
Experimental investigation of the
characteristic of vacuum spray
cooling for tofu

Gailian Li, LucongHan, Shuaihua Du, Yuhang Peng, Zhenya Zhang,
Chuanxiao Cheng and Tingxiang Jin*

School of Energy and Power Engineering, Zhengzhou University of Light Industry, Zhengzhou, China

The present study proposes a rapid cooling method based on vacuum spray
cooling, and establishes an experimental system to study the cooling performance
of this method by taking tofu as an example. In this study, the effects of vacuum
spray cooling, vacuum cooling and immersion vacuum cooling on the cooling
rate, water holding rate, PH, TPA and other properties of tofu were compared. The
total cooling time of vacuum spray cooling (13.86 min) was shorter than that of
immersion vacuum cooling (33.39 min) but longer than that of vacuum cooling
(10.64 min) for a temperature decrease from 70°C to 4°C. For weight loss from
70°C to 4°C, vacuum spray cooling (2.96%) was significantly less than that of
vacuum cooling (10.21%). The PH value after cooling has no significant difference,
but the color difference and water holding capacity of the sample after vacuum
spray cooling are obviously better. However, the textural properties of the sample
cooled by vacuum spray cooling were close to (for elasticity and viscosity) and
better (for hardness and chewiness) than those of immersion vacuum cooling. In
addition, compared with the two cooling methods in terms of storage, vacuum
spray cooling can effectively maintain the moisture content, water holding rate,
PH, chromatism and TPA of tofu, thus extending the fresh-keeping period of tofu.
The conclusions of this paper provide theoretical support for prolonging the
preservation period of food and optimizing the cooling process.
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1 Introduction

Cooling is regarded as an effective method to improve the shelf life of food with high
moisture content (Ditta et al., 2022; Zhang et al., 2022). Vacuum cooling (VC) has the
advantages of fast cooling speed (Zhu et al., 2019a), uniform cooling temperature (Dong
et al., 2012; Ding et al., 2016), low operating cost and low failure rate (Yesil et al., 2017;
Kongwong et al., 2019) which has been widely used in fast food (Zhu et al., 2019b),
distribution centecr (Feng and Li, 2015), central kitchen (Ozturk and Hepbasli, 2017) and
other industries (Feng et al., 2016). During vacuum cooling, food matrix is placed in a closed
cooling oven where the vacuum degree is controlled by the vacuum pump. The boiling point
temperature of water can be reduced by increasing the vacuum in the drying chamber, so that
the water in the object can evaporate at a lower temperature. However, a degraded in food
quality (Liao and Yu, 2020; Song et al., 2020) and the restrictions on samples that could not
be cooled is observed after VC which severely limits the promotion of vacuum cooling
technology (Rodrigues et al., 2013). Therefore, it is crucial to identify solutions that can
reduce the quality loss of food after vacuum cooling.
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An important way to reduce the cooling loss is to control the
process parameters in the vacuum cooling process. The
optimization of vacuum cooling process parameters and the
reduction of pressure drop have been extensively studied in
the existing articles (Liu et al., 2014; Ozturk et al., 2017).
However, the weight loss increases as the final pressure
decreases and the final cooling pressure will affect the final
cooling temperature in a short cooling time (Ozturk et al.,
2011; Santana et al., 2018). Another important factor affecting
mass loss is the pressure drop rate. Through the study of flowers
and meat, Brosnan and Sun (2003) and Huber and Laurindo
(2005) found that with the decrease of the pressure rate, the
amount of the mass loss increased significantly. Reducing the
volume displacement of the pump can improve the temperature
uniformity and reduce mass loss and energy consumption (Song
and Liu, 2014; Song et al., 2015). Additionally, process
parameters such as loading capacity (Schmidt and Laurindo,
2014; Ding et al., 2018; Santana et al., 2018), product size and
shape (Zhang et al., 2013), initial temperature, and final cooling
temperature also affect the mass loss in products after vacuum
cooling. However, the quality loss in the vacuum cooling process
is mainly because of the loss of water in the product. The problem
of quality loss cannot be fundamentally solved by simply
adjusting the process parameters.

Immersion vacuum cooling (IVC) which immerses a hot-
cooked food in a surrounding liquid can achieve a high cooling
rate with a comparably lower cooling loss compared to vacuum
cooling. It is currently widely used for vacuum cooling of cooked
meat and the cooling products obtained by this cooling method
have good physical and chemical properties. Drummond and
Sun (2012); Feng and Li (2015) found that IVC can effectively
improve the quality of meat products and reduce the microbial
community in meat products; Drummond et al. (2015) found
that IVC can effectively inhibit the growth of spores in pork ham
and significantly shorten the cooling time. However, the slow
cooling rate of IVC in the later stage of cooling due to the
influence of product size hindered its development (Drummond
and Sun, 2008). The process of immersion vacuum cooling has
been improved to reduce the cooling time by employing
appropriate pressure drop rates and increasing stirring (Feng
et al., 2013; Feng et al., 2014). In addition, bubble vacuum
cooling (Guo et al., 2018; Song et al., 2018), pulse vacuum
cooling (Cheng and Sun, 2006), ultrasonic-assisted immersion
vacuum cooling (Liao and Yu, 2020) and combined cooling
(Cheng and Sun, 2010) are also introduced to improve the
cooling rate. However, the cooling time in immersion vacuum
cooling cannot be effectively shortened by improving the
process. It still has problems such as large consumption of
cooling water and large pressure energy loss, which is not
conducive to large-scale industrial production.

Because of the spray cooling is characterized by low cooling
water volume and fast cooling rate, a new vacuum spray cooling
(VSC) method was proposed to compensate for the weight loss in
the vacuum cooling process and the longer cooling time in the
immersion vacuum cooling process. Based on the current
research on cooling, there is little information about the
product quality of the tofu cooling process. In this paper, the
cooling performance of tofu was studied experimentally

including the cooling characteristic, water retention rate, PH
value, TPA and the quality change of tofu during storage by three
different cooling methods. The research conclusion aims to
determine the best cooling method and provide technical
support for improving product quality.

2 Materials and methods

2.1 Design of a vacuum spray device

Figure 1 shows the schematic diagram of vacuum spray cooling
equipment. The spray device has been especially added to the
original vacuum cooling equipment (Shanghai Pudong Freezing
Dryer Instruments Co., Ltd., Shanghai, China). A thin film of water
can be formed on the surface of the food by spraying a small amount
of water which can significantly reduce the mass loss. The main
components of the spray device are nozzles as shown in Figure 2A
(60°S0.4, Danfoss, Denmark), solenoid valves, pressure sensors
(SUP-P300, Hangzhou Meiyi Automation Co., Ltd., Hangzhou,
China) and temperature sensors. The liquid supply system
consists of a micropump (GAV-21, Baizhiyuan Technology Co.,
LTD, Shenzhen, China), a glass rotameter (LZB-3WB, Changzhou
Shuanghuan Thermal Instrument Co., LTD., Jiangsu, China), and a
water purifier (HAT-002-Q, Shenzhen Huiante Import and Export
Co., LTD., Shenzhen, China). The experimental process of vacuum
spray cooling of tofu is demonstrated in Figure 2B.

2.2 Material

Fresh tofu was purchased from the Dennis supermarket
(Zhengzhou, China) and the samples were wrapped in cling film.
Tofu samples were cut into 3 cm squares with a knife immediately
upon arrival at the laboratory. The cut samples were stored in a
refrigerator (BCD-181LFC, Hangzhou Huari Electric Co., Ltd.,
Hangzhou, China) at a temperature of 4°C ± 0.5°C. The water
used in the experiments was pure water.

2.3 Cooling process

Before cooling, all samples were heated in a water bath (DC-
3010; Jiangsu Tenlin Instrument Co., Ltd., Jiangsu, China). The
temperature of the water bath was set to 80 °C. Once the tofu cores
had been at a temperature of 70°C for 2 min, vacuum spray cooling,
vacuum cooling and immersion vacuum cooling were performed,
respectively. During the vacuum spray cooling process, a number of
heated tofu blocks are placed into the vacuum spray cooling
equipment. The vacuum pump is switched on and when the
vacuum chamber pressure drops to 25 kPa, the vacuum spraying
begins. The spray height is 5 cm, the flow rate is 5 ml/min, the spray
water temperature is 26°C and the cooling pressure is 700 Pa. In
vacuum cooling, tofu blocks are used with a cooling pressure of
700 Pa. In the immersion vacuum cooling process, the heated tofu
blocks are first placed in a 1,000 ml beaker and covered with pure
water maintained at a temperature of 15°C. The tofu block is then
placed into a vacuum chamber with a cooling pressure of 700 Pa.
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FIGURE 1
Schematic diagram of a vacuum spray cooling equipment.

FIGURE 2
Diagram of vacuum spray cooling device (A) and process (B).

TABLE 1 Cooling time and weight loss in tofu.

From 70°C to 10°C (min) From 10°C to 4°C (min) From 70°C to 4°C total time (min) Weight loss (%)

Vacuum cooling 6.78 ± 0.1a 3.88 ± 0.11c 10.66 ± 0.18c 10.17 ± 0.35a

Vacuum spray cooling 7.81 ± 0.1c 6.03 ± 0.13b 13.84 ± 0.23b 2.96 ± 0.1b

Immersion vacuum cooling 16.75 ± 0.15b 16.64 ± 0.16a 33.39 ± 0.31a −2.49 ± 0.21c

All values in the table are the mean ± SD, of three independent parallel experiments. Samples with varying superscript letters in the same column are significantly different at p < 0.05.

Frontiers in Food Science and Technology frontiersin.org03

Li et al. 10.3389/frfst.2023.1191360

https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2023.1191360


In the experiment, a thermocouple is inserted from the centre of the
side surface of the tofu to its geometric centre.When the temperature in
the centre reached 4°C, the experiment ended and the data was
recorded. All experiments were repeated three times. At the end of
the experiment, the water was removed from the surface of the tofu
using filter paper and the tofu samples were then stored in a refrigerator.

2.4 Parameter measurements

2.4.1 Weight loss and water holding capacity
Weight loss is defined as:

Weight loss � X1 −X2

X1
× 100% (1)

where X1 (kg) is the weight of the sample before cooling, X2 (kg) is
the weight after cooling.

For the purpose of calculating the water holding capacity, 10 g of
the sample was placed in the centrifuge tube (SN-SLC-40, Shanghai

Sun Power Instrument Co., Ltd., Shanghai, China) at a rotation
speed of about 4000R/min. After centrifugation for 30 min, the
sample was removed. The centrifuged water was also removed with
absorbent paper. The water holding capacity was calculated as:

Water holding capacity � 1 − A1 − A2

A1
( ) × 100% (2)

where A1 (kg) is the weight of the sample before centrifugation, A2

(kg) is the weight after centrifugation.

2.4.2 PH measurement and moisture analysis
For PH analysis, 10 g of the sample were mixed with 90 mL of

distilled water for 10 min. A digital PH meter (BPH-7100A, Bell
Analytical Instruments (Dalian) Co., Ltd., Dalian, China) was used
to measure the supernatant.

According to the National Food Safety Standard (GB
5009.3–2010), the moisture content was determined by the direct
drying method. Out of the cooled tofu sample, 10 g of tofu was dried
in an oven (105 °C) for 24 h. The instrument used for moisture

FIGURE 3
Cooled tofu samples obtained by different cooling methods (A) VC (B) VSC (C) IVC.

TABLE 2 Water holding rate and PH value for tofu.

Water holding capacity PH

Before cooling After cooling Before cooling After cooling

Vacuum cooling 85.34 ± 0.13 89.14 ± 0.15b 6.65 ± 0.05 6.55 ± 0.15a

Vacuum spray cooling 85.83 ± 0.16 90.12 ± 0.11a 6.65 ± 0.07 6.65 ± 0.13a

Immersion vacuum cooling 85.59 ± 0.18 83.65 ± 0.13c 6.65 ± 0.15 6.70 ± 0.11a

All values in the table are the mean ± SD, of three independent parallel experiments. Different lowercase letters indicate significant differences within the same column (p < 0.05), same lowercase

letters indicate non-significant differences within the same column (p > 0.05).

TABLE 3 Color change before and after cooling.

Methods L* a* b* ΔE

Before cooling 102.07 ± 1.01ab 0.86 ± 0.06c 16.30 ± 0.63b

Vacuum cooling 99.42 ± 0.52c 1.71 ± 0.11a 18.53 ± 0.75a 3.75 ± 0.43a

Vacuum spray cooling 101.53 ± 1.50b 1.25 ± 0.14b 15.86 ± 0.81b 0.87 ± 0.42c

Immersion vacuum cooling 103.52 ± 0.50a 1.02 ± 0.11c 14.98 ± 1.00b 1.98 ± 0.64b

All values in the table are the mean ± SD, of three independent parallel experiments. Samples with varying superscript letters in the same column are significantly different at p < 0.05.
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analysis was a rapid halogen moisture tester (FBS-750A, Furbs Ltd.,
China).

2.4.3 Textural profile analysis (TPA) and color
analysis

Three pieces of cooled tofu (length * width * height: 3 × 3 ×
3 cm) were used for texture profile (TA,XTC, Shanghai Bosin
Industrial Development Co., Ltd., Shanghai, China) and color
analysis (YS-3060, Shenzhen 3nh Technology Co., Ltd.,
Shenzhen, China). For evaluating texture profile, an
aluminum cylindrical plunger (TA/36) was used. Two cycles
of 20% compression with a 10 kg load cell (1.0 mm
s−1 deformation rate) were applied to this system. The
textural attributes were evaluated by recording the hardness,
springiness, gumminess, and chewiness. A Tristimulus
colorimeter was used to measure the color on which the
Commission Internationale de L’éclairage system (CIE, Lp,
lightness; ap, red/green; bp, yellow/blue) was applied and the
ΔE was calculated according to Eq. 3

ΔE �
�������������������������������
L0* − L*( )2 + a0* − a*( )2 + b0* − b*( )2

√
(3)

where L0*, a0* and b0* are color parameters of fresh tofu; L*, a*, b*
are the color parameters of cooled tofu.

The analyses of the TPA properties, chromatism, PH, and
moisture were carried out in septuplicate at d1, d2, d3, d4, d5,
d6, and d7, respectively.

2.4.4 Statistical analysis
The data for cooling time, weight loss, color, TPA, moisture

content were analyzed by Origin (OriginLab, 2017; United States).
One-way ANOVA (Duncan, p < 0.05) was used to compare the
differences among the data.

3 Results and discussion

3.1 Comparison of the different cooling
methods based on their cooling
characteristics on tofu

Table 1 shows the average cooling time for tofu for the
temperature range from 70°C to 10°C and from 10°C to 4°C and
the samples obtained after different cooling methods are shown in
Figure 3. There was a significant difference (p < 0.05) in the cooling
time and weight loss of the tofu samples obtained by the different
cooling methods. The average cooling time for VSC (13.86 min) was
shorter than IVC (33.39 min). The cooling time for VSC (7.83 min)
was significantly less than that of IVC (16.75 min) in the

TABLE 4 Texture changes for tofu before and after cooling.

Methods Hardness/gf Viscosity/gf·s Elasticity Chewiness/gf

Before cooling 876.085 ± 6.06c 51.21 ± 1.01a 0.8909 ± 0.01a 582.864 ± 7.00c

Vacuum cooling 1,035.529 ± 6.07a 29.20 ± 0.92b 0.8864 ± 0.01a 857.756 ± 8.60a

Vacuum spray cooling 959.487 ± 8.52b 29.29 ± 1.06b 0.8865 ± 0.02a 775.168 ± 7.01b

Immersion vacuum cooling 822.366 ± 7.52d 23.34 ± 1.40c 0.8895 ± 0.01a 511.540 ± 8.69d

All values in the table are the mean ± SD, of three independent parallel experiments. Different lowercase letters indicate significant differences within the same column (p < 0.05), same lowercase

letters indicate non-significant differences within the same column (p > 0.05).

FIGURE 4
Changes of moisture content of tofu during storage with
different cooling methods.

FIGURE 5
PH changes of tofu during storage with different cooling
methods.
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temperature range from 70°C to 10°C. For the temperature decreased
from 10°C to 4°C, the cooling time for VSC (6.03 min) was markedly
less than that of IVC (16.64 min). VC exhibited the shortest cooling
time because the water inside the tofu evaporated more quickly in a
low-pressure environment. IVC immerses tofu in a liquid, whereas
VSC forms a thin film of water on the surface of the tofu. Heat
transfer takes place mainly by convection, with the cooling rate
decreasing later in the cooling process. VSC has less resistance to
heat transfer than IVC, which results in faster cooling rates with
VSC. A faster cooling method should be chosen to ensure freshness
of the tofu during the cooling process.

In addition, large weight losses should be avoided in order to
save costs. According to Table 1; Figure 3, the weight loss of the
samples from VC (approx. 10.21%) was more than 3.45 times that of
VSC (approx. 2.96%). Surprisingly, the weight of the samples after
IVC increased by approximately 2.3%, which is significantly heavier
than the weight of the IVC. This was due to the penetration of the
coolant into the pores and cracks of the foodstuffs during the later
stages of IVC. This finding is consistent with the study by Fu et al.
(2022) on beverages.

3.2 Comparison of different cooling
methods on water holding rate and PH for
tofu

Water retention refers to the ability of food to retain water
during mechanical movement. Changes in water retention capacity
may be due to changes in the water content and internal structure of
the tofu, with the reduced water retention capacity making the tofu
more susceptible to mechanical damage. Table 2 shows the changes
in water retention before and after cooling with different cooling
methods. There was a significant difference in the water holding
capacity of the tofu samples obtained by the different cooling
methods (p < 0.05) and no significant difference in pH. After
VC, the water retention increased from 85.36 to 89.11. After

VSC, the water retention increased from 85.88 to 90.17.
However, after IVC, the water retention decreased from 85.62 to
83.69. It is clear that tofu treated with VSC is less susceptible to
mechanical damage. pH will significantly affect parameters such as
microbial growth and enzyme activity, which will have an impact on
the quality of the product. Impact. The different cooling methods
had no significant effect on the pH of the tofu before and after
cooling, while the VSC treatment showed the least difference in pH.

3.3 Comparison of different cooling
methods on chromatism for tofu

Chromatism plays an important role in product quality,
especially in foods stored for sale. The experimental data in
Table 3 shows that the L* values of the samples cooled by
vacuum spray were close to those before cooling. Significant
differences (p < 0.05) in L*, a*, b* and ΔE of tofu samples
obtained by different cooling methods. The variation in L* values
may be due to water loss during the vacuum cooling process. The
samples cooled by VSC and IVC have similar a* values compared to
before cooling, which is due to the compensation of water in the
coolant during the VSC and IVC processes. For the same reason, the
b* values of the samples cooled by VSC and IVC are also similar to
each other. It is clear that the ΔE for VSC is significantly lower than
for the other cooling methods.

3.4 Comparison of different cooling
methods on texture for tofu

The texture of food products is an important indicator of customer
purchase intention. Therefore, the texture characteristics of the samples
were measured before and after cooling, including hardness, viscosity,
elasticity and chewiness. As shown in Table 4, significant differences
(p < 0.05) in the hardness, viscosity and chewiness of the tofu samples

FIGURE 6
Changes of water holding capacity of tofu during storage with
different cooling methods.

FIGURE 7
Color difference in tofu during storage with different cooling
methods.
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obtained by the different cooling methods, no significant differences in
elasticity. The hardness values of the samples cooled by IVC
(~822.366 gf) were significantly lower than those before cooling
(~876.131 gf). However, the hardness of the samples cooled by VC
(~1,036.586 gf) and VSC (~959.487 gf) increased. The viscosity of the
samples cooled by VC (~29.20 gf*s), VSC (~29.29 gf*s) and IVC
(~23.22 gf*s) was remarkably lower than before cooling (~51.21 gf).
For these three cooling methods, the elasticity values did not change
much. The textural properties of chewiness showed a similar variation
to that of hardness. The quality of the tofu processed with VSC was in a
moderate state of softness and hardness, so this was the most suitable
cooling method.

3.5 Moisture content changes of tofu during
storage

Moisture content is an important parameter that may affect
other quality parameters including hardness, tenderness, water
holding capacity and water activity. Figure 4 shows the changes
in moisture during storage under different cooling methods. Under

VC and VSC methods, the moisture content decreases significantly
on the third day. Under IVC, the moisture content decreases
obviously from the second day onwards. The moisture tends to
decrease as the storage time increases and the product cooled by the
VSC method maintains the highest moisture content. The loss of
moisture content may be due to differences in water vapour pressure
and surrounding cold air. The increase in moisture content is due to
the hydrolysis of the proteins during storage. VC and VSC showed
an increase in water content on the fourth day, while IVC showed an
increase in water content on the third day, indicating that VC and
VSC of the tofu inhibited the growth of microorganisms to some
extent.

3.6 PH changes of tofu during storage

PH is an important factor that may affect other parameters such
as elasticity and also has a negative correlation with red colour. As
shown in Figure 5, the PH of the food products as a whole decreased
during storage. PH values increased significantly on the fourth day
after vacuum cooling and vacuum spray cooling, while PH values

FIGURE 8
Chromatism of cooled tofu samples obtained by different cooling methods after 7ds storage. (A) VC (B) VSC (C) IVC.

FIGURE 9
Changes of tofu hardness during storage with different cooling
methods.

FIGURE 10
Changes of tofu viscosity during storage with different cooling
methods.
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increased significantly on the third day after immersion vacuum
cooling. The VSC-treated tofu had the best ability to maintain PH
throughout storage. Fluctuations in PH during storage may be due
to changes in water and amine content. The lower levels of ammonia
and higher levels of organic acids could be responsible for the
decrease in PH at the end of the storage period.

3.7 Water holding rate changes of tofu
during storage

Water holding capacity is the ability of a food to hold water under
the influence of mechanical movement on the water content of the food
and changes in the structure of the food. Figure 6 shows the changes in
water holding capacity of the samples during storage with different
cooling methods. It can be seen that tofu cooled with IVC and VC
showed a decreasing trend in water holding capacity during storage.
After VSC cooling, the water holding capacity of tofu was significantly
better than the other two different cooling methods, allowing for better
product quality maintenance. Throughout the storage period, the water
holding capacity tends to decrease slowly but fluctuates. This is due to
the fact that water retention is influenced by themoisture content of the
tofu. In addition, tofu undergoes sugar-acid conversion and spoilage
during storage, resulting in an overall decrease in water-holding
capacity throughout the storage period.

3.8 Chromatism changes of tofu during
storage

An important indicator to evaluate the quality of food during storage
is the colour difference, which can directly influence the consumer’s
willingness to consume. As shown in Figure 7, the overall colour
difference first decreased and then increased after cooling with the
different cooling methods. As can be seen in Figure 8, tofu that has
undergone VSC retains the best colour compared to the other two
methods. In vacuum cooling, the surface of the tofu became yellow and

dark as it lost moisture. This colour difference was more pronounced
than the other two cooling methods. As storage time increases, the water
in the tofumigrates to the outer surface, allowing the proteins to dissolve
in the water again, thus reducing the colour difference. After 3–4 days
storage, the large number ofmicroorganisms growing andmultiplying in
the water accelerates the decay of the tofu, resulting in a rapid increase in
the yellow colour of the surface.

3.9 Textural profile analysis (TPA) changes of
tofu during storage

Textural profile analysis plays an important role in assessing the
quality of the product. Figure 9 shows the change in hardness of tofu
during storage for different cooling methods. As can be seen from the
graph, the hardness of the tofu initially increases and then decreases
during storage. The hardness of tofu cooled with VSC is the lowest. As
the storage period increases, the amount of water evaporating from
within the tofu increases, resulting in an increase in hardness. The later
decrease in hardness is due to an increase in the water content of the
tofu, leading to hydrolysis of proteins and microbial deterioration.
Figure 10 shows the change in viscosity of tofu with different cooling
methods during storage. The viscosity of tofu cooled with the different
cooling methods shows an initial slow decrease followed by a rapid
increase, with the viscosity of tofu cooled with VSC being the most
appropriate. The viscosity of tofu is mainly determined by the fat
content and protein on the surface of the tofu. As storage time increases,
the internal moisture of the tofu evaporates and the moisture content
decreases. However, as the internal moisture of tofu migrates, the
surface moisture content increases and viscosity decreases. The
viscosity then shows a rapid increase, which is caused by the
deterioration of the tofu in the presence of microorganisms and the
appearance of a sticky substance on the surface of the tofu.

As shown in Figure 11, the elasticity tended to decrease throughout
the storage period, with the VSC-treated sample having the best elasticity.
The decrease in elasticity of the tofu indicates that the internal structure of
the tofu has softened and the degree of deterioration of the tofu is

FIGURE 11
Changes of tofu elasticity during storage with different cooling
methods.

FIGURE 12
Changes of chewiness of tofu during storage with different
cooling methods.
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increasing. Chewiness is the amount of energy required to chew solid
food. Figure 12 shows the variation in chewing power between different
cooling methods and storage periods. The chewiness of tofu increased
and then decreased during storage, while the chewiness of IVC-treated
tofu was the lowest. The reason for the difference in chewiness is the
evaporation of water during storage. As storage time increases, the
chewiness of the different cooling methods tends to increase and then
decrease,mainly because the internal water content of the tofu evaporates
throughout storage, leading to an increase in chewiness, while as
microorganisms hydrolyse the proteins and the tofu itself deteriorates,
the internal water content increases and the structure becomes flabby,
leading to a decrease in chewiness.

4 Conclusion

In summary, this paper proposes a vacuum spray cooling (VSC)
method to achieve rapid cooling. In order to explore the cooling
performance of the VSC-based rapid cooling system, experiments
were conducted with tofu as an example. The superiority of VSC
compared to conventional tofu cooling methods was demonstrated.

1. Compared to IVC and VC, VSC can significantly reduce the
quality loss during vacuum cooling and effectively shorten the
cooling time. Notably, the water holding capacity and pH value of
tofu can be well maintained after the VSC treatment.

2. The colour difference of the VSC-treated tofu samples is minimal.
The hardness and chewiness values of the samples cooled by IVC
were significantly lower than before cooling. However, the hardness
and chewiness of the samples cooled by VC and VSC increased. The
viscosity of the cooled samples was significantly lower than the
viscosity before cooling. There was no significant effect of the three
cooling methods on the elasticity values. The quality of the tofu
processed with VSC was in a medium state.

3. After a period of storage, the VSC-treated tofu samples had the best
water content, pH value, water holding capacity and colour. Based
on TPA testing, it was found that the VSC-treated samples retained
the best hardness, visibility, elasticity and good chewiness.

The results of this study provide a theoretical reference for
improving the cooling efficiency and quality of tofu. In addition,
proper pre-treatment before cooling can also improve cooling
speed and product quality. In the next research work, we will
further analyse technical solutions to reduce cooling

consumption and improve tofu quality in conjunction with
pretreatment techniques.
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