent , respec t i ve l y .  Photographs

• 
of the browning react ion in the f iber g l ass  further sub—

V

s tan t ia ted  the leve l  and area d i f fe rences  of e lec t r i c  f ie ld

dis tribution determined by statistical analysis.

5.2 Conc lus ions

The purpose of this research  was to deve lop a

procedure for measur ing e lec t r i c  f ie ld  d is t r ibu t ion  in

a microwave oven. Based on the resu l ts  of ana lyz ing  three

rep l i ca t i ons  of 45 sample c e l l s , the procedure  d e v e l o p e d

did measure the e l ec t r i c  f ie ld  d is t r ibu t ion  in a microwave

oven.
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Al though the procedure ~as based on t he non—enzymat i c

browning reac t ion  in a model system and quan t i f i ed  by

0 spec t rophotomet r i c  ana l ys i s , v isua l  eva lua t i on  of the

e lec t r i c  f i e ld  d is t r ibu t ion  was poss ib le .  The f iber g lass

matr ix  p rov ided a three— d imensional picture of energy dis-

tribu tion -which , though difficult tb quantify visually,

does provide a tangible method for oven performance evalu-

ation without employing detailed and lengthy analysis

techn iques.

In com parison with other techniques of microwave oven

eva lua t i on  reported in the l i te ra ture , this method was

unique in that the “ t o t a l”  e lec t r i c  f ie ld  d is t r ibu t ion

could be measured during a s ing le  exposure to mic rowave

energy. Prev ious techniques were l imi ted to s ing le  plane

eva lua t ion  and did not record poss ib le  per turbat ion of • the

e lec t r i c  f ie ld  occurr ing in p lanes not being measured at

the time of exposure .  A l though not at tempted in this

study , the method deve loped makes it p~ s s i b le  to record

energy d i s t r ibu t ion  wh i l e  heat ing port ioned foods by s imply

removing a por t ion of the measur ing  media and subst i tu t ing

p la ted food i tems. The p o s s i b l e  mic rowave per turbat ions

caused by pa r t i cu la r apor t ioned foods cou ld  thus be s tud ied.

The procedure used to d iv ide  each level  into nine

equal areas p rov ided  a method to ass ign  ob jec t i ve  va lues

based on spec t rophoto met r i c  ana lys i s ;  however  the actua l

e lec t r i c  f ie ld d is t r ibu t ion  pattern did not • conform to the

d i v i s i on  of ce l l s  that was e s t a b l i s h e d .  Each ce ll value

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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rep resen ted  a “ b lend”  of hig~ and low l e v e l s  of e lec t r i c

f i e ld  intensity as measured by the browning reaction and

was v i s u a l l y  ev iden t  as shown in Figure 4 .32.  In th is sense ,

v isua l  ana l ys i s  and photo~ raphic  records of the browning

react ion prov ided a more p rec i se  p ic ture of the actual

e l e c t r i c  f ie ld  d i s t r i bu t ion .

For this study, the f iber g lass  assembla ge was heated

in a microwave oven for 4. 5 minut es. The heat ing time was

es tab l i shed  based on pre l iminary exper iments  whereb y co lor

format ion and f inal ending we igh t  were cons idered as important

parameters .  Because of the v a r i a b l e  wat tage  output of di f fer-

en t ovens , total exposure time to microwave energy must be

ad justed in accordance with the weight of the glucose/ glycine

so lu t i on , the total  space being measured in the even cav i ty

and the spec i f i c  wat tage  output of the oven being measured.

The procedure developed for measur ing m ic rowave  dis-

t r ibut ion pat terns was used to record e l ec t r i c  f i e ld  distri-

bution in two ovens in addition to the ’oven reported in this

study . Each oven d i sp layed  s tandin g wave pat terns d i f fe rent

from the oven s tud ied ;  the procedure was cons is ten t  in

recording a pa r t i cu la r  d i s t r i bu t i on  pat tern w i th  a g iven

oven based on v i s u a l ’a n a ly s i s .  The three mic rowave ovens

tested were a l l  of a d ifferent mo del and/or manufacturer.

Al l  d isp layed  l eve l s  and are-a s of high and low e lec t r i c

f ie ld  intensi ty as measured by the browning reac t ion .

This tends to comfi rm Kumpfer ’ s (1972 ) statement that the • 
-

ach ievement  of an accep tab le  energy pat tern is usua l l y  one

~
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of the most difficult problems facing the designer.

The imp l i ca t ion  of this study is that it ca n prov ide

a tool to the maufacturer  for eva lua t i ng  opt imal oven

design to a t ta in  uni form e lec t r i c  f i e ld  d i s t r i bu t i on  w ith-

in the cav i ty .  For the user , the pQs i t ion ing  of food items

to ach ieve uni form heat ing need not be re legated to tr ial

and error.  Optimal placement of portioned foods for desire d

ending temperature can be determined using the procedure

developed for measur ing e lec t r i c  f ie ld  d is t r ibu t ion  in

the mic rowave oven.

5.3 Recommendat ions

- 
The procedure reported in Chapter  3.2 was assumed to

measure the d ie lec t r i c  loss  proper t ies  of the f iber g lass

used in th is study . As shown in Table  3.21 the s l ight  mean

temperature inc rease reported wh i l e  heat ing the f iber  g l ass

and water  when compared to the water  alone was perhaps due

to exper imental  error. To min imize thjs error it is

recommended that the exposure  time and water  volume be in-

creased.

Considerable var i a ti on i n the qual i ty of the fiber

glass was experienced,. Two rolls of fiber glass purchased

on d i f ferent  occas ions  va r ied  in tex ture  despi te  the fact
- 0 that both ro l l s  had iden t ica l  labe l l ing .  The f iber g lass

used dur ing the data c o l l e c t i o n  phase had a matted layer

on both sur faces  as compared w i th  only one sur face being

matted on the f iber g lass  sheets used for pre l iminary  expe r i —

ments. The removal of both sur faces  apparent ly  caused a

~
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reduced strength of the m a t r ’ x  and subsequent compress ion

of the lower leve l  sheets when impregnated w i t h  the g- l ucose /

g lyc ine so lu t ion.  A l though the compress ion  e f f ec t  was not

cons idered a factor  a f f ec t i ng  the outcome of this study ,

it is recommended that future s tud ies be conducted w i th

f iber g lass  that has adequate matr ix  s t rength that w i l l

m inimize compress ion  caused by the weight  of ‘the g lucose/

glyc ine so lu t i on .

Al though var ious co lo rs  of the non-enz ymatic brownin g

reac t ion  were t ransformed into absorbency units , a c l e a r

re la t ionsh ip  of their meaning to heat ing foods was not

es tab l i shed .  A useful  re la t ionship could be es tab l i shed

by deve lop ing  a s tandard curve for the g lucose / g l yc ine

solut ion re l a t i ve  ~o the t ime/ temperature relat i onship for

the browning react ion.  By conven t iona l l y  heat ing a g lucose /

glyc ine so lu t i on  and per iod ic  sampl in g at a g iven  temperature ,

the sequent ia l  development of the browning reac t ion  can be 
-~

recorded and t ransformed into absorben ~y uni ts  using the

spectrophotometer .  This wou ld  prov ide a bas is  for compari-

son w i th  the mic rowave  heated test  media and could be trans-

lated into an “ equ i va len t ”  convent iona l  heat ing t ime/

temperature rela t i on �”hip.

T he method deve loped can be used in any microwave oven

to determine e lec t r i c  f ie ld  -d is t r ibu t io n. By cu t t ing  the

fiber g lass  to the des i red s i ze , energy d is t r ibu t ion  patterns

can be determined in both large and small  c a v i t i e s .  - 
-

L
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• A l though a par t icu lar  e lec t r i c  f ie ld  d is t r ibu t ion

pattern was es tab l i shed  in the mic rowave oven s tu d ied - ,

- further s tud ies are recommended to determine the e f fec t

of uneven energy d i s t r i bu t ion  on port ioned food.

V
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TABLE 1 DILUTION FACTO R AND ABSORBENCY UNITS FOR THE

BROWNING REACTION COLLECTED FROM 45 SAMPLE CELLS
OF FIBER GLASS USED TO MEASURE ELECTRIC FIELD
DISTRIBUTION IN A MICROWAVE OVEN

ml ml Dil Absorbency Units

LEVEL AREA 1st Dilution 2nd Dilution F 
- Direct Total

Solution Water Solution Water actor Reading Va lue

Replication #1 - 
-

• A 1 — — — — 1 p 855 .855
2 — — — — 1 .516 .516
3 2 10 — — 6 .382 2.292
4 • 1 16 — - — 17 0817 13.889
5 1 18 — — 19 0589 11.362
6 1 22 1 1 46 0 455 20,930
7 1 13 - . 14 .579 8,106 

- -

8 1 20 — - 21 .555 11,655
9 - 1 16 — — 17 .788 13.396

B 1 — — — — 1 .297 .297
2 — — — — 1 .132 .132
3 — — - — 1 .837 .837
4 4 18 8 4 8,25 .697 5.750
5 2 14 — — 8 .765 6.120
6 1 17 — — 18 .645 11.610
7 2 10 — — 6 .918 5.508
8 2 17 — — 9 0 5  .765 7.267
9 2 17 - - 9.5 .613 5,823

C 1 — — — — 1 ,505 .505
2 — — — — 1 .597 .597
3 — — — — 1 .937 .937
4 2 9 — — 5 0 5  .782 4.301
5 2 17 — — 9.5 .790 7,505
6 1 17 - — • 1& .762 13.616
7 2 13 — — 7 0 5  .573 4,297
8 1 10 — — 11 .625 6,875
9 1 10 — — 11 .585 6,435

D 1 — — — — - 1 .237 .237
2 — — — — 1 .185 .185
3 — - - - 1 .436 .436
4 3 4 - - - 2.33 .364 .849
5 3 4, - — 2.33 .385 .898
6 3 8 - — - 3.66 .648 2.375
7 3 8 - - - 3.66 .404 1,481
8 3 8 — - 3,66 p505 1,851
9 3 8 — — 3,66 0 359 1,316

E 1 — - — — — 1 .455 .455
2 — — - - 1 .066 .0663 — — — — 1 .512 .512
4 - — - - 1 .858 .858
5 — — - •— 1 .675 .675
6 3 4 — — 2~33 .584 1.363
7 3 4 — — - 2.33 0745 1,738
8 3 4 — — 2.33 .500 1.166
9 3 4 — — 2.33 .540 1.259 

—~~~~~~~~~---—



I

TABLE 1 (Cont inued)  60

• ml ml Dil Absorbency Units
LEVEL AREA 1st Dilution 2nd Dilution F -

~~ 

Di rect Tota T
Solution Water Soj ution Water ac or Reading Value

Replication # 2
A 1 2 5 — — 3,5 .395 1.382

2 2 5 - — 3.5 .414 1.449
3 2 10 - - - 

6 .404 2.424
4 2 20 1 1 22 .410 9,020
5 2 20 — - 11 .991 10.901
6 1 30 — — 31 .325 10.075
7 2 14 — — 8 .743 5.944
8 2 20 - - 11 .820 9.020
9 2 20 — — 11 .825 9.075

B 1 2 10 — — 6 .442 2,652
2 3 10 — — 4.33 .310 1.343
3 2 10 — - 6 .461 2,766
4 1 20 8 8 42 .478 20,076
5 1 20 — — 21 0545 11,445
6 1 20 8 8 42 .509 21.378
7 1 20 — — 21 .283 5,943
8 1 20 — — 21 .512 10.752

• 9 1 20 — — 21 . .381 8.001
C 1 — — — - - 

1 .905 .905
2 — - - - 1 .686 .686
3 - — — — — 1 .705 .705
4 1 10 - - 11 .383 4,213
5 1 10 — — 11 .210 2.310
6 1 14 - - 15 .428 6.420
7 2 10 - — 6 .443 2,658
8 1 10 - — 11 .378 4.158
9 1 10 — — 11 ~275 3.025

D 1 5 5 — - - .503 1.006
2 — - — — 1 .666 .666
3 — — — — 1 .419 .419
4 2 10 - - 6 0 4 3 9  2,634
5 1 10 - — 11 .368 4,048
6 1 10 — — 11 .230 2.530
7 5 5 — — 2 .722 1.444
8 2 14 — — 8 .442 3.536
9 1 10 — — 11 .223 2,453

E 1 — - ‘ - - 1 .000 0000
2 - — - — 1 .000 .000
3 - — - - 1 .000 .000
4 — - — — 1 .213 .213
5 — — - — - 

1 .169 .169
6 — — - - 1 .656 .656
7 — — - — 1 .295 .295
8 — — — 

- — 1 .715 .715
9 — — — — 1 .385 .385
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TABLE 1 ( Con t inued )

ml ml Dii Absorbency Units
a LEVEL AREA 1st Dilution 2nd Dilution F ~ 

Direct Total
Solution Water Solution Water ac or Reading Va lue

Replication #3
A 1 6 10 — - 2.66 .413 1.101

2 2 10 - — 6 .416 2.496
3 2 10 — — - 

6 .344 2.064
4 2 20 — — ii .470 5.170
5 1 10 - — 11 .823 9,053
6 1 20 — — 21 .786 16.504
7 1 10 — — ii 0 4 3 7  4.807
8 1 20 — — 21 .432 9.072
9 1 10 — — 11 .722 7.942

B 1 — — — — 1 .142 .142
2 — — — - 

— 1 .185 .185
3 - - - — 1 .919 .919
4 1 -10 — - 11 .492 5,412
5 3 15 — — 6 .646 3.876

- - 6 1 15 — — 16 .734 11.744
7 3 10 — - 4,33 .858 3.717
8 2 20 — — 11 .678 7.458
9 1 10 — — 11 .591 6.501

C 1 — — — — - 

1 .515 .515
2 3 5 — — 2.66 .477 1.272
3 — — — - 1 .766 .766
4 3 10 - - 4033 0535 2.318
5 2 10 — - 6 .553 3.318
6 2 20 — — 11 .655 7.205
7 2 10 - - 6 .493 2.958
8 2 15 — — 8.5 .680 5.780
9 2 10 — - - 6, .883 5,298

o 1 - - - - 1 .844 .844
2 5 15 — - 4 .635 2.540
3 5 10 — — 3 .579 1.737
4 5 10 — — 3 .575 1.725
5 2 5 — — 3.5 .873 3~055

— 6 4 15 — - 4.75 .846 4.018
7 4 15 — -~ 4.,75 .826 3,923
8 4 25 — — 7.25 .835 6.053
9 2 10’ — — 6 .742 4.452 

0

- 
• E 1 — — — — 1 .108 .108

2 — — — — 1 .835 .835
3 — — — — 1 .839 .839
4 3 5 — — 2,66 .722 1.925
5 — - - - 1 .414 .414
6 5 15 — — 4 .403 1,612
7 5 10 — -— 3 .443 1.329
8 5 5 — — 2 .533 1.066
9 5 15 — - 4 .400 1.600

- -
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‘ TABLE 3 ESTIMATE OF TREATMENT MEANS OF ABSORBENCY UNITS FOR
THE BROWNING REACTION FROM NINE AREAS OF FIBER GLASS

a USED TO MEASURE ELECTRIC FIELD DISTRIBUTION IN A MICROW AVE
OVEN

AREA MEAN ABSORBENCY UNITS *. 
- 

MEAN ABSORBENCY UNITS**

~JX + .5

1 0.73406 1.0783

• 2 0.86450 . 1.1232

3 1.17670 1,2567

4 5.22336 2.1839

5 5~OO99O - 2.1700

6 8.80704 2.8192

7 4.90980 1.9526

8 5.76156 2.3836

9 5.13058 2 .2486

* With S.E. (
~~~~~~) 

= 1.001 - -

** Wi th S.E. (
~~
‘
~~~) 

= 0 1794 
- 

-

a 
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TABLE 4 ESTIMATE OF TREATMENT MEANS OF ABSORBENCY UNITS
-
~~~ FOR THE BROWNING REACTION FOR FIVE LEVELS OF FIBER

- . GLASS USED TO MEA SURE ELECTRIC FIELD DISTRIBUTION
H IN A MICROWAVE OVEN

- 

LEVEL MEAN ABSORBENCY UNITS * 
- 

MEAN ABSORBENCY UNITS **

A 7.4254 2.6393

- B 
- 

6.2119 - 2.3676

- - C 3.6917 - 1.9217

D 2.1003 1.5482

E 0.7496 - 1.0877

* W ith S.E. (
~~~~~ ) = 1.01 

-

** With S.E. ~~~ = 0.1995 -

4,
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