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Abstract; During high pressure processing (HPP) , the work of compression always causes the food materials to undergo a
reversible adiabatic temperature increase. This phenomenon results in non-uniform temperature distribution during
processing. The compression heating can also influence the inactivation of bacteria, spore and enzyme. But knowledge in
this filed is still very limited. In this study, adiabatic compression heating characteristics of food materials during HPP was
investigated using a specially designed experimental setup. Selected liquid and solid food materials were studied at different
pressure levels (100 ~400 MPa) and different initial temperatures (15 ~45°C). At 25°C initial temperature, ethanol had
the highest § (adiabatic temperature increase up to 12.8°C/( 100 MPa)) of the samples examined, and § value was
decreased with increasing pressure. Compared to high water content foods (2.6 ~4.0°C/ (100 MPa) ), fats and oils showed
higher 6 values (7.3 ~10.7°C/ (100 MPa) ), which were also decreased with increasing pressure. For high water content
foods, 6 values was increased with increasing initial temperature, but fats and oils had little or no effect of initial
temperature. An empirical equation was established to predict the adiabatic temperature increase value during HPP at
different pressure levels and different initial temperatures for food materials. The third-order polynomial was used to fit the
0 values of orange juice, honey, whole milk, semi-skimmed milk, soybean oil, beef and ethanol. The regression

coefficients of these equations were all above 0.97. This study provides useful information for the optimization of high

pressure processing.
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0 Introduction

High pressure processing ( HPP) refers to a new
technology that is the use of more than 100 MPa
pressure (use water or other liquid as the pressure
medium) under normal temperature or low temperature
to the food materials ( agricultural products or
biological materials) sealed in the elastic container to
achieve sterilization, enzymes inactivation and improve

the physical and chemical properties'' */.

During
HPP, the work of compression causes the materials to
undergo a temperature increase, called Compression
heating. If the materials have no heat exchange with
the environment, it becomes Adiabatic compression
heating. Different materials have different adiabatic
compression heating characteristics. Bacterial spores in

low-acid foods are highly resistant to high pressure (up
to 1 000 MPa) at normal temperature during HPP. But
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increasing processing temperature appropriately can
play a good role in killing these microorganisms' ~*’

In addition, the temperature gradient will appear
among the materials, the pressure medium and the
inner wall of high pressure vessel because of their
different compression heating characteristics. It will
cause temperature uneven distribution and affect the

“1 Tt can effectively improve the

high pressure process
HPP results by reasonable utilizing the adiabatic
compression heating characteristics of materials.

In recent years, scholars at home and abroad have
made some studies on the compression heating
characteristics of different materials and pressure
under  high

transmission medium

RASANAYAGAM et al. "' studied the adiabatic

compression heating values of fats, vegetable oils,

pressure.

etc. , and found that the compression heating values of

fatty materials were higher than that of water and the
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initial temperature also affects the compression heating
values. PATAZCA et al. """ studied the adiabatic
compression heating values of some food materials such
as cream cheese, avocado under different pressures

established

prediction model of the adiabatic compression heating

and initial temperatures. They also

values of the materials based on pressure and initial

temperature. BUZRUL et al. "' and KNOERZER et
al. =" considered that the heat insulation devices
and pressure transmission mediums could make the
temperature uneven distribution during HPP, and they
tested the adiabatic compression heating values of
different thermal insulation materials and pressure
transmission mediums. Domestic scholars WANG et
al. "' studied the temperature increase under high
pressure at the condition of simulated small heat loss
and established prediction model.

At present, the function of domestic high pressure

The lack of effectively

working temperature detection and control devices

equipment is not perfect.

under high pressure restrict the study of materials
thermal characteristics during HPP. The objectives of
this work were to add temperature detection and control
devices to the existing HP equipment through self-made
polyformaldehyde adiabatic pressure devices, to detect
the temperature and pressure in high pressure chamber
real-time, and to study the adiabatic compression
heating characteristics of variety of materials under

different pressure and temperature.
1 Materials and methods

1.1 Materials

Absolute ethanol ( analytical grade, Sinopharm
Chemical Reagent Co., Litd), orange juice, honey,
milk (whole milk,semi-skimmed milk and skim milk) ,
yogurt, soybean oil, colza oil, pork fats, beef, chicken
and potato were purchased from local Wal-Mart
supermarket, polytetrafluoroethylene packing bags.
The liquid materials didn’t have to pretreat. The meats
were minced in a mincing machine. The potatoes were
cooked in an induction cooker and mashed. All
processed samples were stored in a refrigerator at 4°C.
1.2 Main instruments and equipments

Main experimental instruments included K-type
thermocouples Stamford ,

USA), a data logger (34970A, Agilent Technologies

( Omega Engineering,

Inc. , USA), a circulation thermostat ( Henan Brothers
Instrument Equipment Co. , Ltd. , China), a vacuum
( Shanghai  Yute
Machinery Manufacturing Co. , Ltd. , China) , a water

packaging machine Packaging
bath ( Jiaxing Zhongxin Medical Instrument Co. ,
Lid. , China) and a induction cooker ( Shanghai
Pentium Enterprise Co. , Ltd. , China).

The HP equipment (HPP/600 MPa/5 L) was
provided by Baotou Kefa High Pressure Technology
Co. and added temperature detection and control unit,
as shown in Fig. 1. The maximum processing pressure
of the HP equipment was 600 MPa. Effective treatment
volume was 5 L. Effective working temperature range
was 4 ~80%C. The pressure medium was pure water.
The pressurization rate of the HP equipment was about
110 MPa/min, the depressurization rate was 90 ~
120 MPa/s. During the trial, adjust the temperature
setting of circulation thermostat and intelligent
temperature control instrument to reach the temperature
of HP vessel and pressure transmission medium to the
initial value. The sample and HP vessel temperature
were measured using the K-type thermocouples. The

online pressure and temperature data were collected by

the data logger and recorded in computer.
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Fig.1 Schematic diagram of high-pressure
processing apparatus
1. HP medium reservoir 2. Circulation thermostat 3. Insulations
4. HP plug 5. HP vessel 6. Insulated chamber 7. Thermocouple
8. HP transducer 9. Data logger 10. Computer 11. HP pump

12. Release valve

A self-made insulated chamber ( inner diameter
35 mm, outer diameter 80 mm, height 200 mm) was

used in this experiment. The material was

polyformaldehyde  ( low  thermal  conductivity,

0.23 W/(m-K),

experiment for the heat preservation ).

meets the requirements of the
Schematic
diagram of the insulated chamber is shown in Fig. 2.

The device was mainly composed of chamber, end
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cover, piston, seal fitting and rubber ring. There was a
hole ( diameter 3 mm ) used for installation of
thermocouple in the center of the end cover and of the
seal fitting. It mainly adapted the method of pressing-seal
in view of that the thermocouple wire was difficult to glue
with its sheath material of polytetrafluoroethylene
according to the experimental requirements. Put the
thermocouple wire through the lock nut and the filler,
and then tightened the lock nut to compress the filler
and clamp the thermocouple wire. So the thermocouple
wire was sealed. The piston at the bottom of the
chamber was used to transfer pressure. The equal area
of two sides could realize constant pressure transmission

which ensured that the pressure of sample in the chamber

equaled the pressure of HP vessel during HPP.

A\

Fig.2 Schematic diagram of insulated chamber

1. Seal fitting 2. End cover 3. Chamber 4. Thermocouple
5. Piston 6. Rubber ring 7. Filler 8. Lock nut

The sample sealed bags located in central of the
insulated chamber, and its structure is shown in Fig. 3.
Principle of thermocouple seal joint was similar as the
seal fitting of the insulated chamber. Tightened lock
filler, and thus
thermocouple. The seal joint was connected and sealed
with bolt by thread
polytetrafluoroethylene  packing bag was

nut to compress sealed the
connection. The
located
between the washers. The bag was sealed through
increasing the pressure of the washers and narrowing
the gap of washers and bags by gland nut. Adjusted the
position of the thermocouple to make it locate in the
heart of the packing bag when install the seal joint.
1.3 Experimental methods
1.3.1 Adiabatic compression heating experiment of
water under high pressure

In order to check this experimental setup, water was
used as a calibration sample, because physical

properties of water are well characterized for the

Fig.3 Schematic diagram of sealed bags
2. Bolt 3. Washer 4. Gland nut

1. Thermocouple seal joint
5. Thermocouple 6. Polytetrafluoroethylene packing bag 7. Insulated

chamber

pressure and temperature ranges used in this study and
water is the main component of most food materials.
Put the sample water in the insulated chamber and
treated it under high pressure. Real-time pressure and
temperature data were acquired by the data logger
(once 1 s). An example of the experiment conditions
is shown in Fig. 4. The HP vessel, the HP medium
and the sample were preconditioned to a temperature of
20°C. The temperature of the sample water reached
25.4%C of 200 MPa. The

temperature of the medium water in HP vessel rose

under the pressure
slightly. But the increasing value was lower than that of
the sample water in the insulated chamber as existing
heat exchange with the outside. During the pressure-
holding period, the temperature of sample water almost
remained the same, but the temperature of water in HP
vessel dropped continuously. The temperature of
sample water and water in HP vessel both dropped
sharply during depressurization.  After that, the
temperature of sample water dropped to the initial
value. The experimental values of the adiabatic
temperature increase of water were compared to those

given by the NIST/ASME database'"”".

differences were found among experimental values and

No significant

theoretical values. The fact that the temperature of
water in HP vessel remained same during pressure-
holding period and returned to the initial value after
depressurization  illustrated that the experimental
transfer cylinder had great heat insulation effect.
1.3.2 Temperature change determination of materials
under high pressure

The material samples were put in packing bags to

ensure that the thermocouple located in center of the

samples. The packing bag was sealed by thevacuum
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Fig.4 Temperature-time and pressure-time profiles of water

at an initial temperature of 19. 8°C and set pressure of

200 MPa during adiabatic compression experimental cycle
packaging machine. The insulated chamber was filled
with the same sample as the pressure medium to avoid
temperature gradient caused from different compression
heating characteristics of sample and pressure medium
which would affect the results.

Prior to experiments, the packing bag filled with
sample to be tested, the same sample as pressure
medium and the insulated chamber were equilibrated in
a water bath to the same initial temperature (7T, +
0.5)°C. And the temperature was monitored by the
thermocouple in the packing bag during the
pretreatment. When the initial temperature condition
was met, the samples as pressure medium and the

filled with

insulated

sealed packing bags samples  were

transferred to the chamber, and then
tightened the end cover to seal it. The thermocouple
within the insulated chamber was connected with
thermocouple wire of temperature detection system.
Finally, the insulated chamber was loaded inside the
HP vessel for high pressure treatment. The pressure-
holding time was set to 30 s. The temperature of
samples was measured by thermocouple, the pressure
of system was measured by pressure sensor, and the
data were collected real-time by data logger and
computer during the entire experiment ( once per
second) .

The experiments were carried out at pressure of 100,
200,300,400 MPa and initial temperature of 15,25,
35,45°C. All the experiments were repeated three
times, and the results were represented in the form of
mean value + standard deviation.

1.3.3 Evaluation of adiabatic compression heating
values of materials under high pressure

The test material samples actually experienced two

reversible processes of adiabatic compression heating

and adiabatic decompression cooling during HPP. The
temperature change of decompression stage was used
for compression heating value. The reason for this is
that the HPP equipment had a relatively slower rate of
pressurization which would cause heat exchange
between the materials and external environment and
affect the accuracy of results, while the decompression
was faster (less than 5 s) and the heat loss could be
ignored. The adiabatic compression heating values of
test samples were evaluated using the following
formula.

5100 A7 2100 T = To <9 Te =T (1)

Ap P =po P

where 6 is the adiabatic compression heating value of

sample under high pressure,C/ (100 MPa) ; T, is the

temperature of sample under high pressure, that is the

initial temperature of decompression,C; T, is the
temperature of sample under atmospheric pressure, that
is the final temperature after decompression,C; p is
the set pressure of treatment, MPa; p, is the

atmospheric pressure, 0. 1 MPa.

2 Results and discussion

2.1  Effect of pressure and food composition on
adiabatic compression heating value

The behavior of adiabatic compression heating of

material during HPP is a thermodynamic effect. It

Under

compression, the internal energy of system increased as

reflects the compressibility of material.
the material compressed quickly. It results in a rapid
The adiabatic
compression heating values of different materials under

different pressures (100, 200, 300, 400 MPa) are

shown in Tab. 1 (initial temperature was 25°C ).

rise in temperature of the material.

From Tab. 1, ethanol demonstrated the highest
adiabatic compression heating value among the test
materials at pressure of 100 MPa, up to (12.8 =
0.2)C/(100 MPa),
pressure. The 8 value of ethanol decreased to (9.0 +
0.1)C/(100 MPa) when the pressure increased to
400 MPa. Followed by high fat content materials of

decreasing with increasing

pork fat, colza oil and soybean oil, the & value of these
materials also shown a trend of decreasing with
increasing pressure. Among them, the effect of
pressure on the 6 value of pork fat was more noticeable

as it decreased from (10.7 =+ 0.2)°C/(100 MPa)



No. 3 Sun Wei, et al; Adiabatic Compression Heating Characteristics of Selected Food Materials during High Pressure Processing 5

Tab.1 Adiabatic compression heating values of selected
food materials at initial temperature of 25°C and
pressures from 100 MPa to 400 MPa

°C/ (100 MPa)

Pressure/MPa
Food materials
100 200 300 400
Orange juice 2.6+0.1 3.0+0.1 3.1+0.1 3.1+0.1
Honey 3.5+0.1 3.5+0.1 3.4x0.1 3.2x0.1
Whole milk 3.0+0.2 3.1+0.1 3.3x0.1 3.3x0.1
Semi-skimmed milk 2.8 +0.1 2.9+0.1 3.0x0.1 3.1x0.0
Skim milk 2.7+0.1 2.8+0.1 2.8+0.1 2.9=0.1
Yogurt 2.8+0.1 3.1+0.1 3.2x0.1 3.3x0.1
Soybean oil 10.2+0.2 9.7+0.2 8.9x0.1 8.2x0.1
Colza oil 10.6 0.4 9.5+0.1 9.3+0.5 8.2x0.1
Pork fat 10.7+0.2 9.8+0.1 8.6+0.1 7.3x0.1
Beef 3.2+0.1 3.2+0.1 3.2x0.1 3.6=x0.1
Chicken 3.0+0.1 3.2x0.1 3.2x0.1 3.3x0.1
Mashed potato 26+0.2 2.9+0.1 3.7+x0.2 4.0=+0.1
Ethanol 12.8+0.2 11.1+0.2 10.1 0.1 9.0=0.1

(100 MPa)to (7.3 + 0.1)°C/100 MPa (400 MPa).
It could be also got that the high fat content materials
had higher 6 values than that of other materials. The
reason is that the fat molecules are larger than water
molecule and they are polarity unlike water linked by
hydrogen bonds, hence the fat molecules are easier to
be compressed. The law we got from our study was
similar to that of PATAZCA et al'". and WANG et
al'”’. However, the & values in this study were higher
than that of them under same pressure and initial
temperature conditions. It may be related to the
differences of the composition of selected fatty foods,
the insulation devices, as well as the selection of
temperature ranges ( pressurization or de
pressurization ) for & values evaluation. At the
condition of 25°C , the & value of colza oil was a little
higher than that of soybean oil. It related to the
difference of fatty acids types they contained. It was

1'% the adiabatic compression heating

reported tha
values of unsaturated fatty acids were higher than that
of saturated fatty acids in fatty foods. This was
determined by the compressibility of the two kinds of
fatty acids. Composition of materials in this study is
presented in Tab.2™'. Tt can be found that the
unsaturated fatty acids content of colza oil (92.8% )
was higher than that of soybean oil (84% ), hence the

6 value of colza oil was higher than that of soybean oil.

But the phenomenon was not obvious at other initial
temperatures, since it may be related to the differences
of the types of unsaturated fatty acids they contained
(the polyunsaturated fatty acids content of soybean oil
was 59% ,
polyunsaturated fatty acids).

while the colza oil contained 28%

Tab.2 Composition of selected food materials %

Major components/ %

Monou- Polyu-

S _
Food atur nsatu- nsatur-
. . ated Carbo
materials Water  Protein rated ated
fatty hydrate
. fatty fatty
acids . .
acids acids
Orange juice 87.9 0.6 0 11.5
Honey 25.0 0 0 75.0

Whole milk 88.3 3.4 3.6 4.7

Semi-skimmed

89.8 3.6 1.8 4.8

milk

Skim milk 91.6 3.4 0 5.0

Yogurt 82.5 2.7 2.9 11.9

Soybean oil 0 0 16.0 25.0 59.0 0
Colza oil 0 0 7.2 64.8 28.0 0
Pork fat 9.0 2.4 88.6 0

Beef 76.3 20.2 2.3 1.2

Chicken 70.0 19.3 9.4 1.3

Mashed potato ~ 79. 8 2.0 0.2 16.5
Ethanol 0

At the condition of 25°C ,the & value of orange juice
was about 3. 0°C/ (100 MPa) , closing to that of water.
The reason is that orange juice is a material of high

(87.9%),

compression heating characteristics is similar to that of

water content hence its adiabatic

water. The 6 value of honey ( carbohydrate content was
75% ) was in the range of 3.2 ~3.5°C/(100 MPa).
BALASUBRAMANIAM et al. " reported that the &
value of carbohydrate at temperature of 25°C was 2.6 ~
3.6°C/ (100 MPa) , closing to that of water. The & value
of mashed potato was about 2.6 ~ 4.0°C/(100 MPa),
increasing with increasing pressure. It may be because
the compression ratio of potato is large under high
pressure. The & value of milk ( whole milk, semi-
skimmed milk and skim milk) didn’t vary significantly
with increasing pressure, but it increased with the
increase of fat content. From smallest to largest were
skim milk , semi-skimmed milk and whole milk. Tt also
illustrated that the materials with high fatty content is

easier to be compressed. The & value of yogurt
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presented a rising trend with increasing pressure,
which was a little different from that of milk. The
reason may be that some energy was consumed at low
pressure level to kill the microorganisms in yogurt,
increase amount of

with  the of pressure, the

microorganisms  decreasing, corresponding  energy
consumed for kill the microorganisms reducing, so as
the & value increasing. The & values of beef and
chicken varied in the range of 3.0°C/(100 MPa) to
3.3°C/(100 MPa) on the whole, closing to that of
water. This is because their water content is high.
However, these values were higher than orange juice
since beef and chicken contained rich protein except
water. Fig. 5 is the temperature-pressure profiles of
soybean oil and orange juice at initial temperature of
25°C and pressure of 200 MPa during HPP. From the
diagram, while the temperature of orange juice reached
its initial temperature value immediately after
pressurization, the cooling process of soybean oil was
relatively slower, taking a long time (about 60 s) to
reach steady state. It was a phenomenon of temperature
delay. RASANAYAGAM''' also reported the same
phenomenon of temperature delay in fatty foods during
HPP. Though the thermocouple used could have
contributed some delays to experimental results since
its response needed a certain time, the response time
of K-type thermocouple used in this study was only
hundreds milliseconds, and there were no significant
phenomena of temperature delays in experiment results
of other materials such as orange juice. So it could be
ignored the effect of measuring time. This phenomenon
should have a great relationship with composition of
materials. Further researches on the effect of molecular

structure on adiabatic compression heating are needed.
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Fig.5 Temperature-pressure profiles of soybean oil and
orange juice at initial temperature of 25°C and set pressure

of 200 MPa during high-pressure processing

2.2 Effect of initial temperature on adiabatic
compression heating value

Initial temperature is one of important factors that

affect the adiabatic compression heating of materials

during HPP. Effect of initial temperature on adiabatic

compression heating of materials at

200 MPa was shown in Fig. 6.
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Fig.6  Effect of initial temperature on adiabatic compression

heating of food materials at 200 MPa

From the diagram, the & values of soybean oil at
different initial temperatures ( 15 ~ 459C) almost
remained same. The results of colza oil were similar to
soybean oil. It illustrated that the & values of fatty
foods almost remained same with increasing initial
PATAZCA et al.'" researched the
different

temperature.

variation of vegetable oil at initial
temperatures (1 ~709C ) and found that the effect of
initial temperature on & values of vegetable oil was very
small. The & values of honey increased with increasing

from 3.4°C/( 100 MPa ) to
3.9°C/ (100 MPa) with initial temperature increasing

initial temperature ,

from 15°C to 45°C. It is because with the increase of
initial temperature, the distance between materials
molecules increased, resulting in easier to be
compressed under high pressure. The more work was
needed to compress molecules, the more internal
energy transferred to, which shown increasing & value.
The results of orange juice were similar to honey. The
0 values of orange juice were close to that of water
since its major components are carbohydrate and water.
The 6 values of beef and chicken were almost the same
and increased with increasing initial temperature. The
reason was that the major component of beef and
chicken was protein with & value being similar to that of
water. With increase of initial temperature, the spatial
structure of protein becomes unstable and easier to be
compressed, resulting in higher compression ratio

under high pressure. More work was needed to
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compress protein molecules, and more internal energy

transferred to, so the 6 value increased.

2.3 Prediction model of adiabatic compression
heating value based on pressure and initial
temperature

The insulated chamber used for this study can be
approximately considered as an enclosed system with a
piston pressurizing materials in the system. The energy
balance equation of system can be obtained from the
first law of thermodynamics

Q= W+AU (2)

where () is the heat of system absorbing or releasing; W

is the work of system; AU is the variation of system’s

internal energy.

The experiment could be approximately considered
as an insulation process. The thermal energy @ =0.
The internal energy of system increased resulting from
the work of system. Thatis —W = AU. The external
performance of internal energy increase is the
temperature rise of material.

Some scholars deduced a formula for evaluating the
reversible temperature variation of material under the
condition of adiabatic based on the first law of
[14]

thermodynamics

dT T«
T« (3)
dp pC,

where T is the thermodynamic temperature, K; o is the
thermal expansion coefficient of material, K™'; p is the
density, kg/m’; C, is the specific heat at constant
pressure, J/(kg-K).

For different materials, their thermal expansion
coefficient, density and specific heat are different. For
a specific material, the values of «, p and C, are
functions of pressure p and temperature T', hence its &
value is also a function of pressure p and temperature
T. Eq. (3) can be expressed as

dT  Ta(p,T)
dp " p(p,1)C,(p,T)

Therefore, the 6 value of a specific material under

(4)

high pressure is mainly determined by treatment
pressure p and initial temperature 7.

In high pressure process, the final process
temperature of material is the sum of the initial
temperature and the adiabatic temperature increase. So
it is necessary to know the adiabatic compression
of materials at different initial

heating  values

temperatures and pressures in order to reach the
desired final process temperature. Establishing an
appropriate mathematical model would contribute to
predict the adiabatic compression heating values of
materials at different conditions.

In an attempt to describe the adiabatic compression
heating values of materials as a function of the initial

temperature and pressure, data for each tested material

was fitted to an empirical equation
i+j<n

6= 2 aijpiTé) (5)

1=0,/=0

where a; is the coefficients for material at a specific
initial temperature and pressure (i, j represent i times
of pressure p and j times of initial temperature T,
respectively) .

Eq. (5) was expanded to a third order model

S=ay +a,P +ayT, +a, PTy +a,P +ay,T: +

ay, P’ +ay Ty +a,PT; +a, P°T, (6)

The adiabatic compression heating values of orange
juice, honey, whole milk, semi-skimmed milk,
soybean oil, beef and ethanol at pressure of 100 ~
400 MPa and initial temperature of 15 ~ 45°C were
fitted to the above equation. The parameters in the
From Tab.3, the
regression coefficients fitted for those materials were

0.997, 0.987, 0.987, 0.989, 0.974, 0.985 and
0.987, respectively. It illustrated that the above

equation could be calculated.

equation could fit the adiabatic compression heating
values of those materials under the condition well since

the regression coefficients were high.
3 Conclusions

(1) The polyformaldehyde adiabatic pressure device
designed for this study has a good insulation effect.
The temperature of materials and the pressure could be
real-time monitored during HPP with adding K-type
thermocouple.

(2) The adiabatic compression heating values of
materials were mainly affected by composition of
materials, treatment pressure and initial temperature.
The 6 value of ethanol was the highest, followed by
fatty materials ( soybean oil, colza oil and pork fat).
The & values of protein materials ( beef, chicken) ,
carbohydrate materials (orange juice, honey) and milk
( whole milk, semi-skimmed milk and skim milk) were

close to that of water. The § values of ethanol and fatty
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Tab.3 Regression coefficients for food materials from equation

Parameters Orange juice Honey Whole milk  Semi-skimmed milk  Soybean oil Beef Ethanol
ag -1.753 3.334 -1.573 0.070 12. 406 1.726 10. 209
ay 0.019 0. 005 0. 007 0.011 -0.008 -0. 006 -0.044
ag, 0.229 -0.041 0. 366 0. 140 -0.080 0. 124 0. 366
ay -5.30x107*  1.45x107° -1.96x10"* -1.84x10"* 6.80x107* 1.74 x10~* 9.92x107*
ay -3.22x107° -2.43x107° -1.22x107° -2.60x1075 —-6.25x107>  2.08x107° 3.10 x10 73
ag -0. 004 0. 002 -0.010 -0.003 1.25x10~* -0.003 -0.006
ay 8.33x107° 2.92x10°% 8.33x107° 2.50x10 7% 9.58 x10 7% -1.25x107%  -4.17x107°
a3 3.33x10°° -2.08x1073 1.08 x107* 3.33x107° 2.92x107° 4,58 x107° 4.17 x107°
ap 1.50 x10 ¢ -2.50x10"7  1.00x10~° 5.00 x1077 ~1.18x107° -2.25x107® -1.68x107°
ay 7.00 x1077 -2.50x107%  2.00x10" 2.00x1077 1.25 x1077 -2.75x1077 1.75 x1077
Regression
coffiionts 0. 997 0. 987 0. 987 0. 989 0.974 0. 985 0. 987

materials were affected by pressure significantly,
decreasing with increasing pressure. The & values of
other materials were insensitive to pressure. The effect
of initial temperature on the & values of fatty materials
was not significant, while the 6 values of protein and
carbohydrate materials increased with increasing initial
temperature.

(3) A mathematical model was established for
predicting the adiabatic compression heating values of
based

temperature. It could be used for predicting rough

food materials on pressure and initial
adiabatic temperature changes of materials during
actual HPP, and taking advantage of compression
heating effects. This study has guiding significance for

the optimization of high pressure processing.
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Adiabatic Compression Heating Characteristics of Selected
Food Materials during High Pressure Processing

Sun Wei Li Jianping Du Jirui  Zhu Songming Yu Yong
(College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China)

Abstract; During high pressure processing ( HPP), the work of compression always causes the food
materials to undergo a reversible adiabatic temperature increase. This phenomenon results in non-uniform
temperature distribution during processing. The compression heating can also influence the inactivation of
bacteria, spore and enzyme. But knowledge in this filed is still very limited. In this study, adiabatic
compression heating characteristics of food materials during HPP was investigated using a specially
designed experimental setup. Selected liquid and solid food materials were studied at different pressure
levels (100 ~400 MPa) and different initial temperatures (15 ~45°C ). At 25%C initial temperature
ethanol had the highest § (adiabatic temperature increase up to 12. 8°C/( 100 MPa) ) of the samples
examined, and § value was decreased with increasing pressure. Compared to high water content foods
(2.6 ~4.0°C/ (100 MPa) ), fats and oils showed higher § values (7.3 ~10. 7°C /(100 MPa) ), which
were also decreased with increasing pressure. For high water content foods, § values was increased with
increasing initial temperature, but fats and oils had little or no effect of initial temperature. An empirical
equation was established to predict the adiabatic temperature increase value during HPP at different
pressure levels and different initial temperatures for food materials. The third-order polynomial was used
to fit the § values of orange juice, honey, whole milk, semi-skimmed milk, soybean oil, beef and
ethanol. The regression coefficients of these equations were all above 0.97. This study provides useful
information for the optimization of high pressure processing.

Key words: food material; thermal effect; high pressure processing; thermodynamics
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Fig.1 Schematic diagram of high pressure
processing apparatus
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Fig.3 Schematic diagram of sealed bags
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Fig.4 Temperature and pressure-time profiles of water at an
initial temperature of 19. 8°C and set pressure of 200 MPa

during adiabatic compression experimental cycle

1.3.2  WpRHE s T i A2 A i i g

B 18 DN MDRHEE i BT e 4R p PR IE AR A
TAE b rp ok P s A LA 2 B B P
TRV FlRE VR Ry A T A Jo, DA 3 B 1 e T Ak P
i v A2 T A BT RVRE ft RS T 199 1 246 T 4 1 A i
JEE A JEE T 2 ) 1 245

RIS TF R AT R AT T A f 1) 2 L e 4% A
Oy A T A TR FRD TR) b A ook R T 5 () 8 1 — 7 i
JEE T 7K T 0 R S o 2R AR P 1 A e £ X IR
AR AT M ), A G B U B ) B TR (T =
0.5C) o IKEN WAL HE W, R R O £ s A i A
R i AN AT R il 1 28 B0 S AR AR 28 4 VE i T A
3T B 1 R L B R 2 IV R P g B
1855 0 e AR A I AR G i O B M i . R
K 4 PV ] BT i T A M 9 A R o e b B R
I ) B2 30 s BN aed B R il (938 5 ATy AR
I, ARG8T g o T g A TR I A e e B R
BT RS R A (BERP— ) o

g AL B T 7 2 100,200,300 ,400 MPa., #]45
RN 15,25 .35 45C, ik E A 3 K, 450
PA“ P390 + AR 22" B Uk o
1.3.3  WrRHE M N 246 240 45 Tl (B A 35

BN Py R i A A ey L A B Y B A o A P S PR



%3 1

IV A R T n e R o e o A A TR R PR Y 203

IR T2 R A R 2 A R 2 ) ]
Mt o R A A6 SR P 170 7 o S 15 4 18 ok 3 A
X418 1 FE kL5 A A BB AN AT aRE A 2y kA R
B4, 5| LA it NS T AR Ak, DT 5 ) 3 56 25 SR 1)
YERR BE TR 28 I ) s SR BE PR (5 s DA, AT UK
X —R AL . PR, 56 v 2 SR R O A SR
o A R AR A AE R e DA S A S
o4 3 45 THRE T B A R
521007 100 r =10 1o Tr =T (1)
Ap P —Po p
X —FF B 7E M R R Y 4 3K 46 T IR
{E,°C /(100 MPa)
T,——F S 7E R FE R AR, B 4
B A LB, °C
T,—FEShAEH R T BT, B 45 95
A, °C
p —BE M AL FE K ), MPa
po— %, B 0. 1 MPa

2 HRESMW

2.1 EAFERLAR S X 4 E 48 TR B 5

P RHAE g s T e e A s A A T R A
J12F 8O0, LR W T kL B s A P o AE R T A
& YR bR T 4 S R SN RE RSN, 25 R
TR L B PR b Tk o A TR W REAE A [R] s g (100,
200,300,400 MPa) |~ ) 4 4 I 4 TR EL AN 2R 1 F i
(RIHIEIE 25°C) ¢
®1 MBERRENTHEREREARE(MHEE 25C)

Tab.1 Adiabatic compression heating values of selected

p =

food materials at initial temperature of 25°C and

pressures of 100 ~400 MPa °C /(100 MPa)

Bkt JE F1/MPa
100 200 300 400
it 2.6+0.1 3.0£0.1 3.120.1 3.1x0.1
%% 3.5+0.1 3.5%0.1 3.420.1 3.2x0.1
4 1% A1 3.0£0.2  3.1£0.1 3.3x0.1 3.3£0.1
RS, 2.8+0.1  2.9+0.1 3.0+0.1 3.120.0
i H 2 495 2.7+0.1 2.820.1 2.8+0.1 2.9x0.1
1R 45 2.820.1 3.1£0.1 3.2+0.1 3.3x0.1
PR 10.2+£0.2 9.7+0.2 8.9x0.1 8.2=0.1
ST 10.6 £0.4 9.5+0.1 9.30.5 8.2=0.1
e A 10.7+0.2 9.8+0.1 8.6+0.1 7.3x0.1
A 3.2+0.1 3.2£0.1 3.220.1 3.6x0.1
X 7 3.0£0.1  3.2£0.1 3.2+0.1 3.3x0.1
+ G IR 2.6+0.2 2.920.1 3.7%0.2 4.0x0.1
2 12.80.2 11.1+0.2 10.1+0.1 9.0 0.1

HI % 1l L, AR B BF 58 B0 R R, £ B A
100 MPa [ 31 B 268 8 s 45 T il B fie K, SR 3 (12,8 =

0.2)°C/(100 MPa) , 3f: fifi % F& 7 9 K1 9 /N, 24
JE 714 2 400 MPa B, Hoos B0 45 TH R B B IRE
(9.020.1)C/(100 MPa) . U & 5% BE . 28 FF
TH R X LR = I D i B R BT 4 I
45 TR A 2R 30 Bl R T A 3 R e/ ) R
b F Xt A DAY 4 2 R 45 TR 1 P 5 T HE AR
B M (10.7 £0.2)°C /(100 MPa) (100 MPa Bt} )
WW/NE (7.3 £0.1)°C/(100 MPa) (400 MPa I})
M R LA B W 3 s A v ek, HL s 3R R 40
T B S Il 28 kL, 2 R OR g W 4y T A
XK I HAR AR [, AR F k4 T =2 16 A 2
MHE, NMEREZ W Ed . RS MRS
PATAZCA %5 "R E AR HE 45 W BF 58 2K L. T 18
) FE 7 R0 4R 1 B 4% 1R 1 00 75 s 4K 45 TH IR AR
AR I 45 L b i 25 R R X AT AR S I
Jig I 25 1 it AL B 43 R B A 3R R DL R i B B
e BCAG R J3E A8 AL IX 6] (3 1R o 81 )R ) AN RA Ko 7E
25C AT, SFF T A 46 B0 s 48 THIR B = TR 2
WX 5 e & R R ) R BIAFA &, A STk
A LR T 2 R R R B T R 1 4 B TR
45 THIR A EC AR FR 7 R %) 266 35O 48 THILE &, X 2
9 245 N8 I3 TR 1 S 4k e 4 o T AR 8 1) 0 4 2L
AN FE 2 iR R T RL SR A S A
I I R 5 4 (92. 8% ) KT R T (84% ) , IH i &
e B0 45 THIR A R T T Y 28 A 45 FHIRAE . (H
EHEVREREFE T X — SRR AR, X
BES BN & ARG I BR 0 28 A 56, K=
{1 22 7S 4 RS 5 1R 2 ik Ry 59 % T S KT 3 1 22 S 1
G TR & 5 28%

K2 MBHNARMS

Tab.2 Composition of selected food materials %

EER
ok WA SRR AR Bk
L R
W IEWE R A%
it 879 0.6 0 1.5
e 25.0 0 0 75.0

B 88.3 3.4 3.6 4.7
L4, 89.8 3.6 1.8 4.8

Bilg 445 91.6 3.4 0 5.0

1 1% 82.5 2.7 2.9 11.9

K 0 0 16.0 25.0 59.0 0
ST 0 0 7.2 64.8 28.0 0
i 9.0 2.4 88.6 0

4y 76.3 20.2 2.3 1.2

X P 70.0 19.3 9.4 1.3

+ 5 79.8 2.0 0.2 16.5

i 0
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Fig.5 Temperature-pressure profiles of soybean oil and
orange juice at initial temperature of 25°C and set

pressure of 200 MPa during high pressure processing
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Fig.6  Effect of initial temperature on adiabatic

compression heating of food materials at 200 MPa
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Tab.3 Regression coefficients for food materials from equation
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