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Dielectric Properties of Food and Microwave Heating

Noboru SAKAI

Tokyo University of Marine Science and Technology, 4-5—7 Konan, Minato—ku, Tokyo 108-8477

The application of microwave heating to food processing, including microwave oven, have come
into wide use because of their ability to heat and cook food quickly and conveniently. However,
a problem that has arisen in microwave heating is uneven heating or non-uniform temperature
distribution in the foods. To control the uneven heating, it is important to know the mechanism of
heating and the role of the dielectric properties of food, because they determine the heat generation
when the food is irradiated by the microwaves. First of all in this manuscript, the principle of the
microwave heating and the role of water in the microwave heating are explained. Next, the influence
of the water and salt content on the dielectric properties of food was described. Reduction of water
content primarily changes the dielectric constant, whereas the addition of salt primarily changes the
dielectric loss factor. Finally, the physical properties change according to the thawing of food was
described. The thermal and dielectric properties of food vary with temperature in thawing process,
and the great difference in dielectric properties between frozen state and thawed one can cause a
problem in uniform thawing, that is known as runaway heating.

Keywords: Dielectric properties, Microwave heating, Temperature distribution, Heat transfer
analysis
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Fig. 2 Rotation of water molecule.
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Fig. 3 Measurement system for dielectric properties.
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Table 2 Dielectric properties of several materials (2,450MHz)

. Dielectric constant Dielectric power factor Loss factor Penetration Depth
Material ,
le'] tan & g'tan o d [cm]
Air 1.0 0 —
Water (57C) 80.2 0.275 22.0 0.80
Ice (-12C) 3.2 0.0009 0.00028 12500
Glass 6.5 0.009~0.01 0.06 82.8
Wood (soft) 5.0 0.065 0.32 13.6
Wood (hard) 3.0 0.03 0.09 375
Phenolic resin 4.5~6.0 0.04~0.08 0.2~0.5 20.7~9.56
Urea resin 6.0~17.7 0.03 0.16~0.23 29.8~23.5
Vinyl chloride 3.0~5.0 0.025~0.05 0.08~0.25 42.2~174
Cellulose acetate 3.0~6.0 0.001~0.07 0.03~0.42 112~114
Rubber 2.3~2.6 0.0115 0.027~0.03 109~105
Soft rubber 2.9 0.006~0.04 0.017~0.12 195~27.7
Nylon 3.0~4.0 0.04~0.07 0.12~0.28 28.1~13.9
Polyethylene 2.3 0.0005 0.0012 2460
Polystyrol 2.6~3.0 0.0002~0.0004 0.0005~0.0012 6290~2810
Ebonite 2.0~3.5 0.0025~0.02 0.005~0.09 551~40.5
Teflon 2.1 0.0015 0.0032 883
Pottery 6.4 0.028 0.18 27.4
Porcelain 6.25 0.00055 0.0034 1430
Paper 2.7 0.056 0.15 21.4
Pyrex 4.0 0.0012 0.0048 812
Polypropylene 2.0 0.0002 0.0004 6890
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Fig. 4 The dielectric properties of 1% agar gel containing NaCl.
(NaCl concentration l:0%, @:0.5%, A :1%, €:1.5%, (1:2%)
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Fig. 10 Comparison of measured temperature distribution and
calculated one in radial direction (agar 1% + NaCl 1%, 120s).
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R LT, FEMECESSHEEAMEARE I TY

5, Z ZCI1d Hayakawa 5 [15] O#EERZHlE LT
PITiZRT.
BRI EOREE (T2Ty)
k=hk, o=p1, Cappchl (18)
HAS LT ORER (T<Ta)
ek, -k) e
_ _ oy BumTa)
p-pe+Sd(Tsh T)+(p1 pe) (T —T) (20)
Con=Cot 7 ?T)“ (21)

ZZT, Ty ROBHEN K], Ta: RO K],
ke, 0er Cer Sk, S, D, n + EERIVER, WE1: BHIRE
BT AETS 5.

(19) ~ (21) RFPF O FERA E BT HPHE I —F T 5 &
FIERBD LD EKT, REN LR DIE%E Table
3[101 \oRd. RINDE (K5 2,=0.75) #HTHH
BOBRELELORT E3E L 2R % Fig. 13, Fig. 14
IR, BAREROEEE IS BT B BT B, Ko thE
IZHNTHBDTREL, 10U EICESsTNEZ LR
bhrs,

BRI 3 E-T, BROBEDHE L KELET
5. BREERLEDTEREZE A CHELZE8ERM
DHBE, FB/IEE L Fig. 15, Fig. 16 1IR7. 77,
BBRX % Fig. 171237, KB3%2 &L G0 (72
kg, FH, =P V) T, BAROBEICRS T
FEUMOBIZKELEN NI ENbRrS. LiL,
REDSENF—XRwrab A0k S5 IZKGHB%
{Zh3&, MEBRETOZFERIITHS. 2TORS

s
Table 3-1 Empirical constants in Eq.(19)
Ny Ten ki ke Sk
[-] [C] [W/mC] [kI/kgl [W/mT]
Beef(1) 0.75 -0.99 0.477 1.403 0.00765
Beef(2) 0.74 -0.99 0.477 1.078 0.00623
Fish meat 0.82 -0.8 0.523 1.302 0.01206
0.75 -1 0.523 1.078 0.01518
Asparagus 0.93 -0.7 0.53 1.299 0.01671
straw berry  0.89 -0.9 0.54 1.95 0.0146
carrot 0.88 -1.1 0.5 1.284 0.02214
cherry 0.87 -1.4 0.53 1.718 0.01939
green peas 0.76 -1.8 0.47 1.983 0.01172
plum 0.76 ~2.3 0.51 2.316 0.00147
Table 3-2 Empirical constants in Eq.(20)
Ny Ton 01 X: Sa
[-] [C] [kg/m®] [kg/m®] [ke/m’C]
0.7 -1.01 1070 1012 0.0056
Beef 0.63 -1.76 1075 1019 0.2027
0.57 -2.96 1080 1025 0.3322
0.45 -4.09 1090 1057 1104
0.82 -0.8 1060 985 0.2036
Fish meat 0.75 -1 1070 1008 -0.0426
0.66 -1.95 1075 1016 0.2
0.57 -2.96 1080 1030 0.2437
Fruit juice 0.96 -0.39 830 817 0.1348
0.87 -1.38 943 943 0.1079
Vegetable juice 0.75 -3.19 1100 1030 -0.1079
0.61 -6.98 1227 1145 0.2248
Table 3-3 Empirical constants in Eq.(21)
Ay Ton C1 D Ce n
[-] ['C]  [kI/kgC] [KIK™/ke] [k]/kgC] [-]
0.74 -0.99 3.49 215.7 1.873 1.968
0.7 -1.01 3.39 169.3 1.542 1.717
Beef 0.63 -1.76  3.24 311 1.735 1981
0.57 -2.02 3.09 161.3 0982 1.497
045 -4.09 2.93 165.1 0.568 1.416
0.82 -0.8 3.83 206.1 1.873  1.999
Fish meat 0.75 -1 365 173.9 1.179 1.628
066 -1.95 342 349 1.622 1934
057 -296 3.25 4134 1.563 1.933
Fruity 096 -039 405 1287 153 1.928
vegetables 0.87  -1.38 3.9 356.1 1.735 1.896
(ncluding 075 -319 3.61  480.5 1944 175
juice) 061 -698 323 6905 1371 1675

KOWTHBERERBHA CHEER L FBREOMEIT /I
, BB 2DIZ LWz OEIIAEL K5,
ZHEIHEHERETEERNOKS FEOTE Bk E
<, HHIZHETX 2O THEFEIBRD T 5720
Th5.
ZOFEIRBEMBRECHEEREL KL BELES
ZLRERKRROBHEIEICHEE LS. BHELEER
ABBET LR, —HA—HERTILZOBHOH
BHENKRELED, KVRBETHIOEES. 20
728, HOBBZELH-TVRBDICREMBELZEZ A1
BITLES VS RBEORENSEID, Thi
VPO ABHRELATNS.
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Fig. 13 Apparent specific heat calculated by Eq.(21).
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Fig. 14 Thermal conductivity and density calculated by Egs.(19)
and (20). (—)thermal conductivity, (- -)density
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Fig. 15 Dielectric constant of foods.
(@) potato, (O) carrot, (&) beef, (@) cheese, (M) lean meat
tuna, (O) fatty meat tuna
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Fig. 16 Loss factor of foods. ((J) potato, () carrot, (&) beef,
(@) cheese, (M) lean meat tuna, (O) fatty meat tuna

Lox=2.7d,—0.08 (cm) (22)

ZZT, d RERBEORBRET, LAINLX-FE
BEXD 2% (de=2d) TH5.

22 2 2 LOFEROFHIZ DOV TIIERET 3 78,
VOAY 2 LDFRAAEREIL, AHYA ot FE
#H (x-y plane) &L L7=& ED, z FEIZEET S —R
TLERBARERNEIRATEREN S [16,17].

d’E,

d;

ZIZT, kZIAEBERT, KATEbINS.

+1 Ez=0 (23)
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Fig. 17 Penetration depth of foods. ((J) potato, () carrot, (&)
beef, (@) cheese, () lean meat tuna, (O) fatty meat tuna.

k2= u e, (e'-ie"

(24)
k,=a+if
2nr € (W1t 5+1)
=N\ 2
2xf g (x/1+tan2 5—1)
PN ™2
tané'zi,'
£
8
30s

Power [W/cm®]
1
1

90s

Power [W/cm®]

1.0
z [cm]

2.0

Power [W/cm®]

ia
ZIT, w (=27 BAREEK o dE%OEY
BTH5.

V4 7 uEORBAEERO T 3L ¥ % MiZR
ARTEE 6N 3.

g (2) =27 fe,e"|E2)| (25)

PEDORX»oRkEZ2RHE (T HLF—BK) 284E
HABRRIRATEZ LI D ERAEORE 54 5
HETR 3.

W~/ uD~v A 7 ulEBE BELT, vy o2
Y I IADHRAE 7 v — P OBEAD S FEEE KD
7= #5458 [18] % Fig. 18, Fig. 19 iZ/R¥. FHETIIEX 2
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7=, BB Fig. 13, Fig. 14 ICAL-ARADE%,
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Fig. 18 Microwave power distribution of 2.0 cm thick sample. Solid lines: Maxwell's

equations. Dotted lines: Lambert's law.
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Fig. 19 Microwave power distribution of 8.0 cm thick sample. Solid lines: Maxwell's equations. Dotted

lines: Lambert's law.
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Fig. 20 Comparison of measured (lots) and calculated
temperature distributions (solid and dotted lines) of the 2.0
cm thick tuna sample.

Solid lines: Maxwell's equations. Dotted lines: Lambert's law.
The heating time[J:30s, O:60s, 2:90s, <:120s..
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Fig. 21 Comparison of measured (lots) and calculated
temperature distributions (solid and dotted lines) of the
8.0 cm thick tuna sample. Solid lines: Maxwell’s equations.
Dotted lines: Lambert’s law. The heating time[:30s, O:60s,
20908, <$:120s.
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