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Table. 1 Numerical values of the constants
used in the calculation

Prat =exp<27. T

Constant Numerical value used Literature
4H 734.18 (for frozen beef juice) 4
677.03 (for pure ice) a2
826.67 (for beef, bovine muscle) (24)
Cpw 0.44 (for water vapor) (25)
R 62362 @5
My 18.02 (25)
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Table. 2 Drying conditions and physical properties of the beef samples

Sample Temperature Vapogr pre)ssure 1 Weight of water2) Density | Thickness
5 (Torr | 1
No, surface interface surface interfacen |  total residual (g/cms) (cm?)
" O =0p | Psw Py | Wi Wr 04 ‘ 12
> 30.0 20.0 .100 . 780 ‘ 80.5 1 . 769 ‘ 5.34
2 30.0 23.8 .100 . 539 | 82.6 0.6 . 789 5.27
3 30.0 24.1 .050 .523 I 79.7 1.4 .839 5.31
4 35.0 21.9 .100 .649 f 8.1 1 .806 5.45
5 40.0 21.4 .120 .681 75.1 0.7 . 784 5.22
6 40.0 163 .170 1.007 84.6 0.8 .816 2T
7 40.0 21.4 .110 . 681 78.8 09 .824 5.3l
8 44.5 28¢5 .120 . 555 82.9 1.6 .829 5.29
9 50.0 o1y .100 . 649 80.7 0.8 .842 5.36
10 50.0 2205 .110 612 85.7 0.6 .824 5.36
ekl 50.0 21.4 .160 .681 80.4 0.8 .839 5.27
12 54.1 21.4 .165 .681 82.1 0.9 .814 5.13
13 60.0 20.0 .165 . 780 81.0 0.5 .842 5.22
14 60.0 21.6 .175 .668 79.6 0.6 .830 5.18
15 60.0 20.8 .175 722 84.6 0.5 .813 5.50
16 66.0 20.8 .170 . 722 80.4 1.3 .790 5.29
17 80.0 22.2 | .185 . 650 85.5 0.4 .821 5.48
18 80.0 20.0 { .180 L7179 80.7 0.5 . 840 5.45
19 80.0 21.4 | 225 . 681 86.9 0.5 .835 5.48
20 87.0 16.5 .233 1.085 80.1 0.5 .790 5.34
21 89.0 17.0 .110 1.036 83.3 0«7 .823 5.57
22 100.0 18.6 .175 .891 82.1 0.4 . 788 5.41
23 100.0 18.5 .160 -900 87.1 0.4 . 836 5.48
24 100.0 18.9 .180 . 866 79.8 0.5 . 806 5.36
1) Calculated from the interface temperature
2) Grouping of water in the sample was shown in Fig.2
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Fig. 3 Temperature and pressure changes
during a freeze-drying process for the

sample No. 15
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Table. 3 Thermal conductivity and permeability data for raw beef during freeze-drying processes.

Sample teﬁ‘fxz;g%ﬁre gr‘e’zesls_a\lx%'g co’g(}ilsgtrils%ty Permeability
() (Torr) (cal/cm-s—C) x10-* (cmz/s)
fe: i Pu \ ke ket 2ke(%) K K* 4K(%)
1 5.0 . 440 112 1.08 2.9 9.5 14.6 35
2 31 .320 1.43 1.38 3.1 20.4 35.2 42
3 3.0 .287 1.62 1.57 31 g8 36.9 38
4 6.6 .375 1.89 1.83 3.3 25.0 40.4 38
5 9.3 .401 1.53 1.47 4.0 19.3 31.4 38
6 11.4 .590 1.10 1.09 04 9.0 13.4 33
7 9.3 . 396 1.61 1.55 3.5 19.8 31.8 38
8 10.3 .338 1.46 1.40 3.9 25.8 45:7 43
9 4.1 .375 1.22 1.65 4.0 25. 6 41.4 38
10 13.8 .361 1.62 1.55 4.2 26.5 4.3 40
11 13.8 .423 1.52 1.46 4.2 24.3 41.2 a
12 16.3 .423 0.87 0.84 4.3 14.5 24.9 42
13 15.0 .473 1285 .03 4.5 19.0 30.8 38
14 19.2 .422 1.36 1.30 4.7 25.6 4.9 43
15 19.6 . 499 1.69 1.62 4.6 27.8 47.1 41
16 22.6 . 446 1.36 1.30 4.9 24.2 40.8 4
17 28.9 . 408 1.56 1.50 5.8 40.5 48.3 16
18 29.5 . 480 1.56 1.47 5.6 29. 4 8.5 39
19 29.3 .453 111 1.04 57 27.5 52. 4 43
20 35.3 . 659 1.36 1.28 5.8 18.9 28.3 38
21 36.0 .573 2.01 1.89 6.0 28.7 37.4 23
22 0.7 .533 1.25 1.17 6.6 23.2 36.1 36
23 0.8 . 530 0.88 0.82 6.6 15.8 24.2 35
24 0.6 .523 1.35 1.26 6.7 26.1 41.1 37
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op o
DK=*,2§a 1-)m (18)
vm=(8R T|m M)\ 19

T WA, Zofh#Rix 0.6 Torr (80Pa) T
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of the dried layer



484 BOEBMRYE &I

F
=2.331%x10"%2—= 0)
1=2.33 D, ot ) s

Wiz, Harper? & Mellor® 2" & (38627 D HifS
HERARERLTEDEFAXEAL, RED
W rFRT T A —Z2OREERE Lico, 2D
5%, WA RT 5% Table. 4 1075
Lo BIATHRN X1, HRREKEEETD
BFRRORXE AL L LY EHDOLTHC
DLWTHERLHEIhZZ L2AHIDHRT
WY, Lal, BRERECZE TS 1)

60 —

50—

Permeability, K (em®/s)

ROBRABELHELMAC IR TwWigWhicd, FEE =Rt

LOWET — 2 X T HEEARE O K * 17

Regression curve (a) §=3.1—29.5(30 £80)
(b)

=28 9 0.8(80< 6. £100)

(r#*=0.36)

(a) K=0.51486+15.39
f k 36

SRRt ; \_ K=22.54

. N\~ 959,

» confident interval | T(80£6:£100)

1 L I | | 1 | |

W, (R OEIRBIRE O KT 5 itk ds &
CEARRICDOWTHRE Lo Pu & 0 %BIK
ELEKDERRIRRTE 2 bh,

5 10 15 20 25 30 35 40 45
Temperature, = (0. + ;)

11X FBERE & AR R B OBk
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Table. 5 QA & )AD HFE L EBREOEZL R
Lico MZEREREERE20CLT (0:<6012HH4) O
FHTIRES OEEBBAT—HL, FlOXiTYEROKE
R ~RERBEEOBEINEL REOh 2 A
BT EDREhic, TOBEMAIL Mellor HOEERAITE
WTiE, BHRRECKT 5 KESKRE OFES, 9K
TRENSB X I Do T DBIFRIC X - TEICFHE X
haotl, COTRKEZOREBREDHEE LTS
BEHREZRWLDTHEEE 2 bh i, Tikb
b, EELOERERICEBY@ET 2 KEZORE
REESRBTORE X V&<, 0 >20TXC s
FEEC B ERR LT WS, £ TOENRAIZOWT
HBEFETFHTES Mellor LOERRIEFEATHS
A, KEZOREFRE L LTEEBOFHREXH W5
BEI6 <20 (0,<60) DR THEAT2 C Lrdz
LWeZEz bhi,

V & -3

HROBEEER 7 v v A B0 2 RS O B EEER -
HRERYHET A 70De, REHOES XOHWEBE)
HEXRB LceT 2B L (Fig. 1), ZHhiCiEHm
BRI ER T — 22 HA LT bOBE
RS, KIT, BEIREEGRERE s 50K
EZEDORREZRL, BBHRKOZBREERE S XUED
KT DO WTEBEORERE(E EBEEST TEE L,
T ofERE2ENT %,

1. MEBROE N Pu=0.29~0.66 Torr (P;=0.3

#4% Mellor & Lovett o(17)R X h HBEK
T B DI AV I ER

Table. 4 Numerical values of the constant
used to calculate permeability by Mellor
and Lovett’s equation(17)

Numerical value

Constants used Origin
a 58X10-4,cm Mellor (1978)%)
k' 2.5,~ Mellor & Lovett (1968)27)
/)2 4.2,~ Mellor (1978)#)
3 37/16,- Mellor & Lovett (1968)27)
a 4.6x10-%,cm Kennard (1938)2%)
[ 0. 64, Harper (1962)%)

F5FE FALEREOEBREGEE
Table. 5 Calculated values for permeability
of the dried layer using drying conditions.

Equation 17

Sample 0 P, Equation 21  (Mellor and
No. Lovett, 1964)
3 3.0 . 287 23.3 25.3

4 6.6 .375 19.4 24.6

7 9.3 . 396 20.0 24.6

8 10.3 .338 25.3 25.1

10 13.8 . 361 26.4 25.1

12 16.3 .423 23.6 24.8

14 19.2 .422 26.1 25.0

16 22.6 . 446 27.0 25.0

18 29.5 . 480 30.0 25.6

~1.5Torr) T, EREROEZBREEKESTECKT
BRI WA (Fig. 9), REEREDO AL &
L e BaEAER LS (Fig. 7o
2. WEREREYBERKE LeBEEROEIRRAE LR
7z (Fig. 7). Tichb,

ke=—4.189%10776 +1.511x 10~
oL, 3.0< 60 <40.8, 30<605<100
3. BEFACRAEBRENHEFATOECE LV
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WARBE X D12ZNSETH B Z LaURE R,
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TR L 3~ 7 % EBMET B = L 25 o 7 (Fig. 8o
5. REMOKESE L UTHOK S X OHEE 4K 0 T
KESEZRAWTEBREK, K* *ZhZhitFEL
Too WHEDZE 4K 1215~43% TdH - 7= (Table. 3),
6. FEBHREKEREKEZEDORFRY Fig. 10 WRL
720 KDfHIL Pollard & Present @ collision theory?®
S Mellor &R SEREC X 5HE
fEE BIFc—FKERLED, KX ZzhbEoxiik
EhosTc,

7. FHBEREEERBREOCRMRAE LI (Fig 1D,
FRREUIRARERERE D LA & 5T 0:=30~80
COFHATITMML, 0s=80~100°C DHiFH TLLfic
BT 2 HAET Lo & OEBERKOMR 4 1 17 1%
Table. 2 2R &h 5 X 5 CRERBEDO LR LR
L, TOEMEREDMHE TR FIERS L3t
CHERORE LR, ThbbEME LTlEIhi
dlExbhi, TDX5kk, ZOREGHETILI:
TNEERGIRE R IR WD, YeEFLDE
B FRECRITE 3 % A R R IR EE80°C LT
THBEWZ Do
8. Mellor & Lovett OEFHALD & EYRRC)L VFE L
T EBRB O E R EIREE20°C LU F 0 fiifl TidiE—
F L7 (Table. 5) 7, EESONTHERITEHE
FERE O BB R RIETHENOX TR S h 3 X
D REWERACHSZ LR LA,

Nomenclature
a =equivalent pore radius, cm
cp=specific heat at constant pressure, cal/g-"C
Dx=Knudsen diffusion coefficient, em?/s
AH=Ilatent heat of sublimation, cal/g
k =thermal conductivity, cal/s-em-C
k' =structural constant, -
K =permeability, cm?/s
(1. 1)%*=tortuosity factor, —
[ =thickness of slab, em
m=fraction of initial water still present in sample,-
M =moi.sture content, % w. b.
My=molecular weight of water vapor, g/g-mol
P =pressure, torr

q =heat flux, cal/cm?-s

R =gas constant, torr-em®/mol-C
T =absolute temperature, K
vm=mean molecular velocity, em/s
w =mass flux, g/cm?-s

W =weight, g

X =interface position, cm

Greek Letters

a =defined by equation (13)

B =defined by equation (14)

6 =roughness factor of pore, -

4 =difference

0 =temperature, ‘C

A =mean free path of the gass molecules, em
© =density, g/cm?

o =molecular diameter of water vapor, cm

¢ =porosity, -

Subscripts

I =dried layer

II=frozen layer

¢ =condenser surface

e =effective

f =sublimation front or interface
¢ =ice or frozen liquid

s =exposed surface

t =total

w = water vapor

R =raw beef

D =dried beef

F =final value, as the material is fully dried

(Eﬁ%ﬁmﬁmisﬁma-Emﬁm%W%$2E%E)
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Summary

Thermal conductivities and permeabilities for the
dried layer of beef samples were determined by app-
lying data obtained during freeze-drying to a model
based on the rates of heat and mass transfer in
the sample. The drying data and physical proper-
ties needed for the proposed model were obtained
either from the literature or from the experiments
using a radiant heating upon the sample surfaces.The
relationships between these transport properties and
temperatures as well as water-vapor pressures of
the dried layer were determined and the temperature
and pressure dependances of transport properties
were discussed with reference to practical freeze-
drying operations.

The results obtained were as follows ;

(1) Thermal conductivity had a tendency to de—
crease as the dried layer temperature increased as
shown in Fig. 7 and there was no definite effect

of water-vapor pressure in the dried layer on thermal

conductivity in its pressure range from 0. 29 to 0. 66
torr under conditions of the total pressure in the
chamber ranging from 0.3—1.5 torr as shown in
Fig. 9.

(2) The regression equation determined for pre-
dicting thermal conductivity as a function of the dried
layer temperature in the range of 3 to 41°C, was
presented by ;

ke=—4.189X 10776 +1.511X 10~

(3) In the model thermal conductivities were
calculated by assuming the latent heat of sublimation
to be equal to the value for frozen beef juice. The
results obtained were about 7% higher than the
values using the heat of sublimation of pure ice and
about 12% lower than those using bovine muscle.

(4) Effect of error involved in neglecting the
heat absorbed by water vapor flowing through the
dried layer on thermal conductivity increased in pro—

portion to the dried layer temperature ; namely, in-
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creasing the temperature from 3 to 45°C leaded to
a increase in error ranging from 3 to 7% as shown
in Fig. 8.

(5) Permeability K and K* were calculated from
both equilibrium water-vapor pressure of pure ice
and frozen beef, respectively. The difference between
the two values, 4K was 15—43% as presented in
Table 3.

(6) Permeabilities vs. the dried layer pressures of
water-vapor relationships were shown in Fig. 10.
The values for K were in good agreement with
Mellor and Lovett’s theoretical curve based on the
collision theory developed by Pollard and Present and
also with their experimental results using completely
freeze-dried samples under steady-state conditions.
On the other hand, the discrepancy between K* and
their theoretical curve was apparent, as could be
seen from Fig. 10.

(7) The relation between permeability and the
dried layer temperature was obtained as shown
in Fig. 11. As the dried layer temperature was

increased, permeability had a tendency to increase
at the surface temperature ranging from 30 to
80°C and to decrease from 80 to 100°C. This
decrease was attributed to temperature rise at the
sublimation front as shown in Table 2. It was con—
sidered that in this surface temperature range the
heat supplied across the dried layer was dissipated
as both sensible heat to raise the temperature of
the frozen layer and latent heat of sublimation.
Thus the model applied over this temperature range
was found to provide invalid values because the
drying conditions did not satisfy the assumption
used in the model, as expressed by equation (2).

(8) Agreement between calculated values by the
regression equation (21) and from Mellor and Lo-
vett's theoretical equation (17) for permeability
was generally good at the dried layer temperature up
to 20°C as indicated in Table 5, and it was sugge-
sted that the effect of the dried layer temperature
on permeability was greater than that assessed by
equation (17).
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