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ABSTRACT

The domestic tumble dryers are becoming indispensable household appliances and
responsible for up to 10% of the total residential energy use in developed countries. However,
their energy efficiency is low. In this paper, the development of a multi-sensor computer-controlled prototype
platform for fabric drying is described for improving the efficiency of dryers. The prototype platform enables the
real-time control and recording of key drying parameters including heater power, air flow velocity, rotating speed of
drying drum and drying cycle time. These parameters are automatically adjusted according to the exhaust air
humidity instead of the temperature which is used traditionally. Additionally, a new drying model of dividing the
drying process into 4 stages based on the humidity of the exhaust air has been investigated in order to further
increase the energy saving. The performance of this staged drying model is experimentally evaluated in respect to
energy consumption, drying time, and the smoothness of fabric after drying. The results clearly indicate that the
staged controlling of heating power input not only decreases energy consumption by 21.5% but also improves the
fabric smoothness by 0.9 grade compared to using a single heating power input for the whole drying process. The
research outcome can enable the design and production of new dryers that are more energy efficient and lead to

dried clothes that require less ironing, which in turn further reduces energy consumption.

KEYWORDS: drying efficiency, drying, experiment validation, fabrics, platform

Introduction



The use of tumble dryers is increasing continuously because of their convenience. They
are space efficient and independent of weather conditions.[[2l However, fabric drying is an
energy-intensive operation.™ B ¥l Domestic clothes dryers are responsible for up to 10% of the
total residential energy consumption in developed countries.’! Current dryers are also very
inefficient, nearly 60% of the total energy consumed by currently available dryers is wasted.[®],[”
As consumers are becoming more and more aware of the environmental impact of energy
consumption and energy costs are increasing, energy consumption of domestic dryer is playing a
more and more important role when consumers make purchase decisions. Improving

drying-efficiency is also a primary concern for dryer manufacturers.!

Significant amount of research has been reported in the literature on improving the
energy efficiency of dryers.>*Y Stawreberg pointed out that the drying efficiency of drying
small loads can be significantly improved by using the control strategy of specific mathematical
model.”l Ng and Deng developed an energy saving method based on the use of the equilibrium
moisture content in ambient environment as a termination point.[! VVan Meel reported the use of
air recirculation to improve the adiabatic convection batch drying rate.*? Fudholi et al. showed
that controlling the temperature and humidity of drying air could reduce energy use.[*®! Piccagli
et al. reduced the drying energy consumption by a using PID controller to optimize the heater
temperature.[**l Conde improved the energy efficiency by using heat exchangers for energy

recovery instead of air recirculation.™ Wu et al. indicated that inlet conditions considerably



affected drying efficiency and drying system performance.[*®! Ameen and Bari reduced energy
consumption of drying by using the waste heat of the condenser in a domestic air conditioner.[*"]
Deans reported that 16% of the input energy was saved by exploiting the energy of exhaust air.[’]
Krokida and Bisharat found that drying efficiency of tumble-dryers could reach 79% by

simultaneously using heat pump and heat exchanger.[*!

The reported research is mainly devoted to introducing new technologies such as
additional recirculation system of exhaust air and microwave heating, and optimization of drying
parameters to achieve better drying efficiency, but in all these studies, the drying process is
considered as a single drying stage. However, the moisture removal rate of fabric, the surface
temperature and instantaneous moisture content of fabric, the temperature and humidity of
drying air are all continuously changing during the drying process.*® 2% Using the same
parameter settings for the entire drying process severely limits the scope of drying process
optimization. Further, as the main objective of drying is to remove moisture from the drying
load, using the humidity of the exhaust air as a control parameter is more direct and logical than

using time or temperature as reported in the literature.

In addition, some scholars have reported the impact of household washing parameters
(water temperature, washing time, agitation of the drum and so on) on the appearance of cotton
fabric, but there is little information about the impact of drying parameters on appearance of

fabric (wrinkling), its forming mechanism and forming stage during tumble drying in the



scientific literature.[*®] 22-2%1 Since fabric is the object served by dryers, the appearance of fabric
after drying should be considered as well as energy consumption.?! Therefore, it is reasonable to
adjust key drying parameters by stages based on the drying characteristics in each stage, and then
achieve the purposes of better appearance of drying loads and understanding of woven cotton

fabric wrinkling mechanism during domestic tumble drying.

Moreover, our approach of dividing the drying process into several stages according to
the exhaust air moisture content and optimizing the drying process accordingly is novel and can
potentially lead to more energy efficient dryer designs. In addition to energy efficiency, the
importance of fabric smoothness is also considered for the first time in drying process

optimization.
Background
Current state of domestic dryer

The dryers currently on the market suffer from problems including low energy efficiency,
non-uniformity of drying, long drying time and poor clothes appearance after drying. The most
commonly used termination control strategy is based on the air temperature in the drum.[ This
strategy is easily influenced by ambient temperature and dry load. Also, the temperature detected
does not reflect the actual temperature of the clothes. This termination control strategy can thus
lead to over-drying and energy waste. In addition, current dryers do not continuously monitor the

drying process and adjust the drying parameters such as the air flow velocity and rotating speed



of drying drum. These key parameters which affect the drying efficiency are fixed. Over-drying
can also be caused by the lag and inaccuracy in the current temperature termination control
strategy. In order to overcome drying non-uniformity caused by the uneven distribution of heat
and to achieve the drying degree of clothes specified by the relevant standards, the current
solution is to extend the drying time and increase the drying power. These lead to not only
increased energy consumption and drying time, but also more creased clothes and even damaged

clothes.

Strategy for reducing dryer energy consumption and improving dryer

performance

In general, energy-saving methods for dryers fall into two main categories: reducing the
evaporation load (e.g., reducing initial moisture content, avoiding over drying); and increasing
the drying efficiency (e.g., optimizing operating parameters, reducing heat loss, improving the
efficiency of heat recovery). In order to optimize the operating parameters and avoid over drying,
it is necessary to monitor and analyze the drying process, and then understand the moisture

migration mechanism of fabric drying in dryer.

A typical drying process is shown in Figure 1. By observing the changes of the moisture
content of fabric and humidity of exhaust air during the drying process (Figure 1a), we can find
that the fabric drying process may be divided into four different drying stages. In stage 1, the

fabric moisture content changes very slowly while the RH of exhaust air rises rapidly. The



temperature of fabric is below the temperature of drying air. Sufficient temperature is a
prerequisite for evaporation of water under normal atmospheric pressure conditions.[! In this
stage, energy is mainly used for heating the fabric by conduction and convection instead of
evaporation of water, and the moisture content of fabric remains almost constant. During this
stage, the migration of moisture mainly depends on the mechanical rotation of the drum instead
of convection, and thus migrated moisture is free moisture attached mechanically on the fabric
surface and yarns surface. To reduce drying time, we should aim for the exhaust air to reach
maximum humidity at the fastest speed. The fabric moisture content then starts to fall rapidly,
signaling the start of stage 2. The corresponding RH of exhaust air is around 95%. During stage
2, the RH of the exhaust air remains close of saturation level. The moisture content of the fabric
remains high and the surface of the fabric is completely covered with moisture. During this
stage, the migrated moisture is mainly free moisture which the moisture on the fabric surface and
pores between yarns. This kind of moisture is very easy to evaporate because of weak binding
force between this moisture and fabric. The temperature of the fabric is almost equal to wet bulb
temperature of drying air. Hence, in this stage, energy provided by heater power is mainly used
for evaporation of water, and the moisture content of fabric decreases rapidly through capillary
flow of free moisture inside the voids. As drying proceeds, migration of moisture within the
fabric cannot compensate for the evaporation of free water on fabric surface, and the free
moisture inside fabric gradually declines to the critical moisture content.?l Subsequently, the

drying rate decreases and this indicates the start of stage 3. In our case, the critical moisture



content of fabric decreased from around 55% to around 17%. The corresponding exhaust air RH
decreased from around 95% to around 42%. In this stage, the moisture content of fabric is mainly
free moisture (moisture retains in pores between fibers) and the bonding force of fabric and free
moisture (moisture retains in pores between fibers) is larger than that of free moisture (moisture
retains in pores between yarns and surface moisture on fabric). The temperature of the fabric
rises towards the wet bulb temperature of the air and the humidity of exhaust air decreases
rapidly. According to thermodynamics, increasing the fabric surface temperature is not
conducive to the evaporation of water due to the vapor pressure on fabric surface being greater
than that inside the fabric. Most of the energy provided by the heater is used for increasing the
fabric temperature instead of the evaporation of water. Hence, in this stage, a lower heater power

can be employed to reduce energy consumption.

When the fabric surface moisture content reaches its lowest level, the drying process
should end in principle. However, due to the uneven moisture distribution, the drying process
usually continues for a short while to make sure the fabric is dried thoroughly. This extended
drying is stage 4 during which the fabric surface temperature rises rapidly and the humidity of

exhaust air reaches the minimum. During this stage, migrating moisture is bound moisture

(directly absorbed on fibers) which it is very difficult to remove because of greater binding force

of this kind of moisture and fibers.




From the previous analysis, we can conclude that the removal rate of moisture is

simultaneously influenced by several factors such as the moisture content of fabric, heater

power, air flow rate of the convective medium and the rotating speed of drying drum. Therefore,

the above mentioned factors should be considered for the optimization process.

Based on the drying dynamics theory of porous materials, the wet fabric contains three
different kinds of moisture including free moisture (or unbound moisture), bound moisture and
capillary moisture as shown in Figure 2.125271 Free moisture is moisture retained on fabric, yarn
and fiber surfaces and moisture in pores between yarns, between the fibers within the yarns and
in pores within the fibers. The binding force of free moisture and fabric is relatively small, so
free moisture is migrated from fabric in the early drying process (mainly including warming-up
stage and constant drying rate stage). While bound moisture (directly absorbed in
macromolecular structure and hydrophilic group of fiber) and capillary moisture (within
capillary voids inside fibers) is very difficult to remove from fabric due to greater binding force
between the two kinds of moisture and the fabric, and since this combination generally involves
chemical bond combination and thus removing this kind of moisture requires breaking the

chemical bond (hydrophilic groups of cotton fiber and polar groups of the water molecule)

between molecules.?®! The two kinds of moisture are generally considered to be difficult to

migrate or should not be removed to avoid fabric damage.




Through the above analysis, it is clear that the moisture removal rate of fabric
experiences four different stages. The evaporation mechanisms of moisture and the energy
required to evaporate moisture are different during different stages, indicating it is possible to
make use of this characteristic of drying process to reduce energy consumption. In other words,
the drying process can be optimized to save both drying time and energy consumption, as well as
to avoid over-drying by using different drying parameters for different stages and accurately

terminating the drying process of dryer.

Design and Implementation of Staged Drying System

In order to monitor the drying process and accurately control the key parameters of fabric
drying such as heater power, air flow velocity, and drum rotating speed and direction, a
multi-sensor prototype platform was designed and built in accordance with the block diagram
shown in Figure 3. The prototype platform consists of a drying process monitoring system, a
data acquisition system and a drying parameter-adjustable control system. A PC computer is
used to run the control algorithm in order to maintain the drying parameters at desired set-points.

The main parts of the prototype platform are presented in Figure 4.

The monitoring system

Fabric drying is a simultaneous heat and moisture transfer process of porous media
(Figure 5). During the drying process, fabric continuously absorbs heat from the heated air,
while moisture in the fabric is also continuously removed to the drying air, and thus, temperature

10



and moisture content of fabric, temperature and humidity of air are all variable in the drying
process.!?1 28] Monitoring key process parameters during fabric drying are important to

understanding the heat and moisture transfer mechanism of the drying process.

In order to achieve the above objectives, eight K-type thermocouples (PT100) with
accuracy of £ 0.1°C, temperature and relative humidity sensors (FTS64-2011-MD with an
accuracy of = 0.5°C for temperature, + 3.0% for humidity, Eyc, Masuda Technology Co., Ltd,
Taiwan), an air flow velocity senor (THS74-A11-1800-M with an accuracy of + 0.33mm /s,
Eyc, Taiwan), a Huoer sensor (A1103LWA-T with an accuracy of = 2rpm , Shanghai Kexin
Electronics Co., Ltd., China), and an infrared thermal camera (OPI1-450, Germany) were installed
at appropriate positions in the dryer as shown in Figure 3 and Figure 4. Data of fabric drying
process was transmitted in real time by using JY-DAM-PT12 and JY-DAM1012 data acquisition
card (Juying Technology Co., Ltd. Beijing, China). PID neural network control algorithm was
used for the real-time data control. Matlab simulation software was used to simulate the drying

system. The drying efficiency is calculated in real-time.

Monitoring parameters

Temperature and humidity of drying air

In order to monitor the temperature and humidity of various sections of the dryer,
corresponding sensors are used as shown in Figure 3 and Figure 4. Dryer heater power is no
more than 4000W in general and it can heat air to 180°C. Most available temperature and

11



relative humidity sensors have operating range below 100°C and are not suitable for our
condition. Hence, eight PT100 are used as described below. Three K-type thermocouples
(PT100) with accuracy of + 0.1°C and temperature range 0-200°C (T2, T3, T4) are fitted around
the heater to obtain an average temperature of the heated air. The other five K-type
thermocouples are placed close to the lint trap (T5), inlet of the exhaust duct (T6), ambient
temperature in control box (T7), outlet of the exhaust fan (T8) and downstream of the heater,
namely inlet air of the dryer (T1), respectively. In order to measure the humidity of air inside the
drying chamber, several temperature and relative humidity sensors (FTS64-2011-MD with a
accuracy + 0.4% for temperature scale 0-100°C and = 2% for relative humidity in the interval
0-90%, Eyc, Masuda Technology Co., Ltd, Taiwan) are fitted at the dryer door (T/RH1).
Relative humidity (RH) of exhaust air is measured and recorded using a temperature and relative
humidity sensor (Eyc, TH34-A11-1500-MP with a accuracy + 0.4% for temperature scale 0-60°C
and = 2% for relative humidity in the range of 0-90%) at the exit of the exhaust duct (T/RH2).
The data of temperature and humidity are recorded using a data logger (JY-DAM-PT12, Juying

Technology Co., Ltd. Beijing, China) and transferred to the PC every 2s.

Temperature and moisture content of fabric

In the testing process, to obtain more information about drying fabric data such as weight
and temperature, an infrared camera with digital transmitter (OPI-450, Germany) and an

electronic scale (Global Weighing Technologies, TCS-XC-A with £ 5g accuracy, Shanghali,
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China) are utilized. The weight of the fabric can be measured continuously during the drying
process at pre-determined time intervals by the scale under the dryer. The data is transmitted to
the same computer though 232 communication protocols every 2s. The data are used to analyze

the heat and mass transfer mechanisms during fabric drying.

Control system

The drying efficiency of dryers is simultaneously influenced by several factors such as
the moisture content of fabric, heater power, air flow velocity and rotating speed of drying drum,
etc.[?!l Some external control devices such as a digital voltage regulator, DC motor and an
external fan are employed to achieve the purpose of continuously adjusting and controlling the
parameters affecting fabric drying. The control principle of the prototype platform is shown in
Figure 6. The measurements of heater power, air flow velocity and rotating speed of drying
drum serve as feed forward signals to adjust the corresponding control regulators. Additionally,
Relative Humidity of the exhaust air serves as feed forward signal to identify the drying stage
and terminate the drying process. The control system can accurately and rapidly detect the drying
degree of fabric to avoid over-drying or under-drying. In this way, the final moisture content of
fabric is maintained within specifications. In contrast, conventional dryers treat the whole drying

process as a single stage and reply on temperature to control the drying process.

Adjustable Parameters

Electric heating element
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The main heat source of the dryer is an electric heating element. To obtain an optimum
heating model for the dryer, it is very important to assess the dryer efficiency under different
heating conditions. However, existing dryers on the market have fixed heater power. For our
drying platform, an electric heating element of 4 KW and a digital voltage regulator are utilized
for adjusting the heater power according to the drying conditions as shown in Figure 3 and
Figure 4. The heater power is controlled by the digital voltage regulator connected to the power

line of the heater. The heater power is calibrated by an electric power meter.

Rotating speed and direction of drying drum

The rotating speed of the drum affects the fabric motion in the drying chamber and the
degree of fabric spread, and subsequently affects the area and time of heat exchange. It
significantly affects the removal rate of water in fabric.?® The drum in most dryers is driven by
an AC motor which cannot change direction or adjust the rotating speed. In our system, a DC
motor is used for driving the drum as shown in Figure 3 and Figure 4. The DC motor is
controlled by a PLC unit which is programmed to start and stop the drum, and adjust the rotating

speed of drying drum.

Air flow velocity

Domestic dryers on the market are equipped with a wind impeller in the duct to achieve
air flow in the drying system. The air flow velocity is determined by the design and size of the
impeller. The air flow velocity in the dryer cannot be controlled due to the fixed impeller.

14



However, air flow velocity is the most critical factor affecting the drying air movement, and it
directly impacts on the heat and mass exchange between the drying air and fabric. To explore the
impact of different air parameters including the air temperature, humidity and volume on the
dryer efficiency and overall performance, an external fan and a digital voltage regulator are used
for controlling the air flow velocity as shown in Figure 3 and Figure 4. The air flow velocity can
vary from 00mm /s to 199mm /s and the power consumption is approximately 270W . The air
flow velocity is controlled by the digital voltage regulator connected to the power line of the
external fan. The air flow velocity is calibrated by an air flow sensor. The air flow sensor for
real-time measurement is positioned in the mid-section of the wind tunnel outlet (AV) as shown

in Figure 3.

Parameter Adjustment Method

As can be seen from the above analysis, fabric drying consists of several successive
periods that each period has own different drying characteristics.*®! Adjustment drying
parameters using simple on-off controllers or manual switching is therefore insufficient if energy
(electricity) consumption is concerned. In contrast, it is particularly effective approach to
build-in long-horizon feedback system for fabric drying by tracing drying parameters to maintain
higher efficiency during the whole drying process. Hence, we developed a drying platform that
enables the control of heater power, air flow velocity, rotating speed of drying drum and

maximum air temperature in the drying chamber during the drying process. At the beginning of
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the process, heater power, air flow velocity, rotating speed of drying drum and maximum air
temperature in drying chamber are set according to our design of experiment (DOE).
Additionally, the strategy for regulating drying platform’s behavior is feedback control,
throughout which the drying conditions are effectively adjusted according to our pre-set points.
The operation flow chart is shown in Figure 6. As shown that the control system changes
position of the valve (adjust operational conditions) according to the process phase and keeps
measured drying parameters close the respective set-point. Specifically, the first step is to set the
parameters based on the experimental requirements. This step gives some signals (the desired set
points) to the drying platform. The second step is to determine the status of the drying process by
comparing the control parameters with their set points, in which software system of drying
platform compared the controlled variables (such as heater power, air flow velocity and rotating
speed of drying drum) with the above desired set points. The difference signal, suitably
processed by the controller, is then used to modulate the input parameter being used as the
control variable. The digital voltage regulator, speed controller and relay are switched on when
these parameters are not equal to the set points. The third step is to determine the drying stage
based on the measurement of exhaust air humidity during the drying process and automatically
adjust the drying parameters or terminate the process by comparing the exhaust air humidity with
set cut-off points. In this step, the software of drying platform also launches the data acquisition
system to track the temperature and humidity of each location during the drying process, and
thus achieving the purpose of sharing some common characteristics with learning systems and

16



provide a reference for future parameters setting. The above three steps are repeated until the

desired drying degree of fabric is achieved.

Data Acquisition System
Data transmission

The data transmission system consists of a PC, data acquisition boards, and various

sensors. The data transmission path is divided into two steps:

All sensor signals of the drying platform are filtered and digitized by using related signal
processing methods. And then using RS232 as a communication protocol, send all sensor signals

transmitted to PC.

User interface

In order to facilitate user operations, a simple user interface was designed. Figure 7
shows a screen shot of the user interface. Drying parameters including the heater power, air flow
velocity, rotating speed of drying drum and maximum air temperature in chamber base are set
through this interface. Various process variables can be real-time observed and recorded by this
system interface. These include temperature, humidity and flow velocity of air, rotating speed of
drying drum, surface temperature and weight of fabric. The acquired experimental data is used

for the calculation and analysis of dryer efficiency. The data acquired from all the sensors can be
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plotted on screen at the top left corner of the interface. A photograph of the prototype platform is

shown in Figure 8.

Experiment evaluation for drying process optimization

The drying platform can be used to explore the effects of parameters including heater
power, air flow velocity and rotating speed of drying drum on the dryer efficiency and clothes
smoothness, and to develop mathematical models for the drying process. In this paper, we focus

on the important issue of energy efficiency.

Experimental steps

1) The drying experiments were carried out in a laboratory where room temperature and
relative humidity were in the range of 23 + 2°C and RH 68 + 10%, respectively.

2 The prewashed cotton fabric was cut into 38x38cm  and dried under constant
temperature and humidity (temperature: 20°C + 2°C, humidity: 65% + 2%). The detailed
properties of the prewashed fabrics are listed in Table 1.

3) The samples were prepared by soaking in tap water for 15minutes in a washing machine
followed by a spin cycle of Sminutes with a speed of 1000rpm to obtain the initial
moisture content of fabric 70.0% + 5%.

4) The heater power, air flow velocity and rotating speed of drying drum were set as shown

in Table 3.
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(5)

(6)

(7)

The energy consumption and drying time were recorded when the drying process was
completed.

In order to assess the effect of staged drying model on smoothness appearance, three
trained observers graded the fabrics independently according to “AATCC Test Method
124- Smoothness Appearance of Fabrics after Repeated Home Laundering”.71 This test
method is designed to evaluate the smoothness appearance of flat fabrics after repeated
home laundering including domestic tumble dry. Rating values between on and five are
given, and a high rating value represents less wrinkling on the specimen. In this study,
average smoothness ratings were rounded to the closest on decimal point. And all drying
experiments were repeated at least three times.

In order to calculate the final moisture content of fabric the original weight and weight at
the end of the drying were weighed by a scale (Christ, Germany) with an accuracy of
0.1g. In every experiment, weight of fabric was measured at least twice. The final

moisture content of fabric was calculated using Equation (1).

@)

Wi—Wo 100%

W% =

o

Where w% is the final moisture content of fabric; W, is initial weight (g) after

conditioned for 24hours at 20°C + 2°C, RH 65% * 2%; Wi is weight of fabric (g) when drying

process ends.

Experimental details
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To evaluate the developed platform, we compared the staged drying model with a
commercial dryer with a fixed drying model. The experimental procedures were obtained based
on the above analysis. The details of the RH of exhaust air for the division of the drying stages
are determined based on the analyze of the changing law of temperature and relative humidity of
the outlet air (previous experimental test: different heater power), machine limits, the previous
literature review, the recommendation of dryer technicians, combined with the multi-objective
optimization method -- MOPSO (Particle Swarm Optimization) with the targets of minimum
energy consumption. The details are shown in Table 2. The drying conditions for each stage
were optimized by using multi-objective optimization methods MOPSO (Particle Swarm
Optimization) with the targets of minimum energy consumption. Table 3 shows the drying
parameters. Each experiment was repeated 3 times and the average results are shown in Table 4.
The fabric appearances following the two drying models, single-process and staged-process, are

shown in Figure 9.

Results and Discussion

Table 4 and Figure 9 present the effect of the staged drying model on drying
performance in respect to energy consumption, drying time, final moisture content of fabric and
fabric smoothness. From Table 4, it is clear that, except Test No. 6, staged-process drying is
always more efficient in energy consumption compared with single-process drying (Test No. 1).

And Test No. 2 shows the lowest energy consumption with an energy consumption reduction of
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about 21.5% compared with single process drying. In addition, it is worth mentioning that the

following discussion is for comparison results of Test No. 2 (the optimum staged drying

procedure in this study) and the common single drying procedure of dryer (Test No.1).

In the first drying stage, the moisture content of fabric remains almost constant (as
discussed in Figure 1) because of the temperature of fabric being below that of the drying air,
thus it needs high levels of heater power to be heated up to reduce fabric-heated time. Therefore,
a higher heater power (4000W ), lower air flow velocity (6.88mm /s) and higher rotating speed
of drying drum (50-55rpm ) should be used (Table 4). Higher heater power (4000W ) provides
more energy and increases the fabric temperature more quickly. Lower air flow velocity
(6.88mm /s) keeps the air in the drying chamber longer which helps the energy transfer to the
fabric. Higher rotating speed of drying drum (50-55rpm ) helps to spread the wet fabric and

improves energy transfer to the fabric.

In the second drying stage, large amounts of free moisture (retained on fabric surface and
pores between yarns and pores between fibers) will be removed and require more energy.
Additionally, the moisture remove rate for this stage is also fastest as compared to other stages of
the drying process. This is because free moisture (retained on fabric surface and pores between
yarns and pores between fibers) is mechanically connected to the fabric.l®t 21 A higher heater
power (4000W) and a higher air flow rate (8.5m/s) help the evaporation and removal of

moisture from the fabric (see Table 4). The drying fabric is easier to spread than the wet fabric,
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so a slower rotating speed of drying drum (45-50rpm ) is needed and this saves energy (Table 4).
Also, a slower rotating speed of drying drum (45-50rpm ) allows the fabric to develop a complex
movement pattern involving sliding, falling, swinging and rotating. A complex movement
pattern improves the drying efficiency compared to a single movement pattern because it

increases the contact surface between the fabric and the air.3%

However, in stage 3, the fraction of wet area decreases with decreasing surface moisture
content, and free moisture content is also less as compared to free moisture of the constant
drying rate stage.’] And during this stage, temperature of drying air increases sharply and
leading to partial pressure of water vapor increases quickly. While partial pressure of moisture
inside fabric can’t increase proportionally, outside vapor pressure is higher than the internal
vapor pressure, and thus hinders the migration of water, so that the removal rate of water
decreases.*¥ Therefore, during this stage, a lower heater power (3000W ) can be used to avoid
the excessive increase of fabric surface temperature. A high air flow velocity (8.55mm /s) helps
the removal of vapor while a low rotating speed of drying drum (40-45rpm) provides the
opportunity for the fabric to fully unfold, and thus achieve the purpose of drying air fully contact
with wet fabric (Table 4). A high rotating speed of drying drum at this stage will force the fabric

to rotate close to the drum wall and decrease the heat and mass transfer area.

In the fourth drying stage, very little moisture is still retained in the fabric and the

migration rate is very low. This is because moisture retained the fabric for this stage is mainly
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bound moisture (directly absorbed on chemical bond of fiber) and capillary water (retained in
capillary pores of fiber), binding force of this kind of moisture and fabric is relatively large, and
thus the migration of this kind of the moisture is more difficult as compared to migrating
moisture (free moisture retained on fabric surface and pores between yarns, fibers which is
attached mechanically only instead of chemical bond) in early drying stage. Excessive heating
power can cause the fabric to over-dry and decrease fabric smoothness or even lead to fabric
damage. Therefore, a low heater power (1500W ), a lower air flow velocity (6.88mm /s) and
rotating speed of drying drum (45-50rpm ) should be used. Excessive heating power can cause

the fabric to over-dry and decrease fabric smoothness or even lead to fabric damage.

Comparing with the single stage drying (Test NO.1), the fabric smoothness of staged
drying (Test No.2) improved by 0.9 grade as shown in Figure 9. This is because the staged
drying model as a means of reducing swelling stresses in woven yams as wrinkling or buckling

become jammed together early in the drying process. In other words, the staged-drying model

(Test No.2) delayed the fixing of wrinkles in the woven cloth thereby reducing the level of

wrinkling compared with that seen after single-drying (Test No.1).

Additionally, wrinkling is the property that fabric gets a plastic deformation due to
rubbing but fails to return to its original dimensions after removing the force or load. And this
property depends on external environmental factors including mechanical force and the relative

humidity and temperature of air. While drying is to remove moisture from wet fabric by heating
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the air using electrical resistance, indicating that fabric is repeatedly affected by temperature and
humidity of drying air in drum. If this influence is strange enough, it is may lead to molecular
rearrangements via labile hydrogen bonds. This is because that the heat and absorbed moisture
giving a lower energy network between fibers in fabric. And the influence of heat and absorbed
moisture leading to reducing energy network gradually increases as the drying process proceeds.

This indicated that wrinkling occurs mainly in the later drying process, and thus using lower

heater power at latter drying stage (Test No.2) obtained better smoothness of fabric surface as

compared to using higher heater power at the latter stage (Test No.1).

Moreover, drying is also a process in which complex mechanical actions are forced onto
textiles or clothes, and fabrics are repeatedly spilled by drum to make drying air flow fully
contact with the wet fabric and then achieve the purpose of removing moisture from the surface
and inner of fabric. It implies that, in domestic tumble dryer, fabrics may undergo complex
deformations during tumble drying, including twisting, extension and compression (even though
the forces are slight) which leads to the undesirable permanent deformations (wrinkles)
occurring.l?4, B4 Additionally, agitation during drying would be more crucial to the wrinkling
process because agitation is easy to cause unevenness in fabric stress and unevenness of
deformation. At this moment, molecular chains fracture and recombine continuously as the

tumbling action keeps going on during the drying process. Therefore, adjusting rotating speed of
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drum based on drying stage is useful for the fabric to avoid creases formation. The results of Test

No.2 (staged drying model) and Test No. 1 (single drying model) demonstrates this view.

In addition, based on the fringed-frbril theory, the structure of cotton fiber can be divided
into two regions, namely the crystalline region where the molecules are folded together in a
regular pattern with a higher degree of lateral order, and amorphous region where molecular
chains are tangled together at random.Y Different regions have different deformation
capabilities due to its different arrangement of molecules in fiber.[?] 321 Specially, within the
highly ordered regions, polymer chains are aligned contributing to the formation of hydrogen
bond, which helps to protect against the force from deformation. Therefore, small and reversible
deformation occurs in the crystalline region when forces are placed on the fibers. While in the
amorphous region, binding degree of molecular chains remains at low level. When exposed to
the external forces, molecular chains slip easily so that hydrogen bonds have high tendency to be
broken or newly form in another place. When the applied forces are removed, molecules recover
to their original position slowly. If the resistance caused by the dislocation of molecules is
greater than the restoring force, permanent deformation will form. The in-homogenous and
irreversible deformations turn out to be wrinkles of the fabric.*! It is recognized that plastic
deformation mainly generates in amorphous region. Amorphous region in cotton fiber accounts
for approximately 47.1-50.7% where large amount of hydrophilic groups exists, such as

hydroxyl and carboxyl.[?”l Once absorbed in the non-crystalline region, moisture molecules bond
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with hydrophilic groups in the form of hydrogen bonds, and then the molecular chains become
loose and easy to slip. Drying is a process involving repeated mechanical forces from gravity,
centrifugal force and friction. Under these conditions, both fibers and fabrics are more likely to
deform when exposed to shear forces or tension/compression stress, even though the forces are

slight.

Additionally, the anisotropy in hygroscopic swelling of cellulosic fiber also leads to a
certain extent wrinkling.l?l Specifically, after being wetted thoroughly, cross-sectional area of
the fiber increases by over 40%, while the length of it only increases about 1%. The uneven

recovery is easy to form wrinkle, and the degree of wrinkle formation depend mainly on

moisture content of fiber. This indicated that final moisture content of fabric to a certain extent

determines the surface roughness of the fabric. Specifically, the lower the final moisture content,

the easier it is to wrinkle the fabric. The results of Test No.2 (staged drying model) and Test No.

1 (single drying model) further demonstrates this view.

And wrinkles of cotton fabric mainly form in the latter part of the whole drying process.
This is because large amount of moisture is removed from the fabrics as drying proceeds,
indicating that a mass of hydrogen bonds between moisture molecules and hydrophilic groups
are replaced by the chemical bonds between cellulose molecules. And the latter is harder to be
broken than the former. Then, the wrinkles form and are fixed. Additionally, cotton fibers or

fabrics swell when absorbing moisture and then shrink due to moisture loss when drying.®¥ Both
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of the two processes are incompletely reversible. Cotton swelling-shrinkage produces a relative
displacement between molecules and between molecular chains, resulting in the wrinkles
macroscopically. Moreover, amorphous region in cotton fiber accounts for approximately
47.1-50.7%.[271 34 Molecular chains in amorphous region are easy to slip when applied to
external forces especially under high temperature. Near the end of fall-rate drying stage (when
the fabric is about to dry), the temperature of the fabric will increase slightly. This increases the
motion of molecules and weakens the intermolecular forces. Consequently, cotton fabrics have
higher tendency to wrinkle when undergoing large deformation encountered during tumbling in

the latter part of the whole drying process. Thus, we can draw a conclusion that wrinkling is

associated with higher air temperatures, especially later period of drying process. Using stage

drying model is further proven to be reasonable for energy saving.

In addition, the average total drying time by the staged drying procedure is 60minutes ,
Sminutes longer than the single stage drying. This is because the energy for removing same
quality of water is constant and the drying time is extended due to the lower the heater power.
However, the heat and mass transfer efficiency of the staged drying procedures is significantly
improved, so that the energy consumption is reduced, when comparing results of Test No. 2 and

Test No.1.

When over-drying occurs, negative moisture content of fabric (final moisture content of

Test No.lis -2.17%) is possible to appear and appropriate. This is because the initial weight is
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the weight of the fabric fully balanced (cotton fabric absorbs a certain amount of moisture and
contains around 7% - 8% due to the hygrosopic nature of cotton fibers) under temperature of 20
+ 2 °C and a relative humidity of 65 + 2%. While relative humidity of air in drying drum is
much below 65% and the temperature of the air in the dry drum is much higher than 20 °C. This
easily leads to lower moisture content in the fabric, thus weight of fabric at the end of the drying
is lighter than the initial weight (weight of fabric is conditioned for 24h at stander experimental

room).

Therefore, we developed the staged drying model (set smaller heater power at the later
period of drying compared to the early period of drying) instead of single drying model to avoid

inappropriate drying parameters including excess higher heater power, lower final moisture

content of fabric (over-drying) at the later period of drying, and so on, and thus improve

smoothness grade of fabric surface and reduce fabric damage.

Conclusions

We developed a new prototype platform for fabric drying. The new platform enables the
monitor and control of several important parameters such as heater power, drum rotating speed
and air flow velocity during the drying process. Following in-depth analysis of the drying
process, a new drying model of dividing the drying process into 4 stages based on the humidity
of the exhaust air has been proposed and evaluated. The results have demonstrated that the new

staged-process drying model has significant potential for energy saving. Compared with the
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single-process drying model, the staged-process drying model not only saved 21.5% of energy
but also improved the fabric smoothness by 0.9 grades. The results can provide a reference for
dryer design and performance optimization. Based on the new drying platform, further studies
can be carried on the drying process such as on the effect of fabric movement pattern on drying
efficiency, drying behavior of different materials (such as cotton, silk, wool, polyester and linen),
heat and mass transfer mechanism of drying process, and the fluid dynamics analysis for fabric
drying. Apart from these benefits, the proposed drying model can also be applied to other
industrial processes where high-temperature air is needed such as drying of timber application
since all drying consists of four stages including warming-up, constant drying rate, falling drying

rate and blowing.
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Table 1. Fabric specifications

Test Fabric Fabric Thickness Relative Load () Specific heat
sample | design weight (mm) porosity capacity* (kJ/kg. K)
content (g/m2) (%)

100% | Plain | 145(x0.03) | 0.79(x0.03) 76.7 5000(+10) |  1.224.00(+0.14)
cotton

*Specific heat capacity of cotton is 1.224.0(kj/kg.K).[36]
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Table 2. Humidity of exhaust air for drying stage determination

Humidity of Temperature and relative humidity sensor (T/RH2) at the exit of the exhaust
Exhaust air (%) duct
End of Stage 1 End of Stage 2 End of Stage 3 Stage 4
Staged drying 100% 95% 42% 38%

model
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Table 3. Drying parameters

Test Drying conditions - parameters of each period
number Heater power (W) Air flow velocity Rotating speed of drying drum
(m/s) (rpm)
S1 | S2 | S3 | S4 |S1|S2|S3|Ss4| 81 S2 S3 S4
1 400 | 400 | 400 | 400 | 6.8 | 6.8 | 6.8 | 6.8 | 45-50 | 45-50 | 45-50 | 45-50
0 0 0 0
2 400 | 400 | 300 | 150 | 6.8 | 85 | 85| 6.8 | 50-55 | 45-50 | 40-45 | 45-50
0 0 0 0
3 400 | 400 | 300 | 400 | 85| 85| 85 | 85 | 50-55 | 40-45 | 40-45 | 45-45
0 0 0 0
4 150 | 400 | 400 | 150 | 85| 6.8 | 8.5 | 8.5 | 40-45 | 40-45 | 50-55 | 40-45
0 0 0 0
5 150 | 400 | 150 | 400 | 85 | 85 | 6.8 | 6.8 | 50-55 | 40-45 | 50-55 | 50-55
0 0 0 0
6 150 | 400 | 150 | 150 | 6.8 | 6.8 | 6.8 | 8.5 | 50-55 | 50-55 | 40-45 | 40-45
0 0 0 0
7 400 | 400 | 400 | 150 | 6.8 | 85 | 6.8 | 6.8 | 50-55 | 50-55 | 50-55 | 40-45
0 0 0 0
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8 400 | 150 | 150 | 400 | 85| 85 | 85 | 8.5 | 50-55 | 45-50 | 50-55 | 40-45
0 0 0 0

9 150 | 150 | 400 | 400 | 85 | 6.8 | 6.8 | 6.8 | 40-45 | 50-55 | 40-45 | 40-45
0 0 0 0

10 150 | 400 | 400 | 400 | 6.8 | 85 | 8.5 | 8.5 | 40-45 | 50-55 | 40-45 | 50-55
0 0 0 0

11 400 | 150 | 400 | 150 | 85 | 6.8 | 6.8 | 8.5 | 50-55 | 40-45 | 45-50 | 50-55
0 0 0 0

12 400 | 400 | 150 | 150 | 85| 6.8 | 8.5 | 6.8 | 40-45 | 50-55 | 40-45 | 50-55
0 0 0 0

1 is the single process drying model; 2-12 are the staged drying model.
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Table 4. Testing results of above different procedures

Test number Energy Drying time Final moisture Fabric
consumption (min) content of fabric (%) smoothness
(KW-h)
1 4.82 95 -2.17 1.2
2 3.78 60 1.78 2.1
3 4.42 95 -2.75 1.3
4 4.32 75 2.98 24
5 4.62 85 -1.76 1.6
6 4.89 120 4.78 2.5
7 3.98 50 0.98 1.7
8 4.65 110 2.87 1.9
9 4.22 105 1.12 1.6
10 3.87 65 0.98 1.2
11 4.36 100 2.13 2.1
12 4.06 95 2.96 24
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Figurel. Theoretical analysis of the fabric drying process (a) The changes of the moisture
content of fabric and humidity of exhaust air during the drying process, (b) The changes of the
fabric temperature and drying air temperature during the drying process.
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Figure 2. Mechanism of moisture migration in drying process.

1:Free moisture (surface and pores between yarns, pores between fibers)

2:Bound moisture (directly absorbed on fibers by chemical bond or hydrophilic groups)
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Figure 3. Configuration and design of the prototype platform.
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Figure 4. The main parts of the prototype platform.
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Figure 5. Heat and mass transfer process in drying chamber.
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Figure 6. Adaptive control strategy for the prototype platform.
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Figure 7. GUI of the program.
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Figure 8. Realization of the prototype platform.
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Figure 9. Fabric smoothness (a) Single fixed drying model, (b) Staged drying model.
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