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Theoretical formulas for the prediction of effective thermal diffusivity on one-dimensional unsteady 
heat conduction of fish and meats in unfrozen and frozen states were investigated. Theoretical results agreed 
well with measured values in the temperature range of 9", - 22°C. Theoretical results also agreed with 
published data from Dickerson and Read within the standard deviation of 7.8%. To predict the effective 
thermal diffusivity of fabricated food materials, a ternary contour diagram was prepared. 

Manipulations involving heat transfer are often required 
during the processing and/or storage of foods. Information 
on thermal properties should therefore be available reduce 
energy cost before a heating or cooling apparatus is designed 
or operated. In heat conduction, the effective thermal 
diffusivity values are essential for predicting freezing times 
in cooling and freezing processes. However, only a little 
work has been done on thermal diffusivities of fish flesh. 
Dickerson and Read 1) have measured the thermal diffusivity 
of fish flesh. Dickerson and Read 1) have measured the 
thermal diffusivity of flatfish in the temperature range of 
40 ",63°C. Lentz and van den Berg2

) have reported thermal 
diffusivities of fish flesh using codfish (3", 9°C) and salmon 
(-10°C). The effective thermal diffusivity of food depends 
on three physical properties, thermal conductivity, specific 
heat capacity, and density. Unlike thermal conductivity, 
specific heat capacity, and density are relatively well 
understood because of their additive properties. The thermal 
conductivity of heterogeneous food depends on the intrinsic 
thermal conductivities of individual food components as 
well as the complicated spatial distribution of these 
components. 3) For this reason, thermal conductivity of 
heterogeneous food is hardly understood theoretically. 4 - 7) 

In previous works, 8 
12) the effective thermal con

ductivities of fish and meats were measured in frozen and 
unfrozen states using a Series model and the intrinsic 
thermal conductivities of food proteins were also estimated. 

In this work, a prediction model for the effective ther
mal diffusivity of fish and meats has been developed. The 
effective thermal diffusivities predicted by the model were 
compared to the measured values in frozen and unfrozen 
states and compared to published values13

) in Table I. For 
predicting the effective thermal diffusivity offood materials, 
a ternary contour diagram was prepared using intrinsic 
thermal conductivities of water, ice, protein, and fat. 

Theory 
The basic differential equations for one-dimensional 

unsteady heat conduction 14) are: 

d8 
(1) q=-AA~ 

dx 

v8/vt = K(828/8x2
) (2) 

From Eq. (2), 

K=A!(p'Cp) (3) 

where, K is thermal diffusivity of food. The initial and 
boundary conditions are defined as shown in Eqs. (4), (5), 
and (6). 

[Intial Condition] 

8(x,0) Bo 

[Boundary Condition] 

B(O, t) 8p 

8{ 00, t) = 80 

(4) 

(5) 

(6) 

Equation (2) can be transformed to obtain Eq. (7), which 
can be used to calculate thermal diffusivity, by using Egs. 
(4) to (6) as the initial condition and boundary conditions, 
respectively. 

(8-8o)/(Bp 8o)=I-erf(x/j4K·t) (7) 

where the definition of error function is 

erf(Z) 2/fi f: e~" d~ 
As shown in our previous papers, 8 12) the effective 

thermal diffusivity can be defined as follows: 

(8) 

where the effective thermal conductivity, Ae , of foodstuffs 
composed of three components can be applied to the Series 
model. 15) 

(9) 

Due to their additive properties, the specific heat capacity 
and density can be expressed as Eqs. (10) and (11), 
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Table I. Thermal Diffusivity of Foodstuffs from Published Reports 13) 
Values for water and ice were included for comparison. 

Foodstuffs 

Meats: 
Beef 
Beef 
Beef 
Beef, chuck 
Beef, round 
Beef, tongue 
Ham, smoked 
Ham, smoked 
Ham, smoked 
Ham, smoked 

Fish: 
Codfish 
Codfish 
Halibut 
Halibut 

Fruits: 
Cherry, flesh 
Peaches 
Apple, whole 
(Red delicious) 

Strawberry, flesh 
Apple, sauce 
Apple, sauce 
Bananas, flesh 
Plum, jam 
Marmalade 

Vegetables: 
Tomato 
Tomato, marrow 
Potato, mashed 
Potato, whole 
(Monona) 

Potato, squash 
(Golden 
delicious) 

Cereals: 
Wheat 
Dough 
Peanuts, 
Ground, kernels 
Ground, hulls 
Peanuts pods 

Others: 
Sugar beets 
Egg 
Curd, lean 
Curd, lean 
Beef, fat 
Pork, fat 
Butter 

Water 

respectively. 

and 

Moisture 
content 
(wt%) 

75 
76 
76 
66 
71 
68 
64 
64 
64 
64 

81 
81 
76 
78 

85 

92 
37 
90 
76 
43 
44 

60-70 
67 
78 
83.6 

88.5 

15 
45 

8 (d.b) 
5 (d.b) 
7 (d.b) 

88 
55 
82 

5 

Fat 
content 
(wt%) 

16 
4 

13 

11 
14 

l.0 
0.6 

Tempera
ture 
(0C) 

0 
5 

65 
43-66 
43-66 
43-66 

5 
65 

43-66 
43-66 

5 
65 

43-66 
43-66 

0-30 
2-32 
0-30 

5 
5 
5 
5 
5 
5 

25-65 
5 
5 

24.6 

22.9 

4.5 
4.5 
4.5 

0-60 
5 
5 
5 

0-30 
10 

10-35 
0 

10 

Pm=Pw' X~+Pp' X~+PF' X~ 

Thermal 
diffusivity 

(m 2/h) x 10-4 

4.35 
4.32 
5.10 
4.44 
4.80 
4.74 
4.26 
4.61 
4.92 
4.98 

4.38 
5.10 
5.28 
4.92 

4.74 
5.04 
4.92 

4.56 
3.78 
4.49 
4.26 
3.78 
3.78 

4.50 
4.26 
4.44 
6.05 

5.87 

3.70 
6.90 

5.11 
4.00 
2.61 

4.56 
4.60 
3.90 
4.38 
3.70 
4.10 
5.20 
4.73 

44.89 

(10) 

(11) 

Therefore, the effective thermal diffusivity can be 

Table II. Thermal Properties Used to Predict the Effective Thermal 
Diffusivity for Fish and Meats 

Unfrozen state 

Ap 0.342 [W 1m· DC] 
AF 0.190 [W/m'oC] 
Aw Eq. (A) [W/m· DC] 
pp 1340 [kg/m 3J 

PF 900 [kg/m3] 

Pw 1000 [kg/m 3] 
Cp,p 1.26 [kJ /kg' °CJ 
Cp,F 2.09 [kJ/kg' DC] 
Cp,w 4.19 [kJ/kg' DC] 

Eq. (A): Aw=0.565+0.008T-5.8 x 1O- 6 T 2
• 

Eq. (B): Aw=2.25-0.0062T+ 1.15 x 1O- 4 T 2
• 

Frozen state 

0.581 [W 1m' DC] 
0.190 [W 1m· DC] 
Eq. (B) [W 1m· °CJ 
1340 [kg/m 3] 
930 [kg/m 3J 
919 [kg/m3] 
1.26 [kJ /kg' DC] 
2.09 [kJ /kg. DC] 
2.00 [kJ /kg' °CJ 

transformed to obtain Eq. (12) by using Eqs. (8), (9), (10), 
and (11). 

1/ K e = (X~ / Aw + X~/ Ap + X~ / AF) (12) 
x (Cw . X~ . Pw + Cp . X~ . Pp + CF ' X~· PF) 

Values of thermal properties for Eq. (8) are presented in 
Table II, 

Materials and Methods 
Materials and sample preparation. Thermal diffusivities were measured 

for fish (codfish, jack mackerel, and sardine) and meats (beef and pork). 
Fresh fish was purchased from a local market. Thigh and neck from beef 
and thigh from pork were purchased from a local market. Skin, intestine, 
and bones were removed, and after thorough washing, muscles were minced 
using a meat chopper and then placed in the thermal diffusivity cell. After 
degassing with a vacuum pump, the thermal diffusivity cell was stored in 
a freezer, until the temperature of the sample reached a certain value. 

Approximate composition. Moisture and fat contents were measured by 
the freeze-drying and Soxhlet method,16) respectively. The amount of 
protein was estimated by subtracting moisture and fat from the total weight 
of sample. 

Experimental apparatus. A schematic diagram of the thermal diffusivity 
cell is shown in Fig. 1. The thermal diffusivity cell was made from a 
cylindrical acrylic resin pipe (55mm in inside diameter, 120mm in length, 
and 3 mm in thickness) on a copper plate (l mm thick). Inside the cell, 
five copper constantan thermocouples (diameter = 0,3 mm) were installed 
along the center line, 10 mm from the bottom plate, to measure the 
temperature variation in each section. The radial temperature profile was 
checked and there was no difference in it. The outside of the cell was 
insulated twice to ensure a one-dimensional heat flow. The inner part was 
isolated by 7-cm thick styrofoam and 2-cm thick glass fibers. 

The reliability of the measurement made from the apparatus has been 
analyzed and showed good results compared to the previous report. 8) 

Crank-Nicolson's implicit method17) was used, in case the boundary 
conditions for Eq. 7 could not be used for the estimation of thermal 
diffusivity due to initially delayed heat flux of some samples. 

Results and Discussion 
To evaluate the themal diffusivity, temperature changes 

were monitored with unfrozen beef (9 - 12°C, Fig. 2) and 
with frozen codfish flesh (-16.5- -21.0°C, Fig. 3). 
Moisture contents of beef and codfish were 75% and 81 0/0, 
respectively. Predicted values agreed with the measured 
values, indicating that heterogeneous materials could be 
regarded as equivalent homogeneous materials in terms of 
heat conduction. Effective thermal diffusivities of beef and 
codfish were 4.50 x 10- 4 (m2/h) and 3.45 x 10- 3 (m2/h), 
respectively. 
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1. Expansion valve 
2. Sample 
3. Sample container 
4. Stirrer 
5. Insulating vessel 
6. Thermocouples 

7. Copper cooling plate 
8. Heater 
9. Refrigerant pipe 

10. Lid 
11. Thermocouple for 

temperature control 

8 

Fig. 1. Schematic Diagram of Main Part of Experimental Installation. 

13 

12 

0' 
o 
(j) 
::; 11 
Cii 
'-
(J) 
a. 

~ 10 
I-

9 

8 
o 0.08 

OPiate 
• Computed 

Measured 

L
3
(0.030) 

L2(0.020) 

0.16 0.24 0.32 0.40 

Time [hr] 

Fig. 2. Thermal Diffusivity of Round Beef with Moisture Content of 
75.0% between 9°C to 12°C. 

L t , O.OlOm; L 2 , O.020m; L 3• O.030m from the bottom plate. 0P' temperature of the 
cooling plate. 

Thermal diffusivities of meats and fish flesh were measur
ed unfrozen (8 -11 °C) and frozen ( 18.0 - - 21.0°C) and 
compared to those predicted by Eq. (8). Tables III and IV 
agreed between measured and predicted values with a 
standard deviation of 3.6% in the unfrozen state. Even 
though the standard deviation in the frozen state (7.8%) 
was higher than that in the unfrozen state, it could be taken 
as good agreement, considering the fact that the thermal 
diffusivity of ice was about ten times higher than that of 
water (Table I). 

The validity of the prediction method was evaluated by 
comparing the predicted values from Eq. (8) with published 

-15 

-22 o 0.08 0.16 

OPIate 
• Computed

--Measured 

0.24 

L
3

(0.030) 

L2 (0.020) 

L1 (0.01 0) 

Op 

0.32 0040 

Time [hr] 

Fig. 3. Thermal Diffusivity of Codfish with Moisture Content of 81.0% 
between -16SC to -21.0°C. 

Legends, same as Fig. 2. 

Table III. Comparison of Measured and Predicted Values of the Effective 
Thermal Diffusivity for Fish and Meats between 8°C and 11°C 

Moisture Fat 
Measured Predicted 

Product content content Ke Ke Difference 

(wt%) (wt%) 
(m2/h) (m2/h) (%) 
x 10- 4 x 10- 4 

Codfish 82.0 0.6 5.08 4.93 -3.0 
80.0 0.8 5.02 4.92 -2.0 
80.0 0.6 4.85 4.93 1.6 

Jack mackerel 74.0 3.0 4.65 4.78 2.7 
74.0 2.8 4.64 4.80 3.3 
75.0 3.3 4.72 4.76 0.8 

Sardine 70.0 9.0 4.11 4.45 7.6 
69.0 10.0 4.19 4.41 5.0 
72.0 4.5 4.79 4.70 -1.9 

Beef round 73.0 4.3 4.73 4.71 -0.4 
74.0 3.4 4.50 4.66 -3.4 

Beef chuck 68.0 12.0 4.07 4.33 6.0 
67.1 14.0 3.90 4.23 7.8 

Pork leg 71.0 6.1 4.62 4.61 -0.2 
71.0 7.0 4.46 4.56 2.2 

Pork ham 69.0 7.8 4.32 4.53 4.6 

Standard deviation, ± 3.6%. 

values from Dickerson and Read, 1) using unfrozen fish flesh 
(Table V). A good agreement was obtained between the 
predicted values and published values with the differences 
of about 8.8",-, 10.8% and a standard deviation of 7.8%. 
As shown in Table V the thermal diffusivity of halibut was 
higher than that of pork ham due to the high water content 
and low fat content of halibut. There was a significant trend 
that the thermal diffusivity decreased with decreases of water 
content. However, the published thermal diffusivity showed 
more deviation with the increase of fat content and the 
decrease of water content. According to this, the fat content 
should be taken into consideration for the evaluation of 
thermal diffusivity. The published thermal diffusivities were 

D
ow

nl
oa

de
d 

by
 [

IR
ST

E
A

] 
at

 0
6:

14
 1

5 
D

ec
em

be
r 

20
14

 



NII-Electronic Library Service

Prediction of Effective Thermal Diffusivity 1945 

Table IV. Comparison of Measured and Predicted Values of the Effective 
Thermal Diffusivity for Fish and Meats between -18°C and - 21°C 

Moisture Fat 
Measured Predicted 

Ke Ke Difference 
Product content content (m2jh) (m2jh) (%) 

(wt%) (wt%) x 10- 3 x 10- 3 

Codfish 82.0 0.6 3.54 3.25 -9.0 

80.0 0.8 3.36 3.11 -8.0 

80.0 0.6 3.40 3.15 -6.0 

Jack mackerel 74.0 3.0 2.65 2.51 -5.6 
74.0 2.8 2.47 2.54 -7.9 
75.0 3.3 2.56 2.50 -2.4 

Sardine 70.0 9.0 1.70 1.83 7.0 
69.0 10.0 1.66 1.75 4.9 
72.0 4.5 2.45 2.27 -7.9 

Beef round 73.0 4.3 2.52 2.32 -8.8 
74.0 3.4 2.72 2.46 10.7 

Beef chuck 68.0 12.0 1.45 1.61 9.8 
67.1 14.0 1.33 1.50 11.3 

Pork leg 71.0 6.1 2.20 2.08 -5.8 

71.0 7.0 1.91 2.01 5.0 
Pork ham 69.0 7.8 1.76 1.90 7.3 

Standard deviation, ±7.8%. 

Table V. Comparison of Published and Predicted Values of the Effective 
Thermal Diffusivity for Fish and Meats between 43°C and 66 0 ca 

Moisture Fat 
Published Predicted 

Ke Ke Difference 
Product content content 

(wt%) (wt%) 
(m2jh) (m2jh) (%) 
x 10- 4 x 10- 4 

Halibut 78 0.6 4.92 5.30 7.7 
78 0.8 4.86 5.29 8.8 
76 0.2 5.22 5.28 1.1 
76 1.0 5.28 5.27 -0.2 

Beef round 67 10 4.80 4.65 -3.1 
71 4 4.80 5.03 4.8 

Beef tongue 70 10 4.92 4.64 -5.7 
68 13 4.74 4.48 -5.5 

Beef chuck 66 12 4.50 4.54 0.8 
66 16 4.44 4.56 2.7 

Pork ham 64 11 4.92 4.60 -6.5 
64 14 4.98 4.44 -10.8 

a Dickerson and Read. I
) 

Standard deviation, ±7.8%. 

plotted with various water content of foods such as fruits, 
juice, jam, beef, pork, and halibut as shown in Fig. 4. 
The broken line is the predicted values from Riedel's 
correlation.4

) These values showed differences of 5"" 8 % 
compared to those of Dickerson and Read. 1

) Fat content 
of meats and fish flesh varied from a few percent to more 
than 10 percent. However, Riedel presumed that moisture 
content was the only parameter affecting thermal diffusivity. 
Considering the contribution of high fat content to thermal 
diffusivity, it might be unreasonable to use Riedel's formula 
for calculating thermal diffusivities in meats and fish flesh. 

To assess the effects of composition on the effective 
thermal diffusivity of meat sample, calculations were made 
for temperatures from 10°C to 10°C as shown in Figs. 5 
and 6. An arbitrary composition of fish flesh is shown by 
a 'corresponding point in Fig. 5. The abscissa and the 

0.10 

0.09 

0.08 

<D 
0.07 :::s::: 

.i-.s;: 
'(j) 0.06 
~ 
:.0 
(ij 0.05 
E 
m 
..c 0.04 I-

0.03 

Riedel's correlation for 55°C 

Ke=0.053+(Kw-0.053)X: (cm2/min) 

o Halibut 

6. Beef round 

o Beef tongue 

• Ham 

• Beef chuck 

• Waterwilh 
0.3% agar 

20 30 40 50 60 70 80 90 100 

Moisture content [wt %] 

Fig. 4. Thermal Diffusivity of Meat as a Function of Moisture 
Content. 1,4) 

1.0 

0.8 

0.6 

0.4 

0.2 

XV=1~ X~[-] 
w 0 0.2 0.4 0.6 0.8 1.0 

Fig. 5. Prediction of Effective Thermal Diffusivity for Unfrozen Fish as 
a Function of Protein, Fat, and Moisture Content (lOcC). 

x~ + x~ + x~ = 1. 

ordinate are contents of protein and fat, respectively, The 
dotted line in the figures shows the moisture content. The 
solid contour lines show values of the effective thermal 
diffusivity. These ternary contour diagrams can be used to 
predict the effective thermal diffusivities of fish flesh and 
meats. Moreover, these diagrams can be used for the 
prediction of thermal properties when new synthetic 
heterogeneous food stuffs such as surumi or crab meat are 
fabricated. 

A wide-temperature range ternary contour diagram can 
be prepared and used for practical purposes. The theoretical 
formula can be easily used for the construction of ternary 
contour diagrams by obtaining temperature-independent 
intrinsic thermal conductivities of protein and fat of 
foodstuffs. 

D
ow

nl
oa

de
d 

by
 [

IR
ST

E
A

] 
at

 0
6:

14
 1

5 
D

ec
em

be
r 

20
14

 



NII-Electronic Library Service

1946 I-y' KONG et al. 

1.0 

0.8 

0.6 

0.4 

0.2 

o ~~~~~~ __ ~~ __ ~ __ -=~ 
X:=1.0 0 0.2 0.4 0.6 0.8 

Fig. 6. Prediction of Effective Thermal Diffusivity for Frozen Fish as a 
Function of Protein, Fat, and Moisture Content ( - 10°C). 

x~ + X~ + Xf = 1. 

Nomenclature 
Cp = specific heat capacity 
A = area 
() = temperature 
(Jp = temperature of the coolong plate 
W = moisture content 
XV = volume fraction 
XW = weight fraction 
K = thermal diffusivity 
A. = thermal conductivity 
p = density 
q = heat flux 
X = distance 

= time 

[kJjkgOC] 
[m2

] 

[OC] 
[OC] 

[wt%] 
[-] 
[-] 

[m2jh] 
[W/m °C] 

[kg/m3] 
[W/m2] 

[m] 
[h] 

Subscripts 
e effective value 
m = mean or average value 
F fat 
P protein 
o = initial condition 

sample surface 
w = moisture 
L1 = distance of O.OlOm from the bottom plate 
L2 = distance of 0.020 m from the bottom plate 
L3 = distance of 0.030 m from the bottom plate 
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