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4 A7 AT FA Y FolF 7180
1) &l
o O
124 —~ 160
A 10 — 140
~
[_(
S gk ~120
<=
—
AL o . - 100
u-\o
Ea e — 80
3
2+ - 60
| | | ] | | | ] | |
77 78 79 80 81 32 83 84 85 86 87
o x :85dx A5 A
28] PEAde 5y ol
T FE@ENSRESS HBREY AIERIR(RESERM)
HH R BRI REE WHE WML BRE(%) o5
ki34 FEH
Bkl 1982 1983 1984 1985 1986 1982 1983 1984 1985 1986 TR (%)
o L3 812,121 844,113 918,424 957,951 | 1,037,559 108.4 103.9 1088 104.3 1083 106.7
u] 3+ | 10,248,000 | 10,414,000 | 10,806,000 | 11,115,000 103.1 101.6 1038 102.9 103.1
2 4 4 199,445 204,383 209,137 211,828 219,338 96.6 1025 102.0 1013 1035 101.2
x29o) 50,623 54,334 59,509 66,101 70,911 1123 1073 109.5 1111 1073 1095
4 E 47,286 48,079 51,479 52,336 55,498 106.1 101.7 107.0 1007 106.0 1045
o= 2 117,688 127,433 134,570 147,227 160,724 1064 108.2 1056 109.4 109.2 107.8
A k- 979,621 994,031 1,059,219 1,124,102 | 1,208,000 99.8 1015 106.6 106.1 1075 1043
Ell=12: 205,300 210,500 206,400 211,700 213,850 1004 1025 103.1 102.6 1010 101.9
A 552,694 629,729 687,808 823,791 882,650 106.5 1139 109.2 1198 107.1 111.3
29 A 100,720 106,322 111, 403 121,923 130,973 98.2 1056 1048 109.4 1074 105.1
o|ezjo} 203,900 220,175 241.010 259,540 299,710 109.9 108.0 109.5 1079 1153 110.1
o = 980,000 1,043,000 1,094,000 1,177,000 | 1,202,000 1054 106.4 1054 1076 102.1 1054

(1) BACl A3 BAE Bm%ﬁﬁﬁ:ﬁ:%@?ﬁﬁ. ol R
W,
(2) ol W8 #Ete TQuick-Frozen Foods International
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EEN

(3) 7Iete] ENLRIS) HEhE 2914 HRARNE BHY.

(4) 323} o] WE R HEEEA 9.
7Vl ZEe] WHEE HEREET
(5) e]=9] 19864 B AW, =l5¢] BUESH-2S 1981~1985
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Table4. Experimental equation predicting the effective thermal
conductivity of carbohydrate food

Investigators Empirical equation remark Method
F.T Wratten(1969) Ae=0,0744284+0.00114W Rough rice 99<W<193 1
L E—(1970) Ae=0.178-+0.0035W Potato W=60 2
#1159 (1970) Ae=0.080+0.00753T Rough rice 10T 2
DR Shama(1973) 3 oo 40, 00s58w Sorghum 1SW=25 1
T.L.Thompson ]
K FH—(1978) Ae=0.0440+0.00276W+4.07X 10°W* Rough rice T=16.3C
Ae=0.0441+0.00373W+7 82X 107°W* T=308C 1
Ae=0.04434-0.00476W 112X 10" W* T=49C
13=W<25
S.SHRizvi(1985) Ae=(60.67—0.1542Xs—0.0028Xs?) X 107 Apple julce 238=W=<826 3
Ae=(60.36—2.3110Xs—0.0410Xs?) X 1072 Orange jice  |W=60
G.DSaravacos(1985) | Ae=048240.0015T Tomato paste |30=T<50T 4J

Method : 1 cylindrical 2 spherical 3 thermal diffusing 4 thermal comparator
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071~

04— ®© [J—0O Gelatin

@ ©®—@® Sucrose

@ &—a Agar

@ @©—Q Potato starch
03— © H—M Egg-albumin
® A—A Gluten

@ O—C Milk-casein

Effective thermal conductivity, Ae(W / mK)

L

T ! | |

Too 90 8 7o
Water content, W( %)

Fig - 5 Effect of hydrophovicity on effective
theraml conductivity

Ho g pudslo] W% g} Siebel(1982) 0] &, B3
A, oety] 3 A Aol genz
A Zol zAAHEEL g7 Q& AL ud

}4 A (additive properties)ol] A &fed Al#2]

N

Table 6. Empirical equations predicting the
specific heat of food products.

Empirical equations Remarks

Kong C=4.20Xw%+1.26X,¥+2. |unfrozen state

10X%
(1982) C=2.00X«"+1.26X,¥+1, |frozen state
60" C=(K]/kg°K)
(soybean curd)
Yano C=1,0Xw¥+(0.2—0.35)Xs" |unfrozen state
(1978) C=05Xw¥40.2Xs¥ frozen state

=0.2 +0.3Xw" C=(kcal / kgC)

Charm & | C=1.0Xy"+0.5X"+0.3Xs"
Moody C=1.0X"+0.3X"+0.37X¥ | unfrozen state
(1966) | 4-0.34Xs¥+0.2%e" =(keal / keC)

Riedel C=04+06Xw" water content
(1956) Above 25 %(meats
& Fishs)unfroz
en state

unfrozen state
C=(kcal / keC)

Siebel C=1.0X"+0.2Xs"
(1982) =0.24+0.8Xw"

e guldg 24T £ A =Hsch H2A
g El AgAlS Aelste] Tableboll \%E}»H
Figh % Table7-& uldol o &

K]
/
/1
/
/
/
/
/
/
//
/!
/

—>—  Sugar solution

168 —@-  Whole milk

Specific heat, [KJ/ kg~

-- A~ Skimmed milk

-~ Defatted soybean curd

Water content,{ %)

Fig - 6 Effect of water content on specific heat
of milks(whole, skimmed), sugar and

defatted soybean curd

oh + Riedel(1969) o] 5~65CollAl 2%
Aol ¢lolAl, Dickerson(1975)-& 43~63Tefl
A o]

] &= o] % (A, Hav], HAT7]) °é§l4
$2 FAAETHG o] &3] AL, AT
o = Kong(1979) So] =4 % =52 *Lﬂ% ol] A

A% @A, A % AANT, A
e dHARE F4F o ek ey
27 Sl EA AN o - FHol AR
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Table 7 Specific heats of sucrose solutions and soybean protein gels at different concentrations

Materials | Concentration W, Ws T, Ts T, Ce® Cos Remarks
(wt %) (g) (g) () () (t) |(XJ/ke’K) | (K]/ke’K)
10 400 100 19.0 245 20.0 3.96 1.84
10 400 100 172 89 157 392 151
20 400 100 20.1 248 20.9 3.65 151
20 400 100 177 89 162 3.65 151
sucrose 30 400 100 19.3 249 20.2 348 1.60 Average
solutions 30 400 100 177 8.9 16.3 3.37 142 Cor=1.59
40 400 100 208 247 201 319 142 KJ/ke°K
40 400 100 194 94 179 RAL! 1.55
50 400 100 22.0 241 22.3 2.97 1.60
50 400 100 194 94 180 2.90 172
soybean 10 400 100 16,5 48 144 3.89 122 Average
protein 15 400 100 164 56 146 3.7 1.29 Cop=1.23
gels 20 400 100 16.2 5.1 14.0 3.58 .19  |KJ/keK

Table 8. The freezing point of selected foodstuffs & the empirical equation computing

freezing point of dairy products.

Water Freezing Water Freezing
Foodstuffs content point Foodstuffs content point
Apples 84 —-11 Adpricots 85 —11
Asparagas 93 —0.6 Bananas 75 -0.8
Broceoli 90 —0.6 Cauliflower 92 —0.8
Celery 94 —-0.5 Cheese 45 —7.4
Cucumbers 96 -0.5 eggs, white 88 —06
Eggs, yolks 51 —0.6 Grapes 82 —16
Grapefruit 89 -1.1 Leeks 85 —-0.7
Lemons 89 —1.4 Lettuce 95 —0.2
Liver 70 -1.7 Melons 93 —1.1
Milk, fluid 87 —0.6 Olives 75 —14
Oranges 87 —0.8 Sausage 56 —1.7
Shrimp 83 —-2.2 Spinach 93 —-0.3
Strawberries 90 —0.8 Watercress 93 —0.3

T,=X,A+X,(B+CX,)

where, X; ; mass fraction of the i component in a binary solution

empirical sugar serum

coefficient (0—48%) (0—33%)
A —6.52370 —5.38392
B 2.04349 —10.99640
C —33.67600 —1.84488

T, : freezing point depression degree
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Freezing point,(T)

Concentration, X(wt %)

10 50
T T

— 1 0
Computed
Glucose

D-fructose

Freezing point,{% }

Concentyation, m(molaolity)

(2)3u0d Buzaarg

Fig - 7 Freezing point of glucose & D-fructose

solutions at various concentrations

—05 o—e—e

A A A
\A

|

Soybean protein+Glucose(5wt %)

—&—  Gelatin+Sucrose{ 10wt %)

Conentration of protein, (Wt %)

Fig - 8 Effect of proteins on freezing point dep-

ression,

0
1k .
P Lactose solution
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*BL ] i | | :‘
0 5 10 15 20
Concentration of carbohydrate, (wt %)
Fig - 9 Comparison of feezing point of lactose,
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Table 9. Thermal diffusivity of foodstuffs from published reports

Water Fat Temper- Thermal
Foodstuffs content content ature diffusivity Author
| (s wt) (% wt.) (T) (m /h)x10™
Fishes :
Codfish 8l - 5 438 Riedel(1969)
. -, -~ 65 5.10 ”
Halibut 76 1.0 43~66 5.28 Dickerson & Read(1974)
. 78 06 . 492 4
Meats :
Beef 75 - 0 4.35 Riedel(1969)
” 76 - 5 432 ”
Beef, Chunk 66 16 43~66 444 Dickerson & Read(1975)
Beef, Round 71 4 4 4.80 4
Beef, Tongue 68 13 - 414 -
Ham, Smoked 64 - 5 426 4
” ” - 65 461 ”
” ” 11 43~66 492 ”
" ” 14 » 498 -
Fruits :
Cherry, Flesh — - 0~30 4.74 Parker & Stout(1967)
Peaches - - 2~32 504 Bennett(1963)
Apple, Whole (Red Delicious) 85 - 0~30 492 Bennett et al(1969)
Strawberry, 92 - 5 456 Riedel(1969)
Flesh
Apple, Sauce 37 - 5 378 ”
. 90 - 5 449 ”
Bananas, Flesh 76 - 5 4.26 ”
Plum, Jam 43 ” 5 378 .
Marmalade 4 . 5 378 ’
Vestables :
Tomato, Marrow 67 - 5 4.26 Riedel(1969)
Potato, Mashed, 78 - 5 443 .
(Monona)
Potato, Squash 88.5 - 22.9 587 ”
(Golden Delicious)
Peanuts :
Ground, Kernels 8(d.b.) - 45 511 Suter et al(1975)
Ground, Hulls 5 -~ - . 4.00 ”
Peanut pods 7 - » 2.61 ”
The others :
Sugar Beets 88 - 5 4.60 Riedel(1969)
The others :
Sugar Beets - - 0~60 4.56 Slavioek et al(1962)
Egg 88 ~ 5 4.60 Riedel(1969)
Curd, Lean 55 - 5 3.90 ”
4 86.2 11 10 475 Kent & et al(1984)
AT AAe L3 H v Qe FAAE A9 X 713 A9
Aspabgo] BE A& wluld Aeolch C: ¥
Table 9= AZ7tx] ¥ d3ALE dolet C% @ Az ¥4 [K]/kg°K]
7

Cor: Ae] ®ldd [KJ/ ke°K]
Cop : &b el w4 [K]/ kg°K]
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r=1- ¢ /922 vepdch

A7) r 1 FAE (kg /kg)
gr: AL FAAH(T)
g 1 &l YAer(T)
ok, FA AN FHE r=12 g}
H10 £8AERC| B X H&R
b TP Y=
E = 8:C |4z
WA, v, I, 98 —05
A, W, B, ¥R -1
El A, A, RitT —15 |—60
B A, A, B -2
Fit —2.5
213 AE= 9 Az
Aol 8, AR, Az Y 7FEEFA el 3l
Al FAAAFT AFHY £EFE, FHAZL
EZA4A M o] %<4 % (moving velocity of
fusiom front)& A &3] o gt AL AF
FARAA ] AAY Az AAN FA
ol AlEAHE geld oz dAHsr] A
3 F 8.3}

AR AlFe A3 FEste] T4
B3 7R3z A Plank(1941)7F A &9
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| o459 FH wlste], Clelands}
Earle(1977~79) ] ofzi7}z] Aol mel A&
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Table 11. Summary of previous research for freezing time prediction

Years| Researcher Form Comment
1941 | Plank = PL (ﬂD_ RD? ) - The Earlist model
T;—Ts ' h ks

-P and R are constant
(slab : P=1/2, R=1/8, cylinder : P=1/4, R=
1/16, sphere : P=1/6, R=1/24)

1955 | Nagaoka —(140, 008T|) 0 A’? - Modified Plank’s equation to calculate freezing time
a
(ﬂ n RD2 ) of fresh fish in air blast freezer
h 'k - BH=y(Ty—=T¢) +LAeu(Ty—Te)
1958 | Levy t {140.008(T,~T¢)} - A slightly different form of Nagaoka model
« AH (PD + RID? )
Tf Te ' h ks
1964 | Mott =4 /’s AH X(L + D ) - Development of tables to organize the thermo-
a A h T 2k
physical data needed for use in Plank’s equation
1967 | Cowell % =p(R+1/B,) - Plank’s equation described in a dimensionless form
1972 |LIR. =P O ( PD + PD? ) - LLR. modification is similar to Plank’s model but
=T, "h Tk
with an enthalpy factor between Trand Tc
1976 | Mellor t=[05c{ Ti—T5)+L+05cs(Te—Te) ] - Inclusion of only one-half of sensible heat in the
2 p . .
"T-T, Ch TR calelation of enthalpy
1976 Cleland t= AH (pQ +R2 ) ’ AH:L"‘cu(Tr_Tc)
~79 |& Earle T;—T.(EHTD) * kK kg -EHTD : slab=1, cylinder=2
P+0.5[1.026+0.5808P¢+Ste sphere=3
(0.2296P+0.1050) ]
R=0.125[1.202+S¢(3410P,+0.7336) ]
1982 |Mascheroni t= o W.LLD? (l +L ) - ks : thermal conductivity
(Tr~Ta)ks 2
& Calvelo
Ti+Ta
at—+—+=
2
1983 Hung & t__PAH P +R - AH= cu(Tl_Tf)+(Tf_Tc)
Thompson AWT FH ks ) (Ma—Mp)L ‘
P=0.7306 - 10B3Py +Siel 15400 AT DT e / 2) = (Ty=TeP (e /2)
—15.43+0.01329(S / By) ] AH
R=0.2079—0.2656U - Ste +(Ti—Ts)
1986 |Pham hD - AH=(T\=T,
=R TR ) el
: AHZ_L+CU(T TC)
'ATl ( 1+T )/2 T
AT, =Tp—Ta
Trn=1840.263T¢+0.105T,
x 7|3 A EHTD : Equivalent heat transfer dimension
A : Surface areal nf] [-]
C : Specific heat[J/ . C] h : Heat transfer coefficient[W / m’.°C]
D : Length (slab thickness, cylinder diam- AH : Enthalpy change[]/ m']
eter, sphere diameter)[ m ] I : Ice content[ %]



K : Thermal conductivity of material[W /
m.C]

Ko: Kossovitch number, L{cs(T¢- Ta)}
[-]

L : Latent heat of freezing{]/ o]

M : Mass[kg]

By:Biot number, hd / Ks[ -]

Fo: Fourier number, a t/D*(-]

Sie:Stefan number, Cs(Tt-Ta) / AH[-]

Py: Plank number, Cy(T-T¢) / AH[-]

PR : Shape factor[-]

t : Time[sec]

T : Temperature[ C ]

AT : Weighted average temperature dif-
ference{ C )

U : Dimensionless temperature, AT /(T
f'Ta)[‘]

W : Water content[ %1

a : Thermal diffusivity[ m' / hr]

p: Density|kg / m']

{Subscripts)
1 : Precooling
2 : Freezing, or freezing and subcooling

: Freezing medium

: Surface

: Final center(-18T)
: Initial freezing point

Lo T O T o

: Initial

—

: Mean freezing
. Frozen phase
: Final surface
: Unfrozen phase

g o g

tal/ (T - Ta)
3714 t : FZAAZHmin)

Ty : 27 WAA[C]

Ta : FZANALE[T]
o] 3oy AEe) Zy)Exoh AR
Aol A FANA =9} 2o JFE
g o8la, BAAZE FEH5R 5k
AT 4F 579 A5 dsl AEA
Tablel12ell Vel giet. o2 A
Algof o] YA LR, <59

R REi

N

Table 12. Freezing time equations by mutiple regression analysis,

: , ) :
ngSt material Thickness(m ) I Equation R Y =freezing time {(min.)
Pine mushroom 0.035 Y=-22.743 +4593.075X, +1.582X, 0.959 to— 18
0.025 Y=-31507 +3570.529X, +1320X, |  0.904 _
Arkshell 0.035 Y=-72569 +5820.763X, +2.054%, | 0.846 X,=recipracal of
0.025 Y=-19336 +3182623K, +1082K, | 0990 (Tf-Tain C)
Ground lean 0.030 Y=-42829 +365L647X, +2.136X, | 0.943 X, =initial
beef 0.015 Y=-44141 +2768315X, +0.700X; 0958 temperature (C)
Ground pork 0.030 Y=-64.560 +4702.008X +2.295X, 0.933 R’=mutiple correlation
0015 Y=-08.140 +1844.467X, +1436X, | 0857 | coefficient
o} %:é%}iloﬂ 7 Aew F2 QdrbE g @ SoAde ox
e L @ AEe FRAAAS
@ ﬁiﬂ 271et H4, 53 T»ﬂ‘ © olersle] wls
@ AEY 27eE(54ARA)Y HAF L= ® Ao AdES
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Fig.12. INFLUENCE OF PRODUCT SIZE on
predicted freezing time(For[],h= 227 W / 'K
for A, h = 170.35W/m?2K ; for O, h=340.7 W /m'K)
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Fig.13. INFLUENCE OF INITIAL PRODUCT
TEMPERATURE on predicted freezing time
(For [diameter = 2.54 cm ; for 2\, diameter
= 1.91 cm: for O, diameter = 1.27 cm; T, =
-196C; h = 17035 W / mwK)
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Figl4. INFLUENCE OF FREEZING MEDIUM
TEMPERATURE on predicted freezing times
of fruits and vegetables (T)= 10C: h = 25W
/nK; T: = -25C)(Hsieh et al,1977)
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Fig.15. INFLUENCE OF CONVECTIVE HEAT

TRANSFER COEFICIENTS on predicted freezing

times(For[], diameter = 2.54 cm; for A, diameter

= 191lcm; for Odiameter = 1.27cm; Ti=10T
a= 196C)
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LINE

NO. FORM CONDITIONS

20 1 -STANDARD=
Ti= 17C Ta = -25C T¢= -127T
a = 3.0em Ke= 1.62W /mK K;=04W / mK
15 h=68W / w’K Cs=2.2 X 10°]/ mK Cy=338%10°]/ m'K
8.66 % WATER UNFROZEN
9 —— —— STANDARD EXCEPT 0% WATER UNFROZEN
10— 3 - STANDARD EXCEPT T;= 1.7TC
4 —— - — STANDARD EXCEPT a = 3.15cm
5—— - - —STANDARD EXCEPT K¢= 1146W / mk K,= 0.36W /mk
5— 6 —— — — STANDARD EXCEPT Cs= 2.42%10°J/ 'K Cy
bt =3.72x10°] / n'K
x
o]
) 04—
< 4,5 6
5 e ——
Ay
=
m
& -5 —
_10 b
_15 —
20 { L L | l 1
10 20 30 40 50 90
TIME(MIN)
Fig.16. Influence of property changes on the predicted freezing curve.
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