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Abstract

Freezing is becoming incressingly important in the food industry as a means of food preserva-
tion since the turn of the century. For quality, processing and economic reasons, it is important
to predict the freezing time for foods. A number of models have been proposed to predict freezing
time. However, most analytical freezing time prediction techniques apply only to specific freezing

conditions. Therefore, it is necessary to develop an improved analytical met' .1 for freezing time
prediction under various conditions. The objectives of this study, by reviewing previous experi-
mental data obtained by uncertain freezing condition and thermo-physical data, were to develop
simple and accurate analytical method for prediction freezing time, and to obtain the frezing time
of various foodstuffs by still air freezing and immersion freezing method. The result of this study
showed that the proposed method offered better results than the other complex method compared.
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Table 1. Thermo-chysical data of freezing test materials

HEREEEEE

Pine mushroom Arkshell Ground lean beef Ground pork
P (Kg/m®) 879.2 1062.6 1051.7 1054.3
ku (W/m°C) 0.54 0.49 0.46 0.47
kf (W/m°C) 1.56 1.40 1.26 1.31
Cu (J/m™C) 3.81x10° 3.52x10° 3.27x10° 3.35x10°
Tt (J/m®C) 1,97x10° 2.00x10° 1.76x10° 1.80x10°
L (Wmd) 295x108 266x10° 242x10° 251x108
Tt (°C) -0.9 2.2 -1.2 -1.7
W (%) 78.3 79.8 72.5 75.1
F (%) 0.3 4.0 6.7

0.5

24 4hA sl ue
T4 (L), Woolrich & A Alol| o)ef 4tE3hgd chas
ol shzke] slod FHAIZ AEE S8 24 7 Ao
thermo-physical data-= Table 13 Zt},

A 3 o

SEMNUAE model

=
< AFe 7lEdes FdEdH 4T 2 1A
o

plank’s equation & a9 el B 8bd o5k

g,

_r P R
Fo=lgpil lste] &

ela, FAH 5EA, Fov £483 93844
o o) f-z ol o EE 22 (6)4 H FE HAY SR et
2 9l

Fo=1(Bi, Pk, Ste)--=-(6)

o 71 P W) AEE Ti, Ta, h DY A3=

= = Aoz 7454, of model - Plank’s equation 3}
o} A Ao PP sla, 2 AT BRUS FAHEH AsbA M o)
= Aoz Jdetdr] s Fad g5 H-Eskch )
= o e 5101 7 —p AH pD D )
%, Fourier No, = 4|89 $4(D), 4H3AzE A (T—Ta) " h T kf

2o) QR4 (BT o] F)7h FHostol,

3714 Helgs P& R g2 747

— ks t oy P=0,5(0. 78+2, 28Ste - Pk)++=-(8)
Fo=t¢ 12 (D
R=0,125(0. 43+2. 15Ste — 1, 48Ste?) -+~ (9)
Biot No.& @80l ol Aol & WHAT o0 ooy
S 24, oheba B AT fs ol AldE 9id 4 H
Bi= ka """"" (2) model ol &l 7} Al BY 25 Az7ke] AYEE 4

Stefan No, = 59 52W4& dsla, A9 %
dubzo] wE AbH 3 abA o] Fo JAGH HH ok

_Ci(Ts—Ta) ...
Ste= AH

=3, plank No, =
o] WA

_ Cu(Ti—ThH
N

74 RE Qe A EEE P olel o} AU W
stof o8 WEET, A8 7] 2Rl HEF FHL
E(—18C) 4ol 7t Ak, §HA &g Hd

-(3)

g me 2| ode) 4 A

Heax AA §HAYT datash ¢ ast AxE
Table 20 “tebigich

Table 20114 M= uie}k o] pine mushroom 2 %
AR £3589 F2A2ke HH = 33minel A 324min
u, ol &x] ko] 2 9E —15.47%NAH +14, 34%
2, BFAd.east 10,13% £ tebyte), arkshell 2
4 417t2) &3 27} 30minelA 309min 712 2, AY
2|8 ol &2le eaH e —12,11%1A4 +16,93%,
Haddeas 87%°lv, ground lean beef &
ground pork+ £3 ¥ E2 42t 49 7F 244, 15min
~164min, 19min~159min 2.2 2 A#H § &= —11,



Vol. 20, No. 2{1988)

Plank's Equation o} wiglel] 23 A& 247} 4% 283
Table 2. Difference between experimental freezing tims and predicted results for testing food materials
Surface Exp. Pred.
heat trans. content freezing .
Run tlnt. Freezer coefficient Thickness Water time time . Time
# emp. temp. (W/m?°C) {(m) content (min.) (min.) difference
(°C) (°C) (%) : ) (%)

1A 21.2 -30.5 27.4 0.030 88.0 131.98 111.90 -15.21
2A 13.0 -43.1 27.3 0.023 88.5 64.83 54.80 -15.47
3A- 25.1 -35.9 23.5 0.035 85.0 196.05 172.45 -12.03
4A 24.7 -33.3 20.5 0.035 87.5 221.98 208.33 6.14
SA 11.8 -43.9 18.5 0.025 87.0 87.50 98.72 +12.82
6A 11.6 -43.7 19.0 0.022 86.5 75.50 68.48 - 9.29
1A 23.6 -40.0 14.0 0.040 87.0 257.47 280.10 + 8.78
8A 23.9 -39.0 14.5 0.029 85.0 178.34 191.67 + 7.47
9A 23.4 -31.5 9.5 0.030 88.5 324.89 371.49 +14.3
10A 23,7 -34.5 10.5 0.027 87.5 269.33 281.40 + 4.48
1A 24.7 -21.9 180 0.025 86.0 44.00 40.50 - 7.95
12A 215 -23.6 355 0.030 86.5 33.87 36.45 + 7.61
iB 23.5 -41.9 28.0 0.020 79.0 82.83 72.80 -12.11
28 6.0 -39.6 27.5 0.010 80.5 44.58 43.50 - 2.42
38 13.2 -34.1 24.5 0.024 B80.5 91.50 105.83 +15.66
48 16.8 -35.5 26.0 0.027 77.5 97.11 113.56 -16.93
58 217 -35.5 19.5 0.030 77.0 180.24 167.80 - 6.90
68 18.6 -33.2 14.5 0.023 18.5 187.50 181.61 - 3.7
B 15.2 -42.5 15.0 0.017 77.0 105.89 93.72 -11.49
8B 24.3 -33.1 9.5 0.015 80.0 179.78 182.40 - 1.46
98 24.8 -35.5 8.5 0.027 76.0 309.65 331.26 + 6.98
108 20.8 -22.4 355 0.030 79.5 39.18 43.58 +11.23
118 22.8 -25.0 216 0.025 78.0 37.38 34.50 7.70
128 20.9 -22.5 1g 0.018 79.0 30.46 33.32 + 9,38
1C 11.8 -30.6 27.4 0.015 72.5 57.54 62.50 + 8.62
2C 16.8 -28.9 27.0 0.030 72.0 130.08 150.00 +15.31
3C 21.6 -26.4 20.5 0.010 72.5 63.83 57.42 -10.9
4C 20.4 -32.1 15.5 0.015 71.0 87.45 93.54 + 6.96
5C 25.5 -36.4 19.5 0.015 73.5 79.37 71.93 - 9.37
6C 19.3 -32.0 15.0 0.010 72.0 65.45 59.40 - 9.24
7C 20.3 -40.5 10.0 0.010 73.0 68.00 71.98 + 5.85
8C 20.4 -40.0 14.0 0.018 73.5 90.88 97.40 + 797
aC 17.2 -34.5 9.0 0.020 73.5 164.50 187.67 +14.08
10C 17.6 -22.5 219 0.015 715 15.45 13.90 -10.03
1C 11.8 -21.5 189 0.015 72.5 18.20 16.13 -11.37
12C 23.0 -22.7 125 0.010 72.5 16.50 15.38 - 6.78
10 23.3 -34.2 28.0 0.010 75.0 40.08 35.92 -10.37
20 15.6 -35.8 27.8 0.010 76.0 34.50 31.15 - 9,71
3D 22.5 -39.1 27.4 0.017 75.5 59.97 53.03 -11.57
4D 18.4 -34.0 24.5 0.015 5.5 67.54 61.62 - 8.76
sSD 19.1 -38.6 25.0 0.012 74.5 33.50 28.89 -13.76
60 22.7 -35.9 19.5 0.020 5.0 89.00 94.83 + 6.55
7D 22.4 -39.5 14.5 0.018 74.5 101.85 109.14 + 7.15
8D 17.5 -35.0 9.5 0.120 75.5 159.47 174.56 + 9.46
9D 22.5 -35.% 8.5 0.014 75.5 135.74 144.83 + 6.60
10D 15.5 -21.8 356 0.030 75.5 35.92 40.77 +13.50
11D 21.8 -23.5 191 0.020 76.5 28.50 26.08 - 8.49
120 19.5 -20.9 120 0.010 74.0 19.45 15.60 -19.79

A. For myshroom
B. For arkshel!
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D. For ground pork
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Nagaoka ¥ Pham ¢ model o & 285 2.2 A&
2] fAHd 2o 2 Ag"ch ol& sl Table 404
Zt Al &8 3 model Aol HEEE mAE vl lean
beef = Pham, Nagaoka, ¥ Cleland & Earle 9|
model o] ground beef+ Nagaoka 2| modelol, 1
2]3 mashed potato, carp % tylose & Nagao-
ka % Pham 9] model ol 2 J2%& & 5 itk ©
S B2 X AYed A4S AgE 52 A7 Ta-
ble 1) €3 B4 21E Z model o HE4A compu-
ter & data ¥ 2ld Za-E wladtel Table 59 b
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Table 4. Accuracy of freezing time prediction by
different materials

Average aift
No. difference 91 erence range
o. of data (%) (%)
Lean beef 20 (1) 35.22 -50.68 to - 19.31

(2) 10.96 -12.46 to + 30.61
(3) 10.03 -23.12 to + 5.7
(4) 15,47 -31.51 to + 25.04
(5 5.58 -15.65 to + 15.58

Ground beet 9 (1) 36.54 -53.47 tO - 13.60
(2) 7.27 + 1.99 to + 15.78
(3) 13.57 -29.04 to + 7.61
(5) 14.03 -26.20 to + 23.89
Mashed potato 9 (1) 37.75 -48.18 to - 26.18
2 7.33 -13.69 to + 13.71
(3) 15.20 -22.73 to - 17.53
(5) 5.63 -12.42 to + 9.22
Carp 9 ) 35.81 -49.23 to 17.96
(2) 6.98 - 1.60 to + 12.09

+
(3) 13.02 -26.15 to - 0.87
(5) 9.83 -17.31 to + 19.44
Tylose 62 (1) 34.53 -52.39 to - 19.97
{2} 10,99 -28.72 to + 33.61
(3) 12.75  -25.49 to - 3.78
(4) 12.97  -18.04 to + 32.34
(5) 5.82  -15.17 to + 17.12

{1) Plank form

12) Nagaoka form

(3] Cleland & Earle form
{4) Hung & Thompson form
{5) Pham form

Table 3. Comparison of individual datasets for predicting freezing time by various methods

Average difference

difference range
No. ofdata (%) (%)
Hung & Thompson (1983) 59 (1) 37.80 -53.47 to - 13.60
(2) 7.04 -16.09 to + 15.78
{3) 14.24 -29.04 to + 7.61
(5) 9.04 -26.20 to + 23.89
(Z(I‘(es;ggij198;gsarle 45 Q)] 29.59 -40.18 to - 19.31
(2) 16.69 -28.72 to + 33.61
(4) 12.40 -18.04 to + 32.34
(5) 3.91 - 7.01 to + 13,49
5 (1 36.66 -41,54 to - 32.92
De Michelis & Calvelo (2) 7.87 - 5.54 to + 21.52
(1983) (3) 3.43 + 1.28 to + 5.7t
(4) 19.10 -31.51 to + 2.02
(5) + 8.43

4.88 - 6.79 to

(1) Plank form
{2} Nagaoka form
(3! Cleland & Earle form

(5) Pham form

{4) Hung & Thompson form
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Table 5. Comparison of various  methods on prediction of freezing time
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Run int. Medium  Surface Thichness Wate}
4 temp. temp. heat trans. (m) content Exp. Pred. Plank Naga. C.&E. H.&T. Pham
(°C) (*C)  (wW/m*C) (%)
1A 212 -305 27.4 0.030 88.0 131.898 111.90 92.43 151.31 141.99 140.02 163.42
2A 23.7 -345 10.5 0.027 87.5 269.33 281.40 172.63 294.56 271.70 271.45 314.53
3A 247 -21.9 180 0.025 86.0 44.0 40.50 24.60 42.57 40.68 38.59 45.45
iB 6.0 -39.6 21.6 0.010 80.5 44.58 43.50 36.93 47.52 38.75 43.22 42.05
28 24.3 -33.1 9.5 0.015 80.0 179.78 182.40 123.42 216.62 162.83 198.92 180.88
3B 22,8 -25.0 216 0.025 78.0 37.78 34,50 23.48 40,26 33.25 34.91 33.97
1C 11.8 -30.6 21.8 0.015 72,5 57.54 62.50 42.77 60,75 53.21 48.20 61.78
2C 20.3 -40.5 10.0 0.010 73.0 68.00 71.98 55.04 90.38 71.99 76.48 82.83
3C 23.0 -22.7 125 0.010 72.5 16.50 15.38 9.83 16.90 13.28 13.79 15.09
10 156 -35.8 27.8 0.010 76.0 34.50 31,15 24,29 36.81 31.04 31.15 35.28
2D 22,5 -35.5 8.5 0.014 75.5 135.74 144.83 108.96 185.13 161.33 161.33 163.69
3D 21.8 -23.5 191 0.020 76.5 28.50 26.08 18.16 30,50 25.38 26.09 27.15
Freezing time difference range(%) -15.2  -44,09 -3,25 -19.52 -16.23 -9.12
to to to to to to
+8.62 -17.16 +36.39 +7.58 +18.85 +23.82
Average difference 6.20 30.54 12.76 9.15 10.14 10.39

A. For mushroom
B. For arkshet!

Table 514 B ule}l 7o) & Addo }-8% A&
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C For ground lean beet
D. For ground pork

Table 6. Complexity of freezing time prediction methods

No. of empirical 'No. of material
parameters used parameter required

ACleIand & Earle
(1982) 7 6

Mascheroni &

Calvelo(1982) 0 19
Hung & Thompson

(1983} 14 6
Succer & Hayakawa

(1984) 18 12
Pham(1986) 4 6
Present methods 3

2 o

o] A3t Fre], J)E data ) FESo| gk a2
Aol A L) et s A uboll 2t 4B B
A7kl & model 24, AAl S A8 AHASY 7
T model & vl HEsgh 7] Y2 lean beef &
10974 &} data¥, Hung & Thompson$ data&
Nagaoka % Pham 2| model o, Cleland & Earle 9|
data + Hung & Thompson 2] model o o]-% & &3
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