
Journal of Food Engineering 15 ( 1992) 83-97 

Thermal Properties of Model Foods in the Frozen State 

T. Renaud,” P. Briery,b J. Andrieu b & M. Laurent a 

“Laboratoire de Physique Industrielle, Centre de Thermique, INSA Lyon, URA CNRS 
1372,20, Avenue Einstein, Bat. 502,6962 1 Villeurbanne Cedex, France, hLaboratoire 

d’Automatique et de Genie des Procedes, Universite Claude Bernard Lyon 1, URA 
CNRS 1328,43, Boulevard du 11 Novembre, Bat. 305,69622 Villeurbanne Cedex, 

France 

(Received 16 October 1990; revised version received 3 1 January 199 1: 
accepted 7 February 199 1) 

ABSTRACT 

Thermal difisivities and thermal conductivities of model food systems 
were measured by two transient methods: the flash method and the hot 
wire probe method. 

Experimental runs were carried out between + 20°C and - 40°C with 
binary food gels: water + gelatin; water + ovalbumin; water + starch; 
water+ sucrose. These results were compared with the main thermal 
conductivity models (series, parallel, Maxwell, series-parallel). The 
conductivity data which are very sensitive to the ice fraction are best fitted 
by the Maxwells model. 

NOMENCLATURE 

Q A=-..- 

4n 
B 

AH, 

ii MS 
NW’ 
R 
t 
T 

Probe constant for eqn ( 1) (W/m) 

Constant defined by eqn ( 1) (K) 
Enthalpy of fusion of ice (J/kmol) 
Mass of component i (kg) 
Molar mass of water and dry matter (kmol/kg) 
Fraction of parallel part (eqn (4)) 
Gas constant (J/kmol K) 
Time (s) 
System temperature (K) 

s3 
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Tf Gel initial freezing temperature (K) 
T f, 0 Freezing temperature of pure water (K) 

m, I, = Mass fraction of component i II 
mj fm, 

E 
Volume fraction of continuous dispersed phase 
Thermal conductivity of continuous dispersed phase 

Subscripts 

: 
f 
ice 
0 

Par 
S 

ser 
Ullf 

W 

Continuous phase 
Dispersed phase 
Freezing 
Ice phase 
Pure component 
Parallel part 
Dry matter 
Series part 
Unfrozen 
Total water 

1 INTRODUCTION 

The thermophysical properties of foods, required in the simulation of 
freezing and thawing processes include density, conductivity and 
diffusivity. Unfortunately these data are only available for a small 
number of foods in the frozen state. Indeed the estimation of freezing 
times are necessary for designing freezing equipment. 

When experimental data are lacking, theoretical models based on the 
properties of major food components are often used. 

Between 0°C and - 40°C the thermophysical properties of foods 
show important variations due to the continuous variation of ice content 
with temperature in this range and to the fact that the thermal 
conductivity of ice is about four times the value of unfrozen water. 
Moreover, unfreezable water which can be estimated from enthalpy data 
(Heldman, 1974, 1982; Miles et al., 1983; Mannapperuma & Singh, 
1988) is also an important parameter which must be taken into account. 
Most of the conductivity or diffusivity data for model foods (gels) were 
measured in the unfrozen state; so, the purpose of this work was to 
extend these measurements to the frozen state down to - 40°C. 
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Experimental data were obtained with four types of gels : water + 
sucrose; water + gelatin, water + ovalbumin; water + starch. Furthermore, 
these data were interpreted by four heat transfer models : series, parallel, 
Maxwell and series-parallel. Two experimental transient methods, 
namely the pulse method (diffusivity) and the hot wire probe (conductiv- 
ity) were used. 

2 EXPERIMENTAL METHODS 

2.1 Sample preparation 

Different gel types were prepared with well defined protocols by 
controlling precisely the preparation conditions in order to obtain gels of 
reproducible texture for a given composition. In the case of sucrose and 
starch gels the addition of 4% agar-agar (mass ratio agar-agar/water) 
gives homogeneous structures (Renaud, 1990). Furthermore, hot 
solutions of gels were poured into measuring cells in order to achieve a 
good thermal contact with the temperature detector. The different gel 
compositions (by mass) are shown in Table 1. 

2.2 Experimental set-up 

The two transient methods selected have the main advantage of short 
experimental times and low thermal perturbations (Mohsenin, 1980; 
Renaud, 1990). 

Hot wire probe method 
This well-known method has been used with numerous materials, 
especially foodstuffs (Lentz, 196 1; Sweat et al., 1973). 

The probe is made with a hypodermic needle (overall external 
diameter 0.6 mm and total length equal to 10 cm) inside which is placed 
a chromel-alumel heating wire and a very small thermocouple 
(diameter= 0.08 mm), all these components being carefully insulated 

TABLE 1 
Gel Composition. Mass Fraction of Dry Matter, y, 

Sucrose 10 20 30 * 40 50 - 

Gelatin 5 10 15 20 30 40 
Starch 5 10 20 30 - - 
Ovalbumin 5 10 14 24 - - 
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with an epoxy resin. The linear heating power was about 10 W/m for a 
sample diameter of 10 cm. For these conditions the maximum tempera- 
ture variation recorded was AT= 5°C and AT= 15°C respectively for 
unfrozen and frozen materials; each experimental run lasted approxi- 
mately 40 s. 

Assuming a probe of low thermal capacity and a purely radial heat 
flow, a theoretical analysis shows that the temperature variation at the 
probe surface is given by: 

where A = Q/4x is the probe constant, Q represents the heat flux by 
probe unit length and B is an experimental constant. The probe was first 
calibrated with very viscous liquids (glycerol, ethylene glycol) or 
gelatinized water with 4% agar-agar in order to obtain the actual value 
of A. Then, the thermal conductivity il was calculated from the linear 
part of the curve T=f(ln t) in the time domain ranging from 6 to 40 s; 
the conductivity values reproducibility was around 5%. 

Pulse method 
This method, well known for inorganic materials was described in 
previous communications (Gonnet, 1987; Andrieu et al., 1987). The 
front face of the sample, shaped as a disk of uniform thickness, is 
submitted to an uniform pulse of radiant energy. The temperature 
variation at the rear face of the specimen is recorded (maximum temper- 
ature change 0.K) and the thermograms analysis T =f( t) gives the ther- 
mal diffusivity. 

The thermal diffusivity identification can be carried out by the partial 
moments’ method as described previously (Gonnet, 1987). Repro- 
ducibility values for diffusivity were around 5%. 

These two sets of apparatus are entirely controlled by a micro- 
computer (Renaud, 1990). For simulating the freezing processes, experi- 
mental runs were carried out with temperature decreasing at a constant 
cooling rate of 3”C/h. This a low cooling rate was chosen in order to 
minimize the internal thermal gradients and the supercooling effects. 

3. RESULTS 

The whole set of experimental data for the four types of gels are 
presented in Figs l-8. These figures show an important variation in 
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Fig. 7. Thermal diffusivity of gelatin gels. 
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Fig. 8. Thermal diffusivity of ovalbumin gels. 

thermal properties between 0°C and - 10°C as in the case of commercial 
products (Lentz, 1961; Sweat et al., 1973; Heldman, 1982; Pham & 
Willix, 1989; Pham, 1990) due to a high variation of the ice fraction in 
this range. In the range - 10°C to - 40°C the dry matter concentration 
has the most important influence on the amount of ice frozen at a given 
temperature. This amount decreases with increase in dry matter con- 
centration, all other things being equal. 

The conductivity data for gelatin and ovalbumin gels, even repeated 
many times, are more scattered than the other ones probably because of 
the reproducibility of the ice crystallization; these gels were prepared 
without agar-agar addition. 
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4 INTERPRETATION 

4.1 Ice fraction estimation 

The estimation of the ice mass fraction Yic, of the food at T< T,, where Tf 
represents the initial freezing point in K, was based on the following 
formula derived from Raoult’s law (Heldman, 1974; Schwartzberg, 
1976; Miles et&., 1983): 

Yw -Yunf - Yice 

In 
WV _Mw*Hf 1 11 

Y, -Yunf -Yice+ Y, R I T ?;.,,I 
(4 

where M, and MS represent, respectively, molar mass of water and dry 
matter and T,,, the freezing temperature of pure water in K. 

The unfreezable water content yunf (mass fraction) was taken from 
published literature data (Schwartzberg, 1976; Pham, 1987). Figures 9 
and 10 show the influence of the solute molar mass on the ice fraction: 
the lower the solute molar mass, the greater the ice formation over a 
large temperature interval. 

4.2 Diffusivity and conductivity comparison 

Density and specific heat were calculated from the gel composition and 
from the intrinsic values of the components (pi, c,,i) taken from the 
literature data (Miles ef al., 1983; Gannet, 1987). So, it was possible to 
calculate the thermal conductivities from the experimental diffusivities 
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Fig. 9. Calculated gel mass composition of 40”/0 water + sucrose gels with eqn (2 ). 
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Fig. 10. Calculated gel mass composition of 40% water + gelatin gels with eqn (2). 
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Fig. 11. Comparison between the thermal conductivity calculated from the diffusivity 
and the experimental conductivity for sucrose gels. 

and to compare these values to the experimental conductivities obtained 
by the hot wire probe method. For example, Fig. 11 shows this com- 
parison for sucrose gels. Taking into account the experimental errors of 
each measurement and in the estimation of the specific heat and the 
geometry differences for heat transfer model, the two experimental 
methods are in good agreement. 

4.3 Heat transfer models fitting 

Intrinsic thermal conductivities of the components are necessary to 
apply heat transfer models. Literature values were used for the ice 
component; for dry matter, the extrapolated experimental values from 
the unfrozen state were used. These values were obtained from the series 
model which gives the more coherent results (Gonnet, 1987; Renaud, 



92 T. Renaud, P. Briery, J. Andrieu, M. Laurent 

TABLE 2 
Thermal Conductivity Values for Model 

Component Food components conductivities 
1, (W/m K) = f (TO3 

Sucrose 
Starch 
Ovalbumin 
Gelatin 
Water 
Ice 

1,=0.304+9.93x lo-’ T 
&=0*478-6.90x 1O-3 T 
A,=O.268-2.50~ 10-j T 
1,=@303+ 1.20x lo-” T-2.72x 10-h T2 
,I, = 0587 + 0.0028 x ( T- 20) 
&,=2*22-6.25x 1O-3 T+l.O15x lo-” T’ 

1990). For water, extrapolated experimental data which were very close 
to published literature data were used (Table 2). For example, at 20°C 
the experimental intrinsic water conductivity for the water + gelatin 
system was 0.62 which is very close to literature value, namely 0.60 W/ 
m “C (Miles et al., 1983); so, using literature or extrapolated experimen- 
tal data leads to no significant differences in calculated gel conductivities. 
The regression equations for the mean conductivity values are given in 

Table 2. 
For these products with three components four models were used: 

series, parallel, Maxwell, series-parallel. 
For the Maxwell’s model, it was assumed that the ice is dispersed in a 

second phase composed of unfrozen water and dry matter; the thermal 
conductivity of this second phase was calculated by applying the 
Maxwell model with the dry matter as the continuous medium and with 
the unfrozen water as dispersed phase. The choice of the nature of the 
dispersed and the continuous phase depends on the gel structure as 
observed in previous works concerning modeling of frozen foodstuffs 
(Lentz, 1961; Barrera & Zartizky, 1983). So, for each level, the correla- 
tion becomes: 

where cd represents the volumic fraction of dispersed phase, AC and 1, 
representing respectively the thermal conductivity of continuous and 
dispersed phase. 

For the series-parallel model an adjustable parameter, N, which 
represents the parallel part was included; the corresponding relation 
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becoming (Renaud, 1990): 

n=n(l -Aq+IZfv 
series-parallel ser Par (4) 

For example, the comparison between the experimental data and the 
theoretical values are presented in Table 3 for each of the four models 
for a dry matter mass fraction of 10%. 

The Maxwell’s model gives maximum deviations which do not exceed 
28% for frozen sucrose gel with 50% dry matter mass fraction (Fig. 12). 
Series and parallel models give larger deviations. The series-parallel 
model was used with the adjustable parameter N, the calculated con- 
ductivities with the mean N values gives a relative standard deviation of 
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30 

Fig. 12. Comparison of the experimental conductivity and the conductivity calculated 
from Maxwell’s model for water + sucrose gel. 
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Fig. 13. Values of N parameter for water + sucrose gels. 



Thermal properties of model foods in the frozen state 95 

5%; nevertheless this N value varies with each type of gel so that this 
model cannot be generalized for any kind of material (Figs 13-15). So, 
the Maxwell’s model which does not need any adjustable parameter and 
leads to a mean relative error of 12% was preferred. 

Furthermore, a parameter sensitivity study has shown that, in the 
frozen state, calculated conductivity values for any model are very 
sensitive to the ice fraction (Table 4). Consequently, it is very difficult to 
set up physical models which interpret accurately the whole set of 
experimental data without any accurate estimate or experimental deter- 
mination of ice fraction. 
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Fig. 14. Values of N parameter for water + starch gels. 
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TABLE 4 
Sensitivity of Maxwell’s Model in the Case of 10% Frozen Sucrose Gel (dry matter mass 
fraction). Sensitivity is the Variation of the Thermal Conductivity Corresponding to a 

Variation of + 10% for the Parameter Considered 

Parameter 
variation 

Components 
Sensitivity 

Mass fraction Conductivity 
+ 10% f 10% 

Ice Water Sucrose Ice Water Sucrose 
_+ 40% + 25% + 35% + 16% * 3% f 2.5% 

5 CONCLUSIONS 

The two transient methods (hot wire probe and pulse method) in the 
case of model foods (gels), gives coherent results from - 40°C to + 20°C. 

There is a strong correlation between the ice fraction and the thermal 
properties of frozen gels. Consequently, this parameter is the most 
important one for interpreting the experimental data as confirmed by a 
sensitivity study. Among the four heat transfer models selected, the 
Maxwell’s one is the most satisfactory. 

The improvement of the modeling of these data relies on an experi- 
mental validation of the ice fraction (NMR, etc.) and of the unfreezable 
water fraction. 
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