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The use of tumble dryers in households is becoming more common. Tumble dryers, however, consume large amounts of electric energy. A statistical model over the tumble dryer is created from a design of experiments. The model will be used to find the best settings for the power supply to the heater, the internal airflow and the external airflow in order to reach a high specific moisture extraction rate (SMER) and a low leakage ratio of water vapour. The aim also involves explaining the trends of the SMER and the leakage ratio based on the physics of the tumble dryer drying process. A statistically significant model, which can be used for improving the SMER and leakage ratio, was established from 19 experiments in a condensing tumble dryer. The results show that a high power supply to the heater, a high internal airflow and a low external airflow give the highest SMER values. This combination of settings also results in the largest leakage ratio values for the dryer. Leakage is most affected by the external airflow.

Introduction

Tumble dryers are common devices in ordinary households. They offer a fast and convenient way of drying textiles, independent of weather conditions. Their disadvantage, however, is their large consumption of energy, i.e. electricity. The energy use of one unit is small considering the large number of existing dryers and how often they are used, the total energy use is considerable. Since 1990, the clothes drying energy consumption in the OECD countries has risen by 32.7% to 77.1TWh in 2000, International Energy Agency [START_REF]InternationalEnergyAgency, Cool Appliances -Policy Strategies for Energy Efficient Homes[END_REF]. It is therefore highly desirable to reduce the energy use of these products.

There are mainly two types of dryers available on the market today; the venting tumble dryer and the condensing tumble dryer. The condensing tumble dryer is becoming more frequently used in households. This type of dryer has the advantage that all heat supplied to the dryer eventually ends up in the laundry room. This is especially beneficial in the Scandinavian climate. Additionally, it does not require ducting to exhaust the moist air to the outside making it easy to install. There is, however, a leakage of water vapour from the internal system of the dryer, which should be minimised in order to avoid high humidity in the laundry room. The third type of dryer available is equipped with a heat pump. According to Braun et al. [START_REF] Braun | Energy Efficiency Analysis of Air Cycle Heat Pump Dryers[END_REF] and Bansal et al. [START_REF] Bansal | Improving the Energy Efficiency of Conventional Tumbler Clothes Drying Systems[END_REF], the air cycle heat pump dryer was found to be significantly more efficient than the traditional tumble dryer. The cost of this dryer, however, is considerably higher than the cost of a traditional tumble dryer.

A few studies are found in the literature in which the condensing tumble dryer has been investigated regarding its energy use. According to Bansal et al. [START_REF] Bansal | Improving the Energy Efficiency of Conventional Tumbler Clothes Drying Systems[END_REF], the energy efficiency of a condensing tumble dryer is 7% higher than that of the venting tumble dryer. This was determined from a computer model of the dryer. Conde [START_REF] Conde | Energy Conservation with Tumbler Drying in Laundries[END_REF] and Hekmat and Fisk [START_REF] Hekmat | Improving the Energy Performance of Residential Clothes Dryers[END_REF], however, state that the condensing tumble dryer has an increased energy use compared with the venting tumble dryer. Conde [START_REF] Conde | Energy Conservation with Tumbler Drying in Laundries[END_REF] used a computer model in combination with experiments, whereas the investigation made by Hekmat and Fisk [START_REF] Hekmat | Improving the Energy Performance of Residential Clothes Dryers[END_REF] was based on measurements. Cochran et al. [START_REF] Cochran | Condensing Dryers with Enhanced Dehumidification Using Surface Tension Elements[END_REF] found a significant improvement in the energy efficiency of the condensing tumble dryer by incorporating surface tension elements instead of the traditional air to air heat exchanger. According to Liu et al. [START_REF] Liu | Modeling and Performance Investigation of a Closed-Type Thermoelectric Clotehs Dryer[END_REF], the optimal performance of a condensing tumble dryer using thermoelectric elements instead of the air to air heat exchanger strongly depends on the intensities of the drying air temperature, the electric power and the total weight of the clothes.

In order to improve the performance of the condensing tumble dryer, a model of the process can be useful. Theoretical models have been made by Deans [START_REF] Deans | The Modelling of a Domestic Tumbler Dryer[END_REF], Lambert et al. [START_REF] Lambert | Modelling as a Tool for Evaluating the Effects of Energy-Saving Measures. Case Study. A Tumbler Drier[END_REF], Yadav and Moon [START_REF] Yadav | Modelling and Experimentation for the Fabric-Drying Process in Domestic Dryers[END_REF], and Ah Bing and Shiming [START_REF] Bing | A New Termination Control Method for a Clothes Drying Process in a Clothes Dryer[END_REF] regarding the venting tumble dryer. Due to the recycling of air, a more complex theoretical model is required to describe the drying process of the condensing tumble dryer as compared to the venting tumble dryer. The components of the condensing tumble dryer are densely placed, which makes it difficult to perform accurate measurements in the dryer, measurements that could be used for validating a theoretical model. This speaks for the use of a design of experiments, i.e., a method that provides a way to create a statistical model of the process using a low number of experiments.

The design of experiments has been found to be a useful tool for studying drying processes, and especially for making improvements to existing dryers. This method was used for optimising a combined drying process (infrared and infrared-convective drying) of a porous medium in a study carried out by Dutournie et al. [START_REF] Dutournie | Optimization of Radiant-Convective Drying of a Porous Medium by Design of Experiment Methodology[END_REF]. They performed experiments with four factors and three responses, and they chose a full factorial central composite design. Dutournie et al. [START_REF] Dutournie | Optimization of Radiant-Convective Drying of a Porous Medium by Design of Experiment Methodology[END_REF] concluded that the use of experimental designs could be a powerful method for obtaining optimal operating conditions for a dryer, especially in combined drying. The response surface method has been applied by Theppaya and Prasertsan [START_REF] Theppaya | Optimization of Rubber Wood Drying by Response Surface Method and Multiple Contour Plots[END_REF] to optimise the drying of rubber wood, by Madamba and Lopez [START_REF] Madamba | Optimization of the Osmotic Dehydration of Mango (Mangifera Indica L.) Slices[END_REF] to optimise the osmotic dehydration of mango slices and by Hammami and Rene [START_REF] Hammami | Determination of Freeze-Drying Process Variables for Strawberries[END_REF] to determine the freeze-drying process variables for strawberries. Nitz and Taranto [START_REF] Nitz | Drying of Beans in a Pulsed Fluid Bed Dryer: Drying Kinetics, Fluid-Dynamic Study and Comparisons with Conventional Fluidization[END_REF] investigated the drying of beans in a pulsed bed dryer using an experimental design whose results were used for creating a model of the process. An experimental design was also performed by Lopes da Cunha et al. [START_REF] Lopes Da Cunha | Effects of Operating Conditions on the Quality of Mango Pulp Dried in a Spout Fluidized Bed[END_REF], who studied the drying of mango powder in a spout fluidised bed dryer.

The aim of this study is to use a design of experiments in order to create a statistical model over the condensing tumble dryer. The model will be used to find the best settings for the power supply to the heater, the internal airflow and the external airflow in order to reach a high specific moisture extraction rate (SMER) and a low leakage ratio. The aim also involves explaining the trends of the SMER and the leakage ratio based on the physics of the tumble dryer drying process.

Material

The condensing tumble dryer consists of the main components as shown in Fig. 1, i.e., a rotating drum containing the wet textiles, two fans, a heat exchanger and an electric heater. The drying process in a condensing tumble dryer can be described in terms of three stages considering the drying air: humidification, dehumidification and heating.

Humidification of the air takes place inside the drum when the internal airflow encounters the wet textiles. The temperature of the air decreases as the humidity of the air increases. The air is dehumidified in the heat exchanger which is cooled with room air. The humidity of the air is reduced and the temperature is lowered. Finally, the drying air is heated in the electric heater at constant humidity leading to a reduction in relative humidity. The drum has an inner diameter of 570 mm and a length of 390 mm.

The size of the cross flow plate heat exchanger is 230 mm wide, 90 mm high with a length of 320 mm and consists of 10 horizontal plates.

Four different periods are recognised during the drying cycle of a condensing tumble dryer: (1) the heating period, (2) the constant drying rate period, (3) the falling drying rate period, and (4) the cooling period. In the heating period, the wet textiles are heated until an equilibrium temperature is reached and the constant drying rate period begins. The drying rate remains constant until the water at the surface of the textiles has evaporated. During the falling drying rate period, when water is transported from within the textiles to the surface, the temperature of the drying gas leaving the drum increases.

When the textiles have reached the desired moisture content according to the chosen drying program, the cooling period begins during which time no power is supplied to the heater of the dryer.

Method

Statistical model for SMER and leakage ratio

A design of experiments was used to identify significant factors and to determine how they interact. The power supply to the heater, the internal and the external airflows were studied as factors affecting the performance of the dryer. The experiments were laid out in a symmetrical fashion around five standard reference experiments. Each factor was varied between a maximum and minimum value as shown in Table 1. The software used for the study was MODDE 7.0.

The responses were: [START_REF]InternationalEnergyAgency, Cool Appliances -Policy Strategies for Energy Efficient Homes[END_REF] the specific moisture extraction rate -SMER
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The SMER shows the ratio between the amount of evaporated water and the total energy supply. A high SMER would indicate an efficient drying process with low energy losses. The leakage of water from the tumble dryer is an important parameter, both for reducing energy losses from the process and for preventing a humid environment in the laundry room.

For this study, a quadratic regression model was chosen with a central composite facecentred (CCF) design. This is a standard design supporting a quadratic model describing linear relations, quadratic relations and interactions between the factors according to (Eriksson et al. [START_REF] Eriksson | Design of Experiments Principles and Applications[END_REF]):

. The power supply to the heater and that to the motor rotating the drum and the fans of the dryer was registered for each test run. Mean values over ten seconds were measured with an accuracy of ± 1%. The power supply to the heater was adjusted by on-off regulation with a set target value. The mean value of the measured power supply during each test was used in the analysis. All power supplied to the heater was assumed to increase the temperature of the internal airstream. The power supply to the motor rotating both fans and the drum was 145W.
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Three different impellers were used to regulate the internal airflow according to the values in the experimental design set at 88m 3 /h, 77m 3 /h and 66m 3 /h, respectively. The internal airflow over the electric heater was determined from tests performed with a dry load according to
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The external airflow was reduced by covering the inlet duct and it was determined from the assumption that the energy loss from the internal airflow passing through the heat exchanger was transferred completely to the external airflow. As the tests were performed with a dry load, the external airflow was determined by ) (
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The external airflow in the original dryer was 155 m 3 /h. By covering the inlet duct the external airflow was reduced to 113 m 3 /h and 72 m 3 /h.

Physical model for SMER

The following assumptions were made in the physical model over the drying process in the condensing tumble dryer:

• relations are determined only for the constant drying rate period;

• the enthalpy of the drying air is constant over the drum, h h =h f ;

• the relative humidity of the air leaving the drum is 100%;

• the relative humidity remains at 100% throughout the heat exchanger;

• the internal mass flow of dry air is constant throughout the internal system; and

• the heat exchanger is considered infinitely large.

In a condensing tumble dryer all parameters depend on each other, which made it necessary to find a starting point for the calculations. An internal airflow temperature between the heat exchanger and the heater, T hx , was therefore set to a value representing a test run in the dryer. This value for T hx was later verified by a calculated value produced from material and energy balances for all components in the system. The fundamental equations used in the model can be found in Pakowski and Mujumdar [START_REF] Pakowski | Basic Process Calculations and Simulations in Drying[END_REF].

The humidity of the air between the heat exchanger and the heater, Y hx , was calculated from a correlation for air saturated with water vapour, and the enthalpy, h hx , was determined by
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The mass flow of dry air in the internal system was determined by
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where the density of the humid air was determined from tabled values of pressure and temperature at a relative humidity of 100% and the ideal gas relation.

The humidity of the air remains constant over the heater, and the temperature of the air after the heater, T h , was determined from
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The enthalpy, h h = h f , was determined from the temperature and the humidity of the air between the heater and the drum similarly to equation [START_REF] Cochran | Condensing Dryers with Enhanced Dehumidification Using Surface Tension Elements[END_REF]. The humidity of the air leaving the drum, Y f , was calculated from a correlation for air saturated with water vapour.

The heat transfer of the heat exchanger was determined both from the internal and the external airflow. The heat transfer gained by the external airflow over the heat exchanger was
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The room air temperature was set to 20 °C and the heat exchanger was assumed to be infinitely large. Thus, the temperatures of the external and the internal airflow leaving the heat exchanger had the same value. The heat transfer from the internal airflow was
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The condensed water leaving the heat exchanger was assumed to have the same temperature as the internal airflow leaving the heat exchanger. In the ideal process, the internal and external heat transfer should be equal as there would be no heat losses or leakages. However, to be able to relate the results from the model to the investigated tumble dryer, the ratio of the external heat transfer to the internal heat transfer was set to 0.78 in the model due to heat losses and leakages. This value was chosen to give the temperatures in the model a value not exceeding +-10 °C off the measured values of T hx .

In the ideal drying process the SMER for the constant drying rate period is determined by
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Leakage ratio

The leakage ratio depends on the humidity of the internal airflow, the pressure difference between the internal system and the surroundings as well as on the size of the cavities. The area of the cavities will not vary between the different tests implying that there should be a correlation between the humidity, the static pressure and the leakage ratio. By using the measured temperature between the drum and the heat exchanger in combination with the assumption of 100% relative humidity at the drum outlet in the dryer, the humidity of the airflow was determined from a Mollier chart. The influence of the pressure differences on the leakage was not further investigated in this study. As a first approximation, then, leakage ratio depends on the humidity of the circulating air.

Results

The results from the tests performed in the condensing tumble dryer are shown in Table 2. The mean value of the measured power supply to the heater deviates slightly from the target values in the experimental design and has therefore been adjusted to the measured value.

The measured values of the leakage ratio deviated from the normal distribution and were therefore logarithmically transformed. A normal distribution of the response is required in the regression analysis. The statistical model shows good significance.

When interpreting the results from the model, it is important to point out that the deviation between the target values of the power supply to the heater and the actual measured values will make the model unsymmetrical. This can be studied through the condition number, which was 3.7 for this study. For this type of design, it should be in the range of 3-8 according to Eriksson et al. [START_REF] Eriksson | Design of Experiments Principles and Applications[END_REF]. This would mean that the model is acceptable. Another important issue is the interval chosen for the experiments, which is below the settings used for the original dryer. Results from the five standard reference experiments show a good precision as the mean value of SMER was 0.252 ± 0.002g/kJ and the leakage ratio was 37 ± 1.3%.

Interactions including the external airflow ( 
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No interactions were significant in the correlation for the leakage ratio and only the quadratic coefficient of the power supply to the heater was significant. The logarithmically transformed leakage ratio is, according to equation ( 3), described by 
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An ANOVA test shows that the regression models are significant and statistically good for both SMER and leakage ratio. Both the goodness of fit (R2) and the goodness of prediction (Q2) are high. For SMER, R2 is 0.985 and Q2 is 0.963. For leakage, R2 is 0.967 and Q2 is 0.937. A confidence level of 95% was used. There was no lack of fit for any of the models. The model error is in the same range as the pure error and the model shows good fit to the data.

In Fig. 2, the SMER of different power supplies and different external and internal airflows is shown in a surface response plot. Low external airflow and high power supply to the heater gives the highest SMER value. It can also be seen that an increased internal airflow also increases the SMER, especially at high power supply to the heater.

Low internal airflows in combination with high external airflows give the lowest values

for the leakage ratio. The power supply to the heater has a minor effect on the response, as shown in Fig. 3.

The SMER as determined from the physical model over the tumble dryer is shown in Fig. 4 plotted against the values from the statistical model.

The relation between the physical model and the statistical model generated from MODDE can be described by

SMER Physical = 1.17SMER Statistical + 0.06 ( 14 
)
with R 2 = 0.87.

Based on the assumption that the humidity of the internal airflow will affect the leakage of water from the dryer, the leakage ratio and the humidity of the internal airflow exiting the drum are plotted against the external airflow in Fig. 5. The leakage ratio presented in the figure is determined from the statistical model, and the humidity is determined from measurements of temperature in the dryer. The relative humidity of the air exiting the dryer was assumed to be 100%. An increased external airflow leads to a decrease in the humidity of the air and thereby also to a decreased leakage ratio.

Discussion

The results from the statistical model show that it is not possible to find settings that simultaneously give a low leakage ratio and a high value of SMER for the investigated tumble dryer. Both the external airflow and the power supply to the heater affect the SMER strongly. In Fig. 2 it can also be seen that there is a significant interaction between the power supply to the heater and the internal airflow; the higher the power supply, the more a change in internal airflow affects the SMER. This could be explained by the increased temperature in the tumble dryer due to a high power supply to the heater, which will lead to increased moisture contents in the internal airflow. An increased internal airflow will therefore be required in order to transport the evaporated moisture from the textiles.

According to the results from the statistical model, the leakage ratio has a strong correlation with the external airflow. A high external airflow gives a low leakage ratio.

In Fig. 3 it can be seen that both a low and a high power supply to the heater give approximately the same leakage. This can be a result of the required drying time. A low external airflow together with a low power supply to the heater will result in a longer drying time. If the process is long, larger leakages can be found if the humidity of the internal airflow is high. It can, however, also be a result of the effectiveness of the heat exchanger related to an increased power supply to the heater. If the cooling of the heat exchanger becomes too low as the humidity of the internal airflow increases, less water will condense in the heat exchanger. The efficiency of the heat exchanger is an important factor, which has also been pointed out by Cochran et al. [START_REF] Cochran | Condensing Dryers with Enhanced Dehumidification Using Surface Tension Elements[END_REF] and Liu et al. [START_REF] Liu | Modeling and Performance Investigation of a Closed-Type Thermoelectric Clotehs Dryer[END_REF]. Changes in the internal airflow will increase or reduce the leakage ratio similarly, independent of external airflow or power supply to the heater. This indicates that changes in the internal airflow will change the static pressure in the internal system. An increased pressure resulting from a higher airflow will lead to an increased leakage ratio. Pressure differences in the system should be further investigated.

The physical model presented in this study is a simplified version using ideal assumptions, for the behaviour of the components and is limited to modelling the conditions during the constant drying rate period. According to Fig. 4 it can be determined that, throughout the study, the values for SMER from the physical model are higher than the ones from the statistical model. It seems to be possible to use a simple ideal model in order to see a trend, but not for achieving accurate values. The physical model shows how the humidity, together with the temperature, will affect the SMER, assuming drying takes place in the period of constant drying rate. It can be seen that there is a correlation between the two models -the higher the temperature and humidity, the higher the SMER. Therefore, it can be concluded that the constant drying rate period has a large influence on the drying process in the condensing tumble dryer.

As the physical model is created from an ideal process, the result from this study shows that the performance of the components in the dryer mainly follows the ideal process in the investigated interval. The physical model, however, will not give any information about which factor is the most important. It should also be pointed out that both the presented models are valid for a specific interval and for a specific tumble dryer.

In Fig. 5 it is shown that an increased external airflow will lead to decreased humidity as well as to a reduced leakage ratio. This agrees with results from both models: the statistical model shows that the leakage ratio decreases with an increasing external airflow, whereas the physical model shows that increasing external airflow (better cooling) leads to a decreased humidity of the circulating air. Unfortunately this poses a problem when trying to combine a high SMER and a low leakage. A higher SMER is achieved as the humidity of the circulating airflow is increased. This, however, directly leads to higher leakage, which is undesirable in the laundry room.

The results from this study imply that the use of a statistical model is a good choice when studying an existing dryer. The presented model can be used for improving the performance of the tumble dryer by finding profitable settings, but also for improved knowledge about the process. When investigating a different type of tumble dryer, a new design of experiments should be made to detect differences between the dryers regarding sealings, the efficiency of the various components, etc.

It is difficult to point out the best settings for the dryer as regards the highest possible SMER and a low leakage ratio, as they do not correlate. Today, the focus of the manufacturers primarily lies on increasing the SMER. It is important to reduce the energy use considering the energy classifications on the market. There is still no official classification system regarding leakage, but the figures are nevertheless often shown in market tests. Leakage is thus an important parameter to reduce considering the environment in the laundry room.

Conclusions

A design of experiments performed in MODDE gives a statistically significant model that can be used as a tool for improving the SMER and reducing the leakage from the condensing tumble dryer.

A high power supply to the heater, a high internal airflow and a low external airflow give the highest SMER value. Both power supply to the heater and the external airflow have a large effect on the SMER according to the model presented by MODDE. A simplified ideal model confirmed that calculations made over the constant drying rate period are representative for the drying process in identifying trends of how SMER changes, but they are not sufficient to provide accurate values.

The leakage ratio is most affected by the external airflow. There is a correlation between the moisture content of the air in the internal system and the leakage ratio at different external airflows. A high moisture content leads to increased leakage. 
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Fig. 1 .

 1 The temperatures of the inlet and the outlet external airflow, T HXi and T HXo (also indicated in Fig.1.), and the temperature of the condensed water leaving the dryer, T C , were measured.

  and the quadratic coefficient of the external airflow ( 2 E V & ) were statistically insignificant in the description of SMER. The correlation between the investigated factors and SMER is therefore, according to equation (3
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 12 Fig. 1. Schematic description of a condensing tumble dryer. Temperature sensors are indicated.
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 34 Fig. 3. Variation of the leakage ratio at different external airflows and power supplies to
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 5 Fig. 5. Leakage ratio and humidity of the internal airflow exiting the drum, plotted

  

Table 1 .

 1 Experimental design levels of the factors.

	c p	specific heat capacity	[kJ/kg°C]
	h	enthalpy	[kJ/kg]
	h 0	evaporation enthalpy, 0°C [kJ/kg]
	L V	leakage of water vapour [kg]
	m	mass	[kg]
	m &	mass flow	[kg/s]
	Q tot	total energy supply	[kJ]
	Q &	heat transfer	[W]
	SMER	specific moisture extraction
		rate	[g/kJ]
	T	temperature	[°C]
	V &	volume flow	[m 3 /s]
	Y ρ	humidity density	[kg/kg] [kg/m 3 ]
	Subscripts		
	A	air	
	C	condensate	
	cover	outer cover of the dryer	
	E	external	
	f	between fan and heat exchanger (internal system)
	h	between heater and drum (internal system)
	hx	between heat exchanger and heater (internal system)
	HX	heat exchanger external airflow (external system)
	I	internal	
	i	inlet	
	o	outlet	
	V	vapour	
	W	water	

Table 2 .

 2 Tests performed in the condensing tumble dryer with varying values of power supply to the heater, internal airflow and external airflow. The measured values of SMER and leakage ratio are presented.

	Experiment		Factors		Responses
	number	h [W] Q &	I V & [m 3 /h]	V & E [m 3 /h]	SMER [g /kJ]	L V [%]
	1	1355	66	72	0.259	50.1
	2	1666	66	72	0.264	49.7
	3	1329	88	72	0.257	56.3
	4	1606	88	72	0.265	54.2
	5	1381	66	155	0.241	29.3
	6	1673	66	155	0.248	30.3
	7	1401	88	155	0.241	35.8
	8	1660	88	155	0.251	34.2
	9	1381	77	113	0.253	38.8
	10	1617	77	113	0.257	37.4
	11	1500	66	113	0.249	32.1
	12	1521	88	113	0.253	42.4
	13	1578	77	72	0.264	46.4
	14	1510	77	155	0.243	30.7
	15	1442	77	113	0.251	38.0
	16	1516	77	113	0.251	37.7
	17	1529	77	113	0.251	38.1
	18	1575	77	113	0.256	35.2
	19	1523	77	113	0.252	36.2

& & & & & & & & & & & &(3)In this investigation, 19 test runs were made including five standard reference experiments.All tests were performed with 4 kg of dry cotton (conditioned in room air at 13 °C with the air relative humidity at 31%) wetted to a moisture content of 60% (db). The weight of the drying load was registered before and after each test run. The weight of the condensate was also registered.Temperatures of the air in the internal system were measured every second during the process. Mean values from ten seconds were registered. Temperature sensors with an accuracy of ± 0.5 °C were placed between the heater and the drying drum, T h , next to the fan that transports the internal airflow, T f , and between the heat exchanger and the
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