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Measurements of Dried Layer Transport Properties

During Freeze-Drying of Beef
Yasuyuki SAGARA, Akira HOSOKAWA

Faculty of Agriculture, University of Tokyo,
Yayoi, Bunkyo-ku, Tokyo 113

Thermal conductivities as well as permeabilities of the dried layer were deter-
mined from data obtained during freeze-drying process. A total of 23 samples of
frozen raw beef were freeze-dried at the sample surface temperatures ranging from
30 to 100°C and the total pressures from 0.3 to 1.5 torr.

Comparisons were made of thermal conductivity data obtained by assuming the
latent heat of sublimation to be equal to the values for pure ice, bovine muscle
and frozen beef juice, respectively. Effect of convective contribution to heat trans-
fer due to vapor flowing through the dried layer on thermal conductivity increased
in proportion to the dried layer temperature gradient. There was no evident effect
of the dried layer temperature on themal conductivity in the temperature range from
3.0 to 40.8°C under conditions of the dried layer partial pressure of water vapor
ranging from 0.3 to 0.5 torr.

Permeabilities were calculated from both equilibrium water-vapor pressure of
pure ice and raw beef. The difference between the two calculated permeabilities
was 15—43% and the latter values were found to agree with the results reported
in other studies for the permeabilities of completely freeze-dried samples determined
under steady-state conditions.
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Fig. 1 Freeze-drying model for thermal conductivity and
permeability analysis.
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Table 1. Numerical values of the constants used in the calculation

Constant Numerical value used Literature
AH 734.18 (for frozen beef juice) (23)
677.03 (for pure ice) (12)
826.67 (for beef, bovine muscle) (23)
Cow 0.44  (for water vapor) (24)
R 62362 (24)
My 18.02 (24)
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Table 2. Drying conditions and physical properties of beef samples.

Temperature Vapor pressure Weight of water  Density Thickness
Sample 9 (Torr) (8) (g/cm®) (cm?)
Ne. surface interface  surface interface?  total residul
Os —0r Psw Pruw Wi Wr ot 2
1 30.0 20.0 .100 . 780 80.5 1.1 . 769 5.34
2 30.0 23.8 .100 .539 82.6 0.6 .789 5.27
3 30.0 24.1 .050 .523 79.7 1.4 .839 5.31
4 35.0 21.9 . 100 . 649 81.1 1.1 . 806 5.45
5 40.0 21.4 .120 . 681 75.1 0.7 784 5.22
6 40.0 17.3 .170 1.007 84.6 0.8 . 816 5.27
7 40.0 21.4 .110 . 681 78.8 0.9 .824 5.31



8 44.5 23.5 .120 . 555 82.9 1.6 . 829 5.29
9 50.0 21.9 .100 .649 80.7 0.8 . 842 5.36
10 50.0 22.5 .110 .612 85.7 0.6 .824 5.36
11 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 . 180 779 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 shwon in Fig. 2.
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Fig. 4 Temperature and pressure changes during a freeze-drying
process for sample No. 15.
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Tabel 3. Effective values of Thermal conductivity and permeability

of the dried layer of raw beef during freeze-drying.

Average Average Thermal Permeability
Sample temp(eorél;:ure p(r%isrt;;e (calc/ogn:ilslffg)it)}: 10-¢ (cm?/s)
No.
6 Pw K, K* 4K(%) K K* 4K (%)
1 5.0 . 440 1.12 1.08 2.9 9.5 14.6 35
2 3.1 . 320 1.43 1.38 3.1 20.4 35.2 42
3 3.0 . 287 1.62 1.57 3.1 22.8 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 0.4 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 14.1 .375 1.72 1.65 4.0 25.6 41.4 38
10 13.8 .361 1.62 1.55 4.2 26.5 44.3 40
11 13.8 .423 1.52 1.46 4.2 24.3 41.2 41
12 16.3 .423 0.87 0.84 4.3 14.5 24.9 42
13 15.0 .473 1.28 1.22 4.5 19.0 30.8 38
14 19.2 . 422 1.36 1.30 4.7 25.6 44.9 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 41
17 28.9 .408 1.59 1.50 5.8 40.5 48.3 16
18 29.5 .480 1.56 1.47 5.6 29.4 48.5 39
19 29.3 .453 1.11 1.04 5.7 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 40.7 .533 1.25 1.17 6.6 23.2 36.1 36
23 40.8 .530 0.88 0.82 6.6 15.8 24.2 35
24 40.6 .523 1.35 1.26 6.7 26.1 41.1 37
0.8
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Nomenclature

= specific heat at constant pressure, cal/g-°C

Il

1l

1

It

latent heat of sublimation, cal/g

thermal conductivity, cal/s-cn—°C
permeability, cm?/s

thickness of slab, cm

fraction of initial water still present in sample
moisture content, %

molecular weight of water vapor, g/g-mol
pressure, torr

heat flux, cal/cm?-s

gas constant, torr-cm®/mol-"C
absolute temperature, °K
mass flux, g/cm?-s

weight, g

interface position, cm

Greek Letters

6 = temperature, °C

o = density, g/cm®

4 = difference
Subscripts

I = dried layer

I = frozen layer

¢ = condenser surface



= effective

= sublimation front or interface
= ice or frozen liquid

= exposed surface

total

water vapor

raw beef
dried beef

= final value, as the material is fully dried
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