
Introduction

High pressure (HP) processes at sub zero temperatures

is attracting research efforts. Its implementation in the

food industry seems to be of interest to manage high

pressure assisted freezing or thawing processes. The de-

pression of the initial freezing temperature with pressure

suggests the possibility of new applications in the area

of food process [1], such as pressure assisted freezing,

pressure assisted thawing (PAT), pressure shift freez-

ing (PSF), pressure induced thawing (PIT), etc.

PAF (ABCD in Fig. 1) has been applied to food

systems, and results in reduced drip losses accompa-

nied by an improved texture with respect to unfrozen

samples. This has been demonstrated by several re-

searchers in the case of tofu [2, 3], for fruits and vege-

tables [4] and for bovine muscle [5].

PAT (DCBA in Fig. 1) might also result in a reduc-

tion of the drip losses with respect to atmospheric thaw-

ing although this result was not obvious. A study on

PAT of tuna by (Deuchi and Hayashi 1992) showed that

a reduction of the drip was possible. The same technique

implicated to ground beef resulted in a significant

change in meat colour with less thawing time [6].

HP process might either enhance or reduce enzy-

matic activity [7] defined the T–P diagram of protein

denaturation [1, 8, 9].

PSF (AEFG in Fig. 1) was the subject of many

studies. Most of them focus on the advantageous effects

on texture and structure of products. PSF resulted in a

better structure than their air blast frozen counterparts

[2]. Damage is compared to the microstructure of egg-

plants frozen by conventional air freezing and by PSF

[10]. PSF processed samples had fresh appearance and

no differences between center and surface cell structure

were observed (indicating the uniform nucleation). The

same remarks were evocated [11] for large meat pieces

of pork muscle. PIT (GFEA in Fig. 1) is another tech-

nique in HP area. Many studies concluded that the most

important advantages of this technique is the reduction

of treatment time [12–14].

More details to HP process and his potential ap-

plications exist in the literature [15–17].

Understanding pressure–dependent phase change

phenomena is quite important for a better development

of these new technologies [18]. Foods mainly contain

water, almost all existing knowledge is related to pure

water, whereas very few data concern real food sys-

tems. The International Association for the Properties
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of Water and Steam (IAPWS) adopted a new general

and scientific use [19], valid in stable fluid region of

water from the melting–pressure curve to 1000°C, at

pressure up to 1000 MPa. The freezing domain is not

concerned by this database. Semi-empirical expres-

sions are proposed [20] for specific volume, specific

isobaric heat capacity, isothermal compressibility coef-

ficient, and thermal expansion coefficient of water and

ice [21–23] determined experimentally the thermal

conductivity, thermal coefficient and density of canned

tomato paste and apple pulp up to 400 MPa, also the la-

tent heat of fusion of tylose [22]. Phase diagram and

the melting latent heat of fusion of KCl aqueous solu-

tions are determined [24] with a constant mass isother-

mal HP calorimeter.

More recently, a high pressure calorimetry was

developed to measure the latent heat of fusion of se-

lected food substances during a pressure scan at con-

stant temperature [25, 26]. The phase change in the cal-

orimeter is monitored by a pressure scan at constant

temperature. In the case of food, ice crystallisation is

spanned over a given temperature interval. This calo-

rimeter has been presented in previous study [27].

Data were recently obtained with tylose as a model

system and we give them for the first time in this paper.

The objective of this paper is to develop a mathe-

matical model that reproduces the temperature and

pressure excursion of a given sample in this calorime-

ter. This model could thereafter be used to explain

and support the theory of phase transition occurring in

this high pressure calorimeter.

Experimental

Methods and materials

High pressure calorimetric system

A HP differential scanning calorimeter (DSC) (Fig. 2)

was used in this study. The experimental system con-

sisted in a differential calorimetry head, a refrigerated

circulator, two HP cells, a HP compressor and a com-

puter. The calorimetry head (Pass 27, Sceres, Orsay,

France) had two cavities (20 mm diameter×95 mm

depth) used for holding the sample and the reference

cells. There were 220 thermocouple junctions in-

stalled between the two cavities to amplify the gener-

ated temperature differential signal. Two platinum

temperature sensors (Pt 100) were placed under each

of the cavities to monitor/control the temperature of

the calorimeter. The temperature of the calorimetry

head was controlled through a copper coil winding

around the contour of the head (Fig. 2a) and an oven

around the system. The copper coil was connected to

the refrigerated circulator (Huber CC250, Offenburg,

Germany) with a water–glycol medium. During the

experiment, the calorimetric head together with the

copper coil was thermally insulated in a plastic box

containing foamed plastics.

The HP cell (made of beryllium copper) con-

tained two plugs with nitrile O-ring and a threaded

bolt for sealing on one side (Fig. 3). It was connected

to a pressure tube (3.2 mm diameter) on the other side

with miniature fittings (M2 Serie, 100 MPa, Harwood

Engineering, MA).

The pressure within the system was achieved

through the HP compressor (400 MPa, 5 cm
3
, Nova-

Swiss, Effretikon, CH) driven by a step motor

(MO63-LE09, Mijno, Fenwick, France) and con-

trolled by the computer. A pressure sensor (200 or

400 MPa, Asco Instruments, Chateaufort, France)
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Fig. 1 Possibilities and definitions of high pressure processing

on phase transition of water

Fig. 2 Experimental set-up of HP calorimeter: a – schematic

diagram and b – photograph of the calorimetric head

and the cells



was used to monitor and control the pressure. When

the pressure required for a test exceeded 180 MPa,

the 400-MPa sensor was used during the experiment.

A software (Labview 6, National instruments, Austin,

TX) was used for system control and data recording

(temperature, pressure and heat flow). Pentane

(Sigma, Fallavier, France) was used as pressurization

medium in the system because of its stability over the

whole tested pressure range and its properties (low

viscosity, no phase transition) [28]. Full details of this

equipment and of its validation in the case of pure wa-

ter are proposed [25, 26].

Calibration

The pressure sensor was calibrated vs. a reference pres-

sure gauge (Bourdon, France). The temperature of the

calorimeter was calibrated against a K-type thermo-

couple (0.1 mm diameter, Omega, USA) placed in the

sample cell at selected temperature between –20 and

20ºC. The calorimeter was calibrated using a 100 � re-

sistance located in the sample cell. A voltage in the

range from 1.0 to 4.2 V was supplied to this resistance

by a power source (220 programmable voltage source,

Keithley Instruments SARL, Saint-Aubin, France) for

period between 30 and 90 min. The heat generated by

the resistance was calibrated on hand of the measured

voltage and current respectively with a voltmeter

(7055 Voltmeter, Solartron Mobrey SA,

Saint-Christophe, France) and an ampere meter (195A

multimeter, Keithley Instruments, SARL, Saint-Aubin,

France). The calorimetric differential temperature sig-

nal (mV) due to the electric heating was recorded ev-

ery 5 s. The peak area was then integrated to calculate

the ratio of heat power to calorimetric voltage at se-

lected temperatures. The calibration tests were carried

out from –20 to 20°C. A linear fit of the experimental

data was obtained as:

q=ks=(37.09+0.0772T)s (R
2
=0.978, n=8) (1)

where q is heat flow rate (mW), s is calorimetric sig-

nal (mV), k is the ratio of heat flow rate to calorimet-

ric signal (mW mV
–1

), T is the temperature of the cali-

bration tests performed (°C). Similar calibration

procedures have been used in [27, 29].

Sample preparation

Tylose was purchased from (MADI S.n.c., Tavazzano

con Villavesco (LO), Italy. Small samples of Tylose

were prepared for HP calorimetric experiments. Each

specimen was vacuum-packaged in a polyethylene

bag (80 �m thick multiplayer film) (La Bovida, Nice,

France). Packaged samples were stored in a cooler

(4°C) before the experiments. For the test, the sample

was installed in the sample cell (Figs 2a and b). The

reference cell was prepared in the same way as the

sample cell but without the sample. Air bubbles were

carefully removed from the cell during the prepara-

tion of both sample and reference cells. After calori-

metric experiments, the moisture content (77.9�0.3%,

mean�standard deviation) was determined for each

test sample using a drying oven at 103°C for 24 h.

Isothermal pressure-scan (P-scan)

After sample installation, the sample and reference cells

were placed in the sample and reference cavities, re-

spectively. The sample was frozen at the set temperature

(–5, –6.9, –10, –15, –18ºC) in the calorimeter. Once the

calorimeter signal showed a stable baseline (close to

zero), the pressure was increased from the atmospheric

level (0.1 MPa) at a constant rate (0.3 MPa min
–1

) and

the heat flow signal was recorded every 5 s. Once the

pressure is high enough to start melting at the studied

working temperature, the frozen sample starts melting,

resulting in an endothermic peak as shown in Fig. 4. The

pressure scan rate used in this study was relatively low

as compared with that in Le Bail et al. (2001). This was

just for obtaining a better heat flow signal (sharper and

deeper downward peak, less delay).
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Fig. 3 High-pressure cell and sample installation

Fig. 4 A typical measurement of isothermal pressure scan

(0.3 MPa min
–1

) of tylose (0.5157 g) with calorimetric

temperature at –10°C



Heat transfer model during a calorimeter run

Thermal properties I

The tylose is presented as a two-phase material, which

consisted in a solid phase (ice crystals) and a continuous

phase made of dry matter and unfrozen water. While

noting Xwt the total percentage of water in the tylose and

Tifp the initial freezing, the amount of ice formed at a

temperature T<Tifp is given by equation [30]:

X X X
T
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ifp ifp
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�
�

�

�
�

	




�
�

�

�

�
�

	




�
�

( – ) – / –1 1 (T in °C) (2)

where Tref represents the temperature below which the

totality of water being able to be frozen, is in the ice

form. Equation (2) is valid at Patm, and was extrapolated

under high pressure to estimate Xice. the values obtained

at atmospheric pressure will be shifted at HP according

to the evolution of Tifp vs. pressure. Figure 5 shows the

application of this equation to the case of tylose.

Modelling of a pressure scan and prediction of the

latent heat of fusion

A high pressure calorimetry run usually starts after

equilibration of the temperature of the sample at a

given temperature and at atmospheric pressure. Ac-

cording to the curve of the ratio of frozen water at at-

mospheric pressure (Figs 5 and 6), it is obvious that

the sample was in fact partially melted. Therefore, the

amount of energy that will be measured by the calo-

rimeter to ensure the melting of the sample during an

isothermal compression will represent a part of the

energy needed to thaw the ice present in a sample that

would be fully frozen. Initially the tylose is at the tem-

perature T0 and atmospheric pressure P0. The applica-

tion of Eq. (2) permits to evaluate the initial amount

of water that is frozen (X0). Isothermal compression

causes a reduction of the amount of frozen water

(i.e. X1 at P1 and T0) as shown in Fig. 7.

(X0–X1) represents the amount of melted water

during a pressure step P0–P1. This melting requires

the following energy:

Lm=(X1–X0)L(P1) (3)

where L(Pi) is the water latent heat of fusion of pure

water at the pressure Pi and is given by [28]:

L (J g
–1

)=333–0.399P+0.000388P
2

(P in MPa) (4)

The model was using Eqs (3) and (4) to deter-

mine the amount of energy taken by the sample dur-

ing a pressure step between pressure P0 and pressure

P1. The computation was realised using steps of

1 MPa until the full melting of the sample PN. Ther-

modynamic equilibrium was supposed to be obtained

between each pressure step.

Results and discussion

Figure 4 shows a typical example of endothermic heat

flow signal recorded during the P-scan test of tylose,

at a calorimetric temperature of –10°C. As the pres-

sure increased, the endothermic (heat flow), calori-

metric peak started develop more, because of contin-

ued melting of ice in tylose. The latent heat per gram

of tylose (Lm) was evaluated using calorimetric signal

peak and average pressure ( )
–

P
1 2

[16, 29].
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Fig. 5 Evolution of ice content in tylose for different pressures

using shift approach

Fig. 6 Ice content evolution vs. pressure and temperature

Fig. 7 Pathway of the isothermal compression: 1 – the frontier

of the end of melting, 2 – compression process



The relationship between phase (Eq. (5)) transition

temperature Tifp and average pressure ( )
–

P
1 2

was de-

ducted from the equation of pure water given by [28]:

Tifp (°C)=(Ttfp)atm–0.072192P
1 2–

–0.000155P
1 2

2

–
(5)

The value of T(Tifp)atm has been determined exper-

imentally and is equal to –1°C. Tables 1 and 2 present

the comparison between the values obtained during the

experiments and calculated by the model respectively

for latent heat and ice mass fraction in the case of

tylose. The relative error remains acceptable for the

low temperatures (ca. below –10°C). The curve shape

of ice formation (Fig. 5) shows that an error of 1°C of

estimate or measurement of the temperature can lead to

an error of 10% on calculation of the percentage of ice,

which explains the great difference between the values

experimental and simulated values obtained above

ca. –10°C. The amount of melted water during the cal-

orimeter test is presented in Table 2. It can be raised on

the level of the percentage of the ice melted at the time

of isothermal compression. The experimental percent-

age of ice that was thawed during the isothermal com-

pression can be calculated using the relation:

( )
(

( ) (
–

X
L

L P
ice exp

m

–1

–1

Jg tylose)

Jg water)

�

1 2

(6)

This relation takes into account the latent heat of

pure water at the mean pressure of the peak and there-

fore represents a mean value of the latent heat of water

over the phase change peak. Beside, the calculated value

indicated in Table 2 represents the amount of melted ice

obtained during the pressure scan by calculation. A rela-

tively good agreement was observed for these values.

Nevertheless, a larger discrepancy was observed

once again for temperature above ca. –10°C confirm-

ing the results obtained in Table 1. These results exhib-

its the limits of high pressure calorimetry applied to

phase change of water in biological systems (when

temperature is above –10°C). This discrepancy can be

explained by inaccuracy in the measurement of the

sample temperature, in the pressure measurement and

in the calibration. Indeed, the calorimeter head was cal-

ibrated in conditions that were not strictly isothermal

due to the heat dissipated by the resistance.

Conclusions

The evaluation of the energy required for the melting

of a sample at a given initial temperature has been mea-

sured previously during a pressure scan using a high

pressure calorimeter operated at constant temperature.

The sample was partially frozen at the beginning of the

pressure scan at constant pressure and the amount of

melted water was taken into account. In our conditions,

we observed that for the case of tylose, the amount of

frozen water was between ca. 50 and 66% at –4.95

and –18°C, respectively. Therefore the amount of wa-

ter that was melted and detected by the calorimeter

during a pressure scan was only partial. A mathemati-

cal model was developed to calculate this expected la-

tent heat measured by the calorimeter and was in a rela-

tively good agreement with the measured values,

especially for the low temperatures domain.

Nomenclature

L latent heat of fusion of pure water (J g
–1

)

Lm latent heat of fusion of tylose (J g
–1

)

P pressure (MPa)

q heat flow rate (mW)

s instantaneous calorimetric signal (mV)

T temperature (°C)

X mass fraction

Subscripts

ifp initial freezing point

ref reference

unf unfrozen water

wt total water
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Table 2 Calculated vs. experimental tylose ice percentage for

selected temperatures and average pressures

T/°C P
1 2–

/MPa X
ice

cal
/% X

ice

exp
/% Error/%

–4.95 53.3 57.34 50 13.63

–5.00 78.6 57.48 51 13.52

–6.90 74.2 61.48 56 9.98

–6.90 73.7 61.48 56 9.98

–9.90 107.5 64.66 61 5.90

–10.15 107.1 64.84 61 6.54

–15.00 153.2 67.15 65 2.99

–15.10 153.0 67.18 65 2.95

–18.00 174.6 67.96 66 2.21

–18.00 175.2 67.96 66 2.21

Table 1 Calculated vs. experimental tylose enthalpy for se-

lected temperatures and average pressures

T/

°C

P
1 2–

/

MPa

Lm–cal/

J g
–1

tylose

Lm–exp/

J g
–1

tylose
Error/%

–4.95 53.3 181.90 156 16.60

–5.00 78.6 182.24 155 17.57

–6.90 74.2 189.82 163 16.46

–6.90 73.7 189.82 158 20.14

–9.90 107.5 191.25 168 13.84

–10.15 107.1 191.08 175 9.19

–15.00 153.2 184.08 174 5.79

–15.10 153.0 183.89 178 3.31

–18.00 174.6 177.85 174 2.21

–18.00 175.2 177.85 177 0.48
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