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Freeze-Drying Characteristics of Beef Using Radiant Heating

Yasuyuki SAGARA, Takaharu KAMEOKA, Akira HOSOKAWA
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Table 1 Drying data for beef samples.

Sample e el ‘ Chamber N Drying time (hr)
pressure
No. = Hghei) e g O soriod pesiod  total
surface center max.  min. max. min. | BER SR REED

3 30.0 —20.0 272.5 37.0 278.5 26.0 ‘ 0.39 0.31 } 16.75 11.94 - 28.75
2 30.0 —23.8 306.5 67.5 288.0 25.5 0.36 0.31 11.25 8.57 24.75
3 30.0 —24.1 312.0 78.0 328.5 82.3 1.55 0232 8.25 9.75 32.25
4 35.0 ~21:9 312.0 75.5 305.0 57.5 0.35 0.31 7.50 6.50 16.75
5 40.0 —21.4 277.5 47.5 318.7 46.0 0.39 0.33 6.25 8.67 33.00
6 40.0 —17.3 287.5 48.3 304.0 35.0 0.38 0.31 10.50 12.28 34.00
7. 40.0 —21.4 284.0 54.0 286.0 40.0 1.50 0.32 7.00 8.12  41.50
8 44.5 =295 260.0 71.0 276.0 46.3 0.35 0.33 9.50 13.20 30.75
9 50.0 =21.9 308.5 94.5 308.0 55.0 0.36 0.31 8.25 6.33  40.00
10 50.0 =22.5 301.0 96.0 286.0 28.0 0.38 0.31 6.75 8.50 23.00
11 50.0 =214 294.0 82.2 310.0 53.0 0.87 0.57 735 7.28  41.50
12 54.1 —21.4 275.0 98.5 219.5 60.0 0.37 0.31 9.00 11.70 24.40
13 60.0 —20.0 301.0 93.5 308.5 73.0 0.37 0.31 6.50 8.41 33.50
14 60.0 —21.6 315.0 75.5 319.5 76.7 0.63 0.33 6.50 7.36 22.75
15 60.0 —20.8 315.5 89.0 305.0 46.5 0.39 0.33 5.75 6.25 23.00
16 66.0 —20.8 255.0 63.0 285.3 95.5 | 0.37 0.33 3.50 4.00 19.00
17 80.0 —22.2 291.5 120.2 296.5 106.5 1.00 0.33 5.00 5.47 18.75
18 80.0 —20.0 301.3 110.6 332.4 85.5 0.40 0.33 4.75 6.00 20.00
19 80.0 24 315.4 89.0 300.7 61.5 1.50 0.31 6.30 8.96 22.15
20 87.0 —16.5 300.0 125.0 317.0 114.0 f 1.80 0.33 5.50 5.75 24.20
21 89.0 —17:0 284.3 174.5 290.0 154.7 1.00 0.31 4.50 4.15 16.00
22 100.0 —18.6 313.4 116.7 317.0 108.5 0.38 0.33 5.50 5.73 21.00
23 100.0 —20.0 321.5 118.5 308.5 110.5 0.35 0.31 7.00 8.15 20.00
24 100.0 —18.9 309.5 126.5 306.7 106.5 0.40 0.32 5.50 5.25 20.50

1),2) Shown in Fig. 1

3) Determined from the change in sample center temperature as shown in Fig. 4.

4) Drying time required to dry 809 of the sample water.
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DEEHER T R T AHEFEWL Dyer® > Hill?) 52304k,
P HE AT HER L7cfif 4h=826.7keal/kg %, ZEX
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KHEE A RO FHfEL e (Table2 ), Fic
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Table 2 Physical properties of raw- and dry-beef.

~Group Nogt| 3 i ¢ S ; .
: | ‘Weight Moisture Density Dimension?) Volume |Shrinkage| Thermal
/ | (2) content (g/cm) (cm) (cm3) (9%) conducti\;ity
/ | (%w.b.) dry dry dry (kcal/mh°C)
/ Sample dry
/ No. ! raw dry solid water raw dry?) raw dry d, da 1 v v k
‘ i3 | 113.63 34.24 33.15 80.48 70.8 3.2 1.09 ' 0.35 7.26 7.28 2.37 98.8 6.0 0. 047
2 | 114.86 32.27 32.27 82.59 7159 1Y 1.10 0.34 7.25 7.34 2.34 97.8 {5 0. 065
6 | 116.83 32.26 31.42 85.41 731 2:8 1.12 0.34 7.20 7.25 2.34 95.7 8.6 0.051
v,‘ 10 | 117.40 31.70 31.13 86.27 73.5 1.8 1.12 0.31 7.35 7.35 2.38 100.7 3.8 0.072
15 | 117.88 33.27 32.77 85.11 72:2 15 1.13  0.31 7.40 7.40 2.4 104.7 0.0 0.063
1 } 17 ‘ 117.18 31.65 31.24 85.94 73.3 1.3 1.12 0.31 7.36 131 2.43 102.4 2.2 0. 056
| 19 i 115.04 28.13 27.59 87.45 76.0 1.9 1.10 0.28 7.32 7.27 2.43 101.2 3.4 0.038
| 22 | 113.41 31.30 30.90 82.51 72.8 113 1.08 0.32 7.25 7:25 2.40 99.0 5.4 0.048
| 23 116.70 29.58 29.15 87.55 75.0 1.8 .11 0.30 7.-22° 7.22 . 2.43 99.4 5.0 0.036
(2=r 4 115.12 35.37 34.88 80.24 69.7 1.4 1.11° £0Uss: 7.35, 7.35 " 2.38 100.7 3.8 0.044
J Average 115.81 32.04 31.45 84.36 72.8 1.8 1.11 £ 0.32 7.30 730 2.39 100.0 4.5 0.052
| 3 | 111.53 31.85 30.46 81.07 72.7 4.4 115 0.33 | 7.20 7.23 2.36 96.4 0.3 0.057
| 5 109.08 34.00 33.30 75.78 6935/ . 2:1 1.13°1 0.36 725 7.25 2.32 95.5 1.3 0.054
‘ T 110.99 32.29 31.30 79.69 71.8 2.9 1.15-1.0.34 7.15 715 2.36 94.7 2.1 0.064
9 111.29 30.64 29.87 81.42 73.2 2.5 1.15 {70.32 7.18 7.20 2.38 96.6 0.1 0.076
I 11 113.03 32.69 31.89 81.14 71.8 2.4 197 § 1034 7.25 7.19 2.4 95.8 150 0.066
13 110.18 29.18 28.73 81.45 73.9.-1.6 134 e=0:31 7.18 7.20 2.32 94.0 2.0 0.054
14 108.95 29.30 28.70 80.25 73.7, . 2.1 1.13 0.31 7-20 7:23 2.30 94.0 2.8 0.044
18 110.06 29.36 28.84 81.22 73.8 1.8 1.14 0.31 7.13 7.06 2.42 95.0 1.1 0.057
Average | 110.14 31.16 30.39 79.75 72.5 2.5 1.15¢ 0.33 7.19© '7.19 . °2.35 95.3 1.4 0.059
4 113.63 32.56 31.47 82.16 72.3 3.3 1.114-.0.32 7.31 7.29 2.42 101.2 0.8 0.075
8 113.60 30.67 29.00 84.60 74.5 5.4 11T} 70:31: 7.25 7.30 2.35 97.6 4.3 0.060
12 111.78 29.74 28.82 82.96 74.2 3.0 1107 0532 7.28 7.20 2.28 93.8 8.0 0.036
m 16 109.96 30.52 29.43 80.53 73.2 3.6 1.08 0.30 7.33 7.24 2.35 97.9 4.0 0.057
20 112.82 32.76 32.27 80.55 7.4 1.5 1.11° 0.33 7.20 7.20 2.37 96.5 5.4 0.047
21 | +115¢35 32:1%: 31,36 -83.99 72.8 2.3 1.139=0.32 7.10 7.18 2.47 98.8 31 0.078
‘ Average | 112.86 31.39 30.39 82.47 78T 3% 1.11: 0.32 7257 1 L2400 2287, 97.6 4.3 0. 059

* Raw sample dimension (cm) and volume (cm3)

Group No. . dy d; 1 v
1 7.70 7.70 2,25 104.7
I 7.40 7.40 2.25 96.7
m 7.60 7.60 2:25 102.0

1) Average moisture content of the 10 specimens of a beef
sample shown in Fig. 2.

2) Measuring locations are shown in Fig. 2.

3) Reffered to initial, raw sample dimension.



[ 552

BEBRELSELOER 15

IR OE S LaVhE , AXDOBBYHEE R 235
fli% R L CHEE R RBOREN I Lig\ & &5, HtR
oUW LTI Lci R, BUBHA SR DRV

BATDEE LW BTS2 LIXRETHY, 20
120 . ; v T
110 -

Sample No.

100

90

®
>

=
=]

Sample weight (X10%g)
=

o
=)

-
o

30

Drying tim (hr)
K5 HHEROBRZEL
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sample temperatures during ‘Ist drying

period (sublimation drying period).
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Uico FERRATH OB O WAl LR E & O —REZR
T B RIE OBGE R % Table 2 1T/5) Lic, AKE
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Notation
A =surface area, m?
L=thickness of dried region, m
R =total flow rate of vapor, kg/hr
W =total moisture loss, kg
cp1=specific heat of vapor, kcal/(kg°C)
4h =heat of sublimation, kcal/kg
k=thermal conductivity, kcal/(mh°C)
m;, ms¢=initial and final moisture content,
respectively, kg-water/kg-solid
0s, 0¢=sample surface and sublimation front
temperature, respectively, °C
©=dried region temperature defined by equation
2%;:36
p=density of dried region, kg/m3
(R RiZEIRAI534 6 A14H « ERIHIRITAISASE 5 ASLA)
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Summary

To study the drying characteristics of beef samples
during freeze-drying process using a radiant heat-
ing, experiments were carried out at different
sample surface temperatures with the freeze-drying
apparatus reported in reference (2). The results
obtained from these experiments and drying condi-
tions were summarized as follows.

1. Schematic diagram of the radiant heating
apparatus and the conditions of sample surface
temperatares were shown in Fig. 1 and Table 1,
respectively.

2. Experimental data were obtained in relation
to the drying characteristics of the sample tested
and the corresponding operating conditions during
drying processes. The former consisted of the
change in sample weight, calculated drying rate
and sample temperatures while the latter included
the heater and condenser surface temperatures as
well as the total pressure in vacuum chamber.
A result obtained for the sample number 15 was
shown in Fig. 4. The changes in moisture contents,
dimensions and densities of raw and dry samples,
and the thermal conductivities of the dried region
during Ist drying period (sublimation drying
The mathe-
matical model (Fig. 3) proposed by Massey and

period) were presented in Table 2.

Sunderland (1967) was used to measure the thermal
conductivities. Typical sample weight and drying

rate curves at various temperature conditions

were shown in Fig. 5 and Fig. 6, respectively.

3. The equilibrium moisture contents (E.M.
C.) were defined as the moisture contents of dry
samples to the chamber pressures and the specimen
The

plots of E.M.C. against the specimen temperatures

temperatures at the end of drying process.

at the total pressure 0.31-0.57 torr were shown in
Fig. 7.

The maximum and minimum value of the E.
M.C. were 5.39% w.b., 1.2% w.b., respectively.
Rather great differences of the E.M.C. in low
temperature range were attributed to the differences
in the 2nd drying time.

4. Thermal conductivities of the dried region
vs. the sample temperatures relationships were
shown in Fig. 8. The results of this study obtained
at the total pressure of 0.31-1.5 torr were consistent
with that reported by Massey and Sunderland,
who had reported the conductivity of 0.055-
0.075 kcal/(mh°C) at 0.2 — 1.0 torr. There was
no evident effect of temperature level as indicated
by Triebs et al. (1966), however, the thermal
conductivity had tendency to decreace with the
surface temperature over 60°C.  This effect was
interpreted in terms of the scorching of sample
surface. The thermal conductivity in a direction
perpendicular to the grain was substantially less

than that parallel to the grain.
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