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Abstract: Unclear puffing power has always been an important problem for instant pressure drop puffing process using
superheated vapor. And the condensation water produced by superheated vapor is absorbed by the food material before
puffing, which possibly makes bad effect on puffing ratio. A general mathematical model of puffing power was established.
Results indicated that puffing energy was produced by flash evaporation of superheated water from internal material and
instant release of superheated vapor. Besides, porosity of sample varied with different sample moisture contents and
condensation water generated in thermal transfer process before puffing. Thus, puffing ratio was related to the sample
moisture content,porosity and status of superheated vapor. Using Granny Smith apple slice as experimental objects,results
suggested that porosity of sample was significantly decreased with the increase of sample moisture content. At temperature of
430 ~ 470 K,pressure of 0郾 1 ~ 0郾 5 MPa and apple moisture content of 15% ~ 35% ,the established puffing power model
could effectively predict and evaluate the relationship between puffing condition and puffing ratio (R2 > 0郾 89). High vapor
pressure had insignificant influence on condensation water,and distinctively elevated the energy of superheated water and
superheated vapor,which resulted in the biggest puffing ratio. High temperature of superheated vapor can only strengthen
superheated water energy,but significant increase of condensation water mass led to superheated vapor energy reduction,and
it had slight effects on puffing energy improvement and puffing effect. Moreover,high moisture content of sample significantly
increased superheated water energy,but condensation water reduced superheated vapor energy,which generally showed great
effects on improvement of puffing power and puffing ratio. The research results illustrated the power mechanism of instant
pressure drop puffing process using superheated vapor,which would be helpful to further study on the control of puffing
ratio.
Key words: Granny Smith apple slices; superheated vapor; instant pressure drop; puffing; model

摇 Received date: 2016 01 20摇 Revised date: 2016 04 06
摇 Supported by Natural Science Foundation of China (Grant No. 31271913)
摇 Correspondence author: Song Hongbo, Professor. E鄄mail: sghgbode@ 163. com. Tel: + 86 0591 83789294.

0摇 Introduction

摇 Superheated steam puffing is a technology that places
fruits, vegetables, or other materials that have been
dehydrated to a specific moisture content into a high鄄
pressure vessel. The vessel is filled with steam and
maintained for a certain time, after which the materials
are puffed by instant release of pressure to form a
porous structure[1 - 4] . Compared with conventional
puffing, superheated steam has the advantages of
energy savings, freedom from pollution, and high
nutrient preservation[3 - 6] . It has a wide range of
applications in processing food and vegetable chips and
in modification of dehydrated agricultural products.
Previous studies focused on the optimization of process

parameters such as raw material moisture content,
steam temperature, pressure, and residence time.
However, the dynamic mechanism that produces
puffing is still unclear, resulting in uncertainty about
how to control it. In particular, large parameter
variations between experimental research and industrial
applications are the main reason for difficulties in
practical application of this process.
摇 Before puffing, the superheated steam heats the
material, and hence the moisture inner material is at
high temperature and pressure. At the instant pressure
drop, flash evaporation of superheated water takes
place[7], often accompanied by instant energy release.
ABBASI et al. [8] studied the explosion mechanism of
boiling liquid expanding to vapor and indicated that



when superheated liquid in a container instantly drops
in pressure, rapid expansion of the boiling liquid to
vapor led to an explosion. The material moisture
content has a strong influence on water flash
evaporation[9], which is important in promoting
puffing[10] . SUI et al. [11] performed an energy analysis
of a multi鄄stage steam explosion process, dividing it
into three stages: pressurizing, pressure鄄holding, and
decompression. The instant release of superheated
steam generated enormous energy. The pressure
difference in puffing has a significant impact on the
volume of material generated[12 - 14] . At this time, no
research into the puffing dynamics of the superheated鄄
steam instant pressure drop has been reported.
摇 This study takes sheet material as research objects,
with Granny Smith apples as experimental materials, to
study the power mechanism of the instant pressure drop
puffing process using superheated steam and to provide
a theoretical basis and practical guidance for
controlling the puffing ratio using the dynamics of the
puffing mechanism.

1摇 Materials and methods

1郾 1摇 Sample preparation
摇 Fresh Granny Smith apples without physical damage
from a local supermarket were stored in a cold storage
room at (4 依 1)益 and 90% ~95% relative humidity.
The average moisture content of Granny Smith apples
was 86郾 3% (wet base), and their sugar content was
10郾 6 ~ 11郾 8毅 Brix. The apples were washed, peeled,
and cut into slices with specifications of 35 mm 伊
35 mm 伊 10 mm and immersed in a 0郾 02% ( mass
fraction) sodium sulfite solution for 20 min, after
which the surface liquid was drained off[15] . The color鄄
protected Granny Smith apple slices were put in the
oven at (70 依 1)益 to dehydrate to a certain moisture
content, then immediately trimmed into 20 mm 伊
20 mm 伊 5 mm slices. The slices were packed in
aluminum foil bags and cooled down to room
temperature (20益) over 2 h[16] .
1郾 2摇 Sample heating and puffing
摇 Fifteen dewatered Granny Smith apple slices were
placed into the puffing chamber, and a TT K 30
SLE 1000 thermocouple was inserted into the middle
of a Granny Smith apple slice. When the puffing
chamber was closed, the vacuum pump was turned on

until the puffing chamber was evacuated to 100 Pa.
Superheated steam at a certain temperature and
pressure was piped into the puffing chamber; after
heating for a certain period of time, the relief valve was
immediately opened to puff the sample. The central
temperature of the sample was displayed by a digital
thermometer; pressure was detected by a pressure
sensor[17] .
1郾 3摇 Instruments and equipment
摇 DHG 9003A hot air oven, Jing Hong Experimental
Equipment Co. , Shanghai; DZF6050 vacuum oven,
Jing Hong Experimental Equipment Co. , Shanghai;
BSA124S analytical balance, Beijing Sartorius
Instrument Systems, Inc. ; VP 100 superheated
steam extruder, self鄄made.
1郾 4摇 Indicators and measurements
1郾 4郾 1摇 Moisture content
摇 Sample moisture content was determined by
thevacuum oven method. The samples were dried to
constant weight in a vacuum oven at 70益, 133 Pa.
Moisture content was calculated from the difference in
weight before and after vacuum drying and expressed as
a mass percentage of the dried sample[18] .
1郾 4郾 2摇 Puffing ratio
摇 Puffing ratio is the relative change in sample
volume, specifically the ratio of the sample apparent
volume after and before puffing. The apparent volume
of the sample was determined by the liquid
displacement method[19 - 20] .
1郾 4郾 3摇 Mass of condensation water
摇 The masses of the 15 samples were determined by an
analytical balance, after which the samples were
heated in the puffing chamber until their core
temperature reached superheated steam temperature;
then they were taken for weighing. The difference
between the mass before and after sample heating was
the mass of condensation water.
1郾 4郾 4摇 Water mass of flash evaporation
摇 Fifteen samples dehydrated to a specific moisture
content were heated in the puffing chamber until their
core temperature reached superheated鄄steam
temperature and pressure; then they were taken out
and weighed on an analytical balance to obtain the
material mass before puffing. Fifteen dehydrated
samples with the same moisture content were heated in
the puffing chamber until their core temperature
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reached superheated鄄steam temperature and were
puffed; then they were taken out and weighed to obtain
the material mass after puffing. The mass of flash
evaporation water was the mass difference before and
after puffing.
1郾 4郾 5摇 Pore volume
摇 Pore volume is the difference between the apparent
volume and the solid volume of a sample. The apparent
volume was measured by the liquid displacement
method; the solid volume was determined by the gas
conversion method[21] .
1郾 5摇 Data processing
摇 DPS 7郾 5 was used to analyze the significance of
between鄄group differences in condensation water mass
and puffing ratio. The degree of congruence between
predicted and measured values was represented by the
coefficient of determination R2, which was obtained
using Microsoft Excel 2003.

2 摇 Establishment of puffing power general
model

摇 Materials formed a porous structure after
dehydration. When the sample was placed in a puffing
chamber and subjected to vacuum, the air was drawn
from the sample. During the process of sample heating
by superheated steam, a small amount of condensation
water was produced and absorbed by the material,
occupying a small amount of pore space, and other
pores were filled with superheated steam. When the
pressure relief valve was instantly opened, part of the
superheated water inside the sample was immediately
vaporized, and the superheated steam inside the pores
was released instantaneously, puffing up the sample.
Therefore, the total energy of material puffing includes
the work of flash evaporation of superheated water and
the work of instant release of superheated steam.
2郾 1摇 Puffing work
摇 The moisture inside the material before puffing
included the water initially contained and the
condensation water generated during superheated steam
heating, so that the water mass in the material before
puffing is:

ml =m棕 +M (1)
where ml is the water mass of 1 kg sample before
puffing, kg; m is the sample mass before puffing,
fixed at 1 kg; 棕 is the moisture content of the sample

before puffing, % ; M is the mass of condensation
water generated by heating 1 kg sample before puffing,
kg.
摇 In the puffing process, the pressure inside the
material is instantly reduced to 1 atm, and part of the
superheated water inside the material undergoes flash
evaporation, releasing energy. The work of
superheated water can be expressed as[22]:

Wl = [h1 - h2 - ( s1 - s2)T2]m1 (2)
where Wl is the work of superheated water in puffing
1 kg material, J; h1 is the enthalpy of water at pressure
condition before puffing, J / kg; h2 is the enthalpy of
water at pressure condition after puffing, J / kg; s1 is
the entropy of water at pressure condition before
puffing, J / ( kg ·K); s2 is the entropy of water at
pressure condition after puffing, J / (kg·K); T2 is the
boiling point of water at pressure condition after
puffing, K; m1 is the mass water flash鄄evaporated by
puffing 1 kg material, kg.
摇 According to previous tests, only a little water in the
material underwent flash evaporation. The flash rate 姿
indicates how much water is evaporated:

姿 =
m1

ml
(3)

The work formula for flash evaporation of superheated
water can be obtained by combining Eqs. (1) ~ (3):

Wl = [h1 - h2 - ( s1 - s2)T2](m棕 +M)姿 (4)
摇 There was an enthalpy difference in water before and
after puffing, which provided energy for flash
evaporation of superheated water. According to the
energy conservation law[23]:

h1 - h2 = 姿r (5)
where r is the latent heat of vaporization of water at
pressure condition after puffing, J / kg.
摇 A simplified formula for the work done by
superheated water can be obtained by combining
Eqs. (4) and (5):

Wl = [h1 - h2 - ( s1 - s2)T2](m棕 +M)
h1 - h2

r
(6)

摇 Puffing was accomplished instantly, and because the
process is extremely short, the work done by instant
release of superheated steam inside the material can be
considered as the work of an ideal gas adiabatic
process[24], namely,
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Wg =
p1Vg

k [- 1 (1 -
p2

p )
1

k - 1

]
k

(7)

where Wg is the work done by superheated steam in
puffing 1 kg sample, J; p1 is the absolute pressure
inside the sample before puffing, MPa; Vg is the
overheated water volume inside 1 kg of sample before
puffing, m3; p2 is the absolute pressure inside the
sample after puffing, MPa; k is the adiabatic index of
superheated steam.
摇 Because the sample pores were filled with
condensation water and superheated steam before
puffing, it follows that:

Vh =M籽 - 1
l + Vg (8)

where Vh is the pore volume of 1 kg sample before
puffing, m3, 籽l is the density of saturated water, kg / m3 .
摇 The expression for the work done by superheated
steam in puffing can be obtained by combining
Eqs. (7) and (8):

Wg =
p1(Vh -M籽 - 1

l )
k [- 1 (1 -

p2

p )
1

k - 1

]
k

(9)

摇 The total energy to puff 1 kg material is the sum of
the work of superheated water and superheated steam
inside the material:
W =Wl +Wg = [h1 - h2 - ( s1 - s2)T2](m棕 +M)·

h1 - h2

r +
p1(Vh -M籽 - 1

l )
k [- 1 (1 -

p2

p )
1

k - 1

]
k

(10)

where W is the work required to puff 1 kg sample, J.
2郾 2摇 Model of puffing ratio
摇 According to previous tests, for sheet material, the
thickness increased greatly after puffing, where as the
length and width changed very little. This was because
the length and width of the sample were much larger
than the thickness; puffing resistance in the length and
width directions was much higher than puffing
resistance in the thickness direction, so that
deformation was mainly in the thickness direction.
摇 Pre鄄dehydrated sheet materials can be viewed as
composed of numerous planes. By expressing the
infinitesimal of thickness as dy and the infinitesimal of
work as dWs, the expression for the infinitesimal of
work can be written as[25]:

dWs =
p1 + p2

2 a2dy (11)

where a is the length of one side of the sample before
puffing, m.

摇 The expression for the work needed to puff sheet
material under different internal and external pressures
can be obtained by integrating Eq. (11):

Ws = 2 乙啄忆
啄

p1 + p2

2 a2dy (12)

where 啄 is the thickness of the sample before puffing,
m; 啄忆 is the thickness of the puffed sample, m.
摇 Eq. (12) can be simplified to:

Ws = a2(啄忆 - 啄)(p1 + p2) (13)
摇 The puffing ratio expression is then:

S = V
V0

= 2啄忆a2

2啄a2 = 啄忆
啄 (14)

where S is the puffing ratio; V is the apparent volume
of the puffed sample, m3; V0 is the apparent volume of
the sample before puffing, m3 .
摇 Combining Eqs. (13) and (14) yields:

S = 1 +
Ws

啄a2(p1 + p2)
(15)

摇 Given 1 kg pre鄄dehydrated material containing N
samples, the total energy to puff 1 kg material can be
expressed as:

W =Wl +Wg = NWs (16)
摇 Combining Eqs. (15) and (16), the puffing ratio
expression for the sample becomes:

S = 1 +
Wl +Wg

N啄a2(p1 + p2)
(17)

3摇 Results and analysis

摇 This study took Granny Smith apple slices as the test
material, using a general mathematical model of
puffing power to determine the influence of superheated
steam temperature, pressure, and sample moisture
content on puffing power and puffing ratio.
摇 Because of variations in the moisture content of pre鄄
dehydrated Granny Smith apple slices, the number of
samples N in 1 kg material varies (Tab. 1).

Tab. 1摇 Single weight and number of samples for 1 kg
pre鄄dehydrated sample with different moisture contents

棕 / % m / kg N
15 8郾 741 伊 10 - 4 1144
20 9郾 359 伊 10 - 4 1069
25 1郾 022 伊 10 - 3 979
30 1郾 116 伊 10 - 3 896
35 1郾 192 伊 10 - 3 839

摇 From Tab. 1, the single鄄sample weight increased at
higher moisture content, whereas the number of
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samples N in 1 kg material decreased. This was the
case because under the same sample volume, a rise
in moisture content led to greater weight, and
therefore the number of samples in 1 kg material
became less.
摇 The pore volume of Granny Smith apple slices
measured at different moisture contents is shown in
Tab. 2; the greater the sample moisture content, the
smaller is the pore volume.

Tab. 2摇 Pore volume of pre鄄dehydrated material
with different moisture contents

棕 / % Vh / m3

15 8郾 470 伊 10 - 4

20 6郾 712 伊 10 - 4

25 5郾 072 伊 10 - 4

30 3郾 793 伊 10 - 4

35 2郾 423 伊 10 - 4

3郾 1 摇 Effect of superheated steam temperature on
the work of puffing and the puffing ratio

摇 Samples with 25% moisture content were puffed at a
pressure of 0郾 3 MPa with superheated steam
temperatures of 430 K, 440 K, 450 K, 460 K, and
470 K. The condensation water mass M generated by
heating pre鄄dehydrated samples with superheated steam
was determined. Referring to the enthalpy and entropy
of saturated water under different superheated steam
pressures (Spirax Sarco Engineering Co. , Ltd. ), the
work of superheated water Wl, work of superheated
steam Wg, and total work of puffing under different
temperature conditions was calculated by Eqs. (7) ~
(10). Then the puffing ratio could be calculated by
substituting Wg and Wl into Eq. (17). Related
calculations and measured values are shown in Tab. 3.

Tab. 3摇 Relationships of superheated vapor temperatures, condensed water quantity and puffing power
(p1 =0郾 3 MPa,棕 =25%)

T / K M / kg Wl / J Wg / J W / J Sp Sm

430 0郾 095 6 依 0郾 001 6E 138郾 8 91郾 6 230郾 4 1郾 588 1郾 568 依 0郾 016c

440 0郾 101 9 依 0郾 001 9D 141郾 3 90郾 1 231郾 4 1郾 591 1郾 581 依 0郾 012bc

450 0郾 108 2 依 0郾 001 5C 143郾 8 88郾 7 232郾 5 1郾 594 1郾 593 依 0郾 008ab

460 0郾 114 4 依 0郾 001 2B 146郾 3 87郾 2 233郾 5 1郾 597 1郾 594 依 0郾 007ab

470 0郾 120 5 依 0郾 000 8A 148郾 8 85郾 8 234郾 6 1郾 599 1郾 598 依 0郾 010a

摇 Note: T is the temperature of superheated steam; different superscript capital letters in the same list indicate significant differences at the 99%
confidence level, different superscript lowercase letters in the same list indicate significant differences at the 95% confidence level, as also in the following

tables. The coefficient of determination R2 between the measured value Sm and the predicted value Sp of the puffing ratio was 0郾 898 1.

摇 As shown in Tab. 3, the coefficient of determination
R2 was greater than 0郾 89, indicating that the predicted
values were highly consistent with the measured
values. As the superheated steam temperature T rose
from 430 K to 470 K, the puffing ratio Sm increased
from 1郾 568 to 1郾 598. Although the variation in the
condensation water mass M generated at different
temperatures by superheated steam was highly
significant, the variation in puffing ratio was not
significant. As shown by Eq. (17), the puffing ratio
varies in proportion to the work both of superheated
water and of superheated steam. At a constant material
moisture content and a constant superheated steam
pressure, the higher the temperature of superheated
steam, the greater will be the work performed by
superheated water, Wl ( Tab. 3). This relation exists
because the higher the temperature of hot water, the
greater is its internal energy, and the greater is its
capacity for instant flash evaporation of water in

puffing. However, at higher superheated steam
temperature, the amount of work performed by
superheated steam inside the material, Wg, decreased
to some extent rather than increased. Because the
condensation water mass M generated by the higher鄄
temperature superheated steam became greater, the
condensed water was absorbed by the material,
decreasing the pore volume inside the material and the
amount of superheated steam that could be
accommodated. The work performed by superheated
water occupied a dominant position, and hence the
puffing ratio generally increased with superheated
steam temperature.
3郾 2摇 Effect of superheated steam pressure on work

and puffing ratio
摇 Samples with 25% moisture content were puffed at a
heating temperature of 450 K and superheated steam
pressures of 0郾 1 MPa, 0郾 2 MPa, 0郾 3 MPa, 0郾 4 MPa,
and 0郾 5 MPa. The condensation water mass was
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determined, and the work of puffing under different
superheated steam pressure conditions was calculated
by Eqs. (7) ~ ( 10 ). Then predicted puffing ratio

could be calculated by substituting Wg and Wl into
Eq. (17). The corresponding theoretical and measured
values are shown in Tab. 4.

Tab. 4摇 Relationships of superheated vapor pressures, condensed water quantity and puffing power (T =450 K,棕 =25%)

p1 / MPa M / kg Wl / J Wg / J W / J Sp Sm

0郾 1 0郾 105 8 依 0郾 001 5d 0 0 0 1郾 000 1郾 001 依 0郾 106e

0郾 2 0郾 107 2 依 0郾 000 9c 39郾 2 32郾 8 72郾 0 1郾 245 1郾 169 依 0郾 062d

0郾 3 0郾 108 2 依 0郾 000 8bc 143郾 8 88郾 7 232郾 5 1郾 594 1郾 440 依 0郾 130c

0郾 4 0郾 109 1 依 0郾 000 7ab 311郾 2 144郾 1 455郾 3 1郾 931 1郾 755 依 0郾 192b

0郾 5 0郾 109 9 依 0郾 000 7a 517郾 2 203郾 5 720郾 7 2郾 227 2郾 195 依 0郾 240a

摇 Note: The coefficient of determination R2 between the measured value Sm and the predicted value Sp of the puffing ratio was 0郾 943 8.

摇 Tab. 4 shows predicted values that are highly
consistent with measured values. As the superheated
steam pressure p1 was increased from 0郾 1 MPa to
0郾 5 MPa and the puffing ratio Sm increased from 1郾 001
to 2郾 195, the impact of superheated steam pressure on
puffing ratio became significant. In the low鄄pressure
range ( 0郾 1 ~ 0郾 2 MPa) of superheated steam, the
effect of increasing pressure on the condensation
water mass M became significant. Further pressure
increases did not significantly affect the condensation
water mass. As superheated steam pressure
increased, both the work of superheated water W l

and the work of superheated steam W g inside the
sample increased, so that the puffing power W was
significantly increased. On the other hand, when the

superheated steam pressure was constant, the work
performed by superheated water was much greater
than that performed by superheated steam,
indicating that the work of superheated water was
dominant in puffing.
3郾 3 摇 Influence of moisture content on work and

puffing ratio
摇 The samples were puffed at a heating temperature of
450 K and a superheated steam pressure of 0郾 3 MPa.
The sample moisture contents were 15% , 20% , 25% ,
30% , and 35% . The problem was to determine the
condensation water mass M during heating, to calculate
the work of puffing and the predicted puffing ratio, and
finally measured puffing ratio. The results are shown in
Tab. 5.

Tab. 5摇 Relationships of condensed water quantity produced with different sample moisture contents and puffing power
(T =450 K,p1 =0郾 3 MPa)

棕 / % M / kg Wl / J Wg / J W / J Sp Sm

15 0郾 083 8 依 0郾 001 8E 93郾 9 170郾 4 264郾 3 1郾 577 1郾 461 依 0郾 059d

20 0郾 096 2 依 0郾 001 0D 118郾 9 128郾 1 247郾 0 1郾 578 1郾 549 依 0郾 042c

25 0郾 108 2 依 0郾 001 2C 143郾 8 88郾 7 232郾 5 1郾 594 1郾 588 依 0郾 033bc

30 0郾 119 6 依 0郾 000 8B 168郾 5 57郾 4 225郾 9 1郾 630 1郾 608 依 0郾 013ab

35 0郾 132 0 依 0郾 000 4A 193郾 5 23郾 9 217郾 4 1郾 648 1郾 646 依 0郾 008a

摇 Note: The coefficient of determination R2 between the measured values Sm and the predicted values Sp of the puffing ratio was 0郾 924 6.

摇 Tab. 5 shows that the determination coefficient
between measured and predicted values of the
relationship between puffing ratio and moisture content
was 0郾 924 6. When the sample moisture content 棕 was
15% , the puffing ratio Sm was 1郾 461; when the
sample moisture content 棕 was 35% , the puffing ratio
Sm increased to 1郾 646. For moisture contents of 15%
and 20% , the impact of moisture on puffing ratio was
significant, but the impact of further moisture increases
on puffing ratio was not significant. As the moisture

content of the sample to be puffed increased, the pore
volume Vh was significantly reduced (Tab. 2), and the
condensation water mass was significantly increased.
The increase in sample moisture content significantly
increased the condensation water mass M (Tab. 5), so
that the superheated steam capacity of the sample was
reduced, and the work done by superheated steam Wg

was also significantly decreased. Although the work
done by superheated water increased at higher sample
moisture content, but the work of puffing W decreased.
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On the other hand, as the sample moisture content
increased, the number of samples N in 1 kg pre鄄
dehydrated material decreased (Tab. 1), and therefore
the puffing ratio, which depended on the work of
puffing, also increased.
摇 Our earlier studies on the technology for puffing
fruits and vegetables by superheated steam[4 - 5] showed
that after the puffing ratio was increased to a certain
point, it would gradually decline because condensation
water generated during thermal transfer between the
steam and the device was absorbed by the material. To
address this problem, this study improved the
experimental setup by adding a water guide apparatus
to avoid the adverse effects of absorption of
condensation water by the material[5] .

4摇 Conclusions

摇 (1)The energy to puff sheet materials came mainly
from the work of flash evaporation of superheated water
and instant release of superheated steam inside the
material. Establishment of a general mathematical
model of the relationship between puffing ratio and
puffing power when puffing sheet material indicated
that the puffing ratio was related to material moisture
content, porosity, pressure difference before and after
puffing, and the thermal properties of water.
摇 (2)Using Granny Smith apple slices as experimental
objects, the relationship between puffing work and
puffing ratio was investigated. At temperatures of
430 ~ 470 K, pressures of 0郾 1 ~ 0郾 5 MPa, and
material moisture contents of 15% ~ 35% , the
established general dynamic puffing model for sheet
materials could effectively predict and evaluate the
relationship between puffing conditions and the puffing
ratio.
摇 ( 3 ) The condensation water during heating by
superheated steam had a significant impact on puffing
power and puffing ratio. Increased superheated steam
pressure had little effect on condensation water mass,
but the amounts of work performed by both superheated
water and superheated steam were increased,
significantly enhancing puffing capacity. Increasing
superheated steam temperature not only increased the
work done by superheated water, but also significantly
increased the amount of condensation water and
decreased the work done by superheated steam,

meaning that the increased puffing effect was
counteracted. The increase in material moisture content
was good for increasing the work done by superheated
water, but significantly increasing the amount of
condensation water decreased the work done by
superheated steam. Overall, the effect was an obvious
increase in puffing ratio.
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青苹果片过热蒸汽瞬时压降膨化动力研究

安凤平　郭　瑞　宋洪波　黄　群　滕　慧　李　涛
（福建农林大学食品科学学院，福州 ３５０００２）

摘要：针对过热蒸汽瞬时压降膨化动力不明晰、膨化程度调控困难的问题，建立了片状物料膨化动力通用数学模

型，表明膨化的能量源自于物料内部过热液体闪急蒸发做功和过热蒸汽瞬时释放做功 ２部分。由于不同含水率的

待膨化样品孔隙率不同，而且膨化前过蒸汽加热过程中热交换所产生的冷凝水质量也不同，从而膨化前样品的孔

隙率产生了不同的变化。因此，膨化度与物料的含水率、孔隙度有关，也与过热蒸汽的状态有关。以青苹果片为试

验材料，结果表明待膨化样品的孔隙率随着含水率的增大而明显减小。采用温度和压力分别为 ４３０～４７０Ｋ和

０１～０５ＭＰａ、过热蒸汽膨化含水率为 １５％ ～３５％的青苹果片，运用建立的膨化动力模型可有效地预测和评价膨

化条件与膨化度的关系（Ｒ２＞０８９）。增大蒸汽压力，对冷凝水的影响不大，可增大过热液体和过热蒸汽做功，对提

升膨化动力和膨化效果最明显；升高过热蒸汽温度仅能提高过热液体做功，但显著增大的冷凝水量使得过热蒸汽

做功减小，对提高膨化动力及膨化效果不明显；增加物料的含水率明显地增大过热液体做功，但是由于冷凝水量明

显增加而降低了过热蒸汽做功，总体上表现为较大程度增大了膨化动力和膨化度。

关键词：青苹果片；过热蒸汽；瞬时压降；膨化；模型
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　　引言

过热蒸汽膨化是将预脱水至一定含水率的果蔬

等物料置于高压容器中，通入蒸汽并保持一定时间，

瞬时释放压力使物料膨化，形成具有蜂窝状组织结

构
［１－４］

。与传统膨化技术相比，蒸汽膨化具有节能、

无污染、营养保存率高等优点
［３－６］

，在果蔬脆片、脱

水农产品加工过程中的组织修饰等方面具有广泛的

应用前景。以往的研究集中于原料含水率、蒸汽温

度、压力和滞留时间等工艺参数优化，然而产生膨化

的动力机制尚不清楚，使得调控膨化程度的方向具

有不确定性，特别是由试验研究到产业化应用过程

中的参数变化较大，是造成实际应用困难的主要原

因。

膨化前过热蒸汽对物料加热，物料内水分处于

高温高压状态，当瞬间泄压时，过热态水分发生闪急

蒸发
［７］
。过热液体闪蒸往往伴随着能量的瞬间释

放，ＡＢＢＡＳＩ等［８］
研究沸腾液体膨胀蒸汽爆炸的机

制，表明容器内过热液体瞬间降压时，沸腾液体迅速

膨胀为蒸汽而产生爆炸。物料内含水率对水分闪蒸

有很大影响
［９］
，而水分快速蒸发是促进膨化的重要

因素
［１０］
。ＳＵＩ等［１１］

研究了多级蒸汽爆炸过程的能

量分析，过程分为增压、保压和减压 ３个阶段，过热
蒸汽迅速释放产生巨大能量；膨化压力差对物料体

积变化影响很大
［１２－１４］

。目前关于过热蒸汽瞬时压

降的膨化动力研究尚未见报道。

本文以片状物料为研究对象，以青苹果为试验

材料，研究过热蒸汽瞬时压降膨化动力产生的机理，

为运用膨化动力原理调控膨化程度提供理论依据和

实践指导。

１　材料与方法

１１　样品准备
新鲜、无机械损伤的青苹果，购于当地超市，贮

藏于（４±１）℃、相对湿度为９０％ ～９５％的冷库中备
用。青苹果平均湿基含水率为 ８６３％，糖度为
１０６～１１８°Ｂｒｉｘ。经清洗、去皮，切成规格 ３５ｍｍ×
３５ｍｍ×１０ｍｍ的薄片，浸泡于质量分数为 ００２％

的亚硫酸钠溶液中２０ｍｉｎ，沥去表面液体［１５］
。将护

色的青苹果片放在干燥箱中以（７０±１）℃脱水至一
定含水率，立即修整为２０ｍｍ×２０ｍｍ×５ｍｍ薄片，
包装于铝箔袋中于室温（２０℃）冷却２ｈ［１６］。
１２　样品的加热及膨化

将１５个预脱水青苹果片放入膨化机的膨化室
内，将 ＴＴ Ｋ ３０ ＳＬＥ １０００型热电偶插入一个
青苹果片的中部。关闭膨化室，开启真空泵对膨化

室抽真空至 １００Ｐａ后关闭真空泵。再向膨化室中
通入一定温度和压力的过热蒸汽，加热一定时间后

立即打开卸压阀，完成对样品的膨化。在过热蒸汽

加热过程中样品的中心温度由数字温度表显示，压

力由压力检测仪传感器显示
［１７］
。

１３　仪器与设备
ＤＨＧ ９００３Ａ型热风干燥箱，上海精宏试验设

备有限公司；ＤＺＦ６０５０型真空干燥箱，上海精宏试
验设备有限公司；ＢＳＡ１２４Ｓ型分析天平，北京赛多利
斯仪器系统有限公司；ＶＰ １００型过热蒸汽膨化机，
自制。

１４　指标及测定方法
１４１　含水率

采用真空干燥法测定样品的含水率。将样品置

于真空干燥箱中以 ７０℃、１３３Ｐａ干燥至质量恒定。
干燥前后样品质量的差值与干燥前样品质量的百分

比即为含水率
［１８］
。

１４２　膨化度
膨化度表示样品体积的相对变化，即膨化后样

品的表观体积与膨化前样品表观体积的比值。样品

表观体积的测定采用液体置换法
［１９－２０］

。

１４３　冷凝水质量
用分析天平称量１５个样品的质量，再将样品置

于膨化室内加热，使其中心温度达到过热蒸汽温度

后取出并称量。加热后样品的质量与加热前样品质

量的差值即为冷凝水质量。

１４４　闪急蒸发水分质量
将预脱水至一定含水率的 １５个样品置于膨化

室内加热使其中心温度达到过热蒸汽温度及压力

后，取出并用分析天平称量后得到膨化前物料的质
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量。将相同含水率的１５个样品置于膨化室内加热，
使其中心温度达到过热蒸汽温度时进行膨化，取出

膨化的样品并称量，得到膨化后物料的质量。膨化

前后质量差即为闪急蒸发水分质量。

１４５　孔体积
孔体积用样品的表观体积与固体体积的差值表

示。表观体积测定采用液体置换法，固体体积的测

定采用气体转换法
［２１］
。

１５　数据处理
采用 ＤＰＳ７５软件分析过热蒸汽加热物料过程

中冷凝水质量以及膨化度测试结果组间差异的显著

性。预测值与实测值的符合程度用决定系数 Ｒ２表
示，由 ＭｉｃｒｏｓｏｆｔＥｘｃｅｌ２００３软件求得。

２　膨化动力通用模型的建立

物料经预脱水后，形成多孔结构。当样品放

入膨化室内并抽真空后，样品内的空气被抽出。

在过热蒸汽加热样品过程中，少量冷凝水产生并

被物料吸收，占据少量的孔隙空间；其他孔隙则充

满着过热蒸汽。当瞬间打开卸压阀时，样品内部

的部分过热水分立即气化、孔隙中过热蒸汽瞬时

释放，导致样品膨化。因此，物料膨化的总能量包

括过热水分闪急蒸发做功和过热蒸汽瞬时释放做

功 ２部分。
２１　膨化做功

膨化前物料内部水分包括物料本身含有的水分

和过热蒸汽加热过程中产生的冷凝水 ２部分，所以
膨化前物料中水分质量为

ｍｌ＝ｍω＋Ｍ （１）
式中　ｍｌ———膨化前１ｋｇ样品中水的质量，ｋｇ

ｍ———待膨化样品的质量，取１ｋｇ
ω———待膨化样品的含水率，％
Ｍ———加热１ｋｇ待膨化样品产生的冷凝水质

量，ｋｇ
膨化时，物料内压力瞬间降为１个标准大气压，

其内部的部分过热水分将闪急蒸发，释放能量。过

热水分做功的表达式为
［２２］

Ｗｌ＝［ｈ１－ｈ２－（ｓ１－ｓ２）Ｔ２］ｍ１ （２）
式中　Ｗｌ———膨化１ｋｇ样品时过热水分所做的功，Ｊ

ｈ１———膨化前压力条件下水的焓值，Ｊ／ｋｇ
ｈ２———膨化后压力条件下水的焓值，Ｊ／ｋｇ
ｓ１———膨化前压力条件下水的熵值，Ｊ／（ｋｇ·Ｋ）
ｓ２———膨化后压力条件下水的熵值，Ｊ／（ｋｇ·Ｋ）
Ｔ２———膨化后压力条件下水的沸点，Ｋ
ｍ１———膨化１ｋｇ样品闪急蒸发水分质量，ｋｇ

根据预试验，物料中的水分只有少部分发生了

闪急蒸发。因此，采用闪蒸率 λ表示蒸发水分多少
的公式

λ＝
ｍ１
ｍｌ

（３）

联立式（１）～（３），得到过热水分闪急蒸发做功
计算式

Ｗｌ＝［ｈ１－ｈ２－（ｓ１－ｓ２）Ｔ２］（ｍω＋Ｍ）λ （４）
膨化前后水分存在焓差，为过热水分闪急蒸发

提供能量。根据能量守恒定律得
［２３］

ｈ１－ｈ２＝λｒ （５）
式中　ｒ———膨化后压力条件下水的汽化潜热，Ｊ／ｋｇ

联立式（４）、（５），得到过热水分做功简化式

Ｗｌ＝［ｈ１－ｈ２－（ｓ１－ｓ２）Ｔ２］（ｍω＋Ｍ）
ｈ１－ｈ２
ｒ
（６）

膨化是在瞬间完成的，由于膨化过程极短，因此

物料内部过热蒸汽瞬时释放做功可视为理想气体绝

热过程做功
［２４］
，即

Ｗｇ＝
ｐ１Ｖｇ
ｋ [－１ (１－

ｐ２
ｐ )
１

ｋ－１

]ｋ

（７）

式中　Ｗｇ———膨化１ｋｇ样品过热蒸汽所做的功，Ｊ
ｐ１———膨化前样品内的绝对压力，ＭＰａ

Ｖｇ———１ｋｇ待膨化样品内过热水分的体积，ｍ
３

ｐ２———膨化后样品内的绝对压力，ＭＰａ
ｋ———过热蒸汽的绝热指数

膨化前样品的孔隙中充满着冷凝水和过热蒸

汽，则

Ｖｈ＝Ｍρ
－１
ｌ ＋Ｖｇ （８）

式中　Ｖｈ———１ｋｇ待膨化样品的孔体积，ｍ
３

ρｌ———饱和水的密度，ｋｇ／ｍ
３

联立式（７）、（８），得膨化过程中过热蒸汽做功
的表达式

Ｗｇ＝
ｐ１（Ｖｈ－Ｍρ

－１
ｌ ）

ｋ [－１ (１－
ｐ２
ｐ )
１

ｋ－１

]ｋ

（９）

膨化１ｋｇ物料的总能量为物料内部的过热水
分与过热蒸汽做功之和，即

Ｗ＝Ｗｌ＋Ｗｇ＝［ｈ１－ｈ２－（ｓ１－ｓ２）Ｔ２］（ｍω＋Ｍ）·

ｈ１－ｈ２
ｒ
＋
ｐ１（Ｖｈ－Ｍρ

－１
ｌ ）

ｋ [－１ (１－
ｐ２
ｐ )
１

ｋ－１

]ｋ

（１０）

式中　Ｗ———膨化１ｋｇ样品所做的功，Ｊ
２２　膨化度模型

由预试验已知，对于片状物料而言，膨化使得厚

度增加较大，而膨化前后样品长度和宽度的变化很

小。这是因为样品的长度和宽度远大于厚度，在长

度和宽度方向的膨化阻力远大于厚度方向的阻力，
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因此变形主要沿厚度方向进行。

预脱水片状物料可以看成是由无数个平面组

成。设厚度上的微元为 ｄｙ，做功微元为 ｄＷｓ，则做功

微元表达式为
［２５］

ｄＷｓ＝
ｐ１＋ｐ２
２
ａ２ｄｙ （１１）

式中　ａ———待膨化样品的边长，ｍ
对式（１１）积分得片状物料在内外压力差作用

下膨化做功量表达式

Ｗｓ＝２∫
δ′

δ

ｐ１＋ｐ２
２
ａ２ｄｙ （１２）

式中　δ———待膨化样品的厚度，ｍ
δ′———膨化样品的厚度，ｍ

化简式（１２）得
Ｗｓ＝ａ

２
（δ′－δ）（ｐ１＋ｐ２） （１３）

膨化度表达式为

Ｓ＝Ｖ
Ｖ０
＝２δ′ａ

２

２δａ２
＝δ′
δ

（１４）

式中　Ｓ———膨化度
Ｖ———膨化样品的表观体积，ｍ３

Ｖ０———待膨化样品表观体积，ｍ
３

联立式（１３）、（１４）得

Ｓ＝１＋
Ｗｓ

δａ２（ｐ１＋ｐ２）
（１５）

设１ｋｇ预脱水物料中含有 Ｎ个样品，膨化 １ｋｇ
物料的总能量可表示为

Ｗ＝Ｗｌ＋Ｗｇ＝ＮＷｓ （１６）
联立式（１５）、（１６），则样品膨化度表达式为

Ｓ＝１＋
Ｗｌ＋Ｗｇ

Ｎδａ２（ｐ１＋ｐ２）
（１７）

３　结果与分析

以青苹果片为试验材料，采用膨化动力通用模

型研究过热蒸汽温度、压力以及样品含水率对膨化

做功以及膨化度等的影响。

预脱水青苹果片含水率不同，则 １ｋｇ物料中的
　　

样品个数 Ｎ也不同，见表１。

表 １　不同含水率的单个样品质量 ｍ和 １ｋｇ物料中的

样品个数 Ｎ

Ｔａｂ．１　Ｓｉｎｇｌｅｗｅｉｇｈｔａｎｄｎｕｍｂｅｒｆｏｒ１ｋｇｏｆｐｒｅ

ｄｅｈｙｄｒａｔｅｄｓａｍｐｌｅｗｉｔｈｄｉｆｆｅｒｅｎｔｍｏｉｓｔｕｒｅｃｏｎｔｅｎｔｓ

ω／％ ｍ／ｋｇ Ｎ

１５ ８７４１×１０－４ １１４４

２０ ９３５９×１０－４ １０６９

２５ １０２２×１０－３ ９７９

３０ １１１６×１０－３ ８９６

３５ １１９２×１０－３ ８３９

　　由表１可知，单个样品质量随其含水率的增大
而增大，而１ｋｇ物料中样品个数 Ｎ随着含水率的增
大而减小。这是因为样品体积相同时，含水率越大，

其质量也越大，１ｋｇ物料中的样品数量则越少。
测定不同含水率的青苹果片孔体积如表 ２所

示，样品含水率越大，孔体积越小。

表 ２　不同含水率预脱水样品的孔体积

Ｔａｂ．２　Ｐｏｒｅｖｏｌｕｍｅｏｆｐｒｅｄｅｈｙｄｒａｔｅｄｍａｔｅｒｉａｌ

ｗｉｔｈｄｉｆｆｅｒｅｎｔｍｏｉｓｔｕｒｅｃｏｎｔｅｎｔｓ

ω／％ Ｖｈ／ｍ
３

１５ ８４７０×１０－４

２０ ６７１２×１０－４

２５ ５０７２×１０－４

３０ ３７９３×１０－４

３５ ２４２３×１０－４

３１　过热蒸汽温度对做功和膨化度的影响
以压力为 ０３ＭＰａ，温度分别为 ４３０、４４０、４５０、

４６０、４７０Ｋ的过热蒸汽膨化含水率为 ２５％的样品。
测定预脱水样品经过热蒸汽加热产生的冷凝水质量

Ｍ；查阅不同过热蒸汽压力下饱和水的焓值和熵值
（斯派莎克工程有限公司提供），则由式（７）～（１０）
计算可得不同过热蒸汽温度条件下过热水分做功

Ｗｌ、过热蒸汽做功 Ｗｇ以及过热膨汽做功之和 Ｗ；再
将 Ｗｌ和 Ｗｇ代入式（１７）中，计算可得膨化度。相关
的计算值和实测值如表３所示。

表 ３　 过热蒸汽温度与冷凝水质量及膨化的关系 （ｐ１＝０３ＭＰａ，ω＝２５％）

Ｔａｂ．３　Ｒｅｌａｔｉｏｎｓｈｉｐｓｏｆｓｕｐｅｒｈｅａｔｅｄｖａｐｏｒｔｅｍｐｅｒａｔｕｒｅｓ，ｃｏｎｄｅｎｓｅｄｗａｔｅｒｑｕａｎｔｉｔｙａｎｄｐｕｆｆｉｎｇｐｏｗｅｒ

Ｔ／Ｋ Ｍ／ｋｇ Ｗｌ／Ｊ Ｗｇ／Ｊ Ｗ／Ｊ Ｓｐ Ｓｍ

４３０ ００９５６±０００１６Ｅ １３８８ ９１６ ２３０４ １５８８ １５６８±００１６ｃ

４４０ ０１０１９±０００１９Ｄ １４１３ ９０１ ２３１４ １５９１ １５８１±００１２ｂｃ

４５０ ０１０８２±０００１５Ｃ １４３８ ８８７ ２３２５ １５９４ １５９３±０００８ａｂ

４６０ ０１１４４±０００１２Ｂ １４６３ ８７２ ２３３５ １５９７ １５９４±０００７ａｂ

４７０ ０１２０５±００００８Ａ １４８８ ８５８ ２３４６ １５９９ １５９８±００１０ａ

　　注：Ｔ表示过热蒸汽温度；相同列不同的大写字母上标意味着在 ９９％置信水平显著不同，相同列不同的小写字母上标意味着在 ９５％置信

水平显著不同，下同。膨化度实测值 Ｓｍ与预测值 Ｓｐ的决定系数 Ｒ
２为０８９８１。
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　　由表３可知，决定系数 Ｒ２达到 ０８９以上，说明
预测值与实测值吻合度高。过热蒸汽温度 Ｔ在４３０～
４７０Ｋ的范围内，膨化度 Ｓｍ由 １５６８增加至 １５９８；
尽管不同过热蒸汽温度所产生的冷凝水质量 Ｍ的
差异高度显著，但膨化度之间的差异不显著。由

式（１７）可知，膨化度与过热水分做功以及过热蒸汽
做功之和成正比。当物料含水率及过热蒸汽压力一

定时，过热蒸汽温度越高则过热水分做功 Ｗｌ也越大
（表３），这是因为过热水分温度越高其内能也越大，
膨化瞬间水分闪蒸的能力也越大；过热蒸汽温度越

高，物料内部的气体做功 Ｗｇ反而有所减小，是因为
较高温度过热蒸汽所产生的冷凝水质量 Ｍ增大，冷

凝水被物料吸收使得其内部孔隙减小，可容纳的过

热蒸汽量也减少。过热水分做功占居主导的地位，

因此总体上表现为膨化度随着过热蒸汽温度的升高

有所增大。

３２　过热蒸汽压力对做功及膨化度的影响
以温度为 ４５０Ｋ、压力分别为 ０１、０２、０３、

０４、０５ＭＰａ的过热蒸汽加热和膨化含水率为 ２５％
的样品。测定产生的冷凝水质量 Ｍ，由式（７）～
（１０）计算得出不同过热蒸汽压力条件下膨化所做
的功；将过热水分做功量 Ｗｌ和过热蒸汽做功量 Ｗｇ
等代入式（１７）得到膨化度预测值。相应的理论值
和实测值如表４所示。

表 ４　过热蒸汽压力与冷凝水质量及膨化的关系（Ｔ＝４５０Ｋ，ω＝２５％）

Ｔａｂ．４　Ｒｅｌａｔｉｏｎｓｈｉｐｓｏｆｓｕｐｅｒｈｅａｔｅｄｖａｐｏｒｐｒｅｓｓｕｒｅｓ，ｃｏｎｄｅｎｓｅｄｗａｔｅｒｑｕａｎｔｉｔｙａｎｄｐｕｆｆｉｎｇｐｏｗｅｒ

ｐ１／ＭＰａ Ｍ／ｋｇ Ｗｌ／Ｊ Ｗｇ／Ｊ Ｗ／Ｊ Ｓｐ Ｓｍ
０１ ０１０５８±０００１５ｄ ０ ０ ０ １０００ １００１±０１０６ｅ

０２ ０１０７２±００００９ｃ ３９２ ３２８ ７２０ １２４５ １１６９±００６２ｄ

０３ ０１０８２±００００８ｂｃ １４３８ ８８７ ２３２５ １５９４ １４４０±０１３０ｃ

０４ ０１０９１±００００７ａｂ ３１１２ １４４１ ４５５３ １９３１ １７５５±０１９２ｂ

０５ ０１０９９±００００７ａ ５１７２ ２０３５ ７２０７ ２２２７ ２１９５±０２４０ａ

　　注：膨化度实测值 Ｓｍ与预测值 Ｓｐ的决定系数 Ｒ
２为０９４３８。

　　由表４可知，预测值与实测值高度吻合。过热
蒸汽压力 ｐ１由０１ＭＰａ增大至 ０５ＭＰａ时，膨化度
Ｓｍ由１００１增大至 ２１９５，过热蒸汽压力对膨化度
的影响达到显著水平。在较低的过热蒸汽压力范围

内（０１～０２ＭＰａ），增大压力对冷凝水质量 Ｍ的影
响达到显著水平；进一步增大压力，对冷凝水质量的

影响则不显著；随着过热蒸汽压力的增大，样品内部

的过热水分做功 Ｗｌ和过热蒸汽做功 Ｗｇ均增大，因
此膨化动力 Ｗ增加明显，膨化效果亦明显变化。另

一方面，当过热蒸汽压力一定时，过热水分做功较过

热蒸汽做功大得多，说明膨化时过热水分做功量占

居主导地位。

３３　含水率对做功及膨化度的影响
以温度为４５０Ｋ、压力为０３ＭＰａ的过热蒸汽加

热和膨化含水率分别为 １５％、２０％、２５％、３０％和
３５％的样品，测定加热过程中冷凝水质量 Ｍ，计算膨
化所做的功和膨化度，并测定膨化度，结果如表５所
示。

表 ５　不同含水率样品产生的冷凝水质量及膨化的关系（Ｔ＝４５０Ｋ，ｐ１＝０３ＭＰａ）

Ｔａｂ．５　Ｒｅｌａｔｉｏｎｓｈｉｐｓｏｆｃｏｎｄｅｎｓｅｄｗａｔｅｒｑｕａｎｔｉｔｙｐｒｏｄｕｃｅｄｗｉｔｈｄｉｆｆｅｒｅｎｔｓａｍｐｌｅｍｏｉｓｔｕｒｅｃｏｎｔｅｎｔｓａｎｄｐｕｆｆｉｎｇｐｏｗｅｒ

ω／％ Ｍ／ｋｇ Ｗｌ／Ｊ Ｗｇ／Ｊ Ｗ／Ｊ Ｓｐ Ｓｍ
１５ ００８３８±０００１８Ｅ ９３９ １７０４ ２６４３ １５７７ １４６１±００５９ｄ

２０ ００９６２±０００１０Ｄ １１８９ １２８１ ２４７０ １５７８ １５４９±００４２ｃ

２５ ０１０８２±０００１２Ｃ １４３８ ８８７ ２３２５ １５９４ １５８８±００３３ｂｃ

３０ ０１１９６±００００８Ｂ １６８５ ５７４ ２２５９ １６３０ １６０８±００１３ａｂ

３５ ０１３２０±００００４Ａ １９３５ ２３９ ２１７４ １６４８ １６４６±０００８ａ

　　注：膨化度实测值 Ｓｍ与预测值 Ｓｐ的决定系数 Ｒ
２为０９２４６。

　　由表５可知，含水率与膨化度关系的预测值与
实测值之间的相关系数达 ０９２４６。样品含水率 ω
为１５％时，膨化度 Ｓｍ为 １４６１，当样品含水率 ω为
３５％时，膨化度 Ｓｍ达到 １６４６；在含水率为 １５％ ～
２０％范围内，含水率对膨化度的影响达到显著水平，
进一步增大含水率对膨化度的影响不显著。由于待

膨化样品含水率的增加，样品孔体积 Ｖｈ显著减小

（表２），显著增大冷凝水质量；样品含水率的增大显
著增加了冷凝水的质量 Ｍ（表 ５），使得样品中过热
蒸汽容量减小，因此过热蒸汽做功 Ｗｇ也明显减小；
尽管过热水分做功随着样品含水率增大而增大，但

膨化做功 Ｗ反而有所减小；另一方面，随着样品含
水率增大，１ｋｇ预脱水物料中的样品个数 Ｎ减小
（表１），因此膨化做功所表现出的膨化度也增大。
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此前关于过热蒸汽膨化果蔬工艺的研究表

明
［４－５］

，膨化度增大至一定值后反而逐渐减小，是由

于加热过程中蒸汽与设备之间热交换产生的冷凝水

被物料吸收导致的。对此，本研究采用了改进的设

备，增加了导水装置，避免了物料吸收该部分冷凝水

产生的不利影响
［５］
。

４　结论

（１）过热蒸汽瞬时压降膨化片状物料的能量主
要来自于物料内部过热液体闪急蒸发做功和过热蒸

汽瞬时释放做功２个部分。建立了片状物膨化过程
中膨化动力与膨化度关系的通用数学模型，表明膨

化程度与物料含水率、孔隙度以及膨化前后的压力

差、水分的热特性有关。

（２）以青苹果片为试验材料，对物料含水率

１５％ ～３５％、过热蒸汽温度和压力分别为 ４３０～
４７０Ｋ和０１～０５ＭＰａ条件下膨化做功及膨化度
关系进行研究，预测值与实测值吻合度高（Ｒ２ ＞
０８９），说明所建立的片状物料膨化动力通用模型
可较好地预测和评价膨化条件与膨化度的关系。

（３）膨化前过热蒸汽加热过程中产生的冷凝水
对膨化动力和膨化效果有重要影响。仅增大过热蒸

汽压力，对冷凝水质量变化影响不大，而过热水分及

过热蒸汽做功均增大，因此膨化能力最大。升高过

热蒸汽温度可以一定程度增大过热水分做功，但明

显增大了冷凝水量使得过热蒸汽做功减小，因此增

大膨化效果不够明显。增加物料含水率，有利于增

大过热水分做功，但冷凝水量的明显增加使过热蒸

汽做功减小，总体上表现为较明显地增大膨化度。
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