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Abstract
To pass on Chinese cocoon-drying technology to developing countries, this paper reviews
characteristic curves of silkworm cocoon hot air drying and its recent research advances
in cocoon-drying technology in China based on the epochal and regional characters of cocoon drying technology development. (1) Three characteristic curves of cocoon drying are
systematically explained, each of which can be divided into preheating, constant speed, and
deceleration stages. The temperature susceptibility (i.e., the characteristics of response to
temperature conditions) curve of the pupa successively shows heating, constant temperature,
and heating processes. (2) Changes in the drying speed and temperature susceptibility of a
fresh cocoon layer and naked pupae were examined in detail before and after pupae were
killed in the preheating stage. It is proposed that heating the cocoons as soon as possible
during the preheating stage of cocoon drying improves the work efficiency and cocoon quality.
(3) The effects of the temperature and humidity of the hot air on the cocoon drying speed
(i.e., speed coefficients) are obtained using the enthalpy psychrometric chart. The parameter
configuration of cocoon drying technology is elaborated according to the speed coefficients
in combination with the characteristic curves of cocoon drying and the influence of the laws
of cocoon drying technology on cocoon quality. Furthermore problems in the technological
configuration and the direction of future development are noted.
Key words: cocoon, hot air, drying, characteristic curve, drying technology.

Introduction
Raw silk, the natural fibre known as the
queen of fibres, is facing the challenge of
rapidly emerging artificial and chemical
fibres as well as various ones with special
functions. However, silk fabrics are still
extensively favoured by consumers because of their unique advantages, including elegance and excellent texture. Relevant production equipment, including
textile machines (e.g., automatic reeling
machines and high-speed looms), adapted to modern science and technology has
emerged. The silk industry remains an
ancient, traditional and special industry
compared with the household appliance
and transportation industries [1-4]. At
least 2.500 years ago, silk was already
used by humans in cold-proof and protective clothing [5, 6]. Until the last century,
the textile industry, including the silk industry, played a role in accumulating the
original capital [7, 8], laying the foundation for industrialisation, and actively
promoting societal development [6-13]
during the development of advanced
countries. Accordingly there are distinct
epochal and regional characteristics in
the development process of relevant silk
production technologies, including the
technology for drying silkworm cocoons
– the raw material of silk – which is the
focus of this article. For example, in the
middle of the 20th century, the former
Soviet Union and Japan were experi-
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encing the early stage of rapid economic development, and the development of
cocoon-drying (silk) technology almost
peaked. A large number of Russian [1416] and Japanese [17, 18] studies have
thoroughly discussed the technologies
and theories of cocoon drying. In particular, the basic theories of heat transfer
were emphasised in the former Soviet
Union [14-16], whereas the research in
Japan mainly concerned the effects of cocoon-drying technology on the quality of
silkworm cocoons (raw silk), especially
the denaturation of sericin [18]. Moreover the world-leading hot air cocoon dryer was developed in Japan [17]. During
the 1970s and 1980s, Japan entered an era
of rapid economic growth, in which the
contribution of the textile (silk) industry
to the national economy was reduced.
Meanwhile China entered an early stage
of rapid economic development, in which
the silk industry boomed, and research on
cocoon drying technology flourished [1922]. Both the technology and equipment
for cocoon drying were studied comprehensively [23-26]. With the rapid development of China’s national economy, the
proportion of the traditional textile and
silk industry in the national economy is
decreasing. Of late, the traditional silk industry has been transferring to the developing countries that have just entered the
high-speed development stage, including
India [27], Uzbekistan, Brazil, Vietnam,
and Mexico [28]. Moreover the continu-

ous growth in the world’s population and
improvements in living standards require
textiles with new functions to meet the
changing needs, not just for keeping the
human body warm [29]. For example,
nanotechnology brings multi-functionality to textiles and provides them with special, sometimes unexpected benefits [30].
As is well known, cocoon fibre is an important material for textile and silk. Today cocoon drying technology has been
frequently reported (mostly in non-English papers) in many countries, such as
microwave [31], infrared [25, 32], coalfired flue gas [24], superheated steam
[33] and solar drying [34, 35]. In practical production, however, hot air drying, a drying technology with hot air as
the drying medium, has been used most
extensively. Generalised hot air drying
can also include the aforementioned flue
gas drying, as well as superheated steam
drying [36-38]. These technologies have
the advantages of simple equipment
maintenance, stable heating temperature,
better compliance with the requirements
of material drying technology, and high
drying capacity. However, a silkworm
cocoon comprises both porous fibres (cocoon layer) and an organism (silkworm
pupa). The outer cocoon layer has a low
moisture content (about 12-15%) [39],
whereas the internal pupa inside the cocoon shell has a high moisture content of
above 70%, and the vast majority of that
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moisture must be removed during the
moisture must be removed during the
drying process. Cocoon drying removes
drying process. Cocoon drying removes
the moisture in the pupa body through the
the moisture in the pupa body through the
cocoon layer [40] without damaging the
cocoon layer [40] without damaging the
fibres in the cocoon layer. Meanwhile if
fibres in the cocoon layer. Meanwhile if
the cocoon is not dried promptly, the cothe cocoon is not dried promptly, the cocoon quality can be damaged either by the
coon quality can be damaged either by the
effect of the steaming-hot phenomenon
effect of the steaming-hot phenomenon
or by the development of the silkworm
or by the development of the silkworm
into a moth [41]. Therefore the object of
into a moth [41]. Therefore the object of
cocoon drying is highly specific and its
cocoon drying is highly specific and its
process very difficult and time-sensitive
process very difficult and time-sensitive
[42, 43]. In fact, many Chinese scientists
[42, 43]. In fact, many Chinese scientists
have carried out a series of studies on
have carried out a series of studies on
cocoon drying, but little information can
cocoon drying, but little information can
be obtained from other countries owing
be obtained from other countries owing
to most of the relevant Chinese articles
to most of the relevant Chinese articles
being unpublished by English journals.
being unpublished by English journals.
To share Chinese cocoon drying technolTo share Chinese cocoon drying technology with international counterparts, we
ogy with international counterparts, we
describe the characteristic curves of codescribe the characteristic curves of cocoon drying and discuss the relationship
coon drying and discuss the relationship
of the temperature and humidity of the
of the temperature and humidity of the
drying medium (hot air) with the cocoon
drying medium (hot air) with the cocoon
drying speed using the enthalpy psychrodrying speed using the enthalpy psychrometric chart. Furthermore combined with
metric chart. Furthermore combined with
the characteristics of cocoon drying and
the characteristics of cocoon drying and
its effect on cocoon quality, we review
its effect on cocoon quality, we review
the principles for establishing the hot
the principles for establishing the hot
air temperature and humidity, as well as
air temperature and humidity, as well as
the specific drying technology in terms
the specific drying technology in terms
of equipment design and technological
of equipment design and technological
management of hot air cocoon drying.
management of hot air cocoon drying.

Figure 1. Schematic diagram of the dryer for the experiment: 1) check weigher, 2) air duct
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which are referred to as the cocoon drywhich are referred to as the cocoon drying curve, drying speed curve and teming curve, drying speed curve and temperature susceptibility curve, respectiveperature susceptibility curve, respectively. These characteristic curves form an
ly. These characteristic curves form an
important basis for studying the patterns,
important basis for studying the patterns,
designing equipment for cocoon drying,
designing equipment for cocoon drying,
and for configuring the technological
and for configuring the technological
conditions of cocoon drying. Howevconditions of cocoon drying. However, cocoon drying involves a preheating
er, cocoon drying involves a preheating
process (preheating stage) for killing the
process (preheating stage) for killing the
pupa. The time consumed by the preheatpupa. The time consumed by the preheating stage is minor relative to the entire
ing stage is minor relative to the entire
drying process. Nonetheless due to the
drying process. Nonetheless due to the
physiological resistance of live pupae,
physiological resistance of live pupae,
the time required for pupa killing has
the time required for pupa killing has
a substantial impact on the drying speed.
a substantial impact on the drying speed.
Therefore in addition to the characterisTherefore in addition to the characteristic curves of the entire drying process,
tic curves of the entire drying process,

The three characteristic curves of cocoon
The three characteristic curves of cocoon
drying refer to the drying rate (dried madrying refer to the drying rate (dried material mass/original material mass) vs. the
terial mass/original material mass) vs. the
drying time, the drying speed vs. the drydrying time, the drying speed vs. the drying rate, and temperature susceptibility
ing rate, and temperature susceptibility
vs. drying rate curves in the drying provs. drying rate curves in the drying process under constant drying conditions,
cess under constant drying conditions,
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Three characteristic curves of cocoon
Three characteristic curves of cocoon
drying are depicted in Figure 2. Under
drying are depicted in Figure 2. Under
consistent technological conditions, the
consistent technological conditions, the
drying curve is a negative exponential
drying curve is a negative exponential
function with base e (Figure 2.a) [44].
function with base e (Figure 2.a) [44].
Historically (including in the professionHistorically (including in the professional textbooks of Chinese universities) the
al textbooks of Chinese universities) the
entire drying process has been divided
entire drying process has been divided
into the constant-rate drying stage and
into the constant-rate drying stage and
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the velocity method (dashed lines) and thermal method (solid lines) and b) average critical
drying rates obtained using the two methods under different technological conditions [44].
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falling-rate drying stage in accordance
with tangential lines and on the drying curves (Figure 2.a). However, the
physical correlations between the “constant-rate” and “falling-rate” are unclear
in Figure 2.a. With the drying speed
curves in Figure 2.b, the drying process is clearly divided into constant-rate,
first falling-rate, and second falling-rate
stages. The critical drying rates GK1 and
GK2, corresponding to the critical points
K1 and K2, respectively, and the fitting
result for each curve are also provided
in the same figure [44]. Thus cocoon
drying involves two falling-rate stages,
each of which follows a linear pattern
(Figure 2.b). The only difference between the two falling-rate stages lies in
the higher falling rate during the second
falling-rate stage. Moreover Figure 2.b
shows that the higher the drying temperature, the more significant the falling-rate
process. The temperature susceptibility
curves of the cocoon layer show little
change; subtle turning points appear in
the deceleration stage only when specific
technological conditions are altered. By
contrast, the temperature susceptibility
curves of the pupa show typical characteristics of wet materials (Figure 2.c).
The preheating stage (Figure 2.c, dotted
line on the right) is followed by a prolonged isothermal process; subsequently,
there is a rapid heating process that then
gradually slows until it nears the temperature susceptibility of the cocoon layer.
The purpose of naked pupae drying is to
directly observe the time of its death and
to compare the drying speed conditions
before and afterwards.
Based on the three characteristic curves
of cocoon drying, it is clear that the cocoon drying process can be divided into
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four stages: preheating, constant-rate,
first falling-rate, and second falling-rate.
The moisture removed in different stages
exists in various forms in the body of the
pupa. For example, the moisture removed
in the first two stages should be mechanically bound water, while that removed in
the latter two stages includes mono-layered adsorbed moisture in the cocoon and
pupa layers [39]. However, untimely or
excessive removal of the mono-layered
adsorbed moisture in the cocoon layer
during the drying process may lead to
excessive moisture loss from the cocoon
layer, thereby causing serious denaturation of sericin, which ultimately affects
the quality of the cocoons and raw silk.
Therefore the technological conditions of
cocoon drying must be configured based
on the characteristic curves. To this end,
it is critical to accurately determine the
critical points on the characteristic curves
before any silkworm cocoons are dried
[44]. However, inconsistencies in the
critical drying rates GK1 and GK2, which
correspond to the critical points K1 and
K2, respectively, are obtained based on
the drying curve and temperature susceptibility curve (Figure 3.a). Thus from
the perspective of probability, it may be
more representative and reliable to average the two factors. Under constant technological conditions, there is a parabolic
relationship between the critical drying
rate and the temperature. Regarding the
relationship with humidity, the higher the
humidity, the lower the critical drying
rate (Figure 3.b).
Characteristic curves of the
preheating stage
The task of pupa killing is completed in
the preheating stage [40]. A common belief is that “the increase in temperature

should not be too fast in the preheating
stage” [5]; otherwise, it will cause excessive moisture loss in the cocoon layer
and result in denaturation of the sericin,
thereby degrading the cocoon quality.
Drying speed and temperature susceptibility curves of the preheating stage are
elaborated in this section. Because the
time required for pupa killing has a great
impact on the drying speed, the time required for this is primarily discussed.
Time required for pupa killing
and temperature susceptibility
of the pupa body
The time
timerequired
requiredforfor
pupa
killing
is
pupa
killing
is dedefined
time
span
from
start
fined as as
thethe
time
span
from
thethe
start
of
of
drying
deathofofthe
thepupa
pupa at
at difdrying
to to
thethedeath
ferent drying temperatures. Figure 4.a
shows that 1) whether considering individual naked pupae or all naked pupae or
all pupae within the fresh cocoon layer
(hereinafter referred to as cocooned pupae), the time required for pupa killing
rapidly decreases with the rise of the
drying temperature; however, when the
drying temperature exceeds 100 °C, the
time required for pupa killing becomes
relatively stable and decreases slowly;
and 2) the time gap between the start of
the naked
thatthat
of all
nakedpupa’s
pupa’sdeath
deathand
and
of naall
ked
pupae
markedly
decreases
at at
drying
naked
pupae
markedly
decreases
drytemperatures
above
100100
°C. °C.
Therefore
ing temperatures
above
Therethe
temperature
should
riserise
to
fore drying
the drying
temperature
should
above
100100
°C °C
as soon
as possible
at the
to above
as soon
as possible
at
preheating
stage.
ThisThis
willwill
not not
onlyonly
acthe preheating
stage.
celerate
thethe
drying
speed
but but
alsoalso
reduce
accelerate
drying
speed
rethe
in thein time
required
for
ducedifference
the difference
the time
required
pupa
killing
for pupa
killingbetween
betweenvarious
various cocoons
[40], which is critical for reducing the
heterogeneity of the degree of drying in
both quantitative and qualitative aspects.
Figure 4.b presents the temperature susceptibility (regression) curve of pupae
at the time of death. At various drying
temperatures between
between7070°Cand
and 130 °C,
the temperature susceptibility of pupae
ranges between
between4040°Cand
and5050°C
°C for
for the
deaths of
ofindividual
individualnaked
naked
pupae
pupae
and and
bebetween
tween 4545
°Cand
and 65
65°C
°C for
for the
the deaths of
all naked pupae. In most cases, cocooned
pupae die when the temperature reaches
the range of 50 °C
to 55
°C °C
[40].
to 55
[40].
Moreover Figure 4.b shows that in approximately half the range of drying temperatures, the temperature susceptibility
of pupae is higher for the deaths of all
naked pupae than for those of cocooned
pupae. This does not mean that naked
pupae are difficult to kill, as difficulty in
pupa killing is also related to time. Therefore pupal death can be measured by the
FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 4(130)
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Figure 4. Time required for pupa killing: a) temperature susceptibility of pupae at death, b) accumulated temperatures and c) the ratio
between naked pupae and cocooned pupae [40].

Drying speed curve of the preheating
stage
Figure 5 shows that at different drying temperatures, there is a significant
turning point in the drying speed before
and after the death of the naked pupa.
The rate of change in the drying speed of
naked pupa significantly increases after
this turning point. Combining Figure 4
FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 4(130)

b)
Drying speed of fresh cocoon, ×10-4-4g/s

a)
Drying speed of bald pupa, ×10-4-4g/s

so-called accumulated temperature-the
product of the time required for pupa
killing and the temperature susceptibility
(fitted value) of the pupa at death (Figure 4.c). Moreover it is apparent that,
except for one point, the accumulated
temperature when all cocooned pupae
are dead is higher than that when all naked pupae are dead. On average, the accumulated temperature at the death of all
naked pupae is only about 80% of that at
the death of all cocooned pupae, indicating that it is relatively easy to kill naked
pupae. It is worth mentioning that the accumulated temperature for naked pupae
only accounts for about 60% of cocooned
pupae at a drying temperature of 85 °C
or lower, indicating that the cocoon layer strongly protects the pupa within this
temperature range. However, the protective effect is markedly reduced when
the drying temperature reaches 100 °C
or higher [40]. Furthermore, Figure 2
and the pupal temperature susceptibility
curve (data not shown) indicate that at
lower drying temperatures, pupa killing
lasts almost throughout the entire heating
process; however, at higher drying temperatures, pupa killing only accounts for
approximately half the heating process,
and the time required for heating is relatively short. These findings indicate that
higher drying temperatures allow for rapid killing of pupae and reduce variability
in the time required for pupa killing.

Drying time, min.

Drying time, min.

Figure 5. a) Drying speeds of naked pupae and b) fresh cocoons at different drying
temperatures [40].

with Figure 3, it is found that the turning
point in the drying speed of naked pupae
coincides with the death of all naked pupae at various drying temperatures [40].
Therefore the emergence of the turning
point is due to the death of pupae and the
subsequent loss of biological resistance.
The significant increase in the drying
speed after pupa killing is consistent with
previous results commonly obtained using dead and live pupae at the beginning
of the experiments.

initial water evaporation from the cocoon
layer results in a certain drying speed;
after the turning point, the dead pupa
has lower temperature susceptibility and
worse dehydration conditions compared
with a naked pupa at the same drying
temperature (Figure 4.b), thus its change
is smaller than that of naked pupa. For
the latter, a visual explanation can be
obtained from Figure 2: the death of cocooned pupae requires more time than
that of naked pupae.

As shown in Figure 5.a, the drying speed
curves of the fresh cocoon exhibit different variations before and after pupa killing compared with those of the naked
pupa. First the trend at drying temperatures of 120 °C or higher is described as
follows: the variation in the drying speed
of fresh cocoons is somewhat similar to
that in the drying speed of naked pupae;
however, the increment in the drying
speed after the turning point is smaller,
and the emergence of the turning point
is delayed by several minutes for fresh
cocoons compared with naked pupae.
This may be because for the former, the

Next the situation at a drying temperature
of 110 °C or lower is summarised. There
is a minimum value in the parabolic relationship between the speed and time of
cocoon drying; the lower the drying temperature , the longer the minimum drying
time. Although this drying speed curve
seems to be unusual, it is not difficult to
explain. At the lower drying temperature
of 85 °C, the death of cocooned pupae
takes 15 min (Figure 4.a). Within this
time span, the drying speed of the pupa’s body is extremely slow, as revealed
by the analysis shown in Figure 4. That
is, before the death of the pupa, the dry-
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a high drying speed, a large gap between
cocoon the temperature susceptibility
and hot air temperature, and by nearly
constant values for the drying speed and
temperature susceptibility. During this
stage, a large amount of (vaporisation)
85 °C
110 °C
thermal energy is required to maintain
the rate of water vaporisation. It has been
110 °C
calculated that more than 60% of the total moisture should be removed during
85 °C
the constant-rate stage [44]; less than
40% of the total moisture is removed in
Drying time, min.
Drying time, min.
the falling-rate stage, which has lower
drying temperatures and higher cocoon
Figure 6. a) Drying speed and b) drying rate, curves of a fresh cocoon layer at different
drying temperatures [40].
temperature susceptibility. From the perspective of protecting cocoon quality,
during actual production, the drying teming speed of the cocoon mainly depends tures. Therefore rapid heating in the pre- perature of the falling-rate stage should
on the drying speed of the cocoon lay- heating stage does not necessarily cause not be very high. Therefore we should foer. Figure 6.a depicts the drying speed moisture loss from cocoons. With hot air cus on increasing the temperature in the
curve of a fresh cocoon layer. At the cocoon drying technology, rapid heating constant-rate stage to improve the drying
drying temperature of 85 °C, the drying under the experimental conditions will speed. Then we address how the drying
process markedly decelerates between not cause excessive moisture loss.
capacity and cocoon quality are affected
5 and 15 min. In particular, the drying
by increasing the drying temperature durspeed decreases faster within the first 5
ing the constant speed stage. Below we
Technological configuration
min of this 10-min time interval, which
clarify these two relationships and then
during different stages
is consistent with the variation in the dryeven climatic conditions
willhow
affecttothe
configuration
of cocoon drying technolog
review
configure
the technology
of cocoon drying
ing speed of fresh cocoons in the same
on theshould
properties
of the fully
characterbe configured
and rationally depend
Therefore the dryingbased
technology
time interval at 85 °C in Figure 5. After A reasonable drying technology
posfor cocoon drying.
investigation
of the istic
exact curve
circumstances.
15 min, i.e., following pupa killing, the sesses sufficient drying capacity,
ensures
However,
various stages of cocoon drying show distinct characteristics in terms
Relationship of hot air temperature
drying speed of the cocoon layer is very timely processing of fresh temperature
cocoons, and
susceptibility. Therefore the properties of the characteristic curve for
and humidity with drying capacity
slow, while that of the cocoon mainly de- prevents the occurrence ofan the
steamimportant basis for configuring cocoon drying technology. For instance, the
pends on the pupa drying speed; the dry- ing-hot phenomenon (moisture in the ex- Chen and Zhu (1993) [45] and Chen
characterised by a high drying speed, a large gap between cocoon the temperatu
ing speed of the cocoon goes faster with halation of live pupae cannot be diffused (1997) [42] assessed the relationship
hot air temperature, and by nearly constant values for the drying speed and tempe
constant increases in the drying speed of rapidly, thereby forming a stuffy environ- between the hot air temperature and huDuring this stage, a large amount of (vaporisation) thermal energy is required to
the pupa.
ment and affecting cocoon quality) and midity of the drying medium with the
water vaporisation. It has been calculated that more than 60% of the total moistur
moths hatching (cocoon layer is damaged cocoon drying speed using the enthalpy
the constant-rate stage [44]; less than 40% of the total moisture is remov
In short, for a fresh cocoon, a higher dry- by moths) in fresh cocoons.during
In addition, psychrometric chart. They described the
stage, which has lower drying temperatures and higher cocoon temperature sus
ing temperature can kill the pupa rapid- the quality of cocoons must be ensured. relationship of temperature and humidity
perspective of protecting cocoon quality, during actual production, the drying
ly; when the drying speed of the cocoon Moreover the drying technology
should with the drying speed at different hot air
stage should not be very high. Therefore we should focus on increasin
layer is relatively high, the pupa dies take into account energy falling-rate
conservation,
temperatures and humidity conditions.
the constant-rate
to improve the drying speed. Then we address how the
and begins to dry rapidly. Thereforeno labour savings and cost reduction.
As stage
As shown
in Figure 7.a, when the hot air
quality
affected by increasing
the drying
deceleration is observed on the drying stated above, the subject ofcocoon
cocoon
dry- are temperature
(tc) is greater
than temperature
or equal during the c
Below
we clarify these
two °C
relationships
and then humidity
review how(φ)
to configure the
speed curve during the preheating stage, ing is unique, but the drying
technology
to 100
and the relative
theMeanwhile
properties of theischaracteristic
cocoon
and there is no way to cause moisture is difficult and time-sensitive.
lower thancurve
10%,forthe
effectdrying.
of tc on the
loss from the cocoon layer. By contrast, various cocoon drying equipment, reeling drying speed V (speed coefficient, vt) is
a lower drying temperature kills the pupa (producing raw silk from cocoons)
equip- ofmuch
than that
the relative
hu- capacity
3.1 Relationship
hot airhigher
temperature
andof
humidity
with drying
more slowly; the moisture inside the pu- ment, cocoon varieties, and even
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s increasing the drying speed of the constant-rate
stage
is the most
effective
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Meanwhile
high-temperature
drying
is
or conditions of 𝑡𝑡𝑐𝑐0 <100°C, the relationship between φ and tc can be predicted qualitatively
only available for the constant-rate stage,
being unsuitable for the falling-rate
stage. Therefore the increment of the hot demands of automatic silk reeling ma- steam drying is a new drying technique
air drying temperature is even smaller chines for raw cocoons. Figure 8 and in which superheated steam directly
for the entire process of cocoon drying. Figure 9 present the experimental results contacts with materials and heats them
Nonetheless increasing the drying speed of Chen and Zhu (1993) [45] and Chen [49-51]. It is a heat medium with little
of the constant-rate stage is the most ef- et al. (1992a) [33] regarding the relation- pollution, large heat capacity, strong dryfective method at tc ≥ 100 °C. For con- ship between air temperature and cocoon ing capacity and high thermal efficiency.
ditions of tc0 <100 °C, the relationship quality during the constant-rate stage, Chen JY and Chen SR (1989) [49] studbetween φ and tc can be predicted qual- indicating that it is practical to enhance ied the allocation of superheated steam in
itatively based on the relationship of the drying capability by increasing the air silkworm cocoon drying.
vt and vφ in Figure 7.a: in the range of temperature. Spring and autumn cocoons
tc = 60-70 °C and φ = 20-40%, the impact were used in Chen’s experiments. More- Furthermore results showed that the
of vφ on the cocoon drying speed is much over the same batch of cocoons was com- drying curve with the medium of superpared during the drying processes. Mean- heated steam was similar to that with hot
higher than that of vt.
while a maximum hot air temperature of air. Apart from silkworm cocoon drying,
Relationship between the hot air
125 °C was used during the constant-rate superheated steam processed more effectemperature during the constant-rate
stage on the latest drying equipment. This tive heat exchange than hot air owing to
stage and cocoon quality
also confirms that it is feasible to use hot its low molecular weight and strong force
Many studies have shown that hot air air temperatures of up to 125 °C during of penetration into the cocoon shell. Thus
temperatures of > 130 °C during the the constant-rate stage of cocoon drying.
the larger amount of heat release of suconstant-rate stage reduce cocoon qualperheated steam on the surface of the
ity [46]. However, hot air temperatures Characteristics of superheated
pupa body accelerated the drying. Durof 115-125 °C during the constant-rate steam drying
ing the constant-rate stage, the temperastage will not damage cocoon quality, So-called superheated steam can be de- ture susceptibility of the pupa body with
instead typically resulting in more good fined as a kind of steam of high temper- 110-135 °C superheated steam drying
than harm [47, 48]; and they are also ature that is generated by continually was 10 °C higher compared to hot air
well adapted to the gradually increasing heating dry saturated steam. Superheated drying. The temperature of the cocoon
FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 4(130)
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Figure 9. Relationship between the hot air temperature of the constant speed stage and the mechanical properties of silk [33]: a) temperature
vs. strength, b) temperature vs. elongation percentage, and c) temperature vs. cohesive force (redrawn from original figure data).

shell and cocoon cavity was also raised,
but it was still 20-26 °C lower than the
ambient steam temperature, and hence
the superheated steam could change
into wet steam with condensation water while penetrating the cocoon shell,
which helped to protect the cocoon shell
from losing much moisture. Moreover
superheated steam with high permeability is a gaseous water molecule, which
can lead to homogeneous denaturation of
sericin and improve the solubility property. In terms of appearance, the pupa’s
body colour with superheated steam drying was brown, while the pupa’s body
colour with hot air drying was a bit yellow. In addition, the pupa body colour
uniformity of superheated steam drying
was better than that of hot air drying.
However, if superheated steam was still
adopted in the falling-rate stage, the drying temperature was usually over 100 °C,
which, in turn, led to excessive sericin
denaturation and quality reduction of the
silkworm cocoon. Thus the optimum was
that superheated steam be adopted in the
constant-rate stage and hot air in the falling-rate stage. It must be noted that this
superheated steam drying technique is
not currently promoted in China because
the silkworm cocoon drying process is
not continuous and season-dependent
and needs a steam generator.
Configuration of drying technology
Configuration of drying temperature
during the preheating stage
According to the above analysis of “characteristic curves of the preheating stage”,
this drying stage mainly aims to heat the
cocoon and kill the pupa. Rapid heating
during the preheating stage is conducive
to rapidly killing the pupa and enhancing
the drying capacity [52, 53]; it can also
reduce the time difference between the

26

deaths of individual pupae, making the
time of substantial water evaporation for
individual pupae after death more similar
across the sample. This is conducive to
improving the uniformity of cocoon drying, thus achieving better cocoon quality.
As mentioned above, the drying temperature of 120 °C is beneficial for improving
the mechanical properties of silk. Therefore during the preheating stage, there is
no need to be concerned about moisture
loss from the cocoon layer due to rapid
heating. Furthermore, it is better to find
a way to accelerate the heating (maximum limit of 120 °C or so) and to keep
the relative humidity as low as possible
[46, 53, 54], for example, 20% or lower.
Configuration of drying temperature
during the constant-rate stage
Approximately two-thirds of the moisture content of silkworm cocoons should
be removed during the constant-rate
stage. Therefore this stage is critical for
improving the drying speed and enhancing the drying capacity. Continuously
increasing the drying temperature in the
constant-rate stage will improve the capacity of cocoon-drying to adapt to the
technological developments of modern
society. For instance, the development of
automatic silk reeling machines requires
cocoons with low roughness and low tendency to produce rushing upon cocoons,
thereby requiring the use of higher drying temperatures [55]. With respect to
the reelability of cocoons (Figure 7)
and the mechanical properties of raw
silk (Figure 8), drying temperatures of
120-130 °C are also conducive to improving cocoon quality and facilitating
reeling production [33, 45]. Additionally the relative humidity requires adjustment when the drying temperature is increased. An increase in relative humidity

from 5% to 15% can prevent excessive
moisture loss from the cocoon layer and
reduce the rate of dropping end in the inner layer, thereby increasing the reelability percentage of cocoons [56].
Configuration of drying temperature
during the falling-rate stage
For the first falling-rate stage, a drying
temperature of about 100-110 °C and
relative humidity of 10-15% are generally considered to be suitable, while for
the second falling-rate stage, although
higher temperatures are conducive to enhancing the drying capacity, the cocoons
become yellowish and the quality of cocoons is reduced at a drying temperature
of 110 °C [57]. According to the investigation, when the drying temperature
exceeds 95 °C, mono-layered adsorbed
moisture in the cocoon layer will undergo
significant disengagement, thereby leading to excessive denaturation of sericin
and causing the deterioration of cocoon
quality [57]. Therefore in the second
falling-rate stage, the drying temperature
should be maintained below 95 °C, and
the relative humidity maintained between
15% and 30%, to prevent excessive
moisture loss from cocoons. In particular, the hot air temperature and relative
humidity can be controlled in the ranges
of 60-70 °C and 20-40%, respectively,
within half an hour before discharging
cocoons (final stage of cocoon drying).
During this period, the effect of relative
humidity on the cocoon drying speed is
greater than that of temperature; that is,
vφ > vvtt (Figure
Therefore,
(Fig.6a) 6.a)
[42, [42,
45]. 45].
Therefore,
we
we
reduce
the relative
humidity
to
can can
reduce
the relative
humidity
to imimprove
dryingspeed
speed and
and capacity,
prove thethedrying
while lower air temperatures are used
to reduce the heat loss when the cocoon
is taken out from the drying machine
in order to save energy and allow rapid
FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 4(130)

cooling of cocoons (Because the lower
the temperature of the cocoon taken out
from the drying machine, the lower the
heat loss).
Application of critical points
in cocoon drying
Distinguishing of the various stages of
cocoon drying is subject to the effects of
drying technology conditions. Therefore
we can take advantage of the effect of
drying technology on the first and second
critical points on the drying curve to configure more optimal conditions of cocoon
drying technology. For example, we can
configure optimised technological conditions (e.g., 120-130 °C hot air) to extend
the constant-rate stage, thereby improving work efficiency and saving energy.
For the second critical point, we can
also apply moisture retention and cooling (≤ 90 °C) to prolong the time of the
first falling-rate stage, thereby improving
work efficiency and protecting the cocoons. The temperature configuration of
silkworm cocoon drying technology (hot
air drying and superheated steam drying)
is listed in Table 1.
As stated above, the configuration of
cocoon-drying technology should take
into account the drying capacity, cocoon
quality, cocoon variety, and characteristic
curves concretely. Furthermore the problems in specific configuration are related
less to the drying technology than to the
drying equipment [58, 59]. How to design and manufacture drying equipment
meeting the aforementioned conditions
[53] and to further achieve good management of the drying technology in the
process of cocoon drying is the main
problem that must currently be resolved
[46, 60, 61].

Conslusions
The present study first elaborates on
characteristic curves of cocoon drying
and then reviews the principles for configuring cocoon-drying technology by
taking into account the relationships of
the temperature and humidity of hot air
with the cocoon drying speed, as well as
their effects on cocoon quality. The following conclusions can be drawn based
on the results of this research:
1) The characteristics of the cocoon drying curve, drying speed curve, and
temperature susceptibility curve of
the cocoon layer and pupa body are
systematically expounded. Each of
FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 4(130)

Table 1. Configuration of silkworm cocoon drying technology [50, 55].
Drying technology

Preheating stage

Constant-rate
stage

Hot air

Reach the target
temperature as soon
as possible

110-125 °C

100-110 °C

Superheated steam

120 °C

130 °C

≤95 °C

the curves can be divided into three
stages (preheating, constant-rate and
falling-rate). The characteristics of
each stage are visually shown on the
drying speed curve for cocoons and on
the temperature susceptibility curve of
pupae: the drying speed curve shows
a horizontal stage of constant speed as
well as a downward falling-rate stage,
and the temperature susceptibility
curve of pupae shows a constant temperature and heating process.
2) Changes in the drying speed and
temperature susceptibility of a fresh
cocoon layer and naked pupa are examined before and after pupa killing
in the preheating stage. The temperature susceptibility of cocooned pupae
at the time of death generally ranges
from 50 to 55 °C. After pupa killing,
the drying speed of the dead pupa
body increases rapidly, and increasing
the temperature for pupa killing cannot only increase the work efficiency
but also contribute to the uniformity
of cocoon drying. It is recommended that the preheating stage include
heating as rapidly as possible, which
is conducive to improving the work
efficiency and cocoon quality.
3) The effects of the temperature and humidity of hot air on the cocoon drying speed (speed coefficients) are obtained using the enthalpy psychrometric chart. The specific parameter configuration of cocoon drying technology is described in combination with
characteristic curves of cocoon drying
and the influence of the law of drying
technology on cocoon quality: During
the preheating stage, the temperature
should be increased as quickly as
possible, and during the constant-rate
stage, the body of the pupa contains
a high moisture content; hence, an air
temperature of 120-125 °C is recommended; In the deceleration stage, the
body of the pupa retains little moisture, and the temperature susceptibility is close to the air temperature, and
the drying temperature must usually
be maintained below 100 °C. Especially in the hot air temperature ranges

First falling-rate
Second
stage
falling-rate stage
75-90 °C

of 60-70 °C and relative humidity at
20-40%, changing the humidity results in a greater change in the speed
coefficient than changing the temperature; thus, it is feasible to increase
the drying speed and, accordingly, improve the drying capacity by reducing
the relative humidity.

Acknowledgements
The authors are grateful for the support of
the Top-notch Academic Programs Project
of Jiangsu Higher Education Institutions
(TAPP), Grant No. PPZY2015A082.

References
1. Manchester H. The Story of Silk &
Cheney Silks. Primary Source Edition.
New Yor : Cheney Brothers, 1916, p.74.
2. Carrera-Gallissa E, Capdevila X, Valldeperas J. Influence of silk-elike finishing process variables on fabric properties. FIBRES & TEXTILES in Eastern
Europe 2017; 25, 4(124): 82-88. DOI:
10.5604/01.3001.0010.2778.
3. Zuo LY, Zhang F, Gao B, Zuo BQ. Fabrication of electrical conductivity and
reinforced electropum silk nanofibers
with MWNTs. FIBRES & TEXTILES in
Eastern Europe 2017; 25, 3(123): 40-44.
DOI: 10.5604/01.3001.0010.1687.
4. Jiang S, Cao G, Cai G, Xu W, Li W, Wang
X. Unidrectional torsion properties of
single silk fibre. FIBRES & TEXTILES in
Eastern Europe 2016; 24, 3(117): 26-30.
DOI: 10.5604/12303666.1196608.
5. McLaughlin R. Silk ties: links between
ancient Rome & China. History Today
2008; 58: 34-41.
6. Hansen SD. The emperor’s new clothes:
sericulture, silk trade, and sartorial exchange along the silk road prior to the
first crusade. Master’s Thesis, University
of Arkansas, Fayetteville, U.S.A., 2006.
7. Frickhinger H. On the present condition
of the silk culture in Germany. Sci Nat
1916; 4: 841-844.
8. Bajaj P, Paliwal DK Gupta AK. Modification of acrylic fibres for specific end
uses. Indian J Fibre Text 1996; 21(2):
143-154.
9. Kuroda D. The effect of warm air combined with high-frequency drying of cocoon. Silk Study 1953; 4: 58-63.
10. Mujumdar AS, Mccormick PY. Drying
of solids: recent international developments. Drying Technology 1987; 5(2):
287-296.

27

11. Halliyal VG, Dandin SB and Somashekar
TH. Evaluation of different methods of solid waste disposal in silk reeling industry.
Indian J Fibre Text 1999; 24(2):115-119.
12. Kaitsuka Y, Goto H. Synthesis of conductive silk composites. FIBRES & TEXTILES
in Eastern Europe 2017; 25, 1(121):
17-22. DOI: 10.5604/01.3001.0010.1705.
13. Raza ZA, Anwar F. Low-formaldehyde hydrophobic cum crease resistant finishing of woven silk fabric.
FIBRES & TEXTILES in Eastern Europe 2015; 23, 6(114): 116-119. DOI:
10.5604/12303666.1167428.
14. Kutateladze SS and Borischanskij VM.
Handbook on heat transfer. Moscow:
Gosenergoizdat, Leningrad, 1959, p. 100.
15. Gerzhoy AP and Samochetov VF. Zernosushenie i zernosushilki. Moscow:
Kolos, 1967, p. 80.
16. Ginsburg A. authored, Gao KY. translated. Food drying theory and technology base. Beijing: Light Industry Press,
1986, p. 617.
17. Kamei S and Towei R. Drying of Pasty
Materials. Chemical Engineering 1950;
14(3): 101-104.
18. Towei R, Hiraoka M and Sasano T. Studies on through-flow drying of viscose
staple fibers. Kagaku Kogaku Ronbunhshu 1958; 22(5): 277-280.
19. Chen JX, Chen JY and Chen SR.
(1989). On flow field and its influence on
temperature distribution. Journal of Zhejiang Institute of Silk Textiles 1989; 6(3):
5-9.
20. Xu S. Drying treatment of siloworm cocoons as related to their quality. Newsletter of Sericultural Sci 2003; 23 (1):
50-52.
21. Lu SH. (2007). New technology and its
application in cocoon dying. Silk 2007;
4: 42-44.
22. Hu ZZ, Wu JM, He GZ and Zhao MK.
Issues and stratagem of cocoon drying
faced with the state environmental protection requirements. North Sericulture
2008; 29(1): 37-38.
23. Xu FM and Li YY. Discussion on the
influence of cocoon drying technology
condition on cocoon silk performance.
Jiangsu Sericulture 1996; 3: 7-12.
24. Feng JS. Discussion on cocoon drying
theory and the conception of technology
innovation. Sichuan Silk 2000; 4: 13-18.
25. Sun B, Liu XR and Wu MT. The development status and trend of the drying the cocoon: Innovative agriculture engineering
technology to promote the development
of modern agriculture. in: Proceedings of
Chinese Society of Agricultural Engineering 2011 Annual Conference, 22-24 October, Chongqing, CN, pp.125-129.
26. Usub T, Lertsatitthanakorn C, Poomsa-Ad N, Wiset L, Yang L and Siriamorpun S. Experimental performance of a
solar tunnel dryer for drying silkworm pupae. Biosyst Eng 2008; 101(2): 209-216.
27. Holkar CR, Jadhav AJ, Pinjari DV, Mahamuni NM and Pandit AB. A critical review on textile waste water treatments:
Possible approaches. Journal of Environmental Management 2016; 182(1):
351-366.

28

28. Broman B. Silk brocade weaving in
northeastern Thailand (overview including photographs). Arts of Asia 2004; 34:
129-134.
29. Lu XM, Sun YT, Chen Z and Gao YF.
A multi-functional textile that combines
self-cleaning, water-proofing and VO2based temperature-responsive thermoregulating. Solar Energy Materials
and Solar Cells 2017; 159: 102-111.
30. Montazer M and Nia ZK. Conductive
nylon fabric through in situ snythesis of
nano-silver: Preparation and characterization. Materials Science and Engeering: C 2015; 56: 341-347.
31. Lu SH. Applied research of microwave
technique in silkworm cocoons desiccation. Drying Technology & Equipment
2006; 4: 212-214.
32. Wang R, Jiang W, Li S, Dong Y and Fu
YQ. Application research on infrared
drying in silk re-reeling process. Text
Res J 2012; 82 (13): 1329-1336.
33. Chen SR, Chen JY and Mujumdar AS.
A preliminary study of steam drying of
silkworm cocoons. Drying Technology
1992; 10(1): 251-260.
34. Liu CL, Yi ZL, Ang FS, Lin QS, Wang
M, Wang L and Zhu BJ. Preliminary research of drying silkworm cocoon with
solar energy. Science of Sericulture
2006; 32: 129-131.
35. Singh PL. Silk cocoon drying in forced
convection type solar dryer. Applied Energy 2011; 88(5): 1720-1726.
36. Chen JX. Types and structural characteristics of cocoon drying machines. Silk
1992; 12: 57-58.
37. Chen JX. Types and characteristics of
stationary cocoon drying chamber, Silk
1993; 2: 57-58.
38. Chen JX and Lei SY. (1994). Types and
structural characteristics of push-type cocoon drying chamber. Silk 1994; 9: 47-49.
39. Chen JX and Chen SR. The bound
moisture of silkworm cocoon. Journal of
Zhejiang Institute of Silk Textiles 1993;
10(2): 6-10.
40. Chen JX, Chen SR and Chen JY. On
pupa killing and temperature used in
preheated period of cocoon drying.
Journal of Zhejiang Institute of Silk Textiles 1992; 9(3): 10-14.
41. Thangavel K, Palaniswamy PT and Kailappan R. Studies on stifling and drying
of cocoons for longer storage. Dry Technology 1998; 16 (1-2): 369-75.
42. Chen JX. Exploration and analysis of the
influence of hot air temperature and humidity on the cocoon dying speed. Journal of Zhejiang Institute of Silk Textiles
1997; 14(1): 21-25.
43. Kathari VP, Patil BG and Das S. An energy efficient re-reeling process for silk
reeling industry to reduce deforestation.
Indian J Fibre Text 2011; 36(1): 96-98.
44. Chen JX. Modification of the heat generator of ZHE73-1 cocoon drying chamber. Journal of Zhejiang Institute of Silk
Textiles 1986; 3(1): 11-18.
45. Chen JX and Zhu YX. Discussion on the
key technologies for improving the capacity of the cocoon dying. Science of
Sericulture 1993; 19: 238-241.

46. Wang LX, Chen QG, Lin F and Xu S.
Study on the temperature and humidity
in circular air-heated cocoon drying machine branded chuanxi. Silk textile technology overseas 2008; 23(2): 8-9, 25.
47. Fen XQ. The relationship of drying technology and mechanical property of raw
silk in the first period of cocoons desiccation. Journal of Zhejiang Institute of
Silk Textiles 1984; 1(4): 29-34.
48. Peng SC. Hot air push-type chamber
CZL84-1for cocoon drying stove. Silk
1988; 4: 25-26.
49. Chen SR, Chen JY and Arun S. A preliminary study of steam drying of silkworm
cocoons. Drying Technology 1992;
10(1): 251-260.
50. Chen JY and Chen SR. Application of
superheated steam in silkworm cocoon
drying. Journal of Textile Research
1989; 10(12): 547-553.
51. Fu YQ and Jin XD. The influence of superheated steam drying on cocoon quality. Journal of Zhejiang Institute of Silk
Textiles 1993; 10(4): 19-23.
52. Zou FZ, Mu ZM and Zhu LJ. Studies on
the control of relative humidity during
drying process of silkworm cocoon and
relationship with water contents of the
cocoon shells. Acta Sericologica Sinica
2001; 27(2): 131-135.
53. Qi N and Chen QG. Study on interior
temperature and humidity of a new hot
air recycling cocoon dryer. Silk 2009;
(5): 32-34.
54. Zou FZ, Li WG and Mou ZM. Relationship of drying technology with cocoon
body temperature during temperature
increasing period. Acta Sericologica Sinica 2001; 27(3): 206-209.
55. Chen JX and Ma DY. Temperature configuration of cocoon drying machines.
Newsletter of Sericulture and Tea 1993;
3: 23-25.
56. Chen CW, Ye BS and Chen SR. The relationship of temperature and quality of
cocoon at the initial stage. Journal of
Zhejiang Institute of Silk Textiles 1984;
1(2): 10-15.
57. Chen JX. The relationship between temperature and quality of cocoon at the
last stage. Journal of Zhejiang Institute
of Silk Textiles 1986; 3(4): 5-10.
58. Lin F. Study on the continuous measurement of temperature and relative humidity inside the circular air-heated cocoon
drying machine. Ph.D. Thesis, Suzhou
University, China, 2007.
59. Yang YS, Xu ZW, Wang XY and Tong
SF. Elementary experiment report on
the influence of dry process on cocoon
quality. Silk 2005; 6: 26-27.
60. Wang LX. Measurement of temperature
and humidity inside cocoon drying machines and study of their technics, Ph.D.
Thesis, Suzhou University, China, 2008.
61. Li FC, Chen QG, Meng K, Zhang X
and Wei WZ. Consecutive and dynamic measuring system of cocoon drying
temperature and humidity and its practical application., Silk 2011; 48: 21-23, 31.
Received 26.05.2017

Reviewed 03.01.2018

FIBRES & TEXTILES in Eastern Europe 2018, Vol. 26, 4(130)

