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ABSTRACT 

Fabric drying is an energy-intensive process which generally involves blowing hot dry air across tumbling wet fabric 

to facilitate evaporation and moisture removal. Most of the energy supplied is used to overcome the enthalpy of 

vaporization for water. Although this process tends to be inefficient, it is fairly simple and forms the basis for the 

majority of existing clothes dryer technology today. To address the relatively low efficiency a new method of drying 

called “direct contact ultrasonic fabric drying” is proposed. The process involves using high-frequency vibration 

introduced by piezoelectric transducers which are in contact with wet fabric. The vibration is used to extract water 

droplets from the fabric mechanically. In this study, a total of 24 individual transducers are used in a module to dry a 

142 cm2 sized fabric. The performance characterization of this single module has enabled successful scale-up of the 

system to a mid-scale prototype dryer, which can be used to ultrasonically dry clothing-sized fabric (~750 cm2). The 

1This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The 

United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government 

retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to 
do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research 

in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). 
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first-generation ultrasonic fabric dryer fabricated uses as little as 17% of the energy needed by traditional evaporation-

based drying techniques. In addition to experimental data, this paper presents the results of a kinetic and scaling 

analysis that provides some important insights into ultrasonic drying. 

1 INTRODUCTION 

Ultrasonic transducers are ubiquitous devices that are used in a range of applications such as humidification, medical 

ultrasonography, ultrasonic cleaning and non-destructive testing. In addition to well-established applications, the use 

of ultrasonic transducers is also being investigated for many emerging applications such as: desiccant-based 

dehumidification (where energy is saved by incorporating ultrasound during the regeneration of solid [1] and liquid 

[2] desiccants), improving defrosting performance of heat pump evaporators [3, 4] (by using ultrasonic vibration to 

inhibit frost growth and break up frost crystals during defrosting), energy harvesting from wind power [5] and through 

vibrations in road surfaces [6].   

The applications involving generation of vibration rely on the reverse piezoelectric effect, where internal mechanical 

strain is generated in the transducer material as a result of an applied electric field. When a high-frequency alternating 

electric field is applied, the transducer (commonly a ceramic such as solid lead zirconate titanate crystal) mechanically 

vibrates. If the oscillation frequency is high enough (generally larger than the upper human hearing frequency of 20 

kHz), it generates ultrasonic waves which propagate through surrounding media [7]. At the appropriate frequency, the 

vibration causes mechanical resonance and a large resonance strain is created. Applications involving ultrasonic 

vibration are generally categorized as having low-intensity or high-intensity [8]. Low-intensity ultrasound involves 

determining information about the propagation medium without modifying its state, whereas high-intensity ultrasound 

involves a permanent change in the propagation medium.  

The use of ultrasonic transducers for drying has been studied previously in food processing [9-15]. There are three 

types of ultrasound applications in the food domain (only in research phase, no commercial applications): ultrasound 

treatment in water, airborne ultrasonic drying and direct-contact ultrasonic drying [8]. The first is for pretreatment of 

food before hot air drying, which mainly enhances mass transfer (not necessarily heat transfer) by using ultrasonic 

waves to increase mass transport kinetics (e.g. [12]). Airborne ultrasound involves high-intensity, non-contact air 

vibrations which can be used to augment conventional hot-air drying (e.g. [9-11, 14]). It is advantageous for the food 

drying process because the quality of the food products is sensitive to high-temperature heating and drying can be 
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achieved at lower temperatures compared to hot-air drying alone. Direct-contact ultrasonic drying overcomes issues 

with impedance mismatch between air and food and has been found to be more effective than airborne ultrasound as 

a result (e.g. [10, 13]). However, it has a disadvantage that it cannot be as easily used to assist in conventional hot-air 

drying as airborne ultrasound. 

Although many hypotheses have been proposed to explain why the application of ultrasound enhances drying kinetics, 

adequate data is not available to conclusively prove or disprove any of these theories. One of the theories rests on the 

idea that the ultrasonic field causes oscillating pressure and velocities and thereby microstreaming at the solid-gas 

interface [14]. This is argued to lead to thinning of diffusion boundary layer and hence aids the mass transfer from the 

solid. Another potential mechanism is the “sponge effect” related to the contraction-expansion waves generated in the 

solid as the acoustic energy propagates through the solid, which results in an alternating stress and a subsequent 

creation of micro-channels that can help moisture removal [13]. 

Yet another and widely accepted theory is also based on a potential internal effect caused by the acoustic waves, 

namely, cavitation (more precisely, acoustic cavitation) in the water content trapped inside the solid matrix [16]. When 

the local pressure of the fluid drops sufficiently below the vapor pressure during the rarefaction phase of the sound 

wave, vapor bubbles are formed, which grow and oscillate and eventually collapse. The implosion of a vapor bubble 

is violent [17] and the resulting microagitation facilitates the removal of strongly attached water molecules. None of 

the studies cited here report a parametric investigation in terms of the frequency of the transducer oscillation (the 

frequency of oscillation is around 20 kHz in all these studies). However, they do report the effects of the kind of food 

(e.g. a lemon peel vs carrot [15]), shape of food items, ultrasonic power [12] and the like. The one conclusion made 

in these studies that can be applicable in fabric drying is very obvious, namely, porous materials are easier to dry using 

ultrasonic techniques. 

Clearly, there is a need for detailed investigation to elucidate the underlying mechanism of ultrasonic drying. However, 

we speculate that in the case of fabric drying based on the ultrasonic technique, especially at high moisture content, 

nebulization (atomization of water at the interface) will play the most prominent role. Ultrasonic atomization can be 

considered as an extreme situation of Faraday instability and has been an active field of research for decades. Many 

studies have investigated the influence of different operating conditions and fluid properties on the droplet size 

distribution in the mist resulting from atomization [18-20]. Among them, Barreras et al. [19] is of particular interest, 
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because they consider the atomization of fixed volumes of water, albeit at a fixed frequency of 1.65 MHz. They show 

that the atomization rate is proved to be a strong (positive) function of the voltage input to the transducer. The droplet 

ejection velocity is also found to be an increasing function of voltage. It is worth noting that most of these studies are 

motivated by applications such as ink jet printing, clinical nebulizer, spray coating, combustion of liquid fuel, emulsion 

preparation and so on, where the quality or fineness of the spray is of utmost importance. In the case of textile drying, 

however, the quality of the resulting mist is not of great concern. It is quite natural to expect that the mist dynamics 

will offer some clues to the actual mechanism of drying, which will enable us to control the drying kinetics. 

Coming to the previous studies reported on macro-scale clothes drying using ultrasonic transducers, to our knowledge, 

Khmelev et al. [21] is the only paper on this topic (where the non-contact, piezoelectric irradiation technique is used) 

which makes the present study unique and first of its kind [22]. In this study, we design and develop an ultrasonic 

module that is used to dry appropriately sized (142 cm2) fabric samples in contact with the transducers. A parametric 

study on a single module was conducted to determine the effect of ultrasonic frequency, input power, duty cycle and 

other operating parameters on the energy consumption and rate of drying for the selected fabric. The demonstration 

and performance characterization of the single module has enabled successful scale-up to a first ever mid-scale 

prototype ultrasonic clothes dryer that is capable of drying normal sized articles of clothing.  

2 EXPERIMENTAL SETUP 

2.1 Selection of piezoelectric transducers for use in module 

To determine the most appropriate piezoelectric transducer for fabric drying, comprehensive experimental and 

analytical studies [23, 24] were conducted. Transducers with a wide range of form factors (discs, rings, cylinders, 

unimorphs, bimorphs), sizes, materials and resonance frequencies were compared. The most critical performance 

metric was the power input/energy consumption per unit mass of moisture removal from appropriately-sized fabric. 

The early experimental studies [23] revealed that many of the transducers caused heating of the liquid water or wet 

fabric that was in direct contact with the transducer surface, leading to significant inefficiencies and elimination of 

those transducers from the studies. As speculated in the initial literature review, the most appropriate type of 

transducers for fabric drying were eventually found to be those typically used for atomization of liquids. They were 

able to atomize liquid droplets and extract moisture from wet fabric with minimal energy consumption and without a 

significant increase in local temperature. In addition to all the above, cost and commercial availability were also 
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important factors. With all these considerations, the selection process culminated in a final candidate transducer. It 

was a mesh-type transducer with basic characteristics listed in Table 1; it was made up of a perforated metal mesh 

sandwiched between two piezoelectric rings, with the positive and negative electrode on either side of the mesh, as 

shown in Figure 1. 

Table 1: Characteristics of selected mesh transducer 

Dimensions 14 mm diameter 

Resonant frequency, fr 135 kHz ±8 kHz 

Resonant impedance, Zm 100 Ω 

Static capacitance, Cs 3.5 nF 15%@1kHz 

Voltage input 10-24V DC 

Max peak-to-peak voltage, Vpp 70-130V 

Max power input 2.5W 

Static Displacement at 8.3 Vpp 0 nm 

Static Displacement at 21.4 Vpp 0.4 nm 

Max Dynamic Displacement at 135 kHz, at 45.6 Vpp 67.77 nm 

 

Figure 1: Schematic of selected mesh transducer 

When an oscillating signal (of correct frequency, amplitude and power) is applied to the transducer, liquid which is in 

contact with the transducer is atomized effectively and the cold mist is ejected through the mesh to the other side of 

the transducer. In the same way, when wet fabric is in contact with the transducer, the liquid trapped within the fabric 

is atomized effectively and the fabric is dried.  

Perforated mesh 

Piezoelectric ring 
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2.2 Transducer module 

To accommodate the eventual planned scale-up of the ultrasonic prototype, a modular design was developed for the 

ultrasonic transducers. 24 individual mesh transducers were integrated directly into a printed circuit board (PCB) 

module. There were several reasons for utilizing this modular PCB design. Power can be applied to individual rows 

of 6 transducers, rather than all 24 at a time. This is important for precise control and preventing cascading failure or 

damage to the transducers. Since electrical traces are printed directly on the surface of the PCB, the need for excessive 

wiring is eliminated; a clean and compact module is created with few wires and connectors. In case of damage, 

individual transducers can easily be replaced by de-soldering the existing connections and re-soldering new ones. 

Finally, the ultrasonic drying process can easily be scaled up in a relatively short time with the modular design, i.e. 

using multiple modules allows larger fabrics to be dried.  

The leads from each transducer (shown in Figure 1) were soldered directly to the main traces on the PCB. Epoxy was 

used to attach the transducers onto the board, ensuring that they were not over-constrained. Header connectors (12 

pole) were used to combine all traces (8 total traces per PCB, or 2 traces per row of transducers) and these were 

connected to a 12-pole ribbon cable assembly. The top side of the final PCB module with all transducers installed is 

shown below in Figure 2. The electrical traces, header connector and ribbon cable assembly are on the opposite 

(bottom) side of the PCB. 

 

Figure 2: Top side of PCB module with 24 piezoelectric mesh transducers installed 
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The spacing and pitch of the transducers in the modules were selected to keep the module design as simple as possible. 

First, the number of transducers used in a given module was fixed based on previous prototypes and the maximum 

power available. The number of rows and columns were chosen such that all transducers were evenly spaced and 

covered the module surface uniformly. Future research will consider the effect of packing density and optimization of 

transducer installation so that the unused PCB area in between the transducers is minimized. Initial experiments were 

conducted on a single module with a fabric size of 142 cm2; the fabric was placed on the top side of the PCB. When 

the prototype was scaled up, five such modules were used (resulting in a total of 120 transducers) and drying fabric 

with a size of 750 cm2 was achieved. 

2.3 Power amplifier 

A commercially available precision power amplifier was used to generate the high-frequency oscillating sine wave 

signal. It produced up to 600W of RF Power over a frequency range of 10 kHz to 6 MHz. The front panel allowed for 

control and display of the frequency and forward power (FP). The amplifier allowed for pulsing of the internal RF 

oscillator for the duty cycle experiments (described in the next section), with a minimum pulse duration of 1 ms. The 

front panel also displayed the reflected and load power (RP and LP, respectively) readings. In the RF domain, load 

power represents the true power delivered to the load. It is the difference between the forward and reflected power. A 

non-zero reflected power results from a mismatch between the input impedance of the electrical load and output 

impedance of the corresponding signal source. Therefore, it is important to ascertain the load power, since it is a 

measure of the energy consumed by the load. 

3 EXPERIMENTAL PARAMETERS AND PROCEDURE 

To determine the optimum operating condition for the mid-scale prototype dryer, initial tests were conducted on a 

single 24-transducer module. The experimental test matrix involved varying the following parameters: forward power, 

duty cycle (DC), on time, off time, starting moisture content (SMC) and final moisture content (FMC). The relative 

moisture content (RMC) was defined as: 

 
𝑅𝑀𝐶 =

𝑊𝑊 − 𝐵𝐷𝑊

𝐵𝐷𝑊
 (1) 
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where 𝑊𝑊 was the fabric wet weight and 𝐵𝐷𝑊 was the fabric bone dry weight. For the 24-transducer module, fabric 

with a size of 142 cm2 and 𝐵𝐷𝑊 = 2.784 g (0.00614 lb.) was used.  

The use of a duty cycle in the experimental study was a way to apply the high-frequency oscillating signal to the 

piezoelectric transducers for only a fraction of time. The motivation behind this was that the total energy consumption 

could be reduced by only delivering power during the time when the fabric and piezo were mechanically coupled. 

This methodology was inspired by a preliminary numerical solution that showed the vibrating piezoelectric transducer 

surface and fabric were mechanically coupled together only at low frequency. As the frequency was increased (close 

to the resonance frequency of the piezoelectric transducers), the fabric would be periodically decoupled from the 

vibrating surface; the fabric was periodically ejected above the surface and fell back on the surface after some time 

due to gravity. This indicated that it was not necessary to apply power to the piezoelectric transducer while the fabric 

was not in contact with the surface. To achieve the intermittent application of power, a duty cycle (free parameter) 

was applied to the high-frequency oscillating signal.  The duty cycle is defined as 

 
𝐷𝐶 =

𝑜𝑛 𝑡𝑖𝑚𝑒

(𝑜𝑛 𝑡𝑖𝑚𝑒 + 𝑜𝑓𝑓 𝑡𝑖𝑚𝑒)
 (2) 

Note that for 100% duty cycle, the off time is 0 ms and on time is irrelevant. In addition to fixing the duty cycle, 

variation of on/off times can also be used to vary the burst width. The concept of burst width modulation is illustrated 

in Figure 3 (note that the waveform shown is for illustration purposes only and it is not the actual measured waveform). 

By adjusting the total width and on/off times of the high-frequency oscillating signal bursts, the total energy 

consumption can be dramatically reduced compared to the 100% duty cycle case. The sum of the on/off times gives 

the burst width (or burst period); the inverse of the burst period is the burst frequency. The reason for including the 

on/off times in the parametric study was to identify the optimum values that would minimize the energy consumption 

per unit mass of moisture removed. 
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Figure 3: Illustration of burst width modulation 

The first step in the experiment procedure was to dry the test fabric using a conventional clothes dryer and measure 

the bone-dry weight (a weight balance with resolution of 0.0001 g was used for all mass measurements). Energy test 

cloth (blended fabric of 50% cotton and 50% polyester) was used for all tests [25]. The test fabric was considered 

“bone dry” when its mass changed by less than 1% between successive 10 min drying periods, per the US DOE 

residential clothes dryer standard test procedures outlined in 10 CFR 430 [25]. Next, the fabric was uniformly wetted 

(using a spray bottle) and weighed periodically until the correct wet weight corresponding to a SMC of 57.5% or 

150% was achieved. The SMC of 57.5% was chosen because it is the recommended SMC in 10 CFR 430 [25]. In 

addition, the SMC of 150% was chosen to demonstrate the higher efficiencies that are possible with ultrasonic drying 

at higher moisture content. When the desired SMC was reached, the wet fabric was placed onto the ultrasonic 

transducer module and a 1.33 kg weight with a foam backing was placed on top of the fabric. This provided an even 

force across all experiments (~107 Pa backing pressure) and enhanced contact between the fabric and piezoelectric 

transducer mesh. As illustrated in Figure 4, the fabric was placed horizontally on top of the ultrasonic transducer 

module, such that the direction of gravity was perpendicular to it. Acc
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Figure 4. Placement of fabric onto ultrasonic transducer module for drying 

Next, the amplifier output was activated with a given forward power setting and frequency (at, or close to, resonance 

frequency) and a stopwatch was simultaneously started. The transducer module was run for varying time intervals and 

the wet fabric was weighed between intervals: three 10-second intervals, two 15-second intervals, four 30-second 

intervals and an indefinite number of 1-minute intervals until the target FMC was reached. Although the target FMC 

in 10 CFR 430 is 4% [25], the experiments were stopped at FMC = 20%, because the efficiency of the ultrasonic 

drying process was determined to be poor at moisture contents below 20%, as discussed in the next section and in 

prior work [24]. For each experiment, the following quantities were recorded: elapsed time, wet weight at the end of 

each time interval, forward power, reflected power and load power. Power levels were read from the AG1014 front 

panel. 

4 RESULTS AND DISCUSSION 

4.1 Dimensional results 

The energy consumption per unit mass of moisture removed from the fabric was an important quantity. It placed the 

results of the ultrasonic drying process into context, since it allowed for a direct comparison between the latent heat 

of evaporation for water (at ambient temperature and pressure) and the typical performance of a conventional electric 

resistance (ER) dryer. The energy consumption per unit mass of moisture removal during a given time interval, ∆𝑡 

(measured in seconds), was 

 𝐸𝑛𝑒𝑟𝑔𝑦

𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
 =

(𝐿𝑃 × 𝐷𝐶) ∙ ∆𝑡

∆𝑊𝑊
=

𝐸𝑝

∆𝑊𝑊
 (3) 
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where 𝐿𝑃 was the load power (in Watts) being delivered to the ultrasonic transducer module, 𝐷𝐶 was the duty cycle 

(in %) as defined in Eq. (2) and ∆𝑊𝑊 was the change in the fabric wet weight (in grams) over the time interval, ∆𝑡. 

The numerator of Eq. (3) could also be referred to as the approximate energy consumed by the piezoelectric 

transducers, 𝐸𝑝. Based on these quantities, the resulting calculations using Eq. (3) had units of J/g. 

The energy consumption per unit mass of moisture removal for the various experiments outlined in the previous 

section are shown in Figure 5 and Figure 6, as a function of RMC (with the exception of experiments 2 and 3, which 

had SMC = 150%). Also shown are lines for the latent heat of evaporation and the typical energy usage of an ER 

clothes dryer with 60% efficiency. The labels for each data set are: FP = forward power, LP = load power, DC = duty 

cycle and BF = burst frequency. The large variations in energy consumption per unit mass of moisture removal seen 

in Fig. 5 and 6 resulted from the uncertainty in the mass-change measurement. The y-axis error bars included in Figs. 

5 and 6 were determined using a root-sum-square method to compute the propagation of error in Eq. (3). Uncertainties 

in individual measurements were: WW = ±0.1 mg; Δt = ±0.001 s; LP = ±1 W. In addition to performance 

measurements shown in Figs. 5 and 6, experiment 8 was conducted with no power applied. This was done to quantify 

the effects of evaporation and handling of the fabric (i.e. intermittent placement and removal of fabric on the ultrasonic 

transducer module). The relative moisture content of the fabric as a function of elapsed time for all experiments (again, 

except for experiments 2 and 3) is shown in Figure 7. Due to the high accuracy of the scale mass measurement (±0.1 

mg), the error bars for RMC were not visible. As such, they were excluded. 
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Figure 5: Energy per unit gram of moisture removal as a function of RMC for select experiments 

 

Figure 6. Energy per unit gram of moisture removal as a function of RMC for select experiments (cont.) 
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Figure 7: RMC as a function of elapsed time for select experiments 

As seen in Figs. 5 and 6, when the duty cycle was reduced, significantly less energy was required per unit gram of 

moisture removal. The highest energy consumption occurred for the 100% duty cycle case with 24W of forward power 

(expt. 4), where SMC = 56.9% and FMC = 4.67%. This resulted in a high overall energy consumption, because it has 

been found that the ultrasonic drying process for fabric becomes less efficient for RMC < 20% [24]. However, having 

a high duty cycle and forward power also reduced the dry time significantly, as illustrated in Figure 7. The results of 

experiment 8 show that it took 20 min to achieve ΔRMC = 37.5% for evaporation only. On the other hand, with 

ultrasonic drying, the same ΔRMC was achieved in as little as 9 min (expts. 1 and 6). 

A summary of all results is given in Table 2, including results not illustrated in Figs. 5, 6 and 7 (expts. 2, 3 and 8). 

The approximate energy consumption (𝐸𝑝 in Wh), based on load power, is also shown in Table 2; it indicates that 

even though low duty cycle experiments resulted in significant dry times, the cumulative energy consumption 

remained very low (expts. 5, 15 and 17). Acc
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Table 2: Summary of all results 

 
 

The final column in Table 2 shows the fabric drying efficiency, 𝜂𝑑𝑟𝑦𝑖𝑛𝑔, which is a measure of the energy required to 

dry a mass of fabric with a given 𝐵𝐷𝑊: 

 
𝜂𝑑𝑟𝑦𝑖𝑛𝑔  =

𝐵𝐷𝑊

(
53.5

𝑆𝑀𝐶 − 𝐹𝑀𝐶
) ∙ 𝐸𝑝

 (4) 

where the fabric 𝐵𝐷𝑊 in lbs. is divided by the energy consumed by the piezoelectric transducers, 𝐸𝑝, in kWh to dry 

that amount of fabric from the stated 𝑆𝑀𝐶 to 𝐹𝑀𝐶. The factor 53.5 is an experimentally-determined value for the 

percent reduction in moisture content of the test load during a laboratory test cycle, and is adopted from the calculation 

of Combined Energy Factor (CEF) [25]. Calculation of the drying efficiency is similar to that of CEF, which is an 

important metric used in residential clothes dryer standard test procedures [25]. As a point of reference, the current 

minimum CEF requirement for a standard size, vented, electric clothes dryer is 3.73 lbBDW/kWh for an 8.45 lb. load 

of fabric. Although the drying efficiencies for ultrasonic drying in Table 2 are significantly greater than this (by as 

much as 6 times), it should be noted that the load power delivered to the transducers is used in the calculation and 

conversion losses in the power amplifier (manifested in the wall power) are not considered in this early stage of 

development. The total wall power consumed by the amplifier was measured during all tests and ranged from 114 W 

to 253 W, depending on the forward power and duty cycle settings (e.g. low duty cycle resulted in lower total power 

consumption). As a result, conversion losses were as high as 96%. However, it is important to note that these results 

Expt. #
Off time 

(ms)

On time 

(ms)

Expt. Run 

time (s)

Forward 

power 

(W)

Load 

Power 

(W)

SMC 

(%)
FMC (%)

Duty cycle 

(%)

Burst 

frequency 

(Hz)

Approximate 

energy 

consumption 

(Wh)

Fabric drying 

efficiency 

(lbBDW/kWh)

1 0 - 540.00 18.00 5.00 57.36 20.08 100.00 N/A 0.7500000 5.703

2 0 - 420.00 18.00 8.00 150.00 103.84 100.00 N/A 0.9333333 5.673

3 0 - 300.00 24.00 11.00 147.38 97.67 100.00 N/A 0.9166667 6.222

4 0 - 720.00 24.00 8.00 56.90 4.67 100.00 N/A 1.6000000 3.745

5 99 1 1020.00 5.00 1.00 57.00 20.33 1.00 10.00 0.0028333 -

6 0 - 540.00 24.00 7.50 56.79 19.04 100.00 N/A 1.1250000 3.850

7 50 50 900.00 18.00 4.00 58.66 21.73 50.00 10.00 0.5000000 8.472

8 - - 1200.00 0.00 0.00 57.00 20.08 - - - -

9 20 80 600.00 18.00 9.00 57.54 19.25 80.00 10.00 1.2000000 3.661

10 80 20 900.00 18.00 8.00 57.94 21.08 20.00 10.00 0.4000000 10.570

11 48 12 900.00 18.00 8.00 57.61 20.37 20.00 16.67 0.4000000 10.683

12 16 4 1080.00 15.00 6.00 57.72 20.65 20.00 50.00 0.3600000 11.813

13 50 10 1020.00 18.00 7.00 57.87 20.73 16.67 16.67 0.3305556 12.890

14 50 7 1020.00 18.00 7.00 57.51 20.62 12.28 17.54 0.2435673 17.375

15 50 3 1140.00 11.00 4.00 57.72 20.26 5.66 18.87 0.0716981 -

16 30 7 960.00 18.00 7.00 57.87 19.68 18.92 27.03 0.3531532 12.404

17 70 7 1080.00 18.00 7.00 57.94 19.79 9.09 12.99 0.1909091 22.923
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were obtained with a commercially-available amplifier; recent parallel efforts in custom amplifier development for 

this specific application have shown dramatically improved conversion efficiency. The results in Table 2 are also for 

a single small piece of fabric with 𝐵𝐷𝑊 = 0.00614 lb., compared to the 8.45 lb. load requirement for the CEF 

calculation. Other considerations which will also eventually need to be included in the calculation for a true 

comparison to CEF are the so-called “field-use” correction factor and an estimate of standby losses, both of which are 

currently used to determine CEF. 

As expected, the drying efficiency significantly increased in experiments with lower duty cycle, since only a fraction 

of the energy was consumed compared to the 100% duty cycle cases. For example, for a duty cycle of 20% and burst 

frequency of 10 Hz, the amplifier oscillating signal output was essentially deactivated for 80% of the time in a given 

burst. As a result, power was only delivered to the transducers for 20% of the time (at 10 bursts per second) and the 

output was idle for the remainder. Even though the dry time was longer compared to the 100% duty cycle cases 

(resulting in running the amplifier for a longer time), the energy consumption was so low that the drying efficiency 

remained high. The results show that there is a tradeoff between drying efficiency and dry time. For example, when 

the duty cycle was set to 9% and the burst frequency was 13 Hz (expt. 17), the drying efficiency was 22.92 lbBDW/kWh. 

Although this was 4 times more efficient than the 100% duty cycle case at the same forward power and ΔRMC (expt. 

1), the drying time was 2 times higher as well. Therefore, depending on the needs of the user, very high drying 

efficiency can be achieved compared with the baseline, but at high dry time. If a short drying time is not a priority 

(e.g. in cases where a load is dried overnight or during a workday), significant energy savings are possible. On the 

other hand, if drying speed is a priority, a penalty in the drying efficiency must be accepted.  

For the two experiments with SMC = 150% (expts. 2 and 3), the increase in forward power actually increased the 

drying efficiency by 10% and reduced the dry time by 2 min for the same ΔRMC. However, for the experiments with 

SMC = 57.5% at two different FPs (expts. 1 and 6), the results were opposite; the dry times were similar but drying 

efficiency was 50% lower for the FP = 24W experiment, compared to the FP = 18W experiment for the same ΔRMC. 

The experiments with higher starting moisture content also resulted in significantly better performance compared to 

those at lower starting moisture content. For example, in expt. 3, at 24W forward power, ΔRMC = 50% was achieved 

in 5 min with a drying efficiency of 6.22 lbBDW/kWh. Comparing this to expt. 6 (also with FP = 24W), ΔRMC = 38% 

was achieved in 9 min with drying efficiency of 3.85 lbBDW/kWh. The reason for improved performance (at high SMC) 

is that at high moisture content, the free water that is present in fabric is easily atomized by direct-contact ultrasonic 
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vibration. As the moisture content is reduced and free water is removed, the bound water trapped within the pores and 

fibers of the fabric remains. The bound water requires a greater amount of energy to remove, reducing the overall 

efficiency of the drying process. This was also apparent in Figs. 5, 6 and 7; as the fabric moisture content was reduced, 

the required energy per unit gram of moisture removal increased. As a result, the drying process was divided into an 

initial non-linear phase and a linear phase (which was a larger portion of the overall process). The transition from non-

linear to linear drying is visible in Figure 7, at RMC ~50%; below this RMC, the curves are monotonic with drying 

time. This was consistent with the experimental results of [24] and was also the reason for stopping the experiments 

at moisture content of 20%. For an eventual commercial product, one solution to this problem may involve the 

development of a hybrid system where the final phase of drying could be performed with an electric resistance element. 

While this may consume a large amount of energy, it is likely to be only for a short time period, thereby reducing the 

overall drying time. 

As noted above, experiment 8 was conducted without any ultrasonic drying to quantify the effect of evaporation-only 

drying. The results show that the drying time was the longest of any test (1,200 seconds or 20 min). Depending on the 

applied power and duty cycle, ultrasonic drying was able to reduce this by up to 45% (e.g. expts. 1 and 6) for the same 

% reduction in moisture content. The background evaporation rate depended on the laboratory air temperature and 

relative humidity.  To eliminate the day to day differences in environmental conditions, all the experiments were 

carried out in a back-to-back fashion. The ambient RH and T were maintained at 63% and 72°F, respectively, to 

minimize variation from test to test. For these conditions and the above results, the average background evaporation 

rate was ~7.4  10-5 kg/sm2, or 45% of the total (ultrasonic + evaporation) drying rate. The fabric temperature rise 

was recorded in a separate test and showed an increase in the ~15-17°C range towards the end (compared to an increase 

of > 35°C for conventional drying). The reason for this was that as the fabric was dried, the resonance frequency of 

the combined transducer/fabric/water shifted. A shift in the resonance frequency resulted in a reduction in transducer 

efficiency and self-heating. However, it was expected that most of the dissipated energy was carried out with the cold 

mist. Note that at the same time the evaporation takes place, even constant temperature might correspond to some 

extent of heating. 

Experiments 10, 11 and 12 were all conducted at a fixed duty cycle of 20% and increasing burst frequency of 10 Hz, 

16.7 Hz and 50 Hz, respectively. They showed that increasing burst frequency had little effect on the energy 

consumption. The maximum burst frequency that was considered with the commercially available amplifier was 50 
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Hz. However, burst frequency as high as 10 kHz can be achieved with custom-built amplifiers. Therefore, the effect 

of a much wider variation in burst frequency will be considered in future studies to determine whether or not it has a 

noticeable effect on energy consumption and drying efficiency. 

4.2 Non-dimensionalization analysis 

To gain a better understanding of the ultrasonic fabric drying process and to identify the most important parameters 

that affect its efficiency, relevant quantities can be non-dimensionalized. The most basic of these is the force involved 

in the removal of water from the fabric due to ultrasonic vibration. The driving force is the momentum of the oscillating 

transducer surface which is in contact with the wet fabric; its acceleration, a, can be characterized as 

 𝑎~𝐴𝜔2 (5) 

where A is the maximum vibration amplitude and ω = 2πf is the angular frequency (the Aω2 term is maximum 

acceleration from simple harmonic motion). From experimental measurements on a single mesh-type piezoelectric 

transducer used is this study, the relationship between vibrational amplitude and input voltage at a fixed resonance 

frequency is illustrated in Figure 8. These measurements were made using a laser vibrometer system with resolution 

of 0.002 nm. 

 

Figure 8: Vibrational amplitude as a function of input voltage at resonant frequency for mesh-type 

transducer 
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Substituting the above linear fit into Eq. (5) gives the acceleration as a function of input voltage and frequency: 

 𝑎~(2.9098𝑉) ∙ (2𝜋𝑓)2 (6) 

Next, simple experiments were performed on the transducer module to relate acceleration and moisture removal rate, 

𝑚̇, from the wet fabric during ultrasonic drying. Rather than using the commercially available amplifier (which only 

allowed input power to be specified), a custom-built amplifier was used, so that the input voltage could be specified 

instead. The output was a high-frequency square wave. The experiments involved first wetting the fabric to SMC = 

57.5%. The amplifier was then run for 30 seconds at a given input voltage and resonance frequency and the mass 

change of the wet fabric was recorded. Several tests were conducted (all at the same SMC, resonance frequency and 

elapsed time) for different input voltages. From these, a critical input voltage, V0 = 16.73V, was determined at which 

moisture removal began. This voltage corresponded to the critical acceleration, a0, when atomization (and therefore, 

ultrasonic fabric drying process) began. The critical acceleration at the resonance frequency of 133.0 kHz was 

therefore 

 𝑎0 ≅ (2.9098 × 𝑉0) ∙ (2𝜋𝑓)2 ≅ 3465𝑔 (7) 

The acceleration of the oscillating transducer surface at various input voltages can be normalized by this critical 

acceleration. In the same way, the rate of moisture removal can be normalized by the moisture removal rate due to 

evaporation only, 𝑚̇0, which occurs when no voltage is applied 

 
𝑎∗ =

𝑎

𝑎0

        𝑚̇∗ =
𝑚̇

𝑚̇0

 (8) 

where a* is the normalized acceleration and 𝑚̇∗ is the normalized moisture removal rate. The graph of 𝑚̇∗as a function 

of a* is shown below in Figure 9. 
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Figure 9: Normalized moisture removal rate as a function of normalized acceleration 

As shown above, below a* = 1, 𝑚̇∗ = 1, i.e. when the input voltage was increased to above the critical voltage, the 

critical acceleration was exceeded, and the ultrasonic drying process began. The linear relationship between a* and 𝑚̇∗ 

is given by the following equation 

 𝑚̇∗ = 0.9816𝑎∗ (9) 

Equation (9) is an empirical expression that correlates nondimensional acceleration and moisture removal rate for 

ultrasonic drying. It shows that, for example, if acceleration is doubled compared to the critical acceleration, moisture 

removal will also double for the input voltage range considered here. The results indicate that the moisture removal 

rate can be maximized at the maximum acceleration (which is limited by the maximum safe input voltage to the 

transducers), provided that the electrical input energy is converted into mechanical energy optimally. This information 

is valuable for future design of piezoelectric transducers for fabric drying. 

4.3 Equilibrium scale analysis of ultrasonic drying 

Using the above results for critical acceleration, some insights can also be gained into the limits of ultrasonic drying 

based on current operating conditions. To do this, the competing forces acting on a hypothetical liquid droplet trapped 

within a pore of fabric are analyzed, as shown in Figure 10. For this equilibrium scale analysis, an idealized cylindrical 
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pore geometry is assumed, accepting that actual fibrous pore geometry of synthetic and non-synthetic fabric is 

considerably more complex. 

 

Figure 10: Illustration of a stationary droplet of liquid trapped within an idealized pore in the fabric 

In Figure 10, ℎ𝑝𝑜𝑟𝑒 is the pore height (not necessarily the same as the bulk fabric thickness), 𝑑𝑝𝑜𝑟𝑒 is the pore diameter, 

ℎ𝑑𝑟𝑜𝑝 is the liquid droplet column height, 𝑑𝑑𝑟𝑜𝑝 is the liquid droplet column diameter and 𝜃 is the equilibrium contact 

angle between the liquid and fabric pore surface. The main forces acting on the liquid droplet column are the 

vibrational force caused by the piezoelectric transducer and the internal wetting force arising due to surface tension 

and adhesion between the liquid and fabric pore surface. The vibrational force, 𝐹𝑣𝑖𝑏, can be estimated as  

 
𝐹𝑣𝑖𝑏 ~ 𝑚𝑑𝑟𝑜𝑝𝑎 ≅ 𝜌𝑑𝑟𝑜𝑝 ∙

𝜋𝑑𝑑𝑟𝑜𝑝
2 ℎ𝑑𝑟𝑜𝑝

4
∙ 𝑎 (10) 

where 𝑚𝑑𝑟𝑜𝑝 is the liquid droplet column mass, a is its acceleration (it is assumed that this is the same acceleration as 

that of the vibrating surface given by Eqs. (5) and (6)) and 𝜌𝑑𝑟𝑜𝑝 is the liquid water density. Note that like the pore, 

the geometry of the liquid droplet column is also an idealized cylinder. The net internal wetting force in the capillary 

area, 𝐹𝑤𝑒𝑡𝑡𝑖𝑛𝑔, can be estimated as [26] 

 𝐹𝑤𝑒𝑡𝑡𝑖𝑛𝑔 ~ 𝜋𝑑𝑝𝑜𝑟𝑒 ∙ 𝜎𝑐𝑜𝑠𝜃 (11) 

where 𝜎 is the water surface tension, and 𝜃 is the contact angle as previously described. For this equilibrium 

(stationary) analysis, a static value of 41.5° (0.724 rad) for the equilibrium contact angle is used, based on measured 

values for 100% cotton [26]. Since the energy test cloth was a 50/50 cotton-polyester blend, this contact angle was 

chosen to be conservative. For simplicity, changes in minimal or maximal contact angles resulting from high-

frequency vibrations, droplet bursting and other complex dynamic phenomena associated with ultrasonic drying are 
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not considered here. The above expressions can be used to determine the limits of ultrasonic drying for a given pore 

size and acceleration by calculating the final water content in the pore. Figure 11 shows the initial and final water 

content in the fabric pore before and after ultrasonic drying, respectively. 

 

Figure 11: Initial and final water content in fabric pore before and after ultrasonic drying  

Before ultrasonic drying is initiated, the initial liquid droplet column height, ℎ𝑑𝑟𝑜𝑝,𝑖 is assumed to be equal to ℎ𝑝𝑜𝑟𝑒. 

It is also assumed that 𝑑𝑑𝑟𝑜𝑝 =  𝑑𝑝𝑜𝑟𝑒  and does not change during the drying process. The final liquid droplet column 

height is ℎ𝑑𝑟𝑜𝑝,𝑓. To calculate ℎ𝑑𝑟𝑜𝑝,𝑓, we assume that at the end of ultrasonic drying, the competing vibrational and 

wetting forces acting on the droplet are equal, i.e, 𝐹𝑣𝑖𝑏 = 𝐹𝑤𝑒𝑡𝑡𝑖𝑛𝑔. Equating Eqs. (10) and (11) gives 

 
𝜌𝑑𝑟𝑜𝑝 ∙

𝜋𝑑𝑝𝑜𝑟𝑒
2 ℎ𝑑𝑟𝑜𝑝,𝑓

4
∙ 𝑎 ≅ 𝜋𝑑𝑝𝑜𝑟𝑒 ∙ 𝜎𝑐𝑜𝑠𝜃 (12) 

We can then solve for ℎ𝑑𝑟𝑜𝑝,𝑓 

 
ℎ𝑑𝑟𝑜𝑝,𝑓 ≅

4𝜎𝑐𝑜𝑠𝜃

𝜌𝑑𝑟𝑜𝑝𝑑𝑝𝑜𝑟𝑒𝑎
 (13) 

As shown above, for a given acceleration, we can calculate the expected final liquid droplet column height for a range 

of pore diameters. The initial and final liquid droplet column heights can be used to determine the percent of water 

remaining in the pore relative to the initial amount  

 
% 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑝𝑜𝑟𝑒 ≅

ℎ𝑑𝑟𝑜𝑝,𝑓

ℎ𝑝𝑜𝑟𝑒

≅
4𝜎𝑐𝑜𝑠𝜃

ℎ𝑝𝑜𝑟𝑒𝜌𝑑𝑟𝑜𝑝𝑑𝑝𝑜𝑟𝑒𝑎
 (14) 

Using Eq. (14), the percent of water remaining in the pore relative to the initial amount was calculated for a range of 

pore diameters and four different accelerations (including the critical acceleration, a0 from Eq. (7)) and is shown in 
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Figure 12. For this analysis, the pore thickness was assumed to be half of the bulk fabric thickness (750 µm), resulting 

in ℎ𝑝𝑜𝑟𝑒 = 375 µm. 

 

Figure 12: Water remaining in pores relative to initial amount after ultrasonic drying, for a given 

acceleration and pore size 

As shown above, the percent water remaining in the pores reduced with increasing acceleration for a given pore 

diameter. For an average pore diameter of 100 µm (typical of cotton-polyester blended fabric) the expected remaining 

water content in the pores was 17% for the critical acceleration, a0. However, when the acceleration was doubled (a2), 

the remaining water content only reduced to 8%. Increasing the acceleration by a factor of 20 (a3) reduced the 

remaining water content to 1%. The results of this simplified analysis show that although it may be possible to use 

ultrasonic drying to dry fabric down to very low water content, the required acceleration (and, therefore, energy input) 

increases significantly. This is consistent with experimental data which show that at high moisture content, free water 

present in fabric is easily removed by ultrasonic atomization at a high rate. As the fabric becomes dryer, the rate of 

moisture removal drops significantly, as bound water trapped within the fabric pores and fibers requires more energy 

to remove.  Acc
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5 MID-SCALE PROTOTYPE ULTRASONIC CLOTHES DRYER 

Based on the above results for the single 24-transducer module (Figure 2), a mid-scale proof-of-concept prototype 

was designed and fabricated, as shown in Figure 13. The prototype consisted of 5 modules, resulting in a total of 120 

piezoelectric transducers. A press-type dryer design was chosen; it consisted of a flat base on which articles of clothing 

could be placed and a hinged lid which could be opened or closed with a handle. The 5 modules were incorporated 

into a frame that allowed for easy removal and replacement.  A custom-designed housing was fabricated to hold the 

frame. The size of fabric that could be dried was increased dramatically from 142 cm2 to 750 cm2.  
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(a.) 

 
(b.) 

  

 
(c.) 

Figure 13: Mid-scale prototype ultrasonic clothes dryer – proof of concept 

As shown in Figure 13a, the 5 modules were arranged in a straight line and this resulted in a large, active rectangular 

area for ultrasonic drying. The high-frequency signal from the power amplifier was applied simultaneously to all the 

transducers. Wet fabric was placed on the bed of transducers, the amplifier was activated, and moisture was removed 

from the fabric in the form of cold mist (Figure 13b and c). It was not necessary to close the lid, since the mass of the 
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wet fabric was enough for it to maintain contact with the transducers; closing the lid provided uniformity across all 

tests, since it resulted on an even backing force being applied on the fabric. It is important to note that although the 

cold mist has the appearance of steam, it was formed due to atomization of the liquid (within the fabric) into micron-

sized droplets, and not caused by vaporization. The mesh transducers ejected the cold mist through the bottom of the 

modules, where it could be collected. To manage the cold mist, a fan can be used to entrain the mist droplets and 

redirect them through a droplet collection system (benchtop tests indicate a simple mesh filter can be used to coalesce 

droplets from the flow). The initial results showed the first successful drying of large fabric using ultrasonic drying. 

6 CONCLUSIONS 

Direct-contact ultrasonic fabric drying was successfully studied in small-scale as well as a mid-scale prototype. The 

parametric study on a single 24-piezo-transducer module to dry a 142 cm2 sized piece of fabric revealed important 

insights into the process. The effect of forward power, duty cycle, starting moisture content and burst frequency were 

determined. The results indicate that high drying efficiency can be achieved at low duty cycles at the expense of dry 

time. Having a high starting moisture content can also result in higher drying efficiency and greater change in relative 

moisture content for a given applied power. Significantly less energy (based on load power) is required for direct-

contact ultrasonic clothes drying compared to traditional electric resistance-based thermal drying. In addition to the 

performance results, a relationship between the main input parameter (voltage) and output (acceleration) was 

determined for the ultrasonic fabric drying process. The critical acceleration was found as a function of the input 

voltage and this will be useful for future design of piezoelectric transducers for ultrasonic drying applications. The 

performance results from the study on the individual module were also used to design and fabricate the first ever 

scaled-up ultrasonic prototype clothes dryer, which was able to successfully dry a 750 cm2 piece of fabric.  
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