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INTRODUCTION

In order to obtain the optimum design and operating in the various equipments and
processes, it is necessary to determine the thermal diffusivity of the food materials.

In previous papers, we have studied the thermal diffusivity of spherical root
vegetables!), potato slabs®), and egg yolk and white gels®. As for softish food materials
such as fish and meat, we can not cut them into spherical shape specimens, as shown in
the first paper!), therefor, we have studied for the slab shape specimens, as shown in the
second paper?), by using potato samples that had uniform tissue and physical properties
for the wide portions. For gel foods that could not be cut into slab shape, we have taken
for study a simple slab container method, as shown in the third paper®, using egg yolk
and white gels.

The results in the second paper are very scattered. The reason is that it is difficult to
insert the top point of the thermocouple into the center of the thin slabs. Now, in the
present paper, we took up the study of the thermal diffusivity in cylindrical and
rectangular materials under various conditions. For this we used potato samples.

THEORITICAL CONDITIONS

1. Heat-conduction equations
The general heat-conduction equations for the various well known shapes are given in
various textbooks and so on*® as follow:

Sphere:
8t/ 80=a(0%:/8r+(2,/r)(8t/8r)) (w

Infinite slab:

8t/ 00= (8% 0x%) 2
Rectangular:
01,/ 00= (82 Ox2+82;/ 8y2+82;,/ 8z2) @

Infinite cylinder:
81/ 80=a(8%/8rt+(1 /) (8t/8r)) @
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Short cylinder:
8t/ 80=a(8%,/0r*+(1/r)-(8t/8r)+8%/82*) 51

where, a=k/ (C‘p < p) (6)

where, t(°C) is the temperature, 6 (min) is the processing time, r(cm) is the distance from
the center point or axis, x, ¥ and z (cm) are the distances from the surface in the thick,
width and length directions, respectively. « (cm?/min) is the thermal diffusivity, k(cal/
cm-min-°C) is the thermal conductivity, C,, (cal/g-°C) is the specific heat, and p (g/cm?®)
is the dencity.

It is possible to obtain the value of « in Eqgs. (1) ~ (5) by employing the dimensionless
heating curves developed by Gurney and Lurie *~7, Heister 8719 and others or by
employing the tables made up by Orson and Scrurrz !V and others.

However, the numerical calculation method which uses the digital computer program
including the non-linear least square method!?® is more accurate and more useful than the
methods which used figures or tables. In former papers’?, we studied the thermal
diffusivity for the spherical and the infinite slab, respectively. In this paper, we study the
other shapes in Eqgs. (3) ~ (5). In order to simplify and to obtain more accurate results,
we studied the specimens under most simple initial and boundary conditions.

For the following simple conditions, we introduced the analytical solutions used for
spherical and infinite slab shapes'?). The other ones too have been developed in various
textbooks and so on!®14),
Rectangular:

Initial condition;

=0, 0sXxXcslyx, 05VcsLly, 0=22c¢SLl:
l‘“io
Boundary condition;
0z0, X¢=Lx, y(::Ly, Ze=Ly, Lot =tle

820, Xe= 00, Vem= 0, Zg= o0, . f“’io

o OO [ o]
Y= (8/79) 3 3 2{{(—4)""""”’/ ((m+0.5) (n+0.5)

m=0 e p=0

(p+0.5)] } ccos [(m+0.5) @ xc/Ly)*cos [(n+0.5) wY¢/Ly)

cos ((p+0.5) wzo/ Lyl exp{~ ((m+0.5) /Ly +(n+05)2/

Lyz“f‘([)”l'o.s)z/LZz]ﬂ'Z al }} (7)

Infinite cylinder:
Initial condition;

#=0, 0sr=<R T
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Boundary condition;

020, 7r=R D oi=te
620, r=0 P8t /08r=0
f =00, 0Zr<R Dot=te
v = 2/R) S{UgUn ) /kaly CknRDY~ exp (= ahy?0) ) @
where, Y= Ct=te) s (tg=te) ] (9

Xe=Lx=X, Ve=Ly-V, Zc=L,~Z,

where, Ly» Ly and L, (cm) are the half of the thick, width and length of rectangular,
R{cm) is the radius of cylinder, and 7, and f, (°C) are the initial and terminal
temperatures, Jo and J1 are the Bessel functions of first kind of zeroth and first order,
respectively. Y(~) is the dimensionless temperature which changes Y=1 - 0 with respect
tot =ty = I,

It is possible to apply the results for infinite objects to finding the temperature

7915 This may be done by considering the finite object

distributions in finite objects
to be formed from the intersection of two or more infinite objects. A finite slab
(rectangular) is formed from the intersection of three mutually perpendicular infinite
slabs, and a finite cylinder (short cylinder) is formed from the intersection of an infinite

slab with an infinite cylinder.

For rectangular:
Y*”YX‘Yy’Yz (10

For short cylinder:
Y=Y,-Y, an

where, ¥y, Y, and Y, () are the resuits for the infinite slab in the x, y and z directions,
and Y, (-) is the results for the infinite cylinder. The analytical solution for the infinite
slab which can be obtained Y, Y, and Y, in Eqgs. (10) and (11) has been presented in a
previous paper?). The value of Y, can be obtained by Eq. (8).

2. Calculation of thermal diffusivity

A computer program using a non-linear least square method'® was used. The basic
flow chart of the program is the same as in the previous papers’'® . The values of the
following standard deviation ¢ (~) for the Y were minimized.

0= (3, (Yobs~Yeal) i1/ N) "

where, Yo and Y., are the observed and calculated values of Y, and N is the total
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number of the experimental points. For the calculation of «, we used the digital
electronic computers of FACOM M-200 (Nagoya University) and HITAC M-200H
(Hiroshima University).

The dimensionless heating curves for finite objects have been given by Newman!®,
Dickerson and Read!®) etc. The central temperature histories in a rectangular and a short
cylinder and so on are shown in Fig. 1. In Fig. I, the curves for a sphere and an infinite

10°

1o~ z Fig. 1. Central temperature histories in a re-
- ctangular and a cylinder

IS;  infinite slab (Ly=ee, Ly=es)

SB: square bar (Ly=Ly, Ly=w)

IC: infinite cylinder (L ;=)

FS: cube (Ly=Ly=Ly)

SC: short cylinder (R=L,)

SP: sphear

Y (-}

10

slab have been presented already in previous papers!*¥. As for the higher values of X,
this chart is inaccordance with the results obtained by Dickerson and Read etc.*''$), The
dimensionless time X(—) in Fig. 1 can be expressed in the following equation.

X=al /D* 13

where, D(cm) is the half of the thick, width and length or the radius of the objects.

The value of « can be obtained by using these curves in Fig. ', but this method for
the finite objects is complicated because that we must assume the value. It also lacks
sufficient accuracy. Therefore, the numerical calculation method which a digital
computer is used, is more efficient and more accurate.

For the comparing of the simple infinite calculations on the finite slabs and cylinders,
the supposed data were set up on the various finite objects with a thermal diffusivity of
= 1.0 cm?/min. The values of a were calculated from the supposed data by assuming
the infinite objects. The initial values of « were given as 0.05 em? /min in accordance
with the previous papers!*®), The results are shown in Table 1 and Fig. 2.

From the Table 1 and Fig. 2, we may infer the following results. In order to obtain
better results by assuming the simple infinite calculations on the finite slabs and
cylinders, the values of (L, and L,)/L, and L,/R must be set up at nearly over six and
five, respectively.
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Results for the comparing of infinite calculations on the supposed finite data

Table 1.
Suposed data: Rectangular of Ly, Ly, Ly (em)
assumed « = 0.1 cm®/min
Calculation:  Infinite slab of Ly (em), Ly =0, Ly =<
Initial value Calculated value
Run Lx (em) Ly and Ly (cm) a(cm?*/miny o (~) « (em? /min) a(-)
St 2 o 0.05 0.201 0.100 0.0001
S2 2 6 0.05 0.209 0.102 0.0060
S3 2 5 0.05 0.221 0.106 0.0120
354 2 4 0.05 0.250 0.113 0.0222
S5 2 3 0.05 0.314 0.134 0.0355
S6 2 2 0.05 0.447 0.207 0.0398
Supposed data: Short eylinder of R, L, (cm) assumed o= 0,1 cm? /min
Calculation: Infinite cylinder of R (em), Ly =
Initial value Calculated value
Run R {em Ly (em) af{em?/min) o{=) « {cm* /min) o (~)
S7 2 o0 0.05 0.203 0.100 0.0001
S8 2 6 0.05 0.206 0.100 0.0004
S9 2 s 0.05 0.207 0.100 0.0010
S10 2 4 0.05 0.209 0.101 0.0030
S11 2 3 0.0§ 0.226 0.104 0.0082
S12 2 2 0.05 0.288 0.121 0.,0155
Supposed data : Short square bar of Ly, Ly, Ly fom) assumed a = 0,1 cm® /min
Caleulation : Infinite square bar of Ly, Ly (cm), Ly = o
Initial value Calculated value
Run | Lyand Ly (em) Ly (cm) alem®/min) o (=) o (cm? /min) o (=)
$13 2 oo 0.05 0.273 0.100 0.0003
Si14 2 6 0.05 0.273 0.100 0.0006
S15 2 5 0.05 0.275 0.100 0.0018
Si6 2 4 0.05 0.280 0.101 0.0055
S17 2 3 0.05 0.299 0.106 0.0134
S18 2 2 0.05 0.365 0.127 0.0194
Table 2, Results for the thermal diffusivity and Supposed data ;: Run 57 in Table 1
standard deviation respected interation P
number on the supposed data. K & (em* /min) a(-)
0 0.05 0.2096
1 0.0644 0.1263
2 0.0817 0.0568
3 0.0945 0.0156
4 0.0992 0.0021
5 0.1000 0.0002
6 0.1000 0.0001

where, K : number of iteration ()



6 Kiyoshi KusoTa

The results for the thermal diffusivity and standard deviation respecting iteration
number are shown in Table 2. From this Table 2, we may infer that the better results can

0.5 128 T T T 0.05
0.4 1.00 %0\ - 0.04
9
- \.«.
T 03 015 ¥, 40.03
= \—> z
5 > v o Ly (em) ! Riem) [
L q, N
5 02 00 ES 8 0.02 0 oA T
& N
5"4—\ \ LS U8 1.5 t
\ 2.0 v 2.0 <
\:] 9 ¥,
0.4 025 L \e 4 0.01
pd
£ \A\
P o
o 0 Qo Ve O, A 0
i 2 3 4 5

(l,y and L)Ly or LyfR (~)

Fig. 2. Comparing of infinite calculations on the
supposed finite data

be obtain on the iteration number around six. This result of nearly six is about the same
as the one in the previous papersh?),

EXPERIMENTAL

1. Samples

As samples, we used potatoes bought in the market. Their variety and specific
descriptions: May Queen and twice large size, which names were given by the Agricultural
Co-Operative Association of Obihiro, Hokkaido. The reason for selecting particularly
potato is that large size samples, homogeneous in regard to condition heat transfer and
large samples can be obtained all seasons in Japan.

Table 3. Samples and experimental conditions

Sample : Rectangular potatoes

Run Dimension (cm) Thermocouple Run Dimension (cm) Thermocouple
1 20.6 x 21.0 x 49.6 S, U 6 19.6 x 21.0 x 48.6 S, E
2 19.2 x 20.6 x 38.7 S, U 7 20.0 x 20.4 x 38.6 S, E
3 20.0 x 20.0 x 20.0 S, U 8 20.3x 20.6 x 20.6 S, E
4 24.8 x 25.0 x 25.0 S, U 9 24.8 x 25.0 x 25.0 S, E
5 33.6x34.3x42.2 S, U 10 27.8x 28.7x 35,5 S.E
11 20.6 x 21.0 x 49.6 T, E 14 20.3 x 20.6 x 20.6 T, E
12 20.0 x 20,4 x 38.6 T,E 15 24.8 x 24.8 x 25.0 T,E
13 20.6 x 20.6 x 30.6 T, E
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Sample : Cylindrical potatoes

Run Dimension {cm) Thermocouple Run Dimension (cm) Thermocouple
16 20.2 x 50.0 S, U 20 20.2 x 49.8 S,E
17 20.2 x 40.0 S, U 21 20.2 x 39.6 S,E
18 20.2 x 30.0 S, U 22 20.2 x 30.2 S, E
19 20.2 x 21.1 S, U 23 20.2 x 20.8 S,E
24 20.2 x 50.0 T, E 26 20.2 x 30.2 T,E
25 20.2 x 40.3 T, E 27 20.2 x 20.8 T,E

where, Thermocouple:
S type: stainless steel sheath
T type: Teflon sheath
U : Insulator used, I : excepted

The cylindrical and rectangular shape of the samples was made by means of a cork
borer and a sharp cutter. For the samples of various size, the comparing experiments
were tested in respect to the conductive effect on the measuring temperature. The
samples used in this study are shown in Table 3.

2. Apparatus and experimental method

The apparatus used in this study is same as the one shown in previous paper?’. This
apparatus can be found in the basic experimental textbooks'”!®). The samples
were placed in a coolside or a heat-side water bath which were controlled at 10°C and
50°C, respectively, qnd then, suddenly put onto the other side one. The center
temperature changes of the samples were measured by means of a chromel-alumel
thermocouple connected to a recorder.

The two type thermocouples used had been bought in the market. The one type (S
type) was that which had two fine wires enclosed in a 1.0 mm diameter stainless steel
sheath, The diameter of the chromel and alumel wires were 0.16 mm, respectively, and
the thickness of the sheath was 0.15 mm, The interval space in the sheath was filled up
with magnesium oxide which packs closely. The other (T type) had two fine wires
enclosed in two thin Teflon tubes (diameter 0.6 mm), and the insulated tubes were
conbined and enclosed in one thin Teflon outer tube. The diameters of chromel and
alumel wires were 0.32 mm. The short and long side diameters of the outer tube were
1.0 and 1.5 mm, respectively. The top point was made by 0.3 mm of uncovered wire and
20 mm length of it was without outer tube.

In some experiments, the thermocouple probe was covered with a cylindrical
styrofoam (3.2 cm¢ x 5.0 cm) insulator in order to know the conductive effect through
the thermocouple probe. When the insulator was excepted, we used vinyl tape as a
stopper at the probe of length L,(cm). The thermocouples used in this study are shown
in Fig. 3.
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3.2cem

0.016 cm

Inner of sample

e <_____%; Insulator
5.0 ¢cm (styrofoam)

0.10 cm (thickness 0.015 c¢cm)

J/ Fig. 3. Thermocouples
¢ 1 (1) Stainless steel sheath used insulator
T Y L S0y
\ (2) Stainless steel sheath excepted insula-
Stopper tor (S, E)
(vinyl tape) 0.032 cm (3) Teflon sheath excepted insulator (T,E)
0.10 em ’
0.06 cm . v
Y \ \ 1\ )—{
> 0.03 cm U
¢ 5 0.15 em

2.0cm

RESULTS AND DISCUSSION

The relationships between the dimensionless temperature Y(—) and the time 8(min)
are shown in Figs. 4 and 5. The all calculated values of o by using Egs. (10) and (11) are
shown in Table 4. The calculated values of o by using Eq. (7) are shown in Table 5. In
Tables 4 and 5, the comparing results of «, do not differ very much from mutually. The
calculated results used of the obtained values of « shown in Table 4 are visualized by the
solid lines in Figs. 4 and 5. All of the calculated results were satisfactory.

Table 4. Calculated results of thermal diffusivity by using Eqs. (10) and (11)

Run « (cm? /min) g (~) Run a (cm? /min) o {~)
1 0.0829 0.0031 6 0.0873 0.0112
2 0,0803 0.0045 7 0.0894 0.0095
3 0.0689 0.0092 8 0.0897 0.0099
4 0.0734 0.0094 9 0.0892 0.0116
5 0.0847 0.0055 10 0.0876 0.0072

11 0.0842 0.0081 14 0.0862 0.0075
12 0.0842 0.0059 15 0.0850 0.0042
13 0.0882 0.0089

16 0.0811 0.0039 20 0.0820 0.0061
17 0.0770 0.0033 21 0.0788 0.0032
18 0.0823 0.0021 22 0.0820 0.0040
19 0.0734 0.0126 23 0.0848 0.0050
24 0.0825 0.0086 26 0.0820 0.0052
25 0.0804 0.0062 27 0.0831 0.0041
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Table 5. Calculated results of thermal diffusivity by using Eq. (7)
Run « (cm? /min) o () Run o (em? /min) o (-)
1 0.0828 0.0062 6 0.0872 0.0109
2 0.0803 0.0057 7 0.0894 0.0094
3 0.0689 0.0092 8 0.0897 0.0099
4 0.0734 0.0095 0.0892 0.0116
5 0.0847 0.0076 10 0.0876 0.0075
11 0.0841 0.0102 14 0.0862 0.0075
12 0.0842 0.0063 15 0.0850 0.0042
13 0.0882 0.0089
1.0 r‘?,%o v i T §
08 \ -
)
0.6 | \ J
I
> S
0.4 | \
% Q
A
0.2 | \j§g\
\v\g\\\\ , . N
~$ 5% —o Fig. 4. Relations between dimensionless temper-
0 : . L \gr\;m?ii ature and process time
0 2 4 1 8 16 Observed results: Run 1112 14 3
4 {min) Lo T S
Calculated results:
o ¥ T T Y
rof R\
Yo
08|
0.6 v E
T v
N
04 %“
0.2 \%\\\ . Fig. 5. Relations between dimensionless
v %“\ temperature and process time
\vt%\Q . Observed results: Run 24 25 27
o . . ) P SN
0 2 4 6 8 10 Calculated results: -

¢ (min)

In Figs. 4 and 5, the comparing results of Run 24 and 25 do not differ mutually, but
the results of Run 11 and 12 differ. The reason is that the cylindrical samples were
could be given a constant radius by using a cork borer, while the rectangular samples
could not be given a constant thickness and widthness due to the use of a cutter, as
shown in Table 3. ,

In Figs. 4 and 5 and Table 4, the results of Run 3 and 4 and 19 differ greatly from the
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others. From the insulated thermocouples, we may infer that when the value of L, is less
than 2.5 cm. the results can not be accurately obtained. This is due to the fact that the
heating can not come from the insulated direction,

The models for these cases may be made up by considering the semi-infinite object to
be formed from the intersection of infinite and semi-infinite objects. A semi-infinite
slab (one surface sealed rectangular) is formed from the inter-section of two infinite
slabs and a semi-infinite slab, and a semi-infinite cylinder (one surface sealed short
cylinder) is formed from the intersection of a semi-infinite slab with an infinite cylinder.

For one surface sealed rectangular:

Y"‘“Yx'yy'ysz {1
For one surface sealed short cylinder:

Y=Yr+Ysz {15

where, Y, and Y, (—) are the results for the infinite slab, Y, (-) is the results for the
infinite cylinder, and Y (—) is the results for the semi-infinite slab in the z direction.
The value of Y, in Egs. (14) and (15) can be obtain by the following equation.

Semi-infinite slab:
Initial condition,

=0, xz0 Lot=1dg

Boundary condition;

6z0, x=0 Dot=de
g0, X =00 Lot=4g
where, Y=erf (), np=Lg/ (2Jad) ae , un

where, Lg; (cm) is the depth of the considered point in the semi-infinite slab. Erfis the
Error function.

The calculated values of « using Eqs. (14) and (15) are shown in Table 6. All of the

Table 6. Calculated results of thermal diffusivity by using Egs. (14) and (15)

Run o (cm?*min) o (~) Run a (ecm? /min) o (=)
1 0.0831 0.0039 16 0.0812 0.0037
2 0.0811 0.0027 17 0.0774 0.0036
3 0.0783 0.0138 18 0.0835 0.0063
4 0.0829 0.0065 19 0.0794 0.0038
5 0.0895 0.0102
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calculated results are larger than the values obtained in Table 4. The results of Run 3, 4
and 19 change to much larger values and they do not differ much from the other values.
In the insulated thermocouple, we may infer that the results can be more accurately
obtained by using Eqgs. (14) and (15) than by using Egs. (10) and (11).

In Table 4, the compared results, except those of Run 3, 4 and 19 do not differ
greatly from each other. So, we may infer that when the value of L, is larger than 2.0
cm, the effects for the S and T type thermocouples can be neglected.

The average value of @ = 0.0840 ¢cm?/min (except for Run 3, 4 and 19) obtained in
this study is proves to be smaller than the 0.097 cm? /min which was the value determin-
ed in the first paper'). The reason is that the previous temperature range were higher
than that of the present studies.

The value of « in this study is larger than the value of it in the second paper®. The
reason is that the top point of the thermocouple can not be inserted into the center of
the sample in the second paper, because the thickness of the infinite slab was insufficient.
In order to be useful as the sample, we may infer that the thickness must have a large
value than 1.0 cm.

The values of « in this study are a little scatterd. The reason is that it is difficult to
insert the thermocouple into the center of the samples. If highly accurate values are
needed, the values of L, and R must be larger than 1.0 cm.

The values of « in potatoes have been determined as 0.056 ~ 0.085 c¢m?/min by
Marraews and Hace '®)) and 0.102 em’ /min by Rao et al?9 etc.

The relationships between the central dimensionless temperature and the processing
time for the various rectangular materials of half thickness L, = 2.0 cm, and on the various
cylindrical materials of a radius R=2.0 cm for «=0.05, 0.1, 0.15 and 0.2 ¢cm® /min are
shown in Figs. 6 and 7, respectively.

If we obtain the central temperature history of foods in the shapes of Figs. 6 or 7, the

Fig. 6. Temperature history in rectangular
materials for various conditions,

Infinite slab : Ly=2.0cm, Ly=os | [ ;e

Square bar 1 Ly=Ly=2.0cm, Ly=c

Cube t Lx=Ly=Lz=2.0cm

From upper : a=0.05, 0.1, 0.15
and 0.2 em® /min

0 10 20 30 40 50
¢ (min)
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Fig. 7. Temperature history in cylindrical
materials for various conditions.

Infinite cylinder : R=2.0 cm, L,=os

Short eylinder : R=2.0 cm; L,=2.0cm

From upper 1 e=0.05, 0.1, 0,15
and 0.2 em®/min

& (min)

value of « can be determined approximatively by using those figures., The figures for
sphere and infinite slab have been presented in previous papers!*?). When the values with
a high accuracy are required, the digital computering method used in this study is very
sueful.

If we can obtain the values of « for various foods by various procedures?!2?} we can
obtain the expressions??2%) which are related to water, fat, protein, carbohydrate
contents and temperature.

A part of this paper will be presented on the occasion of the Okayama Meeting
of the Society of Chemical Engineers of Japan (17th July, 1985).

SUMMARY

Properties such as thermal diffusivity etc. play an important role in the design and
analysis of food processes and processing equipment. In former papers'~3), we studied
the thermal diffusivity for spherical and infinite slab potatoes etc.

In this paper, we took up a similar study for the rectangular and cylindrical potatoes.
The values of thermal diffusivity of potatoes are considered to be in average 0.0840
cm? /min at a temperature range between 10 and 50°C. These results are better than the
value of 0.08 em? /min that we obtained in a former paper. The reason for this improve-
ment is that the top point of the thermocouple can not be incert into the center of the
thin slabs which can be assumed as infinite slab.

The central temperature histories in rectangular and cylindrical materials are shown in
different figures, These figures are useful for obtaining the approximate thermal
diffusivity from the experimental data.

The digital computering method which used a non-linear least square method in this
paper is more accurate and useful than the former methods which used figures or tables.
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NOTATION
Cy : specific heat (cal/g-°C)
D : half thickness, widthness and length or radius (cm)
I : Bessel function of first kind of zeroth order
5 . Bessel function of first kind of first order
K : number of iteration (—)
k : thermal conductivity (cal/cmrmin-°C)
Ly,Ly L, : half thickness, widthness and length (cm)
N : number of experimental points (~)
R ¢ radius (cm)
r :distance from the center point or axis (cm)
t : temperature (°C)
X : dimensionless time (—)
X,z © distance from surface for the thickness, widthness and length directions
(cm)
Y dimensionless temperature (—)
« thermal diffusivity (cm? /min)
0 processing time (min)
o density (g/cm®)
o standard deviation (—)

Subscripts;
0 and e : initial and terminal states
obs and cal : obseved and calculated values
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