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Factors Affecting the Temperature Increasing Rate in
Arc-shaped Bamboo Pieces during High-frequency
Heating
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In the process of applying the high-frequency heating technology to
bamboo heat treatment, controlling the material temperature has a great
influence on the quality of bamboo forming. Therefore, research on the
heat transfer mechanism of high-frequency heating of arc-shaped
bamboo pieces is of great importance. In this paper, the influence of
different moisture content, chord length, and plate voltage on the heating
rate of arc-shaped bamboo pieces under high-frequency electric field
were studied. The moisture content of bamboo had the most remarkable
effect on the heating rate. With increased moisture content, the
temperature rose faster. The selection of the plate voltage had an
obvious influence on the heating. If the voltage was low, the heating rate
was too slow, the heating time was long, or the voltage was high, it was
easy to cause electric field breakdown and damage the bamboo pieces.
As the chord length decreased, the heating rate gradually increased.
When the radian of the arc-shaped bamboo pieces could be ignored, the
heating rate was the fastest. The results showed that under certain
conditions, the arc-shaped bamboo pieces showed a good heat
treatment effect in a high-frequency electric field.
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INTRODUCTION

With the increasing shortage of wood resources, the demand for bamboo that can
replace wood resources is increasing (Guo et al. 2009; Fan 2014). High-quality, fast, and
energy-saving heating technology is increasingly important and has become an urgent
problem to be solved (Lv et al. 2015; Chang et al. 2018). High-frequency heating is an
ideal method for gluing and drying bamboo. It has the characteristics of high cleanliness,
strong effectiveness, high efficiency, and so on. Therefore, the use of high-frequency
heating has gradually attracted the attention of scholars at home and abroad. Bamboo
temperature is an important control parameter in the high-frequency heating process. The
temperature distribution and heating trend of bamboo not only affect the heating speed of
bamboo, but also affect the processing quality of bamboo (Pereira et al. 2004; Chai et al.
2018). It is of great significance to deeply study the heat transfer mechanism of high-
frequency heating of bamboo and accurately understand the temperature change law of
bamboo during the heating process.

The arc-shaped original bamboo pieces are mainly used in original state arc
reorganization of bamboo. Original state arc reorganization of bamboo is the a new
efficient utilization way in the field of bamboo processing which bionics is used, which
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keeps the natural bamboo arc structure, improve the utilization rate of bamboo, that it is
widely used in new high strength structural material manufacturing. The arc-shaped
original bamboo pieces are mostly made of bamboo that is more than three years old as
raw materials. It was sawn and processed into a curved blank with a length of 500 to
3000 mm and a chord length of 20 to 60 mm. Through milling, a curved bamboo piece
with smooth surface was formed. Arc-shaped original bamboo pieces can keep the shape
of bamboo to the greatest extent, which is a new method to realize the efficient utilization
of bamboo. The utilization rate of bamboo can reach more than 90%, and it has high
strength and can replace wood resources (Fei and Fu 2008; Zhou et al. 2016).

Zhang et al. (1997) used an intermittent temperature measurement method and a
universal digital display meter to make statistical analysis on the core temperature of the
arc-shaped original bamboo pieces, and obtained the variation rule of the bamboo pieces’
temperature during high-frequency hot pressing. Many researchers (Avramidis et al. 1994;
Zhang et al. 1997; Kawai et al. 2003; Nguyen et al. 2015; Chai et al. 2018) used a fiber
optic temperature sensor to measure the core temperature and surface temperature of the
wood during high-frequency heating, and they qualitatively analyzed the influence of
moisture content on temperature. Huang et al. (2013) used fir as a test material and used
intermittent heating to study the effect of wood moisture content, sample thickness, and
RF (radio-frequency) power on heating rate. The results showed that the wood moisture
content had a significant effect on the RF heating rate. Additionally, the thickness had no
significant effect on the RF heating rate of the core layer, but the heating rate varied
significantly in different parts along the thickness direction. The RF power level had a
significant effect on the heating rate in the wood. The heating rate at low power level was
initially higher than that at high power level, and then it decreased rapidly. During the
whole heating process, the heating rate at high RF power level remained unchanged.
However, due to the structural and physiological differences between wood and bamboo,
the temperature variation law during high-frequency heating is also different (Huang et
al. 2013).

The purpose of this study was to explore the heat transfer mechanism of the arc-
shaped original bamboo pieces in the high-frequency electric field, and analyze the
effects of moisture content, chord length, and electrode plate voltage of high-frequency
electric field on the heating rate of the arc-shaped original bamboo pieces. The results
will better guide the post-forming process of the arc-shaped original bamboo pieces and
broaden the application of high-frequency heating technology in the field of bamboo.
Therefore, the purpose of this paper is also to explore the application potential of high-
frequency heating technology in bamboo drying and gluing. From the perspective of
bamboo utilization, the heat transfer mechanism of high-frequency electric field arc-
shaped bamboo is of great significance for the efficient use of bamboo.

EXPERIMENTAL

Materials

The test materials were bamboo from Yiyang City, Hunan Province, China, and
the bamboo age was between 3 and 4 years. The water content of the raw materials was
approximately 30%, the length was 1200 mm, the chord length was 40 mm, and the
thickness was 6 mm. The production process of the arc-shaped original bamboo pieces
are as follows.
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First, the original bamboo was cut into 1200-mm bamboo segments using a
bamboo cutting machine (SZG-170-2000; Beijing Forestry Machinery Research Institute
of State Forestry Administration, Beijing, China), and the bamboo segments were cut
using a CNC (computer numerical control) automatic bamboo breaking machine (ASM-
G1; Beijing Forestry Machinery Research Institute of State Forestry Administration,
Beijing, China). The corresponding number of segments were cut according to the
diameter of the bamboo segments, so that the bamboo segments were cut into arc-shaped
bamboo sheets with a chord length of approximately 40 mm. After the initial drying, the
bamboo inner skin and bamboo outer skin were removed by an arc milling machine
(AFM-J1; Beijing Forestry Machinery Research Institute of State Forestry
Administration, Beijing, China), and then the secondary milling was performed after
adjusting the cutter and the clamping device. The width of the bamboo sheet was
uniform, the radius of the arc was 50 mm, the inner and outer parts of the bamboo were
removed, and the surface was smooth (Zhou et al. 2015).

The test was divided into three groups (water content, chord length, and plate
voltage). According to the width of high-frequency heating equipment, to make the arc-
shaped original bamboo pieces covered as much as possible by the electric field, bamboo
raw materials were sawn into 490-mm-long bamboo segments. In the first group, the arc-
shaped original bamboo pieces were processed into samples of three chord lengths, which
were the size of 20 mm, 30 mm, and 40 mm. In the second group, the moisture content
was adjusted to 9%, 11%, 13%, and 15%. These samples were immediately wrapped with
plastic film and kept in a cool room to prevent moisture loss. In the third group, all
samples had the chord length of 40 mm for later use (Li et al. 2010). The dimensions and
parameters of the arc-shaped original bamboo pieces used in the test are shown in Fig. 1
and Table 1.

Fig. 1. The arc-shaped original bamboo pieces, all values are expressed in mm

Table 1. Parameters of the Arc-shaped Original Bamboo Pieces for the Test

Groups Water Content (%) Chord Length (mm) Plate Voltage (kV)

9 20 5

1 9 30 5
9 40 5
9 40 5

5 11 40 5
13 40 5
15 40 5
11 40 3

3 11 40 4
11 40 5
11 40 5.8
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Methods

The arc-shaped original bamboo pieces were heated by a GJ15-6B-1
(Shijiazhuang High-frequency Machinery Co., Ltd., Shijiangzhuang, China) high-
frequency generator together with a GJB-PI-51B-JY (Shijiazhuang High-frequency
Machinery Co., Ltd., Shijiangzhuang, China) high-frequency hydraulic press (500 mm x
300 mm in width). In the first group, the arc-shaped original bamboo pieces with
different chord lengths were heated at a temperature of 50 °C, and the heating times were
compared for the different chord lengths. In the second group, the arc-shaped original
bamboo pieces with different moisture contents were heated for 3 to 4 min, and the
heating rate and final temperature were observed. In the third group, arc bamboo pieces
were heated under different electrode plate voltages to observe the heating condition. All
tests were repeated three times.

\Y Arc-shaped Bamboo

T
0 1111110

Generator

Plate electrode

@) (b)

Fig. 2. (a) Schematic diagram and (b) equipment for heating arc-shaped bamboo pieces

T

Adjust moisture content.

Paving and heating.

Fig. 3. Schematic diagram of arc-shaped bamboo pieces heating
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Equations
The intensity and distribution of electric field during heating can be expressed by
the Maxwell equation (Alfaifi et al. 2014),

-V ((o+)2ne0 £)VV) =0 1)

where o is the conductivity of bamboo (S/m), j =+ (-1), & is the vacuum dielectric
constant, ¢’ is the dielectric constant of bamboo, and V is the plate voltage (kV).

Heat conduction in high-frequency electric field is determined by the Fourier
formula,

OT 10t =alV?T+P I (pcp) @)

where 0T / ot is the instantaneous heating rate (°C/S) in the electric field, « is the thermal
diffusion coefficient (m?/s), p is the density (kg/m?), c, is the specific heat (j/kg°C), and P
is the power density (W/m?) of the unit volume stack.

The conversion of electromagnetic energy to thermal energy is expressed by the
following equation (Choi and Konrad 1991),

P = 2nfeoe” [EP and E = -WV (3)

where f is the operating frequency (Hz) of high-frequency heating equipment, &" is the
dielectric loss factor of bamboo, and E is the electric field strength between polar plates.

RESULTS

Effect of Chord Length on the Heating Rate of Arc-shaped Bamboo Pieces

The conventional rectangular bamboo pieces heating did not need to take into
account the chord length. It is necessary to consider the influence of chord length on the
heating rate to study the factors affecting the heating rate of the arc-shaped bamboo. The
chord length of the arc bamboo was different, the degree of its bending was different, and
the thickness of heating in the electric field was also different. The shape of arc bamboo
with a chord length of 20 mm was similar to that of conventional rectangular bamboo.
However, for arc bamboo with a chord length of more than 30 mm, its own curvature was
large, and its heating mode in the electric field was quite different from that of
rectangular bamboo.
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Fig. 4. Temperature-rising curves of different chord length arc-shaped bamboo pieces under
high-frequency electric field: (a) 20 mm, (b) 30 mm, and (c) 40 mm
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According to Fig. 4, the heating rate of arc bamboo pieces with chord length of 20
mm was the fastest in high-frequency electric field, and the temperature reached 50 °C at
120 s. At the same time, the temperatures of bamboo pieces with chord length of 30 mm
and 40 mm were 36 °C and 24 °C, respectively. Moreover, according to Fig. 4(a), it was
obvious that the heating rate curve of arc bamboo pieces with chord length of 20 mm was
similar to that of conventional rectangular bamboo pieces. The chord length in Fig. 3(b)
and Fig. 3(c) was not less than 30 mm, and the heating rate in the high-frequency electric
field was remarkably lower than that in the arc bamboo slice with the chord length of 20
mm, as shown in Fig. 5.
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Fig. 5. Comparison of temperature-rising curves of bamboo pieces with different chord arc length
under high-frequency electric field

It can be seen from Fig. 5 that the average heating rate of the curved bamboo
pieces decreased as the chord length increased. The heating rate of the 20-mm curved
bamboo piece was higher than the heating rate of the curved bamboo piece of 30 to 40
mm, and the heating rate of the chord length of 30 mm was also higher than the heating
rate of the chord length of 40 mm.

Effect of Moisture Content on the Heating Rate of Arc Bamboo Pieces

According to the conversion equation of electromagnetic energy to thermal
energy, the electric field frequency f (Hz) and electric field strength E were fixed in the
test, so the main factor that affected the heating speed was the dielectric loss factor. A
larger dielectric loss factor resulted in greater power density, greater amplitude, and
greater frequency of polar molecule (such as water) movement resulted in greater
amounts of heat generated by friction, and faster heating speed (Chen et al. 2007; Zhu
and Guo 2010).
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Fig. 6. Heating curves of arc bamboo pieces with different moisture contents under high-
frequency electric field

However, the dielectric loss factor was closely related to the initial moisture
content of the arc-shaped bamboo pieces. In the process of high-frequency heating, a
higher moisture content of bamboo pieces resulted in more internal moisture content and
a higher dielectric constant.

In the test, the results showed that with the increase of water content, the average
rate of temperature rise accelerated. A higher water content resulted in a faster
temperature increase at the same time, and the average rate of temperature rise
accelerated with the increase of water content. When the moisture content of arc bamboo
pieces was 9%, it took 220 s to reach 50 °C. When the moisture content of arc bamboo
pieces was 15%, it needed 130 s to reach 50 °C, as shown in Fig. 6. However, according
to the temperature-rise curve, with increased water content, the growth of instantaneous
temperature rise rate tended to slow down, and the acceleration of the temperature rise
curve became smaller.

Effect of Pole Plate Voltage on Heating Rate of Arc-shaped Bamboo Pieces

According to the heating principle of arc bamboo pieces in high-frequency
electric field, the magnitude of electrode plate voltage determines the strength of electric
field. In general heating conditions, the higher the electrode plate voltage, the stronger the
high-frequency electric field strength, and the faster the heating rate. However, due to the
limitation of the width of the high-frequency heating platform used in the test, the test set
the voltage of the plate in the 4th gear and selected the appropriate voltage gear according
to the test results. The test results are shown in Fig. 7.
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Fig. 7. Temperature-rise curves of arc bamboo pieces in high-frequency electric field under
different electrode plate voltages

According to the test results, the average heating rate of the curved bamboo in the
high-frequency electric field increased remarkably with the increase of the plate voltage,
especially in the gear shifting of 4 kV to 5 kV, the heating rate of the curved bamboo was
particularly increased. When the voltage was 3 kV, the heating rate of arc bamboo pieces
was slow, the heating time reached 300 s, and the temperature of arc bamboo pieces was
only 37 °C. When the voltage was 4 kV, the heating rate of bamboo pieces rose steadily,
the heating curve was smooth, and the heating rate was faster. When the voltage was 5
kV, the temperature rise rate of arc bamboo pieces increased rapidly and the temperature
rose rapidly. However, the high-frequency electric field occasionally broke down when
heated at the voltage of 5 kV plate. At 5.8 kV, the temperature of the arc-shaped bamboo
chip rose rapidly in the high-frequency electric field, but it was extremely unstable. The
whole electric field broke down and the heating was interrupted after heating for 1 min.
The heating curve of gear 5.8 kV is shown in Fig. 8.
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Fig. 8. Temperature-rise rate curve of arc bamboo under 5.8 kV plate voltage
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It can be seen from Fig. 7 that when the pole plate voltage was 5.8 kV and the arc-
shaped bamboo piece was heated for approximately 100 s in the high-frequency electric
field, electric field breakdown occurred, which led to heating interruption. However, the
temperature measured by the optical fiber temperature sensor after the interruption of
heating slowly increased, and finally the temperature was up to 61°C. From the results of
this test, it can be preliminarily concluded that the selection of heating plate voltage of
arc bamboo pieces under high-frequency electric field should not be too large or too
small.

DISCUSSION

The purpose of this study was to explore the factors that affect the temperature
rise of arc-shaped bamboo pieces in high-frequency electric field, further explore the
heating mechanism of arc-shaped bamboo pieces in high-frequency electric field, and
better explain the influence on the quality performance of the subsequent bamboo
molding. Nguyen et al. (2014) verified the temperature change trend of the slab during
high-frequency hot pressing with different moisture contents of bamboo-integrated
materials, and concluded that the heating effect of the slab was the best at the moisture
content of 12%. According to the analysis of the results in this experiment, the heating
rate was the fastest when the moisture content was 15%, but considering the utilization of
bamboo and the stability of heating, curved bamboo pieces with a moisture content of
approximately 11% had a stable heating curve, and the moisture content range was
suitable for the forming and utilization of bamboo in the later stage.

The influence of the chord length of the curved bamboo on the heating rate was
noticeable. When the chord length was greater than 30 mm, the heating rate was
obviously slowed down. At present, there is no research on the influence of the curved
original bamboo structure on the heating temperature. It was concluded that when the
chord length was more than 30 mm, the bending degree of the curved bamboo was
obvious, which may have hindered the reciprocating movement of polar water molecules.
Because in the high-frequency alternating electric field, the temperature change of the
dielectric material is generated by the friction of polar molecules moving rapidly along
the direction of the electric field. When the bending is too large, it presumably has a
blocking effect on the movement of polar molecules. The micro factors of the influence
of the chord length of the arc-shaped original bamboo pieces on the high frequency
heating need to be further studied.

The plate voltage determines the electric field strength. According to the relevant
theory, the thermal power absorbed by the bamboo in the high-frequency electric field
can be expressed by the power density P (W-cm?3), P = 2nfeoe"|[EJ?, where the electric
field strength E = U / d is proportional to the plate voltage U (kV) and inversely
proportional to the thickness d (cm) between the plates. According to the formula, the
stronger the electric field strength is, the faster the temperature rises. However, due to the
limited height of the arc-shaped bamboo sheet and its large water content, when the
electric field strength was too strong on the spot, the electric field breakdown easily
occurred, resulting in the interruption of heating. Therefore, according to the test results,
the voltage selection of arc bamboo heating plate should refer to the test plate voltage and
plate thickness.
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CONCLUSIONS

1. Based on the study of the heating mechanism of the arc-shaped original bamboo
pieces in the high-frequency electric field, the experiment was conducted by a single
variable method. Under certain controllable conditions, the arc-shaped original
bamboo pieces exhibited a better heat treatment effect in the high-frequency electric
field.

2. The heat transfer mechanism showed no obvious quantitative relation. However,
according to the present experimental results, the qualitative relation has been
summarized.

3. In the heat treatment process of the arc-shaped original bamboo pieces using high-
frequency electric field, the moisture content should not be too high. A moisture
content below approximately 11% is recommended, thus a stable heating effect and
being beneficial to the forming and utilization of bamboo pieces in the later stage.
The selection of chord length of the arc-shaped original bamboo pieces should not
only be conducive to stable heat treatment effect, but also realize efficient utilization
of bamboo. Therefore, the selection of chord length should not be too large, i.e. in the
range between 20 to 30 mm. The plate voltage in the high-frequency heat treatment of
the arc-shaped original bamboo pieces can be completed with reference to the 4 kV
gear position of the test.
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