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Abstract

Spray coating is one of the most affordable methods for creating thin layers of material on
the surface of various objects. However, as the desired coating height decreases, the
application process needs to be more precisely controlled. In this study, an ultrasonic
nebulizer-based spray coating device was developed. This device allows atomization of
various nanofluids, including those containing nanoparticles, and enabling variation of their
impact velocity. Spray characteristics were measured using Doppler anemometry (PDA) in
three axial locations. The atomized nanofluids included water- and ethanol-based solutions
with nanodiamonds and TiO; concentrations of 10 and 1 mg/ml. Measurement data revealed
that the device effectively produced a narrow droplet size spectrum (with most droplets below
5 um), controlled their velocity (ranging from 20 to 138.1 m-s™"). Desired droplet deposition
regime was achieved with nebulizer-based spray device.
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1 Introduction

Nanoparticle coatings are used across a wide range of applications, such as medicine[1, 2], agriculture [3,
4] or electronic [5, 6]. Many methods, including dip coating, spin coating, spray coating or blade coating
are employed to form a thin layers of nanoparticles (NP). Each technique offers unique advantages, but the
spray coating method stands out for its high material efficiency, layer thickness control, and scalability for
industrial applications [7].

The spray coating process consists of the atomization of a NPs solution into small droplets, their transport
onto the object surface, droplets/surface interactions, and droplets evaporation, which leads to NPs
deposition. All stages of the process significantly affect the coating structure. The role of atomization is to
create a fine spray of droplets with uniform size and sufficient kinetic energy to reach the surface of the
coated object. Various techniques can be used for atomization, such as hydraulic or pneumatic atomization,
ultrasonic atomization, or atomization by electrical forces. Due to the significant decrease in droplet
velocity with increasing distance from the nozzle in certain atomization techniques, additional mechanisms
are needed to increase droplet velocity. One of the simplest mechanisms is to impart velocity to the droplets
using high-velocity air or gas.

The droplet-surface interaction is influenced by the droplet size, velocity, the liquid rheology, and the
surface properties. Different contact regimes can occur when a droplet interacts with a surface. Naber and
Farrell [8] determined the spread and splash regimes based on the Weber number (We):

We =222 )
where v is droplet velocity, D is mean droplet diameter, p is liquid density and ¢ is liquid surface tension.
In the spread regime, the droplet forms a thin liquid film upon interacting with the surface. This behaviour
occurs when We < 130. When We > 130 the splash regime develops. In this regime, the droplet has sufficient
kinetic energy to overcome surface tension forces, resulting in secondary atomization. It should be noted
that this behaviour was determine based on wetted wall-droplet interaction and relatively large droplets
with a diameter of 3.4 mm. Mundo et al [9]. focused on much smaller droplets from 60 to 150 um in
diameter and their interaction with dry wall. The boundary between the spread (or deposition) and splash
regimes was determined by the critical parameter K, expressed as follows:
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where Oh is the Ohnesorge number, Re is the Reynolds number and w is the liquid dynamic viscosity. The
spread regime occurs when K < Kjin. The Kjim was determined to be 57.7 [9]. When K > Kjim, the splash
regime develops. Rioboo et al. [10] expanded on this topic by focusing on the influence of the surface. A
total of six contact regimes were introduced, along with the parameters that affect them. These contact
regimes - deposition, prompt splash, receding breakup, complete breakup, corona splash, and partial
rebound - were defined. The effect of parameters v, D, o, u, roughness amplitude (Ra), roughness
wavelength (Rw) and contact angle (6) on the contact regimes were determined. Based on [10], it is evident
that surface characteristics must also be considered when determining the contact regime.

Ensuring the correct contact regime is essential when designing a spray coating device, regardless of the
nanofluid or surfaces being used. The preferable contact regime is the spread/deposition regime, as it allows
the droplet to cover the largest area and promotes intense evaporation. On the other hand, when the
nanofluid is pre-atomized and the droplets are accelerated by the high-pressure gas, the rebound regime on
the device's internal walls is desirable. The rebound regime reduces nanofluid settling inside the device,
prevents clogging, and avoids the formation of larger droplets, which could negatively impact coating
thickness and structure.

The aim of the most NP coatings is to achieve homogeneous deposition of primary droplets without
agglomerates. In the spray coating process, agglomeration is influenced primarily by ¢ [11], « [12], and D
[13]. The o and u are determined by the rheology of the nanofluid, D is determined by the atomization
process. As droplet size increases, agglomeration becomes more significant [13], therefore, atomizing the
nanofluid into droplets just a few microns in diameter is essential.

Droplet interaction with the surface phenomena must be considered, when designing the spray device. In
the works of Rukosuyev [14] and Franke [15] spray devices for forming thin NP coatings were presented.
In both studies, the nanofluids were pre-atomized and then accelerated using compressed gas. This approach
enables adjustment of droplet speed to achieve the desired contact regime. In both cases, uniform droplets
were produced via ultrasonic atomization. A device based on ultrasonic nebulizer with 1.65 MHz
piezoelectric element was used in Rukosuyev. The spray apparatus developed by Franke contained the
membrane vibrating at 113 kHz which allows for aerosol forming. Both devices produced a fine spray with
droplets between 2.5 to 6 um. Both studies achieved NP coatings with thicknesses below 1 um, due to the
ability to adjust the droplet impact speed.

The objective of this study is to introduce a new spray coating device capable of forming a homogeneous
material layer without particle agglomerates. The design is based on previous spray coating devices and the
necessity to ensure the correct contact regime. Additionally, the device has to accommodate different types
of nanofluids and be suitable for large-scale spray coating.

2 Experimental setup

Spray coating device was tested at the Multiphase Flow Laboratory at Brno University of Technology. A
phase Doppler anemometry (PDA) system was used to determine the spray characteristics and evaluate the
device's performance.

2.1 Spraying device

The spray coating device illustrated in Fig. 1 consists of a droplet generator, a cyclone-shaped chamber
with an exit orifice, and a pressure gas inlet tube. Atomization is achieved using a Solo mesh nebulizer
(Aerogen, IE) that incorporates a high-frequency (128 kHz) vibrating plate with 1,000 apertures. The
vibrating plate forces the liquid or nanofluid through the apertures, forming a fine mist with uniform droplet
size [16]. Additionally, the ultrasound waves generated by the plate may fragment NPs agglomerates in the
nebulizer's liquid storage tank [17]. The nebulizer is connected to a cyclone-shaped chamber where larger
droplets are captured. Droplets within the chamber are accelerated by the pressure difference created by
high gas velocity at the outlet of the pressurized gas tube. A metal tube with an outer diameter of 6 mm and
an inner diameter of 2.5 mm is centred along the axis using four defining elements. At the top, the tube is
sealed with a rubber O-ring, allowing the position of the pressure gas inlet tube to be adjusted relative to
the exit orifice. The position of the pressure gas inlet tube directly influences spray parameters, such as the
spray cone angle and droplet distribution [14]. Tube's orifice and the nozzle were aligned at the same level
during the experiments. The device was mounted on a linear 3D traverse system (ISEL AUSTRIA GMBH
& CO. KG, AT), enabling precise movement over coated samples.

The spray device was operated at three overpressure levels: 25, 50, and 75 kPa. Compressed air was
supplied from the central compressed air distribution system. The airflow rate was measured using a mass
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flow meter (FMA-A2100, Omega Engineering, USA) with an accuracy of 1% of the full scale. The air
mass flow rate corresponded to the air overpressure, reaching values of 2.90, 4.13, and 5.02 kg-hL.
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Figure 1: The spray coating device scheme (left) and model (right)

2.2 Test bench and PDA setup

The spray generated by the device was investigated on a cold test bench using a two-component Phase
Doppler Anemometry (PDA) measurement system (Dantec Dynamics, DK). Droplet size and velocity were
measured simultaneously, in total 94 measurement points were probed. The measurement matrix consisted
of three measuring crosses at different axial distances from the nozzle outlet (see Table 1). At each point,
either 25,000 droplets were measured, or a 10-second acquisition duration was reached, whichever occurred
first. The PDA setup is detailed in Table 2.

It should be noted that droplets smaller than 1 pm were filtered from the original data. The accuracy of the
PDA system is significantly reduced when measuring particles of this size. Repeatability was evaluated
based on three measurements, with a standard deviation of 0.14 um calculated for the average droplet size
(D1o) 2.64 pm.

Table 1: PDA measurement probing positions

Axial distance from nozzle Z (mm) X, Y (mm)
30 0, +1,+2, 43, +4, £5, £6
60 0,+1.5,£3,+4.5, +6, £7.5, £9, £10.5, £12

120 0, £2, +4, +6, £8, +10, £12, +14, £16




9 Prague, February 12-14, 2025

Table 2: PDA setup

Parameters Value

Scattering angle 68 °

Reciever mask Mask A

Reciever spatial filter 0.1 mm

Focal length of transmitting/receiving optics 500/310 mm

Wavelength 532 nm 561 nm
Velocity component Axial Radial
Velocity center 212.7m-s* 0.0 m-s*
Velocity span 106.4 m's* 112.2 m's*
Sensitivity 950 V 1000V
SNR 0dB 0dB
Signal gain 14 dB 18 dB
Level validation ratio 4 4

2.3 Tested solution

The device was tested using water- and ethanol-based solutions with two types of NP. Solutions of
detonation nanodiamonds (ND) were prepared by the Chemical Processes and Biomaterials research group
at the University of West Bohemia in Pilsen, Czech Republic. The primary ND had an average size of
approximately 5 nm. Additionally, TiO2 NPs with a size of 25 nm (PlasmaChem, GmbH, DE) were used.
The solutions were prepared with NP concentrations of 10 mg/ml and 1 mg/ml, based on the mass of NPs
per unit volume of liquid.

3 Results and Discussion

In the following chapter the main results obtained from the experimental data are presented.

3.1 Droplet diameter

The mesh nebulizer produced a spatial homogenous droplet size distribution, as shown in Fig. 2. Based on
the data, no significant difference in droplet size was observed between solutions containing different types
of NPs; however, variations were noted with different NP concentrations. Solutions with higher NP
concentrations were atomized into larger droplets. For ultrasonic nebulizers, the principles of droplet
formation and size determination are well established as droplet size depends on the liquid's o, p, and the
nebulizer's excitation sound frequency [18]. In the case of a mesh grid nebulizer, the atomization process
is different, relying on the exit diameter of the aperture orifices [19]. However, the data shows, that also on
the rheology of liquid depend. Since, the presence of NPs effects the o, p, v [20], contact angle [21] and
wettability [22], multiple measurements are necessary to determine the influence of each rheological
property.
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Figure 2: Droplet size across the spray, 30 mm from the nozzle orifice, air overpressure 25 kPa, water-
based solution (left), and ethanol-based (right)
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The Fig. 3 shows the relative frequency (f) of Dy at the center of the spray. For water and ethanol without
nanoparticles, the generated droplets were under 10 um. In all cases, more than 85% of the droplets were
under 6 um. These values align with the droplet sizes specified by the nebulizer manufacturer, suggesting
that no aggregation of smaller droplets into larger ones occurs within the cyclone-shaped chamber or nozzle.
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Figure 3: Droplet size distribution in spray centre, 30 mm from the nozzle orifice, air pressure 25 kPa

3.2 Velocity profile

The main goal of the velocity profile analysis was to ensure symmetry along the radial distance. If the
profile were too asymmetrical, it could result in significant differences in droplet impact velocity and
uneven droplet distribution across the spray. Due to the high momentum of the pressurized air, droplet size
has no significant effect on droplet velocity.

The velocity profile was measured at three levels of overpressure, with droplet velocities ranging from 20
to 138.1 m's™'. Fig. 4 shows the velocity ratio as a function of the ratio between the radial distance from
the spray axis and the axial distance from the nozzle orifice. The symmetry of the spray ensured that droplet
velocities along the x-axis and y-axis were identical; thus, only one axis is represented in the graphs. The
droplet velocity ratio varies slightly with increasing distance from the nozzle, but no discernible trend is
observed. However, the velocity ratio at the same axial distance and different pressures align almost

perfectly.
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Figure 4: Droplet velocity profiles across the spray, depending on distance from nozzle orifice, 50 kPa (left)
and compressed air overpressure (right), Z = 60 mm
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3.3 Critical parameter K

Based on the measured droplet sizes and velocities, the critical parameter K was determined. The Fig. 5
presents the K values of ethanol and water droplets versus the axial distance from the nozzle outlet and the
air overpressure together with the Kin. For droplets with K < Kjin the deposition regime occurs, which is
the desired state, as it avoids splashing or rebound. However, at very low K values, droplets may not
overcome surface forces during droplet-wall interaction and fail to form a thin film that evaporates quickly.
Thus, achieving the maximum possible K value without transitioning into the splash regime is essential.
The K parameter will always vary across the spray due to the velocity profile distribution. The data show
that, because of differences in droplet sizes generated by water and ethanol solutions, it is necessary to
adjust the air pressure for each solution depending on the coating distance. Ethanol suspensions clearly
require higher air overpressures than water-based solutions at the same coating distance to achieve the
desired K.
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Figure 5: Critical parameter K depending on distance from nozzle orifice, 50 kPa (left), and compressed air
overpressure (right), Z =60 mm

4 Conclusion

In this work, a spray device for nanoparticle (NP) coating based on a mesh grid nebulizer is presented. The
atomization capabilities of the device were tested with a total of 10 solutions, varying in NP type,
concentration, and solvent base. The ability to vary droplet speed was assessed across three levels of
overpressure. Spray characteristics such as droplet size and velocity were analysed using a PDA system at
96 measurement points. Smaller droplets were generated for ethanol-based solutions. However, for both
solutions, there was a noticeable trend of increasing droplet size with increasing NP concentration. No
significant effect of NP type on droplet size was observed. Droplet size did not vary substantially with
radial distance from the spray axis, indicating uniform droplet size distribution. In contrast, the velocity
profile varied significantly with radial distance, which is to be expected given the symmetry of the exit
orifice and the internal nozzle arrangement. The critical parameter K reached higher values for ethanol,
indicating that the splash mode occurred at lower overpressure levels and further from the spray axis
compared to water. The device has demonstrated its ability to achieve the desired contact regime by varying
air overpressure, which influences droplet velocity. It can operate effectively with a range of liquids and
nanofluids.

The data that support the findings of this study are openly available at https://zenodo.org under DOI
10.5281/zenodo.15789215
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