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Adiabatic Compression Heating Characteristics of Selected
Food Materials during High Pressure Processing

Sun Wei摇 Li Jianping摇 Du Jirui摇 Zhu Songming摇 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鄄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益). At 25益 initial temperature, ethanol had
the highest 啄 ( adiabatic temperature increase up to 12郾 8益 / (100 MPa)) of the samples examined, and 啄 value was
decreased with increasing pressure. Compared to high water content foods(2郾 6 ~ 4郾 0益 / (100 MPa)), fats and oils showed
higher 啄 values (7郾 3 ~ 10郾 7益 / (100 MPa)), which were also decreased with increasing pressure. For high water content
foods, 啄 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鄄order polynomial was used to fit the
啄 values of orange juice, honey, whole milk, semi鄄skimmed milk, soybean oil, beef and ethanol. The regression
coefficients of these equations were all above 0郾 97. This study provides useful information for the optimization of high
pressure processing.
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0摇 Introduction

摇 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[1 - 4] . 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鄄acid foods are highly resistant to high pressure (up
to 1 000 MPa) at normal temperature during HPP. But

increasing processing temperature appropriately can
play a good role in killing these microorganisms[5 - 8] .
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
high pressure process[9] . It can effectively improve the
HPP results by reasonable utilizing the adiabatic
compression heating characteristics of materials.
摇 In recent years, scholars at home and abroad have
made some studies on the compression heating
characteristics of different materials and pressure
transmission medium under high pressure.
RASANAYAGAM et al. [10] studied the adiabatic
compression heating values of fats, vegetable oils,
etc. , and found that the compression heating values of
fatty materials were higher than that of water and the



initial temperature also affects the compression heating
values. PATAZCA et al. [11] studied the adiabatic
compression heating values of some food materials such
as cream cheese, avocado under different pressures
and initial temperatures. They also established
prediction model of the adiabatic compression heating
values of the materials based on pressure and initial
temperature. BUZRUL et al. [12] and KNOERZER et
al. [13 - 14] 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. [15 - 16] studied the temperature increase under high
pressure at the condition of simulated small heat loss
and established prediction model.
摇 At present, the function of domestic high pressure
equipment is not perfect. The lack of effectively
working temperature detection and control devices
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鄄made
polyformaldehyde adiabatic pressure devices, to detect
the temperature and pressure in high pressure chamber
real鄄time, and to study the adiabatic compression
heating characteristics of variety of materials under
different pressure and temperature.

1摇 Materials and methods

1郾 1摇 Materials
摇 Absolute ethanol ( analytical grade, Sinopharm
Chemical Reagent Co. , Ltd), orange juice, honey,
milk(whole milk,semi鄄skimmed milk and skim milk),
yogurt, soybean oil,colza oil,pork fats,beef,chicken
and potato were purchased from local Wal鄄Mart
supermarket, polytetrafluoroethylene packing bags.
The liquid materials didn蒺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益 .
1郾 2摇 Main instruments and equipments
摇 Main experimental instruments included K鄄type
thermocouples ( Omega Engineering, Stamford,
USA), a data logger (34970A, Agilent Technologies

Inc. , USA), a circulation thermostat (Henan Brothers
Instrument Equipment Co. , Ltd. , China), a vacuum
packaging machine ( Shanghai Yute Packaging
Machinery Manufacturing Co. , Ltd. , China), a water
bath ( Jiaxing Zhongxin Medical Instrument Co. ,
Ltd. , China ) and a induction cooker ( Shanghai
Pentium Enterprise Co. , Ltd. , China).
摇 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益 . 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鄄type thermocouples. The
online pressure and temperature data were collected by
the data logger and recorded in computer.

Fig. 1摇 Schematic diagram of high鄄pressure
processing apparatus

1. HP medium reservoir摇 2. Circulation thermostat 摇 3. Insulations摇
4. HP plug摇 5. HP vessel摇 6. Insulated chamber摇 7. Thermocouple摇
8. HP transducer 摇 9. Data logger 摇 10. Computer 摇 11. HP pump 摇
12. Release valve
摇

摇 A self鄄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郾 23 W / (m·K), meets the requirements of the
experiment for the heat preservation ). 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鄄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.

Fig. 2摇 Schematic diagram of insulated chamber
1. Seal fitting摇 2. End cover摇 3. Chamber摇 4. Thermocouple
5. Piston摇 6. Rubber ring摇 7. Filler摇 8. Lock nut

摇

摇 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
nut to compress filler, and thus sealed the
thermocouple. The seal joint was connected and sealed
with bolt by thread connection. The
polytetrafluoroethylene packing bag was 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郾 3摇 Experimental methods
1郾 3郾 1 摇 Adiabatic compression heating experiment of

water under high pressure
摇 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摇 Schematic diagram of sealed bags
1. Thermocouple seal joint 摇 2. Bolt 摇 3. Washer 摇 4. Gland nut 摇
5. Thermocouple摇 6. Polytetrafluoroethylene packing bag摇 7. Insulated
chamber
摇

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鄄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益 . The temperature of the sample water reached
25郾 4益 under the pressure of 200 MPa. The
temperature of the medium water in HP vessel rose
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鄄
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[17] . No significant
differences were found among experimental values and
theoretical values. The fact that the temperature of
water in HP vessel remained same during pressure鄄
holding period and returned to the initial value after
depressurization illustrated that the experimental
transfer cylinder had great heat insulation effect.
1. 3. 2摇 Temperature change determination of materials

under high pressure
摇 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摇 Temperature鄄time and pressure鄄time profiles of water
at an initial temperature of 19郾 8益 and set pressure of

200 MPa during adiabatic compression experimental cycle
摇

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.
摇 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 ( T0 依
0郾 5)益 . 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
sealed packing bags filled with samples were
transferred to the insulated 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鄄
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鄄time by data logger and
computer during the entire experiment ( once per
second).
摇 The experiments were carried out at pressure of 100,
200,300,400 MPa and initial temperature of 15,25,
35, 45益 . All the experiments were repeated three
times, and the results were represented in the form of
mean value 依 standard deviation.
1. 3. 3 摇 Evaluation of adiabatic compression heating

values of materials under high pressure
摇 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.

啄 = 100 驻T
驻p = 100

TP - T0

p - p0
艿100

TP - T0

p (1)

where 啄 is the adiabatic compression heating value of
sample under high pressure,益 / (100 MPa); TP is the
temperature of sample under high pressure, that is the
initial temperature of decompression,益; T0 is the
temperature of sample under atmospheric pressure, that
is the final temperature after decompression,益; p is
the set pressure of treatment, MPa; p0 is the
atmospheric pressure, 0郾 1 MPa.

2摇 Results and discussion

2郾 1 摇 Effect of pressure and food composition on
adiabatic compression heating value

摇 The behavior of adiabatic compression heating of
material during HPP is a thermodynamic effect. It
reflects the compressibility of material. Under
compression, the internal energy of system increased as
the material compressed quickly. It results in a rapid
rise in temperature of the material. 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益).

From Tab. 1, ethanol demonstrated the highest
adiabatic compression heating value among the test
materials at pressure of 100 MPa, up to ( 12郾 8 依
0郾 2 )益 / ( 100 MPa ), decreasing with increasing
pressure. The 啄 value of ethanol decreased to (9郾 0 依
0郾 1)益 / (100 MPa) when the pressure increased to
400 MPa. Followed by high fat content materials of
pork fat, colza oil and soybean oil, the 啄 value of these
materials also shown a trend of decreasing with
increasing pressure. Among them, the effect of
pressure on the 啄 value of pork fat was more noticeable
as it decreased from (10郾 7 依 0郾 2)益 / (100 MPa)
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摇 摇Tab. 1摇 Adiabatic compression heating values of selected
food materials at initial temperature of 25益 and

pressures from 100 MPa to 400 MPa
益 / (100 MPa)

Food materials
Pressure / MPa

100 200 300 400

Orange juice 2郾 6 依 0郾 1 3郾 0 依 0郾 1 3郾 1 依 0郾 1 3郾 1 依 0郾 1

Honey 3郾 5 依 0郾 1 3郾 5 依 0郾 1 3郾 4 依 0郾 1 3郾 2 依 0郾 1

Whole milk 3郾 0 依 0郾 2 3郾 1 依 0郾 1 3郾 3 依 0郾 1 3郾 3 依 0郾 1

Semi鄄skimmed milk 2郾 8 依 0郾 1 2郾 9 依 0郾 1 3郾 0 依 0郾 1 3郾 1 依 0郾 0

Skim milk 2郾 7 依 0郾 1 2郾 8 依 0郾 1 2郾 8 依 0郾 1 2郾 9 依 0郾 1

Yogurt 2郾 8 依 0郾 1 3郾 1 依 0郾 1 3郾 2 依 0郾 1 3郾 3 依 0郾 1

Soybean oil 10郾 2 依 0郾 2 9郾 7 依 0郾 2 8郾 9 依 0郾 1 8郾 2 依 0郾 1

Colza oil 10郾 6 依 0郾 4 9郾 5 依 0郾 1 9郾 3 依 0郾 5 8郾 2 依 0郾 1

Pork fat 10郾 7 依 0郾 2 9郾 8 依 0郾 1 8郾 6 依 0郾 1 7郾 3 依 0郾 1

Beef 3郾 2 依 0郾 1 3郾 2 依 0郾 1 3郾 2 依 0郾 1 3郾 6 依 0郾 1

Chicken 3郾 0 依 0郾 1 3郾 2 依 0郾 1 3郾 2 依 0郾 1 3郾 3 依 0郾 1

Mashed potato 2郾 6 依 0郾 2 2郾 9 依 0郾 1 3郾 7 依 0郾 2 4郾 0 依 0郾 1

Ethanol 12郾 8 依 0郾 2 11郾 1 依 0郾 2 10郾 1 依 0郾 1 9郾 0 依 0郾 1

(100 MPa)to (7郾 3 依 0郾 1)益 / 100 MPa(400 MPa).
It could be also got that the high fat content materials
had higher 啄 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[11] . and WANG et
al[15] . However, the 啄 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 啄 values evaluation. At the
condition of 25益,the 啄 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
reported that[10] the adiabatic compression heating
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[18] . It can be found that the
unsaturated fatty acids content of colza oil (92郾 8% )
was higher than that of soybean oil (84% ), hence the
啄 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% , while the colza oil contained 28%
polyunsaturated fatty acids).

Tab. 2摇 Composition of selected food materials %

Food
materials

Major components / %

Water Protein

Satur鄄
ated
fatty
acids

Monou鄄
nsatu鄄
rated
fatty
acids

Polyu鄄
nsatur鄄
ated
fatty
acids

Carbo
hydrate

Orange juice 87郾 9 0郾 6 0 11郾 5

Honey 25郾 0 0 0 75郾 0

Whole milk 88郾 3 3郾 4 3郾 6 4郾 7

Semi鄄skimmed
milk

89郾 8 3郾 6 1郾 8 4郾 8

Skim milk 91郾 6 3郾 4 0 5郾 0

Yogurt 82郾 5 2郾 7 2郾 9 11郾 9

Soybean oil 0 0 16郾 0 25郾 0 59郾 0 0

Colza oil 0 0 7郾 2 64郾 8 28郾 0 0

Pork fat 9郾 0 2郾 4 88郾 6 0

Beef 76郾 3 20郾 2 2郾 3 1郾 2

Chicken 70郾 0 19郾 3 9郾 4 1郾 3

Mashed potato 79郾 8 2郾 0 0郾 2 16郾 5

Ethanol 0

摇 At the condition of 25益,the 啄 value of orange juice
was about 3郾 0益 / (100 MPa), closing to that of water郾
The reason is that orange juice is a material of high
water content ( 87郾 9% ), hence its adiabatic
compression heating characteristics is similar to that of
water. The 啄 value of honey (carbohydrate content was
75% ) was in the range of 3郾 2 ~ 3郾 5益 / (100 MPa).
BALASUBRAMANIAM et al. [9] reported that the 啄
value of carbohydrate at temperature of 25益 was 2郾 6 ~
3郾 6益 / (100 MPa), closing to that of water. The 啄 value
of mashed potato was about 2郾 6 ~ 4郾 0益 / (100 MPa),
increasing with increasing pressure. It may be because
the compression ratio of potato is large under high
pressure. The 啄 value of milk ( whole milk, semi鄄
skimmed milk and skim milk) didn爷t vary significantly
with increasing pressure, but it increased with the
increase of fat content. From smallest to largest were
skim milk, semi鄄skimmed milk and whole milk. It also
illustrated that the materials with high fatty content is
easier to be compressed. The 啄 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,
with the increase of pressure, the amount of
microorganisms decreasing, corresponding energy
consumed for kill the microorganisms reducing, so as
the 啄 value increasing. The 啄 values of beef and
chicken varied in the range of 3郾 0益 / (100 MPa) to
3郾 3益 / (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鄄pressure profiles of
soybean oil and orange juice at initial temperature of
25益 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[10] 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鄄type thermocouple used in this study was only

Fig. 5摇 Temperature鄄pressure profiles of soybean oil and
orange juice at initial temperature of 25益 and set pressure

of 200 MPa during high鄄pressure processing

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.

2郾 2 摇 Effect of initial temperature on adiabatic
compression heating value

摇 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 pressure of
200 MPa was shown in Fig. 6.

Fig. 6摇 Effect of initial temperature on adiabatic compression
heating of food materials at 200 MPa

摇
摇 From the diagram, the 啄 values of soybean oil at
different initial temperatures ( 15 ~ 45益) almost
remained same. The results of colza oil were similar to
soybean oil. It illustrated that the 啄 values of fatty
foods almost remained same with increasing initial
temperature. PATAZCA et al. [10] researched the
variation of vegetable oil at different initial
temperatures (1 ~ 70益) and found that the effect of
initial temperature on 啄 values of vegetable oil was very
small. The 啄 values of honey increased with increasing
initial temperature, from 3郾 4益 / ( 100 MPa ) to
3郾 9益 / (100 MPa) with initial temperature increasing
from 15益 to 45益 . 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 啄 value.
The results of orange juice were similar to honey. The
啄 values of orange juice were close to that of water
since its major components are carbohydrate and water.
The 啄 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 啄 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 啄 value increased.
2郾 3 摇 Prediction model of adiabatic compression

heating value based on pressure and initial
temperature

摇 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 + 驻U (2)
where Q is the heat of system absorbing or releasing; W
is the work of system; 驻U is the variation of system爷s
internal energy.
摇 The experiment could be approximately considered
as an insulation process. The thermal energy Q = 0.
The internal energy of system increased resulting from
the work of system. That is -W = 驻U. The external
performance of internal energy increase is the
temperature rise of material.
摇 Some scholars deduced a formula for evaluating the
reversible temperature variation of material under the
condition of adiabatic based on the first law of
thermodynamics[14]

dT
dp = T琢

籽Cp
(3)

where T is the thermodynamic temperature, K; 琢 is the
thermal expansion coefficient of material, K - 1; 籽 is the
density, kg / m3; Cp is the specific heat at constant
pressure, J / (kg·K).
摇 For different materials, their thermal expansion
coefficient, density and specific heat are different. For
a specific material, the values of 琢, 籽 and Cp are
functions of pressure p and temperature T, hence its 啄
value is also a function of pressure p and temperature
T. Eq. (3) can be expressed as

dT
dp = T琢(p,T)

籽(p,T)Cp(p,T)
(4)

摇 Therefore, the 啄 value of a specific material under
high pressure is mainly determined by treatment
pressure p and initial temperature T0 .
摇 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
heating values of materials at different initial

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.
摇 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

啄 = 移
i +j臆n

i = 0,j = 0
aijpiT j

0 (5)

where aij 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 T0,
respectively).
摇 Eq. (5) was expanded to a third order model

啄 = a00 + a10P + a01T0 + a11PT0 + a20P2 + a02T2
0 +

a30P3 + a03T3
0 + a12PT2

0 + a21P2T0 (6)
摇 The adiabatic compression heating values of orange
juice, honey, whole milk, semi鄄skimmed milk,
soybean oil, beef and ethanol at pressure of 100 ~
400 MPa and initial temperature of 15 ~ 45益 were
fitted to the above equation. The parameters in the
equation could be calculated. From Tab. 3, the
regression coefficients fitted for those materials were
0郾 997, 0郾 987, 0郾 987, 0郾 989, 0郾 974, 0郾 985 and
0郾 987, respectively. It illustrated that the above
equation could fit the adiabatic compression heating
values of those materials under the condition well since
the regression coefficients were high.

3摇 Conclusions

摇 (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鄄time monitored during HPP with adding K鄄type
thermocouple.
摇 ( 2 ) The adiabatic compression heating values of
materials were mainly affected by composition of
materials, treatment pressure and initial temperature.
The 啄 value of ethanol was the highest, followed by
fatty materials ( soybean oil, colza oil and pork fat) .
The 啄 values of protein materials ( beef, chicken),
carbohydrate materials (orange juice, honey) and milk
(whole milk, semi鄄skimmed milk and skim milk) were
close to that of water. The 啄 values of ethanol and fatty
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摇 摇 摇 Tab. 3摇 Regression coefficients for food materials from equation

Parameters Orange juice Honey Whole milk Semi鄄skimmed milk Soybean oil Beef Ethanol
a00 - 1郾 753 3郾 334 - 1郾 573 0郾 070 12郾 406 1郾 726 10郾 209
a10 0郾 019 0郾 005 0郾 007 0郾 011 - 0郾 008 - 0郾 006 - 0郾 044
a01 0郾 229 - 0郾 041 0郾 366 0郾 140 - 0郾 080 0郾 124 0郾 366
a11 - 5郾 30 伊 10 - 4 1郾 45 伊 10 - 5 - 1郾 96 伊 10 - 4 - 1郾 84 伊 10 - 4 6郾 80 伊 10 - 4 1郾 74 伊 10 - 4 9郾 92 伊 10 - 4

a20 - 3郾 22 伊 10 - 5 - 2郾 43 伊 10 - 5 - 1郾 22 伊 10 - 5 - 2郾 60 伊 10 - 5 - 6郾 25 伊 10 - 5 2郾 08 伊 10 - 5 3郾 10 伊 10 - 5

a02 - 0郾 004 0郾 002 - 0郾 010 - 0郾 003 1郾 25 伊 10 - 4 - 0郾 003 - 0郾 006
a30 8郾 33 伊 10 - 9 2郾 92 伊 10 - 8 8郾 33 伊 10 - 9 2郾 50 伊 10 - 8 9郾 58 伊 10 - 8 - 1郾 25 伊 10 - 8 - 4郾 17 伊 10 - 9

a03 3郾 33 伊 10 - 5 - 2郾 08 伊 10 - 5 1郾 08 伊 10 - 4 3郾 33 伊 10 - 5 2郾 92 伊 10 - 5 4郾 58 伊 10 - 5 4郾 17 伊 10 - 6

a12 1郾 50 伊 10 - 6 - 2郾 50 伊 10 - 7 1郾 00 伊 10 - 6 5郾 00 伊 10 - 7 - 1郾 18 伊 10 - 5 - 2郾 25 伊 10 - 6 - 1郾 68 伊 10 - 5

a21 7郾 00 伊 10 - 7 - 2郾 50 伊 10 - 8 2郾 00 伊 10 - 7 2郾 00 伊 10 - 7 1郾 25 伊 10 - 7 - 2郾 75 伊 10 - 7 1郾 75 伊 10 - 7

Regression
coefficients

0郾 997 0郾 987 0郾 987 0郾 989 0郾 974 0郾 985 0郾 987

materials were affected by pressure significantly,
decreasing with increasing pressure. The 啄 values of
other materials were insensitive to pressure. The effect
of initial temperature on the 啄 values of fatty materials
was not significant, while the 啄 values of protein and
carbohydrate materials increased with increasing initial
temperature.
摇 ( 3 ) A mathematical model was established for
predicting the adiabatic compression heating values of
food materials based on pressure and initial
temperature. It could be used for predicting rough
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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超高压加工过程食品物料绝热压缩升温特性研究
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摘要：为了掌握物料的绝热压缩升温特性，以便在超高压加工过程中合理利用绝热压缩升温效应，优化超高压加工

工艺，通过特别设计的超高压下绝热压缩试验装置，测定了多种物料在不同压力（１００～４００ＭＰａ）和初始温度（１５～

４５℃）条件下的绝热压缩升温值。结果表明：在初始温度２５℃时，乙醇的绝热压缩升温值最大（１２８℃／（１００ＭＰａ）），且随

压力的增大而减小，脂肪类物料的绝热压缩升温值（７３～１０７℃／（１００ＭＰａ））较其他高含水率物料的（２６～

４０℃／（１００ＭＰａ））要高，且随压力的增大而减小；高含水率物料的绝热压缩升温值随初始温度的升高表现出增大

的趋势，而脂肪类物料的变化则不明显；建立了基于压力和初始温度的物料绝热压缩升温值的预测模型，对多种物

料拟合得到的方程回归系数均在 ０９７以上。
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　　引言

超高压加工（Ｈｉｇｈｐｒｅｓｓｕｒｅｐｒｏｃｅｓｓｉｎｇ，ＨＰＰ）技
术是指将密封于弹性容器内的食品物料（农产品或

生物材料）置于水或其他流体作为传压介质的压力

系统中，经１００ＭＰａ以上压力处理，在常温或低温下
达到杀菌、抑酶和改善理化特性的一种新技术

［１－４］
。

在对物料进行超高压加工时，外界压力通过压缩物

料做功产生能量的转换，致使物料出现升温现象，即

物料的压缩升温（Ｃｏｍｐｒｅｓｓｉｏｎｈｅａｔｉｎｇ），如果物料与
外界没有热交换，则出现绝热压缩升温（Ａｄｉａｂａｔｉｃ
ｃｏｍｐｒｅｓｓｉｏｎｈｅａｔｉｎｇ），不同的物料具有不同的绝热
压缩升温特性。在超高压加工过程中，低酸性食品

中的细菌芽孢在常温下会对高压（达到 １０００ＭＰａ）
表现出较强的抗性，适当提高超高压处理温度可以

对这些微生物起到很好的杀灭作用
［５－８］

。此外，在

超高压处理过程中，物料、传压介质、高压容腔内壁

往往会因不同的压缩升温特性产生温度梯度，致使

温度分布不均匀，这会给超高压加工带来影响
［９］
。

合理利用物料的绝热压缩升温特性可以有效提高超

高压加工的效果。

近年来，国内外学者对超高压下不同物料和传

压介质的压缩升温特性进行了一定程度的研究。

ＲＡＳＡＮＡＹＡＧＡＭ等［１０］
对脂肪、植物油等的绝热压

缩升温值进行了研究，发现脂肪类物料的压缩升温

值要高于水，而初始温度也会对压缩升温值产生影

响。ＰＡＴＡＺＣＡ等［１１］
对奶酪、鳄梨等食品物料在不

同压力和初始温度条件下的绝热压缩升温值进行了

研究，并建立了物料的绝热压缩升温值关于压力和

初 始 温 度 的 预 测 模 型。 ＢＵＺＲＵＬ 等［１２］
和

ＫＮＯＥＲＺＥＲ等［１３－１４］
考虑到绝热装置和传压介质会

使超高压处理过程中温度分布不均匀，测试了不同绝

热材料和不同传压介质的绝热压缩升温值。国内学者

王标诗等
［１５－１６］

在模拟较小热损失条件下对超高压下

的食品升温值进行了研究并建立了预测模型。

目前国内的超高压设备功能不够完善，缺乏能

在超高压下有效工作的温度检测与调控设备，制约

了超高压加工过程中物料热特性的研究。本文通过

自制的聚甲醛绝热传压装置，在现有超高压设备上

加装测温及控温装置，实时检测高压腔内温度和压

力，研究多种物料在不同压力和温度下的绝热压缩

升温特性。

１　材料与方法

１１　材料
无水乙醇（分析纯，国药集团化学试剂有限公

司），橙汁、蜂蜜、牛奶（全脂、半脱脂和脱脂）、酸奶、

大豆油、菜籽油、猪肥肉、牛肉、鸡肉和土豆购于当地

沃尔玛超市，聚四氟乙烯包装袋。液体物料无需处

理，肉类经绞肉机绞碎，土豆经电磁炉煮熟后捣碎成

土豆泥，处理后样品存放在４℃冰箱内待用。
１２　主要仪器与设备

主要试验仪器有 Ｋ型热电偶（美国 Ｏｍｅｇａ
Ｓｔａｍｆｏｒｄ公司）；数 据 采 集 仪 （３４９７０Ａ 型，美 国
Ａｇｉｌｅｎｔ公司）；恒温循环器（河南兄弟仪器设备有限
公司）；真空包装机（上海余特包装机械制造有限公

司）；水浴锅（嘉兴市中新医疗仪器有限公司）；电磁

炉（上海奔腾企业有限公司）。

试验采用的超高压处理设备（ＨＰＰ）由包头科发
高压科技有限责任公司提供，并通过改造加装温度

检测和控制单元，如图 １所示。设备的最大工作压
力为６００ＭＰａ，有效处理容积为 ５Ｌ，有效工作温度
为４～８０℃，传压介质为纯净水。该设备的增压速
率约为 １１０ＭＰａ／ｍｉｎ，卸压速率为 ９０～１２０ＭＰａ／ｓ。
试验过程中，通过调节恒温循环器和智能温控仪的

温度设置使高压容腔与传压介质的温度达到需要的

初始值。试验样品和传压介质的温度通过 Ｋ型热
电偶测量。加工过程中的压力和温度数据通过数据

采集仪由计算机记录。

图 １　超高压试验装置示意图

Ｆｉｇ．１　Ｓｃｈｅｍａｔｉｃｄｉａｇｒａｍｏｆｈｉｇｈｐｒｅｓｓｕｒｅ

ｐｒｏｃｅｓｓｉｎｇａｐｐａｒａｔｕｓ
１．传压介质容器　２．恒温循环器　３．保温夹层　４．高压堵头　

５．高压腔　６．绝热套筒　７．热电偶　８．压力传感器　９．数据采

集仪　１０．计算机　１１．倍加器　１２．卸压阀
　

试验采用自制的绝热套筒（内径 ３５ｍｍ，外径
８０ｍｍ，高度 ２００ｍｍ），材料为聚甲醛（导热系数较
低，为０２３Ｗ／（ｍ·Ｋ），满足试验对于保温效果的要
求）。图２为绝热套筒的示意图。该装置主要由腔
体、端盖、活塞、密封接头、橡胶圈构成。端盖与密封

接头中央开有通孔（孔径 ３ｍｍ）以便安装热电偶。
根据试验要求，热电偶线的护套材料为聚四氟乙烯，

不易胶黏，故主要采用压紧密封。热电偶线从压帽

和填料中央穿过，拧紧压帽使填料不断压缩，从而夹
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紧热电偶线，实现热电偶线的密封。腔体底部的活

塞主要起到压力传递作用，活塞两侧面积相等，可以

实现等压传递，保证了在超高压加工过程中，腔体内

试样的压力与高压容腔的压力相等。

图 ２　绝热套筒结构示意图

Ｆｉｇ．２　Ｓｃｈｅｍａｔｉｃｄｉａｇｒａｍｏｆｉｎｓｕｌａｔｅｄｃｈａｍｂｅｒ
１．密封接头　２．端盖　３．腔体　４．热电偶　５．活塞　６．橡胶圈

７．填料　８．压帽
　

样品密封包装袋位于绝热套筒中央，其结构如

图３所示。热电偶密封接头与绝热套筒的密封接头
原理类似，也是通过拧紧压帽来挤压填料，从而实现

热电偶的密封。密封接头通过螺纹连接形式与螺栓

连接并密封。包装袋（聚四氟乙烯）位于上下垫片

之间，通过压紧螺母增大上下垫片的压力，缩小垫片

与包装袋的间隙，实现包装袋的密封。安装密封接

头时，调整热电偶的位置使之位于包装袋中心。

图 ３　密封包装示意图

Ｆｉｇ．３　Ｓｃｈｅｍａｔｉｃｄｉａｇｒａｍｏｆｓｅａｌｅｄｂａｇｓ
１．热电偶密封接头　２．螺栓　３．垫片　４．压紧螺母　５．热电偶

６．聚四氟乙烯包装袋　７．绝热套筒
　
１３　试验方法
１３１　水在超高压下绝热压缩升温试验

为了检验本试验装置的有效性，用水作为校准

试样，因为在本研究使用的压力和温度范围内，水的

属性是已知的，而且水是大多数物料的主要成分。

将水作为处理样品置于绝热套筒中在超高压下处

理，通过数据采集仪实时采集压力和温度数据（每

秒一次）。图４所示为本试验条件下的结果。高压
容腔、传压介质和样品预处理使其温度达到 ２０℃，
处理 压 力 为 ２００ＭＰａ时，样 品 水 的 温 度 达 到

２５４℃。高压腔内作为传压介质的水的温度略有上
升，但因与外界存在热交换，其温度上升值低于绝热

套筒中的水。保压过程中，样品的温度基本不变，而

腔内水温则持续下降。卸压时，样品水温和腔内水

温都迅速下降，样品水温降至初始温度水平。将水

的绝热压缩升温试验值与 ＮＩＳＴ／ＡＳＭＥ数据库［１７］
给

出的值对比，试验值与理论值之间没有显著差异。

保压阶段绝热套筒内的水温基本保持不变，卸压时

恢复到初始温度水平，说明本试验采用的传压套筒

有着良好的绝热效果。

图 ４　水在超高压下绝热压缩升温试验的温度 时间和

压力 时间曲线（初始温度 １９８℃，压力 ２００ＭＰａ）

Ｆｉｇ．４　Ｔｅｍｐｅｒａｔｕｒｅａｎｄｐｒｅｓｓｕｒｅｔｉｍｅｐｒｏｆｉｌｅｓｏｆｗａｔｅｒａｔａｎ

ｉｎｉｔｉａｌｔｅｍｐｅｒａｔｕｒｅｏｆ１９８℃ ａｎｄｓｅｔｐｒｅｓｓｕｒｅｏｆ２００ＭＰａ

ｄｕｒｉｎｇａｄｉａｂａｔｉｃｃｏｍｐｒｅｓｓｉｏｎｅｘｐｅｒｉｍｅｎｔａｌｃｙｃｌｅ
　
１３２　物料在超高压下温度变化的测定

将待测物料样品置于包装袋中，保证热电偶置

于样品中央，再用真空包装机热封。绝热套筒内装

入同种样品作为传压介质，以避免在超高压处理过

程中传压介质和样品因不同的压缩升温特性产生温

度梯度而影响试验结果。

试验开始前，将装有待测样品的密封包装袋、作

为传压介质的同种样品和传压套筒同时置于一定温

度的水浴锅中平衡，通过包装袋内的热电偶对温度

变化进行监测，使其达到试验所需初始温度（Ｔ０±
０５℃）。达到初始温度时，迅速将作为传压介质的
样品和装有样品的密封包装袋转移至绝热套筒腔体

中，拧紧套筒端盖将其密封。将绝热套筒内的热电

偶与超高压温度检测系统的热电偶线相连。最后，

将绝热套筒置于高压容腔内进行超高压处理，保压

时间设置为３０ｓ。整个过程中样品的温度可由热电
偶测量，系统压力由压力传感器测量，并通过数据采

集仪和计算机实时采集（每秒一次）。

试验处理压力为 １００、２００、３００、４００ＭＰａ。初始
温度为１５、２５、３５、４５℃。所有试验重复 ３次，结果
以“平均值 ±标准差”形式表示。
１３３　物料在超高压下绝热压缩升温值的计算

被测物料样品在超高压处理的整个过程中实际
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上是经历了绝热压缩升温和绝热降压减温２个可逆
的过程。因为本试验采用的超高压设备增压速度相

对较慢，过程中物料与外界环境不可避免会发生热

交换，引起样品内部温度变化，从而影响试验结果的

准确度，而设备的卸压速度较快（５ｓ以内），可以不
计这一温度变化。因此，试验中均采用样品在卸压

过程中的温度变化作为最终测试结果。被测样品的

绝热压缩升温值计算公式为

δ＝１００ΔＴ
Δｐ
＝１００

ＴＰ－Ｔ０
ｐ－ｐ０

１００
ＴＰ－Ｔ０
ｐ

（１）

式中 　δ———样品在超高压下的绝热压缩升温
值，℃／（１００ＭＰａ）

ＴＰ———样品在超高压下的温度，即卸压开始
时的温度，℃

Ｔ０———样品在常压下的温度，即卸压结束后
的温度，℃

ｐ———设定的处理压力，ＭＰａ
ｐ０———常压，取０１ＭＰａ

２　结果与分析

２１　压力和物料成分对绝热压缩升温的影响
物料在超高压加工过程中的绝热压缩升温是热

力学效应，其反映了物料的压缩特性。在压力作用

下，物料被快速压缩致使系统内能增加，结果使得物

料的温度快速上升。不同物料在不同压力（１００、
２００、３００、４００ＭＰａ）下的绝热压缩升温值如表１所示
（初始温度２５℃）。

表１　物料在不同压力下的绝热压缩升温值（初始温度２５℃）

Ｔａｂ．１　Ａｄｉａｂａｔｉｃｃｏｍｐｒｅｓｓｉｏｎｈｅａｔｉｎｇｖａｌｕｅｓｏｆｓｅｌｅｃｔｅｄ

ｆｏｏｄｍａｔｅｒｉａｌｓａｔｉｎｉｔｉａｌｔｅｍｐｅｒａｔｕｒｅｏｆ２５℃ ａｎｄ

ｐｒｅｓｓｕｒｅｓｏｆ１００～４００ＭＰａ　℃／（１００ＭＰａ）

物料
压力／ＭＰａ

１００ ２００ ３００ ４００

橙汁 ２６±０１ ３０±０１ ３１±０１ ３１±０１

蜂蜜 ３５±０１ ３５±０１ ３４±０１ ３２±０１

全脂牛奶 ３０±０２ ３１±０１ ３３±０１ ３３±０１

半脱脂牛奶 ２８±０１ ２９±０１ ３０±０１ ３１±００

脱脂牛奶 ２７±０１ ２８±０１ ２８±０１ ２９±０１

酸奶 ２８±０１ ３１±０１ ３２±０１ ３３±０１

大豆油 １０２±０２ ９７±０２ ８９±０１ ８２±０１

菜籽油 １０６±０４ ９５±０１ ９３±０５ ８２±０１

猪肥肉 １０７±０２ ９８±０１ ８６±０１ ７３±０１

牛肉 ３２±０１ ３２±０１ ３２±０１ ３６±０１

鸡肉 ３０±０１ ３２±０１ ３２±０１ ３３±０１

土豆泥 ２６±０２ ２９±０１ ３７±０２ ４０±０１

乙醇 １２８±０２ １１１±０２ １０１±０１ ９０±０１

　　 由表 １可知，在所研究的物料中，乙醇在
１００ＭＰａ压力下的绝热压缩升温值最大，达到（１２８±

０２）℃／（１００ＭＰａ），并随着压力的增大而减小，当
压力增至 ４００ＭＰａ时，其绝热压缩升温值已降低至
（９０±０１）℃／（１００ＭＰａ）。其次是猪肥肉、菜籽
油、大豆油这几种高脂肪含量的物料，它们的绝热压

缩升温值也表现出随着压力的增大而减小的趋势。

其中，压力对猪肥肉的绝热压缩升温值的影响比较

明显，从（１０７±０２）℃／（１００ＭＰａ）（１００ＭＰａ时）
减小至（７３±０１）℃／（１００ＭＰａ）（４００ＭＰａ时）。
从中也可以看出，脂肪含量较高的物料，其绝热压缩

升温值明显高于其他类物料，这是因为脂肪分子相

对较大并且是非极性的，不同于水分子之间有氢键

相连，因而更容易被压缩。研究得到的规律与

ＰＡＴＡＺＣＡ等［１１］
和王标诗等

［１５］
的研究类似。而在

相同压力和初始温度条件下测得绝热压缩升温值，

本试验结果比其报道的结果要高，这可能与选取的

脂肪类食品组成成分、采用的绝热装置以及计算时

选取的温度变化区间（增压或卸压）不同有关。在

２５℃条件下，菜籽油的绝热压缩升温值略高于大豆
油，这与它们所含脂肪酸的类型不同有关。有文献

报道
［１０］
，在脂肪类食品中，不饱和脂肪酸的绝热压

缩升温值比饱和脂肪酸的绝热压缩升温值高，这是

两类脂肪酸的压缩性决定的。所研究的物料的组成

成分如表２所示［１８］
，从中可以看出菜籽油的不饱和

脂肪酸含量（９２８％）大于大豆油的（８４％），因此其
绝热压缩升温值大于大豆油的绝热压缩升温值。但

在其它初始温度条件下这一现象却并不明显，这可

能与它们所含的不饱和脂肪酸的类型有关，大豆油

的多不饱和脂肪酸含量为 ５９％，而菜籽油的多不饱
和脂肪酸含量为２８％。

表 ２　物料的组成成分

Ｔａｂ．２　Ｃｏｍｐｏｓｉｔｉｏｎｏｆｓｅｌｅｃｔｅｄｆｏｏｄｍａｔｅｒｉａｌｓ％

物料

主要成分

水分 蛋白质
饱和

脂肪酸

单不饱和

脂肪酸

多不饱和

脂肪酸

碳水化

合物

橙汁 ８７９ ０６ ０ １１５

蜂蜜 ２５０ ０ ０ ７５０

全脂牛奶 ８８３ ３４ ３６ ４７

半脱脂牛奶 ８９８ ３６ １８ ４８

脱脂牛奶 ９１６ ３４ ０ ５０

酸奶 ８２５ ２７ ２９ １１９

大豆油 ０ ０ １６０ ２５０ ５９０ ０

菜籽油 ０ ０ ７２ ６４８ ２８０ ０

猪肥肉 ９０ ２４ ８８６ ０

牛肉 ７６３ ２０２ ２３ １２

鸡肉 ７００ １９３ ９４ １３

土豆泥 ７９８ ２０ ０２ １６５

乙醇 ０
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　　在 ２５℃条件下，橙汁的绝热压缩升温值约为
３０℃／（１００ＭＰａ），与相同条件下水的绝热压缩升温值
接近，这是因为橙汁是高含水率（８７９％）的物料，其绝
热压缩升温特性与水相似。蜂蜜（含碳水化合物７５％）
的绝热压缩升温值在 ３２～３５℃／（１００ＭＰａ）变化，
ＢＡＬＡＳＵＢＲＡＭＡＮＩＡＭ等［９］

报道了碳水化合物在

２５℃时的绝热压缩升温值为 ２６～３６℃／（１００ＭＰａ），
与水的绝热压缩升温值类似。土豆泥的绝热压缩升

温值在２６～４０℃／（１００ＭＰａ），且随压力的增大而
增大，这可能是因为它在高压下的压缩率比较大。

牛奶（全脂、半脱脂和脱脂）的绝热压缩升温值随压

力的增加变化不明显，但随着脂肪含量的增加，其绝

热压缩升温值 δ呈递增趋势，从小到大依次为脱脂
牛奶、半脱脂牛奶、全脂牛奶，这也说明了脂肪含量

高的物料更容易被压缩。酸奶的绝热压缩升温特性

与牛奶略有不同，其绝热压缩升温值随压力的增大

呈现出上升的趋势。原因可能是在超高压处理过程

中，在低压阶段，压力对酸奶中的微生物产生杀灭作

用，消耗了部分能量，随着压力的增大，酸奶中的微

生物减少，杀灭微生物所消耗的能量也相应减少，从

而表现出绝热压缩升温值的增大。牛肉和鸡肉的绝

热压缩升温值总体在３０～３３℃／（１００ＭＰａ）变化，
与水接近，这是因为其含水率较高。但因为牛肉和

鸡肉中还含有丰富的蛋白质，故其绝热压缩升温值

高于橙汁。图５为在初始温度 ２５℃下，大豆油和橙
汁经２００ＭＰａ高压处理过程中温度随压力变化的曲
线。从图中可以看出，在压力瞬间释放时，橙汁的温

度也瞬间回复到初始温度水平，但是大豆油的降温

过程却相对缓慢，需要经过较长时间（６０ｓ左右）才
能到 达 平 稳 状 态，即 出 现 了 温 度 延 迟 现 象。

ＲＡＳＡＮＡＹＡＧＡＭ［１０］对油脂类食品在超高压下处理
时的这种类似的温度延迟现象也进行过报道。尽管

热电偶响应需要一定时间，由此会给试验结果带来

一定的延迟，但试验采用的 Ｋ型热电偶响应时间只
有几百毫秒，且从其它物料如橙汁的试验结果看出

并未有显著的温度延迟现象，所以可以忽略测量时

间对该现象的影响，这种现象应该与物料的组成成

分有较大关系，需要进一步研究物料组分分子结构

对绝热压缩升温的影响。

２２　初始温度对绝热压缩升温的影响
物料在超高压处理过程中的影响绝热压缩升温

的因素中，初始温度是其中重要因素之一。在

２００ＭＰａ压力条件下，初始温度对物料的绝热压缩
升温的影响如图６所示。

从图中可知，大豆油在不同初始温度条件下

（１５～４５℃）的绝热压缩升温值基本不变，菜籽油的

图 ５　大豆油和橙汁在超高压处理过程中温度 压力

曲线（初始温度 ２５℃、压力 ２００ＭＰａ）

Ｆｉｇ．５　Ｔｅｍｐｅｒａｔｕｒｅｐｒｅｓｓｕｒｅｐｒｏｆｉｌｅｓｏｆｓｏｙｂｅａｎｏｉｌａｎｄ

ｏｒａｎｇｅｊｕｉｃｅａｔｉｎｉｔｉａｌｔｅｍｐｅｒａｔｕｒｅｏｆ２５℃ ａｎｄｓｅｔ

ｐｒｅｓｓｕｒｅｏｆ２００ＭＰａｄｕｒｉｎｇｈｉｇｈｐｒｅｓｓｕｒｅｐｒｏｃｅｓｓｉｎｇ
　

图 ６　初始温度对物料绝热压缩升温值的影响

（压力 ２００ＭＰａ）

Ｆｉｇ．６　Ｅｆｆｅｃｔｏｆｉｎｉｔｉａｌｔｅｍｐｅｒａｔｕｒｅｏｎａｄｉａｂａｔｉｃ

ｃｏｍｐｒｅｓｓｉｏｎｈｅａｔｉｎｇｏｆｆｏｏｄｍａｔｅｒｉａｌｓａｔ２００ＭＰａ
　
情况与大豆油类似，说明随着初始温度的升高，脂肪

类物料的绝热压缩升温值基本不变。ＰＡＴＡＺＣＡ
等

［１０］
研究了植物油在不同的初始温度条件下（１～

７０℃）的绝热压缩升温值变化情况，结果发现初始
温度对植物油的压缩升温值影响很小。蜂蜜的绝热

压缩升温值随着初始温度的升高而增大，在初始温

度为１５℃时是 ３４℃／（１００ＭＰａ），当初始温度增加
到４５℃时，达到了 ３９℃／（１００ＭＰａ）。这是由于随
着初始温度的升高，物料分子间的距离逐渐变大，在

超高压下变得更容易被压缩，压缩分子需要做的功

更多，由此转化的内能更多，从而表现出绝热压缩升

温值的增大。橙汁的情况与此类似，其主要成分为

碳水化合物和水，压缩升温值同样与水接近。牛肉

与鸡肉的绝热压缩升温值基本相同，而且都随初始

温度的升高而增大，这是因为它们的主要成分都是

蛋白质，而蛋白质的绝热压缩升温特性与水相似。

随着初始温度的升高，蛋白质分子的空间结构变得

不稳定，更容易被压缩，致使其在超高压下具有更高

的压缩率，对其分子压缩做功更多，转化的热能也就

更多，表现为压缩升温值的增大。
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２３　基于压力和初始温度的物料绝热压缩升温预
测模型

试验中采用的绝热套筒可以近似看成一个密闭

系统，通过活塞来给系统内的物料加压。由热力学

第一定律可得系统的能量平衡方程

Ｑ＝Ｗ＋ΔＵ （２）
式中　Ｑ———系统吸收或释放的热量

Ｗ———系统做功
ΔＵ———系统内能变化量

试验过程近似看成一个绝热过程，系统热能

Ｑ≈０，系统做功导致系统内能增加，即 －Ｗ＝ΔＵ。
系统内能变化的外在表现就是物料的温度升高。

一些学者基于热力学第一定律推导出了物料在

绝热条件下的可逆温变公式
［１４］

ｄＴ
ｄｐ
＝Ｔα
ρＣｐ

（３）

式中　Ｔ———热力学温度，Ｋ
α———物料的热膨胀系数，Ｋ－１

ρ———密度，ｋｇ／ｍ３

Ｃｐ———恒压热容量，Ｊ／（ｋｇ·Ｋ）
对于不同的物料来说，其热膨胀系数、密度和热

容量不同。对于一种特定的物料来说，α、ρ和 Ｃｐ均
是压力 ｐ和温度 Ｔ的函数，其绝热温变实际上是压
力 ｐ和温度 Ｔ的函数，即式（３）可以表示为

ｄＴ
ｄｐ
＝ Ｔα（ｐ，Ｔ）
ρ（ｐ，Ｔ）Ｃｐ（ｐ，Ｔ）

（４）

因此，特定物料在超高压下的绝热压缩升温值

主要是由处理的压力 ｐ和温度 Ｔ０决定的。
在超高压加工过程中，物料最终的处理温度是

初始温度与升温值的和，所以为了达到加工所需的

温度，就必须掌握物料在不同初始温度和压力条件

下的绝热压缩升温值。建立合适的数学模型有助于

合理预测物料在不同条件下的绝热压缩升温值。

为了得到物料的绝热压缩升温值关于初始温度

和压力的函数关系，测试数据用来拟合经验公式

δ＝ ∑
ｉ＋ｊ≤ｎ

ｉ＝０，ｊ＝０
ａｉｊｐ

ｉＴｊ０ （５）

式中　ａｉｊ———物料在特定初始温度和压力下的常数
（ｉ、ｊ分别表示压力 ｐ的 ｉ次项和温度
Ｔ０的 ｊ次项）

展开到三阶模型

δ＝ａ００＋ａ１０ｐ＋ａ０１Ｔ０＋ａ１１ｐＴ０＋ａ２０ｐ
２＋ａ０２Ｔ

２
０＋

ａ３０ｐ
３＋ａ０３Ｔ

３
０＋ａ１２ｐＴ

２
０＋ａ２１ｐ

２Ｔ０ （６）

压力１００～４００ＭＰａ、温度 １５～４５℃时，通过上
述方程对橙汁、蜂蜜、全脂牛奶、半脱脂牛奶、大豆

油、牛肉和乙醇的绝热压缩升温值进行拟合，从而可

以求出方程中的参数。由表 ３可知，对这几种物料
拟合得到方程的回归系数分别为 ０９９７、０９８７、
０９８７、０９８９、０９７４、０９８５和 ０９８７，回归系数较高
说明上述方程能够较好地拟合这些物料在此条件下

的绝热压缩升温值。

表 ３　通过经验方程得到的回归参数

Ｔａｂ．３　Ｒｅｇｒｅｓｓｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓｆｏｒｆｏｏｄｍａｔｅｒｉａｌｓｆｒｏｍｅｑｕａｔｉｏｎ

参数 橙汁 蜂蜜 全脂牛奶 半脱脂牛奶 大豆油 牛肉 乙醇

ａ００ －１７５３ ３３３４ －１５７３ ００７０ １２４０６ １７２６ １０２０９

ａ１０ ００１９ ０００５ ０００７ ００１１ －０００８ －０００６ －００４４

ａ０１ ０２２９ －００４１ ０３６６ ０１４０ －００８０ ０１２４ ０３６６

ａ１１ －５３０×１０－４ １４５×１０－５ －１９６×１０－４ －１８４×１０－４ ６８０×１０－４ １７４×１０－４ ９９２×１０－４

ａ２０ －３２２×１０－５ －２４３×１０－５ －１２２×１０－５ －２６０×１０－５ －６２５×１０－５ ２０８×１０－５ ３１０×１０－５

ａ０２ －０００４ ０００２ －００１０ －０００３ １２５×１０－４ －０００３ －０００６

ａ３０ ８３３×１０－９ ２９２×１０－８ ８３３×１０－９ ２５０×１０－８ ９５８×１０－８ －１２５×１０－８ －４１７×１０－９

ａ０３ ３３３×１０－５ －２０８×１０－５ １０８×１０－４ ３３３×１０－５ ２９２×１０－５ ４５８×１０－５ ４１７×１０－６

ａ１２ １５０×１０－６ －２５０×１０－７ １００×１０－６ ５００×１０－７ －１１８×１０－５ －２２５×１０－６ －１６８×１０－５

ａ２１ ７００×１０－７ －２５０×１０－８ ２００×１０－７ ２００×１０－７ １２５×１０－７ －２７５×１０－７ １７５×１０－７

回归系数 ０９９７ ０９８７ ０９８７ ０９８９ ０９７４ ０９８５ ０９８７

３　结论

（１）设计的聚甲醛传压装置在超高压下有着良
好的绝热效果，通过加装 Ｋ型热电偶可以实现超高
压加工过程中物料的温度和所受压力数据的实时监

测。

（２）物料在超高压下的绝热压缩升温值主要受

物料组分、处理压力和初始温度的影响。所测样品

中，乙醇的绝热压缩升温值最大，脂肪类物料（大豆

油、菜籽油、肥肉）次之。蛋白质类（牛肉、鸡肉）、碳

水化合物类（橙汁、蜂蜜）以及牛奶（全脂、脱脂、半

脱脂）的绝热压缩升温值与水的接近。乙醇、脂肪

类物料的绝热压缩升温值受压力影响明显，随着压

力的增大而减小。其他物料的绝热压缩升温值对压
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力不敏感。脂肪类物料的绝热压缩升温值受初始温

度的影响不大，蛋白质类和碳水化合物类的绝热压

缩升温值随着初始温度的升高而增大。

（３）建立了食品物料的绝热压缩升温值基于压

力和初始温度的数学模型。在实际使用超高压技术

加工这些食品物料时，可以预测物料大概的绝热温

变过程，更好地利用其压缩升温效应，对于优化超高

压加工工艺有指导意义。
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