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Effect of power and temperature on ultrasound enhanced convective drying of fabric 
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ABSTRACT

	Ultrasound enhanced convective drying has emerged as a promising and effective method for drying porous materials. This study investigates the combined effects of ultrasonic power and temperature on fabric drying kinetics. Results indicate that at 60 °C, increasing the ultrasonic power from 0 W to 90 W reduces the drying time by 33.3%, accompanied by an increase in effective moisture diffusivity from 3.85×10−10 m2/s to 5.73×10−10 m2/s. Temperature elevation similarly enhances drying efficiency, with effective moisture diffusivity rising from 3.24×10−10 m2/s at 30°C to 5.73×10−10 m2/s at 60 °C under 90 W. The activation energy was calculated as 6.85 W/g (ultrasonic power variation) and 16.73 kJ/mol (temperature variation). Notably, at 60 °C, the heat transfer coefficient remained stable at 27.16 W/m²·K across all ultrasonic powers, whereas the mass transfer coefficient increased from 1.67×10-5 m/s (0 W) to 1.98×10-5 m/s (90 W). Under a constant 90 W power, the heat transfer coefficient exhibited a slight increase with temperature (from 26.31 W/(m²·K) at 30°C to 27.16 W/(m²·K) at 60°C), while the mass transfer coefficient showed more pronounced enhancement (1.35×10-5 m/s at 30°C to 1.98×10-5 m/s at 60°C). These results underscore the synergistic interplay between elevated temperature and ultrasonic power in intensifying both heat and mass transfer mechanisms.
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1. INTRODUCTION 
[bookmark: OLE_LINK2]With the rapid development of the textile industry, drying has become a key technology for improving production efficiency, product quality, and reducing energy consumption. Traditional drying methods, such as hot air drying and microwave drying (Li et al., 2025, Fu et al., 2019), are commonly employed in textile processing. However, these methods suffer from significant drawbacks, including long drying times, high energy consumption, and uneven drying, which limit improvements in production efficiency and fail to meet environmental sustainability requirements. As an effective alternative, ultrasound enhanced convective drying technology has proven to be a promising drying method. By utilizing mechanical and sponge effects, this method accelerates moisture removal, enhances energy efficiency, reduces both internal and external mass transfer resistance, and preserves the quality of the dried material (Li and Chen, 2017).
Ultrasound enhanced convective drying technology integrates ultrasonic vibrations into the traditional convective drying process. By exploiting the cavitation effect and vibration transmission of ultrasound, this technique accelerates moisture evaporation and enhances heat transfer both within and around the material, thereby improving drying efficiency. The influence of ultrasound on the microstructure of fabrics can increase their porosity and permeability, facilitating the migration of moisture from the fiber interior to the surface, and thus speeding up the drying process. Ultrasound enhanced convective drying has been extensively applied in the drying of fruits, vegetables, and food products, significantly reducing drying times (Zhang and Abatzoglou, 2020).
In ultrasonic fabric drying, direct mechanical coupling between the piezoelectric transducer and the wet fabric causes moisture within the fabric to be ejected as fine droplets. Researchers at Oak Ridge National Laboratory developed a ultrasonic fabric drying technology to enhance the drying process (Dupuis et al., 2019). Li and Chen employed ultrasonic power to improve fabric drying and observed a nonlinear relationship between ultrasonic power and drying rate (Li and Chen 2017). Fuente-Blanco et al.(Fuente-Blanco et al., 2006) conducted experimental research on the ultrasonic drying process of cylindrical carrots, using a high-power rectangular aluminum plate transducer. Their results indicated that, within the same drying time, higher ultrasonic power led to a greater dehydration rate of the sample. Sabarez et al. (Sabarez et al., 2012) found a reduced energy consumption and increased production throughput after application of ultrasonic energy in hot air drying process of apples. Peng and Moghaddam (Peng and Moghaddam 2020) studied fabric drying technology based on ultrasonic vibrations, experimentally analyzing the effects of different frequencies and powers on the drying process. The results indicated that the drying process could be divided into a nonlinear phase dominated by mechanical vibrations and a linear phase dominated by thermal evaporation. The Weibull model was found to more accurately describe the ultrasonic drying process. García-Pérez et al. (García-Pérez et al., 2009) conducted a series of experimental and theoretical studies on ultrasonic-assisted convective drying of food materials. The findings revealed that increasing ultrasonic power, drying air velocity, and temperature all contributed to faster drying. By integrating these experimental results with theoretical models, they derived relationships between the various parameters and their effects on the mass transfer and heat transfer coefficients during the drying process. 
Although ultrasound enhanced convective drying has shown potential as an alternative drying method, existing studies are primarily focused on its application in food and agricultural products, with limited investigation into its use for fabrics. The aim of this study is to systematically evaluate the performance of ultrasound enhanced convective drying under varying conditions of ultrasonic power and temperature, with a particular focus on its effects on fabric drying kinetic, effective moisture diffusivity, and heat and mass transfer coefficients. Through in-depth analysis of experimental data, this study will reveal the impact of ultrasonic power and temperature variations on the fabric drying process. The findings will provide a theoretical foundation and practical guidance for the future development of more energy-efficient and effective drying technologies. 
2. material and methods 
2.1 Materials
Commercially available 100% cotton fabric was selected as the experimental material. The fabric was cut into square samples with dimensions of 100 × 100 mm and a nominal thickness of 1 mm. To ensure uniform and complete saturation, all samples were immersed in distilled water at room temperature for 24 hours. Excess surface water was gently removed using absorbent paper. The saturated samples were immediately sealed in airtight bags and stored in a refrigerated environment to minimize moisture loss prior to testing.
To determine the initial moisture content of the fabric, three wet samples were weighed and subsequently dried in an oven at 105°C for 24 hours. The initial moisture content of the wet fabric was determined to be 3.80 ± 0.01 g water/g fiber.
2.2 Experimental procedure
The experimental investigation of ultrasound enhanced convective drying of fabrics was conducted using the setup shown in Fig. 1. The experimental system mainly consists of several key components, including an ultrasonic generator, ultrasonic transducer, ultrasonic vibration plate, oven, centrifugal fan, PTC heating module, temperature control module, hot-wire anemometer, wind speed control module, and electronic balance. Initially, the system was preheated at an air velocity of 5 m/s for 20 min to ensure uniform drying temperature throughout the chamber. After preheating, the wet samples were placed on the ultrasonic vibration plate inside the drying chamber, enabling the acoustic energy to be directly transmitted from the vibration plate to the fabric fiber samples. The ultrasonic generator was then activated, and drying experiments were carried out under different temperatures (30 °C, 40°C, 50 °C, and 60 °C) and ultrasonic power levels (0 W, 50 W, 70 W, and 90 W). The mass of the samples was periodically monitored until a constant mass was achieved. Throughout all experiments, the hot air velocity was consistently maintained at 5 m/s.
[bookmark: OLE_LINK1][image: ]
Fig. 1 Schematic diagram of the fabric drying experimental setup. (1. Wind speed control module 2. Centrifugal fan 3. PTC heating module 4. Temperature control module 5. Hot-wire anemometer 6. Oven 7. Ultrasonic vibration plate 8. Ultrasonic transducer 9. Electronic balance 10. Ultrasonic generator)
2.3 Moisture content and drying rate
The moisture content (M, g water/g fiber) of fibric at drying time t was calculated by using the following equations.

		(1)
where mi is the mass of the fabric at drying time t (g); and md is the mass of the completed dried fabric (g).
The moisture content can be converted into a dimensionless parameter known as the moisture ratio (MR), which represents the ratio of water removed at any given time to the total amount of water initially available. It is calculated using the following equation.

		(2)
where Mt is the moisture content at drying time t (g water/g fiber), Mi is the initial moisture content (g water/g fiber) and Me is the equilibrium moisture content (g water/g fiber). 
The drying rate (DR, g water/(g fiber·min)) of fabric at any time in the drying process was thus determined by Eq. (3).

		(3)
where t1 and t2 are the drying time (min), Mt1 and Mt2 are the moisture contents of fabric at drying time t1 and t2 (g water/g fiber).
2.4 Calculation of the effective moisture diffusivity and activation energy
Assuming internal moisture transfer as the dominant mechanism, the variation of moisture content as a function of time could be expressed in the form of Eq. (4).

		(4)
where Deff is the effective moisture diffusivity (m2 /s).
Assuming that the moisture content in fabric is uniform, the solution of Eq. (5) for a plane sheet is as follow (Shatanawi et al., 2023):

		(5)
where, L is the half-thickness of samples (m).
For long drying time and neglected shrinkage of the dried material over the drying time, the first part of the equation provides a good approximation, thus Eq. (5) can be simplified in the form of Eq. (6) as 

		(6)
Taking the natural logarithm on both sides of Eq. (6) results in:

		(7)
By plotting the curve ln(MR) against time (t), a slope line keff is obtained and the Deff can be calculated in Eq. (8).

		(8)
As a thermally activated process, the drying activation energy (Ea) could be evaluated according to the Arrhenius equation(Mou and Chen, 2021).

		(9)
where D0 is the pre-exponential factor (m2/s), Ea is the apparent activation energy (kJ/mol), R is the molar gas constant (J/mol K), and T is temperature (K).
For ultrasound enhanced convective drying, a modified Arrhenius equation was used to calculate the activation energy(Luka et al., 2023).

		(10)
where P is the ultrasonic generator power (W); m is the mass of the sample (g).
By linear fitting, the line slope could be used to calculated the apparent activation energy.

		(11)
2.5 Heat and mass transfer coefficient 
The dimensionless numbers are the most common tool for estimating most materials’ heat and mass transfer coefficients. The Nusselt and Sherwood correlations for laminar flow over flat plates were applied to estimate the ultrasound enhanced convective heat and mass transfer coefficients for fibric drying. The convective heat transfer coefficient was estimated from Eq. (12) (Kumar et al., 2022).

		(12)
where L is the characteristic length (m); λa is the air thermal conductivity, W/(m·K); Re is Reynolds number, Pr is Prandtl number. 
Similarly, the mass transfer coefficient can be calculated from the following equation (Kumar et al., 2022).

		(13)
where Sc is Schmidt number; Da is the effective moisture diffusivity, m2/s.
3. results and discussion
3.1 The effect of ultrasonic power on ultrasound enhanced convective drying
Fig. 2 illustrates the effect of different ultrasonic powers on the drying process of fabric at 60 °C. As drying time progresses, the overall moisture content of the fabric gradually decreases. Without ultrasonic enhancement, the time required to reach the same moisture content is the longest, at 15 min. With the application of ultrasound, the drying time is significantly reduced, and as the ultrasonic power increases from 50 W to 90 W, the drying time decreases from 13 min to 12 min and 10 min, respectively. Compared to drying without ultrasonic enhancement, the maximum drying time was reduced by 33.3%, indicating the higher ultrasonic power results in greater drying efficiency. This improvement is primarily attributed to the stronger mechanical vibrations and disturbances generated by higher power ultrasound, which significantly enhance heat and mass transfer on the surface of the material. Fig. 2(b) further shows that, under non-ultrasonic conditions, there are three distinct stages in the drying process: the acceleration period, the constant rate period, and the falling rate period. However, with the application of ultrasound, the constant rate phase disappears, leaving only a distinct acceleration phase and falling rate phase. During the acceleration phase, the drying rate increases monotonically, and the maximum drying rate significantly increases with higher ultrasonic power. Compared to non-ultrasonic conditions, the maximum drying rate increases by 42.4%, 10.5%, and 6.2% under ultrasonic powers of 50W, 70W, and 90W, respectively. This demonstrates that ultrasound enhances the efficiency of water migration and evaporation during the drying process, with particularly pronounced effects under high-power conditions.
[image: ][image: ]
a) 					        b).
Fig. 2 Drying curves of fibric at different ultrasonic powers a). Moisture content vs. drying time; b). Drying rate vs. moisture ratio 
3.2 The effect of drying temperature on ultrasound enhanced convective drying
Fig. 3 illustrates the effect of different temperatures on the drying process of fabric under the conditions of 90 W. It can be observed that at all temperatures, the moisture content of the fabric gradually decreases as drying time increases. Higher temperatures significantly shorten the time required to reduce the moisture content of fabric to 0.1 g water/g fiber. For example, under the ultrasonic power of 90 W, the drying time was 19 min at 30 °C, 16 min at 40 °C, 12 min at 50 °C and 10 min at 60 °C. Similar results were obtained during fabric drying at other ultrasound intensities and without sonication. The positive effect of temperature on drying kinetics of agri-products has also been extensively reported in many other studies (Szadzińska et al., 2016, Corrêa et al., 2017). At 60 °C, the reduction in moisture content occurs significantly faster, indicating that higher drying temperatures enhance the heat transfer capacity of the air, accelerate moisture evaporation, and thereby significantly shorten the overall drying time. As shown in Fig. 3b, at 30 °C, in addition to the acceleration and falling rate periods, a constant rate period is observed. However, as the temperature increases, the constant rate period disappears. At 60°C, the peak drying rate is the highest, and the time to reach this peak is delayed. This demonstrates that higher temperatures accelerate surface moisture evaporation, delay the onset of the falling-rate period, and significantly increase the drying rate, further reduce the overall drying time.
[image: ][image: ]
a). 					        b).
Fig. 3. Drying curves of fibric at different drying temperatures a). Moisture content vs. drying time; b). Drying rate vs. moisture ratio
3.3 Effective moisture diffusivity and activation energy of fabric drying 
The effective moisture diffusivity at different temperatures and ultrasonic powers are presented in Table 1. As shown in Table 1, at a temperature of 60°C, as the ultrasonic power increases, the effective moisture diffusivity progressively improves, rising from 3.85×10−10 m2/s at 50 W to 5.73×10−10 m2/s at 90 W. This trend demonstrates that increasing ultrasonic power significantly promotes the efficiency of moisture diffusion from the material interior to the surface. At an ultrasonic power of 90 W, the effective moisture diffusivity increases significantly with the rise in temperature, from 3.24×10−10 m2/s at 30°C to 5.73×10−10 m2/s at 60 °C. This indicates that higher temperatures enhance the diffusion process, accelerating the migration rate of moisture from the fiber interior to its surface. 
Table 1. Variation with air temperature of effective moisture diffusivity 
and activation energy of fabric drying
	Temperature (°C)
	Ultrasonic power(W)
	Effective moisture diffusivity(m2/s)
	Activation energy

	60
	0
	3.85×10-10
	6.85 

	60
	50
	4.95×10-10
	

	60
	70
	5.26×10-10
	

	60
	90
	5.73×10-10
	

	30
	90
	3.24×10-10
	16.73

	40
	90
	3.91×10-10
	

	50
	90
	4.89×10-10
	


[image: ][image: ]
a).   				                     b).
Fig. 4. a). Plot of In (Deff) versus m/P; b). Plot of In (Deff) versus 1/T.
The activation energy for ultrasonic-enhanced convective drying was then calculated using Eq. (10). From the relationship between ln(Deff) and m/P for convective drying of fabric, as shown in Fig. 4a, the activation energy was determined to be 6.85 W/g. 
Additionally, from the relationship between ln(Deff) and 1/T, as shown in Fig. 4b, the activation energy was calculated to be 16.73 kJ/mol.
3.4 Heat and mass transfer coefficients
Table 2. The variation with drying ultrasonic power and temperature of heat and mass transfer coefficients of fabric drying
	Temperature (°C)
	Ultrasonic power(W)
	Nu
	Sh
	ht(W/(m2·K))
	hm(m/s)

	60
	0
	96.64
	3751.63
	27.16
	1.67×10-5

	60
	50
	96.64
	3634.56
	27.16
	1.80×10-5

	60
	70
	96.64
	3561.71
	27.16
	1.87×10-5

	60
	90
	96.64
	3461.54
	27.16
	1.98×10-5

	30
	90
	101.66
	4152.20
	26.31
	1.35×10-5

	40
	90
	99.90
	3910.91
	26.60
	1.53×10-5

	50
	90
	98.00
	3639.09
	26.98
	1.78×10-5


At 60 °C, as the ultrasonic power increased from 0 W to 90 W, the mass transfer coefficient showed a significant enhancement, rising from 1.67×10−5 m/s to 1.98×10−5 m/s. This indicates that the increase in ultrasonic power substantially improved the mass transfer process. In contrast, the heat transfer coefficient remained constant at 27.16 W/m²·K. When the ultrasonic power was fixed at 90 W, the heat transfer coefficient increased exhibited a slight increase with rising temperature, from 26.31 W/m²·K at 30°C to 27.16 W/m²·K at 60 °C. Meanwhile, the mass transfer coefficient experienced a more pronounced increase, from 1.35×10−5 m/s at 30°C to 1.98×10−5 m/s at 60 °C. Overall, the synergistic effect of high temperature (60 °C) and high ultrasonic power (90 W) significantly accelerated the heat and mass transfer processes, highlighting these conditions as critical for optimizing the efficiency of fabric drying.
4. Conclusion
This study highlights the potential of ultrasound-enhanced convective drying as an efficient method for fabric dewatering. The integration of ultrasonic vibrations with traditional convective drying significantly improved drying performance by accelerating moisture transfer and reducing drying time. The results showed that increasing ultrasonic power from 0 W to 90 W reduced drying time by up to 33.3 %, demonstrating the effectiveness of ultrasound in enhancing mass transfer through cavitation and micro-agitation effects. Additionally, higher drying temperatures (ranging from 30 °C to 60 °C) further accelerated the drying process by increasing the vapor pressure gradient, thus promoting faster moisture evaporation. The combined effects of ultrasonic power and temperature exhibited a synergistic impact on drying efficiency. Moreover, the effective moisture diffusivity increased with both ultrasonic power and temperature, emphasizing enhanced moisture migration within the fabric. The findings provide valuable insights into the mechanisms of ultrasound-enhanced convective drying and its practical implications for fabric drying applications. By demonstrating enhanced drying kinetics and energy efficiency, this study lays the groundwork for the development of more sustainable and cost-effective drying technologies in the fabric industry.
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