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 Tumble dryers offer a fast and convenient way of drying textiles. However they consume large amounts of energy. Over 4 million tumble dryers are sold in Europe each year and a considerable amount of energy is used for drying of clothes.
 The aim with this thesis is to show improvements of the energy efficiency of domestic tumble dryers. This thesis is based upon two papers. Paper I deals with a control strategy of an open cycle tumble dryer while Paper II deals with feasible improvements of the energy efficiencies of a closed cycle tumble dryer.
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 Abstract Traditionally, drying of textiles has taken place outdoors with the wind and the sun enhancing the drying process. Tumble dryers offer a fast and convenient way of drying textiles independent of weather conditions. Tumble dryers, however, use large amounts of electrical energy. Over 4 million tumble dryers are sold each year in Europe and a considerable amount of energy is used for the drying of clothes. Increasing energy costs and an awareness of environmental problems related to large energy use have increased the demand for more energy efficient dryers. The aim with this thesis is to present possible improvements of the energy efficiency of domestic tumble dryers. There are two types of tumble dryers available on the market today: the open cycle dryer and the closed cycle dryer. In the open cycle dryer room air is heated and led into the drying drum. The exhaust air is often evacuated outside the building. In the closed cycle dryer an internal airflow is recirculated inside the dryer. When the air has passed through the drying drum, it is led through a heat exchanger where the water vapour is condensed before the air is heated again and led back into the drum. The heat exchanger is cooled with room air. Drying at low temperatures has been shown to reduce the specific energy use for an open cycle tumble dryer. In Paper I, a correlation between the specific energy use, the drying time and the heat supply was established for a specific load by using the exhaust air temperature. The total drying time and the specific energy use could be predicted from data during the first hour of the process. The result indicated a plausible way to create a control system that makes it possible for the user to choose between low specific energy use and short drying time. The focus of Paper II is on reducing the energy use for a closed cycle tumble dryer. Energy and mass balances were established in order to determine feasible improvements. Energy and mass flows in the dryer indicated that a reduction of leakage from the internal system of the dryer would give the largest reduction of specific energy use. Insulation of the back cover of the dryer and opening the internal system during the falling drying rate period also gave positive results on the specific energy use. In total, a feasible reduction of the specific energy use of approximately 17% was calculated.
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 Summary in Swedish Textilier har historiskt sett torkats utomhus, där sol och vind har utnyttjats för att påskynda torkningen. Att torka textilier i torktumlare är ett snabbt och bekvämt sätt att få kläder torra. En nackdel med torktumlaren är att den använder stora mängder elenergi vid torkningen. I Europa säljs årligen över 4 miljoner torktumlare vilket tyder på att stora mängder energi används av hushållen för torkning av kläder. Det stigande energipriset och en ökad miljömedvetenhet har lett till ett ökat intresse för att producera mer energieffektiva produkter. Målet med denna avhandling är att visa på hur energieffektiviteten kan ökas hos torktumlare. På marknaden finns idag två typer av torktumlare, avluftaren och kondenstorktumlaren. Avluftaren bygger på ett öppet system där rumsluft tas in och värms för att torka textilierna. Den fuktiga luften som lämnar trumman evakueras ofta direkt ut från rummet. I en kondenstorktumlare är luften recirkulerad i ett internt system. När luften passerat trumman leds den vidare till en kondensor där vattenånga kondenseras innan den återigen värms i ett värmeelement. Värmeväxlaren kyls med rumsluft. Torkning vid låg temperatur har visat sig minska den specifika energianvändningen för en avluftare. I Artikel I har utgående temperatur från torktumlaren använts för att ta fram en korrelation mellan specifik energianvändning, torktid och tillförd värmeeffekt för en specifik torklast. Resultat visade att totala torktiden och den specifika energianvändningen kan predikteras utifrån mätningar under den första timmen av processen. Detta innebär att det finns en möjlighet att skapa ett styrsystem där låg energianvändning eller kort torktid kan väljas av användaren. Målet med Artikel II har varit att minska energianvändningen för en kondenstorktumlare. Värme och massbalanser har använts för att visa på möjliga förbättringar. Värme och massflöden i torktumlaren visade att ett minskat läckage från det interna systemet gav störst minskning av energianvändningen. Isolering av torktumlarens bakstycke samt att öppna upp det interna systemet under slutet av torkprocessen visade positiva resultat på energianvändningen. En total minskning på ungefär 17% av energianvändningen kunde påvisas.
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 Preface This thesis was performed in cooperation with Asko Cylinda AB, a manufacturer of white goods in Sweden. The cooperation started with a master thesis made for Asko Cylinda AB during the last year of my studies at Karlstad University in 2002. The aim was to improve the efficiency of the drying process in a closed cycle tumble dryer concerning time and energy. Several ideas and possible improvements were presented which led to further interest in research. Thereafter a few minor projects have been performed concerning control strategy and leakage. I began my PhD-studies in Environmental and Energy systems in January 2005. With this thesis I hope to contribute to the development of a new generation of energy efficient domestic tumble dryers.
 Karlstad, November 2006
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 1 Introduction
 1.1 Background Traditionally, the drying of textiles has taken place outdoors with the drying rate enhanced by the wind and the sun. Drying of textiles outdoors, however, depends on the weather conditions. In today’s society, a lack of space to hang the textiles and the need to reduce the drying time have made artificial drying more common. Drying cabinets and tumble dryers offer a fast and convenient way of drying textiles. There are two types of tumble dryers available on the market: the open cycle dryer (the air vented dryer) and the closed cycle dryer (the condensing tumble dryer). The open cycle dryer is the best alternative when there is need to evacuate the hot air from the laundry in order to keep an acceptable room temperature. When there is need for additional heating, the closed cycle dryer is preferable, as all the energy supplied to the dryer is transferred to the room. The disadvantage of tumble dryers is the large use of electrical energy. Domestic appliances, such as tumble dryers, use a considerable amount of energy owing to the large number of units. In Europe, over 4 million tumble dryers are sold each year. The tumble dryer is a relatively new product and little research has been published in this field. There are publications from the 1970s by Kionka (1973) and Ruiter et al. (1978) concerning the open cycle tumble dryer which focus on reducing the energy use. Recent studies by Bassily & Colver (2003a) show that improvements of the open cycle tumble dryer can be made by reducing leakage and finding optimum settings for fan speed, drum speed and heater power in order to increase the mass transfer numbers of water in the dryer. An increased drying load and a prolonged spinning period from 3 to 5 minutes in the washing machine will lower the energy use for the drying process. Bassily & Colver (2005) stated that optimum settings in the dryer lead to large improvements in both energy use and drying time. Deans (2001) and Bansal et al. (2001) concluded that the room air temperature and its relative humidity primarily influenced the energy use. Deans (2001) also found that an increased power supply to the heater reduced both energy use and drying time. According to Hekmat & Fisk (1984) a reduced internal airflow, in combination with reduced power supply to the heater leads to energy savings of around 8% in the open cycle tumble dryer.
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 The drying rate is increased and the drying time is shortened with lower inlet air relative humidity. A study by Beiron & Brunzell (2005) showed that a significantly lowered power supply will result in a process consuming less energy, however, the drying time is then increased. It would be an advantage to have a control strategy to adjust the power supply to the heater, according to climate and drying load. Because the drying load and its inlet moisture content is unknown and varies from time to time, it can be stated that there are difficulties in creating a control strategy for domestic tumble dryers. One way to reduce the energy use in a tumble dryer is to install heat recovery heat exchangers, another way is to recirculate the air. Either the exhaust air is recirculated directly into the heater or the air passes a condenser, i.e., in the closed cycle dryer. Conde (1997) stated that the closed cycle dryers (100% recirculation) and the partial recirculation dryers in fact increase the specific energy use compared with the open cycle dryer. However, the use of heat recovery heat exchangers will improve the energetic drying efficiency for the drying process, defined by Conde (1997) as the ratio of the amount of energy theoretically required for heating and evaporation to the total energy supplied to the dryer. Lambert et al. (1991) showed that 75% recirculation of the exhaust air results in the best energy efficiency, defined as the rate of energy required for evaporation divided by the total energy supply to the process averaged over one batch. Hekmat & Fisk (1984) found that a 67% recirculation ratio of exhaust air was optimal. Even their study, increased energy use was presented for a closed cycle tumble dryer of up to 6% compared with the open cycle dryer. On the contrary, however, Deans (2001) found that the temperature of the exhaust air was too low to be used for partial recirculation of the exhaust air. In a study by Bansal et al. (2001), it was shown that an open cycle dryer with heat recovery heat exchangers would lower the energy supply to the cycle per unit load of wet clothes by 14%. The closed cycle dryer showed an improvement of 7% compared with the open cycle dryer. Moreover, Ogulata (2004) recommends heat recovery heat exchangers for industrial textile dryers. From the publications mentioned above, it can be concluded that the closed cycle tumble dryer use more energy per load compared with the open cycle dryer. In a study by Berghel et al. (2004) the performance of the closed cycle tumble dryer was studied. It was established that leakage had a negative impact on the specific energy use. A considerable amount of leakage was found between the heater and the drum inlet. By reducing leakage of water vapour
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 with a tightened outer cover of the closed cycle dryer the specific energy use was reduced by 6.5-9% compared with the original dryer. The location of the leakage from and into the internal system have large influence on the specific energy use. Heat pumps are used to reduce the energy use of dryers. Heat pump dryers as, described by Alves-Filho & Roos (2006), operate over a wide range of temperatures, which makes them suitable for the drying of foods or other heat sensitive products. Alves-Filho & Roos (2006) describe drying with heat pumps to be advantageous in complying with environmental policies and in reducing the energy use. With the aim to produce a more energy efficient tumble dryer manufacturers has equipped closed cycle dryers with heat pumps. In a study by Hekmat & Fisk (1984), the heat pump dryer was found to reduce the energy use by 33% compared with the open cycle dryer. However, they also detected longer drying times. Braun et al. (2002) compared the conventional open cycle dryer with an air cycle heat pump dryer. The air cycle heat pump dryer is based on the reversed Brayton cycle and operates by using recirculated air as the working fluid. This dryer was estimated to improve the energy efficiency of the open cycle dryer by 40%. Braun et al. (2002) also pointed out one advantage of the air cycle heat pump dryer over the tumble dryer with a vapour compression heat pump. The operating pressure is low in the air cycle heat pump dryer and the removal of the heat exchangers for lint removal and cleaning is simplified. The maintenance of the tumble dryer with a heat pump is problematic and the costs are still high for this product compared with the conventional dryers. The definitions of the energy efficiency or energy use for tumble dryers deviate in different publications. In order to compare the performance of different dryers, all tumble dryers in Europe are tested according to specific energy use during a drying process and marked with symbols ranging from A to G, where A represents the lowest specific energy use. The standard test of a tumble dryer is performed with a 6kg dry load of cotton, wetted to a moisture content of 70% (db) (Swedish Standards Institute 2001). The specific energy use is defined as the ratio of the energy supplied to the dry load of textiles. Today, most of the dryers are marked with a C. The only dryer marked with an A is a closed cycle dryer with a heat pump. A tumble dryer marked with a C have a specific energy use in the range of 0.73 kWh/kg dry load to 0.64 kWh/kg whereas the upper limit for an A is 0.55 kWh/kg dry load (Swedish Energy Agency 2005). The marking of domestic appliances depending with regard to energy use is one way

Page 21
                        
                        

4
 of making it possible for the consumer to more easily choose between different dryers, while enhancing research and development at the manufacturers.
 1.2 Limitations The tumble dryer is regarded as one system. The effects of the drying on the textiles are not studied. A brief overview of the drying process that takes place in the textiles is presented but, apart from this, the heat and mass transfers within the material are not treated in this thesis. Economic aspects fall outside the scope of this thesis, as well as the environmental impacts of the use of tumble dryers.
 1.3 Aims and Objectives The aim of this thesis is to investigate the possible ways of reducing the specific energy use of domestic tumble dryers. The study involves both the open cycle tumble dryer as well as the closed cycle dryer. For reducing the energy use for the open cycle tumble dryer, the aim is to find a control algorithm creating a possibility for the user to choose between a fast drying process and a low energy use. Relations between the drying time, the specific energy use and the power supply are studied for the development of a control algorithm. The aim is also to point out feasible ways of reducing the energy use of the closed cycle tumble dryer. Using information of the energy and mass flows in the dryer the reduction of energy use is calculated for suggested improvements. This thesis is performed in cooperation with Asko Cylinda AB, a Swedish manufacturer of tumble dryers. Their purpose with this study is to collect information needed to create a dryer that can be allotted a better energy marking than is the case today, i.e., moving from C to B.
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 2 Drying of Textiles The demand for drying of textiles exists both in the industry and in the households. Textile manufacturing involves a drying stage which require large amounts of energy (Haghi 2006). Industrial drying of large sheets often takes place in band dryers or drum dryers. Air is led through the textile perpendicular to the material flow over a band or rotating cylinders. There are difficulties in recovering the heat of the exhaust air from the industrial textile dryers, while the air is polluted by fibre, dust and chemical materials (Ogulata 2004). Tumble dryers and drying cabinets are textile dryers for domestic use. There are two different types of tumble dryers: the open cycle dryer and the closed cycle dryer. The closed cycle dryer is often preferred in places where the climate is cold, as the heat can be kept inside the building. A closed cycle dryer is shown in Fig. 1. where its main parts are displayed.
 Fig. 1 A closed cycle tumble dryer with visible main parts. (Asko Cylinda AB 2006) Textile consists of fibres spun into yarns. The fibre lengths of different materials can vary significantly: for cotton the fibre length varies between 25 and 75 mm whereas wool fibres may exceed 100 mm, (Keey 1995). Textile is a porous material that can absorb water. It is called a hygroscopic porous media. In this thesis, a dry textile is defined as a textile conditioned in room air. The moisture content, X, is described as the ratio of the amount of water in the textiles, mH2O, to the dry weight of textiles, mtextile:
 !
 X =mH 2O
 mtextile
 . (1)
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 There are large differences in quality between different textiles depending on structure and material. A textile can be hydrophilic or hydrophobic. The hydrophilic fibres can absorb water, while hydrophobic fibres do not. This is important information in the production of clothes. It is desirable that the textile worn closest to the skin does not absorb water. If the layer next to the skin gets wet, it will have a cooling effect due to vaporization. A textile that transports water through the textile without absorbing moisture is preferable to use as a first layer (Haghi 2005). Mass transfer during drying depends on the transport within the fibre and from the textile surface, as well as on how the textile absorbs water, all of which will affect the drying process (Haghi 2006).
 2.1 Equilibrium Moisture Content When a textile is exposed to air containing moisture, it will reach the equilibrium moisture content (EMC). The EMC depends on the relative humidity of air, the air temperature and the structure of the material. According to Keey (1995), the EMC of cotton is 5.65% (db) and the EMC of wool is 11% (db) at an air temperature of 30°C and a relative air humidity of 50%. If the temperature of the air is lowered with maintained relative humidity, the EMC will increase. The EMC is necessary for the formulation of the mass transfer driving forces. The amount of water in the textiles at the EMC is defined as bound water and it is absorbed by the textile fibres. When the textile is unable to absorb more water, all excess water is defined as unbound moisture. The unbound moisture is often found as a continuous liquid within the porous material.
 2.2 Air as Drying Medium When textiles are dried, air is used as a drying medium. Air normally contains a certain amount of water vapour. Drying a wet material will result in humidification of the air. Water is transferred from the liquid phase into a gaseous mixture of water vapour and dry air. The maximum amount of water vapour in the air depends on temperature and vapour pressure. Water can be removed by evaporation or vaporisation. To evaporate the liquid, the temperature of the moisture must be raised to the boiling point. During drying in air, water is transferred from liquid to vapour by vaporisation, (Mujumdar & Menon 1995).
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 Two parameters affecting the drying rate are temperature and air humidity. The humidity can be described as specific humidity and relative humidity. The specific humidity x, i.e. the amount of water in the air, can be described as
 !
 x =m
 v
 mA
 , (2)
 where mv is the mass of water vapour and mA is the mass of dry air. Dry air and water vapour can be considered as two ideal gases, and they can be described using the ideal gas relation. If the volume and temperature are the same for water vapour and air, the specific humidity can also be expressed as
 !
 x =Mv
 MA
 pv
 pA, (3)
 where pv is the partial pressure of water vapour, and pA is the partial pressure of air. With a molar mass for water of 28.96 kg/kmol, Mv, and for air of 18.01 kg/kmol, MA, equation (3) can be written as
 !
 x = 0.622pv
 pA. (4)
 The relative humidity, φ, is defined as the ratio of the partial vapour pressure, pv, to the saturated vapour pressure in the air at the same temperature,
 !
 pv0 ,
 !
 " =pv
 pv
 0. (5)
 In a mixture of water vapour and air the total pressure of the mixture is the sum of the partial pressure of vapour and that of air. This relation, in combination with equation (5), gives a second definition of the specific humidity
 !
 x = 0.622" pv
 0
 p #" pv0
 . (6)
 If the relative humidity is lowered, the ability of the air to absorb water vapour increases. This can be achieved by increasing the temperature of the air. When
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 drying textiles, this is accomplished in a heater before the air is mixed with the wet textiles. The specific humidity as well as the relative humidity will increase as the air passes over the wet textiles. The enthalpy of dry air is determined by the specific heat capacity, cpA, and can be used to estimate the enthalpy, iA, at temperature T. For dry air the enthalpy is expressed as
 !
 iA = c pAT. (7)
 The enthalpy of water vapour can with good accuracy be determined from the ideal gas relation in the range between -10°C and 50°C with the heat capacity, cpv. To express the total enthalpy of the vapour, the latent heat is also included. The reference temperature, T0, is often set at 0°C where the latent heat, ifg0°C, is 2501.3 kJ/kg. The enthalpy for humid air, i, is determined by the sum of the enthalpy of dry air and the enthalpy of water vapour in the air by
 !
 i = c pAT + x c pvT + i fg0°C( ) . (8)
 The drying process can be followed in an enthalpy-humidity chart. This chart shows the relation between temperature, enthalpy, and specific and relative humidity. In Fig. 2, the ideal air path for a closed cycle dryer with a condenser is shown in an enthalpy-humidity chart.
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 Fig. 2 Water-air mixture with an ideal air path for a closed cycle dryer, indicated as A-B-C in the enthalpy humidity chart The heating of the air from A to B will occur at a constant specific humidity. The heated air with low relative humidity encounters the wet material at B where it is humidified and ideally isenthalpic cooled to point C, close to the wet bulb temperature. Between point C and A the air is dehumidified in a condenser. The specific humidity is reduced whereas the relative humidity remains at approximately 100% for an ideal process. For the open cycle dryer there is no connection between C and A. The inlet air is identified in A and the exhaust air in C. The process in Fig. 2 describes an ideal process. In reality, there are heat losses over the drum resulting in a reduction of the enthalpy between B and C. Leakage into the internal system will also affect the location of A, B and C. If air of different temperatures or humidity is mixed, a new point is achieved in the enthalpy-humidity chart. In order to improve the drying rate, the difference in specific moisture content between B and C should be as large as possible. This can be achieved by increasing the temperature at B and by increasing the condensation between C to A for the closed cycle dryer. There is a relation between the components of a dryer, which implies that they should be treated as one system. It is not possible
 A
 B
 C
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 to base kinetic calculations on the enthalpy-humidity chart as time is not included as a parameter (Pakowski & Mujumdar 1995).
 2.3 Batch Drying Drying processes can be classified as being either continuous or batch. In a continuous dryer, there is a constant flow of material to be dried. In the batch dryer, a wet drying load is inserted at the beginning of the drying process and removed when it has reached the desired moisture content. By indirectly measuring the moisture content of the dried material during a drying process, a drying rate can be detected. When the drying rate is studied during the drying process, it is possible to detect at least two drying stages: one with an almost constant drying rate and one with a falling drying rate. Hygroscopic porous materials, such as textiles, have two different drying stages during the falling drying rate period. A typical drying rate curve of a hygroscopic porous material is shown in Fig. 3.
 Fig. 3. Rate-of-drying curve, constant drying conditions, after Mujumdar & Menon (1995) During the constant drying rate, unbound moisture is removed. Ideally the surface of the material is completely covered with water. The temperature of the material will be almost constant at a value close to the wet temperature of the drying air. The diffusion rate over the air-water interface and the removal of water vapour by the surrounding air will control the drying rate at this stage (Mujumdar & Menon 1995).
 First drying stage
 Second drying stage
 Third drying stage
 Time
 Rat
 e of
 dry
 ing
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 At the end of the constant drying rate period water is transferred from within the material to the surface. The critical moisture content is defined at the time just before dry spots appear on the surface of the material. Subsequently, the drying rate will be reduced and the falling drying rate period, with the second and third drying stages, has begun. The second drying stage ends as the surface film of liquid is entirely vaporised. In the third drying stage, the diffusion of water in the material represents the dominant process. The temperature of the material will rise towards the dry bulb temperature of the air during the falling drying rate period. The controlling mechanism during this period is the internal movement of moisture (Bejan et al. 2004).
 2.4 Heat and Mass Transport At the surface of the textile, two processes occur simultaneously in drying: heat transfer from the air to the drying surface and mass transfer from the drying surface to the surrounding air. The energy transfer between a surface and a fluid moving over the surface is traditionally described by convection. The unbound moisture on the surface of the material is first vaporised during the constant drying rate period. Heat transfer by convection is described as
 !
 dQ
 dt= h A TA "TS( ). (9)
 where dQ/dt is the rate of heat transfer,
 !
 h [W/m2K] is the average heat transfer coefficient for the entire surface, A. TS is the temperature of the material surface and TA is the air temperature. The temperature on the surface is close to the wet bulb temperature of the air when unbound water is evaporated (Bejan et al. 2004). A similar equation describes the convective mass transfer. The total molar transfer rate of water vapour from a surface, dNv/dt [kmol/s], is determined by
 !
 dNv
 dt= h m A Cv,A "Cv,S( ), (10)
 where
 !
 h m
 [m/s] is the average convection mass transfer coefficient for the entire surface, Cv,A is the molar concentration of water vapour in the
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 surrounding air and Cv,S is the molar concentration on the surface of the solid with the units of [kmol/m3]. During the constant drying rate period the drying rate is controlled by the heat and/or mass transfer coefficients, the area exposed to the drying medium, and the difference in temperature and relative humidity between the drying air and the wet surface of the material (Bejan et al. 2004). The average convection coefficients depend on the surface geometry of the material and the flow conditions. The heat transfer coefficient,
 !
 h , can be determined by the average Nusselt number,
 !
 N u:
 !
 N u =h L
 kA
 = f Re,Pr( ), (11)
 where kA is the heat conductivity for the air and L is the characteristic length of the surface of interest.
 !
 N u shows the ratio of the heat transfer that depends on convection to the heat transfer that depends on conduction in the boundary layer. The Nusselt number is a function of the Reynold number,
 !
 Re , and the Prantdl- number,
 !
 Pr .
 !
 Pr is the relation between the thickness of the thermal and the velocity boundary layers. If
 !
 Pr=1, the thickness of the thermal and velocity boundary layers are equal. For air
 !
 Pr=0.7 (Incropera & DeWitt 2002). To determine the mass transfer coefficient,
 !
 h m
 , the average Sherwood-number,
 !
 S h is used:
 !
 S h =h mL
 DAS
 = f Re,Sc( ), (12)
 where DAS is the diffusion coefficient.
 !
 S h is a function of the Reynold number, Re, and the Schmidt number, Sc, which is the relation between the thickness of the concentration and the velocity boundary layers. Bassily & Colver (2003b) determined a correlation based on experimental data for the Sherwood number for drying of textiles in a tumble dryer. The Biot number is used to detect whether the drying rate is controlled by internal or external factors. The heat transfer Biot number, Bi, is defined as
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 !
 Bi =hL
 kS
 , (13)
 where h is the convective heat transfer coefficient, L is defined as half the thickness of the material and kS is the thermal conductivity of the solid. There is a similar number for mass transfer, Bim:
 !
 Bim
 =hmL
 DAS
 , (14)
 where hm is the convective mass transfer coefficient and DAS is the diffusion coefficient. If Bi < 0.1 the internal resistance to heat transfer is negligible. This means that the resistance to conduction within the solid is much less than the resistance to convection across the fluid boundary layer. The drying rate is therefore externally controlled; the main resistance of heat and mass transfer is located on the gas side. The same line of argument is valid for the Biot number for mass transfer, which is the ratio of the internal species transfer resistance to the boundary layer species transfer resistance. The Biot number for mass transfer is usually much larger than for heat transfer. For porous materials with large pores and for small particles, however, the condition that Bim < 0.1 is often fulfilled (Pakowski & Mujumdar 1995). As the critical moisture content or the falling drying rate period is reached, the drying rate is less affected by external factors such as air velocity. Instead, the internal factors due to moisture transport in the material will have a larger impact. Moisture is according to Haghi (2006) transported in textile during drying through
 • capillary flow of unbound water • movement of bound water and • vapour transfer
 Unbound water in a textile will be transported primarily by capillary flow (Haghi 2006).
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 As water is transported out of the material, air will be replacing the water in the pores. This will leave isolated areas of moisture where the capillary flow continues (Bejan et al. 2004). Moisture in a textile can be transferred in liquid and gaseous phases. Several modes of moisture transport can be distinguished (Bejan et al. 2004):
 • transport by liquid diffusion • transport by vapour diffusion • transport by effusion (Knudsen-type diffusion) • transport by thermodiffusion • transport by capillary forces • transport by osmotic pressure and • transport due to pressure gradient.
 In a fibre such as textile the diffusion does not only depend on the difference in concentration but also on the characteristics of the textile as described by Keey (1995). He describes the moisture movement as being dependent on the density of the solid, which is a function of the moisture content as the fibre swells or shrinks in response to the moisture that is present.

Page 32
                        
                        

15
 3 Experimental Equipment In this thesis, both the open cycle tumble dryer and the closed cycle tumble dryer are studied. Tests have been performed on both dryers with different settings. Cotton wetted in a washing machine was used as drying load in the tests. To achieve different moisture contents of the drying load, it was spin-dried at different revolutions per minute. The total energy use of the process was measured for each test. Labview was used for collecting data and also for controlling the power supply to the heater in the open cycle tumble dryer.
 3.1 The Open Cycle Tumble Dryer The open cycle dryer is shown in Fig. 4 with sensors for temperature and relative humidity indicated.
 Fig. 4 Schematic description of the open cycle tumble dryer with sensors for temperature and relative air humidity indicated. The temperatures of the inlet and exhaust air, TA1 and TA2, were measured together with the relative humidity of the air, RHA1 and RHA2. The power supply to the heater in the open cycle tumble dryer was 2500 W at its maximum. To reduce the power supply to the heater during the tests, an intermittent regulation was made with the capacity to change the cycle time. This cycle is shown in Fig. 5.
 Fig. 5 Cycle time of the power supply to the heater in an open cycle tumble dryer.
 τ on
 Energy supply
 τ off
 0%
 100%
 Electric heater
 Drum Fan
 Inlet air Exhaust air
 TA1 RHA1
 TA2 RHA2
 o o
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 The off period, τoff, was 10 minutes in all tests. The on period, τon, was varied to achieve different averages of the power supply. The mean power supply,
 !
 ˙ Q m,
 was determined by
 !
 ˙ Q m =˙ Q heater" on
 " off + " on
 . (15)
 The tests were performed in a room with a constant relative air humidity of 60% and an air temperature of 20°C. The drying load was 6kg dry cotton wetted to a moisture content of 70% (db). Tests lasting for one hour were made using two different loads of cotton, 5 kg and 3 kg, wetted to a moisture content of 70% (db).
 3.2 The Closed Cycle Tumble Dryer The closed cycle tumble dryer is shown in Fig. 6. Temperature sensors are indicated.
 Fig. 6 Schematic description of the closed cycle tumble dryer with temperature sensors indicated. Apart from the temperatures measured between each component in the dryer, the temperature under the cover of the dryer and the room air temperature were measured. An approximate airflow was measured in a duct outside the dryer by a Prandtl tube and a U-tube manometer. The difference between the static pressure of the internal system and the atmospheric pressure was measured between the main components using a U-tube manometer. The drying load used in the tests performed in the closed cycle dryer was 5 kg of dry cotton wetted to a moisture content of approximately 45% (db).
 Heater
 Drum
 Heat exchanger
 Internal airflow
 External airflow
 Th
 Tf
 Thx
 THXi THXo
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 3.3 Drying Process in a Tumble Dryer Tumble dryers for drying of textiles are batch dryers. During a drying process in a tumble dryer four different periods can be observed from the exhaust air temperature, see Fig. 7. During the first period (the heating period), the drying load and the dryer is heated. As the power supply to the heater is constant, the temperature will slowly reach a balance temperature, i.e., the constant drying rate period. During this period, the textiles’ temperature is close to the wet bulb temperature of the drying air. It is maintained as long as unbound water is removed. As dry spots appear at the surface of the textiles, the temperature will increase further owing to the removal of bound water. The textiles in the drum of the dryer is not dried entirely uniformly why there is no distinct point where one period changes into the next. Finally, a cooling period begins as the humidity sensor that measures the specific humidity of the exhaust air reaches a certain value indicating that the desired moisture content is reached.
 Fig. 7 Temperature of the exhaust air leaving the drum during a drying process in an open cycle tumble dryer with the dominant drying periods indicated.
 Heating period
 Constant drying rate period
 Falling rate period
 Cooling period

Page 35
                        
                        

18
 4 Energy and Mass Balances Energy flows in the open cycle tumble dryer are shown in Fig. 8. A system boundary is indicated surrounding the cover of the dryer. The impact of leakage on the drying process in the open cycle dryer is assumed small and is therefore not included in the balances.
 Fig. 8 Energy flows in the open cycle tumble dryer with the system boundary surrounding the cover of the dryer. The energy balance for the open cycle tumble dryer is
 !
 dQT
 dt+
 dQH 2O
 dt= ˙ Q heater + ˙ Q motor + ˙ Q A1 "
 ˙ Q A2 "˙ Q loss, (16)
 where dQT/dt is the change in energy in the textiles, and dQH2O/dt is the change in energy in the water.
 !
 ˙ Q heater is the power supplied to the heater,
 !
 ˙ Q motor
 is the
 power supply to the motor rotating the drum and fans, and
 !
 ˙ Q loss are heat losses from the dryer by convection. The mass flow of dry air through the dryer,
 !
 ˙ m A,
 is assumed to be constant through the open cycle dryer. The difference in energy flows between inlet air
 !
 ˙ Q A1
 , and exhaust air,
 !
 ˙ Q A 2
 over the dryer is determined by
 !
 ˙ Q A1 "˙ Q A2 = ˙ m A iA1 " iA2( ). (17)
 The enthalpy of inlet and exhaust air, iA1 and iA2, is used in equation (17) due to the increased moisture content in the air. The mass balance for the open cycle dryer is
 !
 ˙ Q heater
 !
 ˙ Q A1
 !
 ˙ Q loss
 Drum Heater !
 ˙ Q A 2
 !
 dQT
 dt,dQH 2O
 dt
 System boundary
 !
 ˙ Q motor
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 !
 dmH 2O
 dt= ˙ m A x
 1" x
 2( ), (18)
 where dmH2O /dt is the change in water amount in the textiles. Fig 9 shows energy flows in the closed cycle tumble dryer, with the system boundary set around the cover of the dryer.
 Fig. 9 Energy flows in the closed cycle tumble dryer with the system boundary set around the cover of the dryer. The energy balance over the closed cycle dryer is similar to the open cycle dryer except for the water leaving the dryer as condensate and leakage. In the closed cycle dryer the water is transported out of the dryer as condensate leaving the condenser. The energy in the condensate,
 !
 ˙ Q C
 , is described by
 !
 ˙ Q C = ˙ m CCp,CTC , (19)
 where
 !
 ˙ m C is the mass flow rate of condensate and TC [°C] is the temperature of
 the condensate. In the closed cycle dryer, there is a leakage of humid air to be considered. Energy losses due to leakage are determined by the amount of leakage and the enthalpy of the leaking air. The mass balance of water during a drying process in the closed cycle dryer is:
 !
 dmH 2O
 dt= " ˙ m C " ˙ m leakage . (20)
 Energy losses from the tumble dryer are assumed to be convective. The enthalpy over the drum can be assumed to be isenthalpic according to Bansal et al. (2001).
 !
 ˙ Q heater
 !
 ˙ Q A1
 !
 ˙ Q A 2
 !
 ˙ Q loss
 !
 ˙ Q leakage
 Drum
 Condenser
 Heater
 !
 ˙ Q C!
 dQT
 dt,dQH 2O
 dt
 System boundary
 !
 ˙ Q motor
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 5 Summary of Paper I It has been shown that the electrical energy consumed for the drying of clothes in an open cycle tumble dryer depends on the power supply of the heater. A reduced heating power will lower the energy use but also increase the drying time. The focus of Paper I was to determine how to predict the drying time and the specific energy use for the entire drying process by studying the first hour of the process. The aim is to find a control system, based on the changes in the exhaust air temperature, by which the user can choose between low energy use and short drying time for an actual drying load. Full-length tests were performed in an open cycle tumble dryer where ingoing and outgoing air temperatures and relative air humidity were measured. The power supply to the heater varied from 180 W to 570 W. The drying load used in the full-length tests was 6 kg of dry cotton wetted to a moisture content of 70% (db). The full-length tests were compared with results from four one-hour tests with the same drying load. Two one-hour tests with different drying loads, 5 kg and 3 kg respectively, were performed to study the effect different drying loads have on the exhaust air temperature. Results from the full-length tests are compared with predicted values from four one-hour tests. The predicted drying time and the actual drying time are shown in Fig. 10.
 Fig. 10 Drying time (to the left) and specific energy use (to the right) at different mean power supplies, predicted values from one-hour tests and full-length tests, relative inlet air humidity of 60%. The drying time for full-length tests performed in this study showed good agreement with the predicted drying time based on one-hour tests. There is a
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 systematic error in the specific energy use corresponding to 20 W. Full-length tests would provide more accurate values. From the one-hour tests it was shown that the temperature increase during the time the heater is turned on is significantly larger for a smaller load. The difference between the drying loads is due to both the amount of water and the dry load of textiles. It is possible to predict the drying time and the specific energy use by studying the first hour of the process when the drying load is known. Further work is required to find a correlation for the drying load.
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 6 Summary of Paper II In Paper II, the focus is on the performance of the closed cycle tumble dryer. A few studies can be found in the literature concerning the closed cycle tumble dryer, where the results on how the energy use is improved with varying recirculation of the drying medium differ. It has been found that a recirculation of approximately 70% of the exhaust air from an open cycle tumble dryer reduces the energy use. Heat recovery heat exchangers also reduce the energy use significantly. For the closed cycle dryer, however, the energy use is slightly increased compared with the open cycle dryer. In earlier studies, it has been indicated that the location of leakage influences the energy use of a closed cycle dryer. In this study, energy and mass balances are determined in order to find the accuracy of measurements and the distribution of energy and mass flows in the tumble dryer. With knowledge of the energy and mass flows, the aim is to point out feasible improvements of the dryer. The influence of these improvements on the specific energy use is calculated. Tests were performed in a closed cycle tumble dryer where temperatures of the internal and external airflows were measured. The external airflow was measured outside the dryer. The temperature under the cover of the dryer and room air temperature were registered. The static pressure related to the atmospheric pressure was registered between each component. Energy and mass balances were determined for the dryer. The effects of insulating the back cover of the dryer to reduce leakage between the heater and the drum, as well as the effects of opening the internal system during the falling drying rate period, were calculated. The good agreement of the energy balances shows that the measurements performed in the dryer are reliable and can be used in future research. The leakage of water vapour was found to be as much as 25% of the total water input. The leakage out of the internal system was mainly situated between the heater and the drum. Leakage at this location with high temperature air and a low relative humidity means a considerable loss of energy from the internal system. It was concluded that the location of the leakage has a large impact on the performance of the closed cycle dryer. Leakage into the internal system between the drum and the condenser also increases the specific energy use,
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 which is due to larger losses over the condenser if the same amount of water vapour is to be condensed. It is estimated that the specific energy use is reduced by approximately 17% by insulating the back cover of the dryer, by reducing leakage between the heater and the drum and by opening the internal system during the falling drying rate period.
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 7 Discussion It is desirable to develop a dryer with a higher energy marking than today. In this thesis the primary focus has been on reaching a B-marking for the studied tumble dryers. A reduction of approximately 12% is required to reach a B-mark. The idea of Paper I was to find a control strategy for the open cycle tumble dryer in order to adjust the power supply to achieve low specific energy use. To lower the specific energy use enough to fulfil the criteria of a B-mark (0.64kWh/kg), the power supply to the heater of the dryer should be around 500 W with an inlet air relative humidity of 60%. This yielded a drying time of approximately six hours in the tests performed, compared with the original tumble dryer where the drying time varies between 60 to 90 minutes for a similar drying load. The control strategy for low energy use would be an alternative for textiles dried over night. However, a long drying time is not always acceptable from the user point of view. Therefore it is here suggested to introduce a new drying program creating a possibility for the user to choose between short drying time and low energy use. In Scandinavian the control strategy for low energy use is even more favourable due to the low relative air humidity indoors during the winter. The relative humidity is often under 60%. The drying time for the process strongly depends on the temperature and the relative humidity of the air led into the dryer. Air with lower relative humidity than 60% leads to a shortened drying time. The drying load in the tumble dryer differs significantly from time to time in household use. The loads differ, both in terms of the mass of textiles but also in terms of moisture content. The moisture content of the drying load will have a large impact on the drying time. During the tests, it was found that a small drying load with high moisture content is more or less comparable in drying time to a large drying load with low moisture content. In the experiments presented in Paper I, no significant correlation was found in order to detect the water amount in the drying load. The drying load, the power supply, and the inlet air relative humidity should be correlated in order to achieve the lowest possible energy use for the drying
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 process or to shorten the drying time. In this way, the tumble dryer would be more specialised in its actual field of application than they are today. Three feasible improvements in the closed cycle tumble dryer were pointed out in Paper II: reducing the amount of leakage, preventing heat losses by insulation and by opening the internal system during the end of the process. Leakage of water vapour was pointed out in Paper II to be one of the parameters that most affect the energy use. The prevention of leakage would theoretically lead to a B-marking with a 13.5% reduction in specific energy use. Leakage out of the internal system should be prevented between the heater and the drum. The air between the heater and the drum has a high temperature and a low relative humidity and should be led directly into the drum. Why this has not been done in the studied tumble dryer is due to difficulties finding a seal for a rotating drum at low cost. However, there are other ways to prevent the leakage. The amount of leakage depends on differences in pressure between the internal system and the atmospheric pressure. If the pressure is close to the atmospheric pressure leakage is reduced. Conde (1997) stated that the leakage is dependent on the placement of the fan. This means that the amount of leakage will differ between different dryers depending on the placement and the construction of the dryer. Theoretically an insulated back cover of the closed cycle tumble dryer would reduce the energy use by 1% due to reduced heat losses. This is a feasible improvement that is applicable for any tumble dryer. These results are confirmed in a study made by Lambert et al. (1991) who showed improvements on the open cycle tumble dryer after insulating the cover of the dryer. The third improvement, presented in Paper II, is to open the internal system during the end of the drying process. This resulted in an improvement of 2.5%. To achieve this improvement, the system should be opened on both sides of the condenser. Inlet air was taken through the heater, which was turned off, and led out from the dryer after passing the fan. This prevented air to gain moisture by passing through the wet condenser. As long as the system is opened during the end of the process there should not be a problem to evacuate the remaining amount of moisture to the laundry.
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 One of the improvements presented here is specific for the closed cycle tumble dryer, which is to prevent leakage. In the open cycle tumble dryer the fan is situated after the drum creating a vacuum pressure between the heater and the drum. Leakage into the system has small impact on the energy use of the drying process. A feasible improvement for both the open cycle dryer and the closed cycle dryer is to prevent heat losses by insulation of the cover of the dryer. Insulating a dryer with lowered operating temperature, as presented in Paper I, will give a smaller reduction in specific energy use than for the original tumble dryer. Another improvement applicable for any tumble dryer is an improved control strategy that could be adjusted to the actual usage of the dryer. The drying load in households is usually smaller than the standard drying load of 6 kg cotton used in tests for energy marking. Due to the energy marking, most tumble dryers are designed to operate the best using the standard drying load. The improved control strategy could be used to detect the drying load ether by collecting data from the drying process or by introducing a new front panel of the dryer where the user can provide an approximate mass and moisture content of the drying load. To further improve the energy efficiency of a closed cycle tumble dryer a heat pump can be used. The idea of using a heat pump is to transfer heat from a low temperature, the condenser of the dryer, to a high temperature used in the heater. The power supply for heating will be reduced depending on the coefficient of performance. Knowledge gained from this study concerning the closed cycle dryer could be useful when improving the dryer with a heat pump. Leakage out of the system will be a problem, as well as heat losses. According to Carrington et al. (2000), leakage and heat losses are problematic in achieving good performance in dehumidifying drying of timber. The control strategy discussed for the open cycle dryer and the closed cycle dryer would also be applicable for a dryer with a heat pump.
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 8 Future work Future work still remains in order to develop a tumble dryer with a specific energy use lower than 0.64 kWh/kg, corresponding a B-mark. I would like to point out a few ways to continue the work, both for the open cycle dryer and the closed cycle dryer. During the drying process four different drying periods can be found: a heating period, a constant drying rate period, a falling drying rate period and a cooling period. These periods require different settings in power supply, airflow etc. in order to provide a low energy use in the tumble dryer. Future work should be focused on finding an algorithm for detection of the different drying periods and to find optimum settings for each period. Knowledge of how the change of one parameter, such as airflow, will affect the performance of the dryer is needed in order to find these settings. This is crucial for the closed cycle tumble dryer. One method to detect correlations in the tumble dryer is to use a statistical model for experimental design. In this work there is need for a prototype where it is possible to change one variable while the others remain constant. To improve the energy efficiency of the closed cycle tumble dryer the leakage between the heater and the drum has to be prevented. Leakage on both sides of the condenser should also be reduced. A new prototype should therefore be developed where minimizing leakage is considered already in the design phase of the dryer. The use of heat pumps in closed cycle tumble dryers should be further investigated. With a heat pump it is possible to reach an A-mark with a specific energy use below 0.55kWh/kg. When developing a tumble dryer with a heat pump, the knowledge of the performance of the closed cycle tumble dryer is useful. There is no reason why the same method used in this thesis to detect correlations and feasible improvements should not be applied for the heat pump dryer.
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 Energy Efficient Textile Drying
 Tumble dryers offer a fast and convenient way of drying textiles. However they consume large amounts of energy. Over 4 million tumble dryers are sold in Europe each year and a considerable amount of energy is used for drying of clothes.
 The aim with this thesis is to show improvements of the energy efficiency of domestic tumble dryers. This thesis is based upon two papers. Paper I deals with a control strategy of an open cycle tumble dryer while Paper II deals with feasible improvements of the energy efficiencies of a closed cycle tumble dryer.
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