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Ferrofluid as a smart fluid has a wide range of applications. Although the spreading
dynamics of water droplets have been well investigated, spreading dynamics of ferrofluid
droplets under a magnetic field has rarely been studied. This paper reports our findings of
the impact dynamics of a ferrofluid droplet onto a tempered glass surface in the presence
of a vertical magnetic field. The effects of magnetic intensity, impact velocity, and Fe;O4
nanoparticle concentration were investigated. It turned out that with the increased magnetic
intensity, the height of the ferrofluid droplet would decrease owing to the energy dissipation
increase of ferrofluids under a magnetic field and the additional stretching force in the verti-
cal direction. Interestingly, we found that exertion of the magnetic field could significantly
diminish the influence of velocity differences on the droplet spread dynamics in height
direction. Satellite droplets were also observed in certain cases when the rebound kinetic
energy could overcome the restraint of surface tension and adhesion of viscosity in the pres-
ence of the magnetic field. Our work will be a significant reference to with regard to various
practical applications, especially when the impact dynamics of ferrofluid droplets need to
be under precise control, for instance, as in three-dimensional printing or spray coating, etc.

DOI: 10.1103/PhysRevFluids.4.083602

I. INTRODUCTION

Droplet impact exists in many industrial processes, besides being a common phenomenon in
nature, such as raindrops [1], and the propagation of many forms of life, include fungi and bacteria
[2-4]. Impact also plays an important role in spray coating [5], fuel injection [6], surface cooling
[7], and ink-jet printing [8]. Generally, after impact of a droplet, it will undergo the process of
spreading, recoiling, or splashing, and the dynamics of spreading and splashing are a critical issue
for using droplet impingement in those industrial applications. There is much early experimental
and numerical research investigating the behavior of droplet impacts on a surface; however, most
of these works focus on pure liquid droplets or pure liquid addition to a surfactant. Denis et al.
investigated the contact time of a bouncing water drop after impacting a solid surface [9]. The
results showed that contact time does not depend on the impact velocity under the range of velocities
20-230 cm/s. Wang et al. [10] studied pure water droplet dynamic behavior in the process of impact
and spreading. Two different substrates were chosen for testing. They found that water droplets on
glass oscillate only a few cycles before reaching an equilibrium shape, while it takes more than 28
cycles on a paraffin substrate. This means that the dynamics of impact and spreading also depend
on the material properties of the substrate. Alizadeh et al. investigated the impact dynamics of water
droplets on surfaces changing from being hydrophilic to superhydrophobic in the temperature range
of —15 °C to 85 °C [11]. It was concluded that the droplet spread diameter can be significantly
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affected by the substrate temperature when the substrate is hydrophilic. However, a weaker effect
was observed on the hydrophobic substrate. Besides water droplets, some research has also focused
on ethylene glycol and glycerin droplets [12—14]. In addition, surfactant is often added in pure liquid
to study its impingement behavior. Chiang et al. [15] investigated the impact dynamics of sodium
dodecyl sulfonate (SDS) surfactant solution impinging on polycarbonate surfaces. The effects of
surface tension, impact velocity, and surface roughness were studied. The results showed that the
effect of surface roughness on the drop dynamics for SDS solution is more obvious than that for pure
water. Moreover, the oscillation of drop height of SDS solution is much weaker than that of pure
water. Surfactant-enhanced spreading studies have been well reviewed in literature [16]. As a good
example, it was found that after addition of surfactant, droplets become close to pancake shaped,
and the macroscopic contact angle could be below 8° [17]. There often exists an optimal surfactant
concentration for achieving a maximum spreading rate. Fast spreading of surfactant solutions over
hydrophobic substrates has been explained by many mechanisms, including caterpillar motion at
a three-phase contact line [18], direct transfer of surfactant molecules [19], formation of bilayers
[20,21], Marangoni flow [22], etc.

On the other hand, magnetic nanofluids are suspensions comprised of a nonmagnetic base fluid
and magnetic nanoparticles. The suspensions can be called smart or functional fluids, because fluid
flow, particle movement, and the heat transfer process can be controlled by applying magnetic fields
[23]. The possibility to induce and control the heat transfer process and fluid flow by means of
an external magnetic field opened a window to a spectrum of promising applications, including
magnetically controlled thermophysical properties for technological purposes, enhancement of heat
transfer for cooling of high-power electric transformers, and magnetically controlled heat transfer
in energy conversion systems [24-27].

Due to their magnetic field response, ferrofluids have been attempted in a drug tagged for cancer
treatment [28]. It was also useful for restricting undesirable vibrations and to reduce the size of
heat exchangers [29]. Ferrofluids are also used in digital electronics as a logic gate by coupling
magnetic and hydrodynamic forces on the droplets [30]. Most recently, ferrofluids have found
potential applications in three-dimensional (3D) printing due to their simplicity and adaptability
to numerous complex shape requirements [31,32]. In 3D printing of metal, the shape distortion
of a metal object is dictated by the droplet spreading dynamics during the laser-induced curing,
and hence droplet spreading dynamics is one of the key parameters of lateral resolution in 3D
printing [33,34]. Considering the above important applications, it is therefore urgent to investigate
the spreading dynamics after ferrofluid droplet impact on the substrate. In fact, we have found that
even with nonmagnetic nanoparticles, drop vibrations after impact can be obviously changed [35].
However, to the best of our knowledge, although many researchers have considered magnetowetting
[36-38], manipulation of ferrofluid droplet movement [36,39,40], and the dynamics of droplet
spreading while impinging on a substrate, these dynamics have not been studied under the influence
of a magnetic field. It is necessary to enrich knowledge in this field to provide an essential reference
for their applications.

In the present study, the spreading dynamics of a droplet after impacting a rigid surface under a
vertical magnetic field are experimentally investigated. The magnetic field intensity, droplet impact
velocity, and ferromagnetic particle concentration are all considered. First, for the droplet spreading
diameter, recoiling height evolutions were quantified with accuracy and analyzed. Then the effects
of impact velocity and magnetic intensity on spreading dynamics under vertical magnetic fields were
studied. Finally, we observed satellite droplet formation and tried to find the underlying mechanism
for this interesting phenomenon.

II. EXPERIMENTAL APPROACH
A. Materials

The ferrofluids used in this work were obtained by a two-step method. The nanoparticle
concentrations are 0.01 and 0.1 wt %, respectively. Magnetite Fe;O4 nanoparticles with a diameter
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FIG. 1. (a) Particle size distribution in ferrofluids of three different mass fractions, (b) comparison of
density and viscosity between ferrofluids with different nanoparticle concentrations, (c) magnetization curve
of Fe;O,4 nanoparticles, and (d) hysteresis loop of Fe;O, nanoparticles.

of around 20 nm were from Aladdin (China). In order to guarantee a stable enough dispersion, a
surfactant of sodium oleate (SO) and polyethylene glycol 4000 (PEG-4000) were used to allow
the particles to disperse stably. For the preparation of ferrofluid, first, Fe;O4 nanoparticles were
suspended in deionized water and subjected to ultrasonication for 30 min at a frequency and
amplitude of 25 kHz and 60%, respectively. Then the first surfactant SO with weight ratio of
surfactant to nanoparticle of 1:1 was added to the water followed by another 10 min of sonication.
Finally, a second surfactant PEG-4000 was added, with mass fraction and sonication time the same
as the second step. After these three steps, a stable water-based colloidal suspension of Fe;Oq4
nanoparticles coated with SO as the primary layer and PEG-4000 as the secondary layer can be
obtained [41,42]. In order to confirm the homogeneity of dispersion, the { potential and particle
diameter distribution were measured by using a Zetasizer Nano-ZS90. Generally, a suspension with
a ¢ potential of 30-40 mV, 40-60 mV, and above 60 mV (absolute value) correspond to general
stability, better stability, and excellent stability, respectively [43,44]. The measured results showed
that the ¢ potential of suspension used in this study is 62.9 and 57.5 mV (absolute values), indicating
that the nanoparticles are dispersed stably. Further, we also measured the nanoparticle diameter
distribution with the dynamic light scattering (DLS) method.

Figure 1(a) shows that most of the nanoparticles in the suspension have sizes around 200 nm. The
specific data indicated that average particle sizes are 208 and 195 nm, respectively, for the cases of
nanoparticle concentrations of 0.01% and 0.1%. Apparently, due to the addition of surfactant, the
nanoparticle suspension could still be well dispersed, although a certain extent of aggregation has
occurred. Considering that many possible effects could be happening due to the addition of particles,
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FIG. 2. Magnetic intensity as a function of the current magnitude.

even if the magnetic field was not applied, as a control experiment we measured the viscosity,
contact angle, and density of the studied ferrofluid, respectively, with various nanoparticle mass
fractions in the absence of a magnetic field to find out the possible effects of the nanoparticle itself
on the physicochemical properties of the fluid. The results are shown in Fig. 1(b). It can be clearly
seen that the addition of nanoparticles has a negligible effect on the density and viscosity of fluid in
the absence of magnetic field. For the equilibrium contact angle, it changed from 89.3° to 60.3° when
the nanoparticle concentrations were changed from 0.01% to 0.1%. It should also be noted that in
our experiments, we have investigated each case with a constant nanoparticle concentration, which
means that the change of contact angle due to nanoparticle addition has no influence on our studied
processes. Figures 1(c) and 1(d) show the magnetization curve and hysteresis loop of the Fe;O4
nanoparticles employed in this study. One can see that they exhibit apparent superparamagnetism.

To ensure that the droplet has an appropriate contact angle and that droplet spreading can
be clearly observed, the substrate should have an appropriate surface energy. Accordingly, a
tempered glass surface was used as a substrate in our study. The surface was rectangular in shape
with thickness of 0.4 mm and 145 x 70 mm? size. After each set of experiments, the substrate
was cleaned repeatedly by ethyl alcohol and water. Considering that substrate surface roughness
also influences the dynamics of the droplet after impinging [45], the substrate surface roughness
determined by the absolute roughness R, has been specified. Here, measured with a TR200
roughness meter, the R, value was determined to be 0.014 um.

The magnetic field plays a key role in this work. Initially, we chose the NdFeB grade-N35
permanent magnet but found that its magnetic field intensity could not meet the experimental needs
or be controlled accurately. Therefore, in order to achieve a controllable and appropriate magnetic
field, an electromagnet was used in this study. The magnetic field intensity could be changed by
adjusting the current magnitude. The relation between vertical magnetic field and current magnitude
is presented in Fig. 2. It is evident that the magnetic field intensity in vertical direction is increased
with the current magnitude, showing a nearly linear relationship. As shown by the inset in Fig. 2,
two points on the electromagnet surface were chosen for obtaining a large range of magnetic field
intensity, 0-1000 G.

B. Experimental setup

As presented in Fig. 3, the whole experimental system consisted of three subsystems: a droplet
generation system, recording system, and a backlight system. A droplet generation system was used
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FIG. 3. Schematic diagram of experimental system.

to generate drops, including a syringe pump, an injector, and a raising platform. The syringe pump
is on the raising platform; it can change the droplet impact velocity by adjusting the platform height.
A single drop is formed from a fine needle, which then detaches from the needle tip due to its own
weight under gravity. The recording system includes a desktop computer and a high-speed camera
(Photron Fastcam Mini UX50). It is worth noting here that a camera with high enough speed is
essential for the rapid and continuous recording of images of the drop as it impacts and spreads.
There is also related software for recording, storing, and analyzing drop shape data. The framing
rate of the high-speed camera is 1000 images per second in this work. The backlight system is
composed of a light-emitting diode (LED) area light source and a current controller. This LED area
light source can provide brightness uniformity to ensure a clear picture. The entire apparatus is
placed on a precisely designed vibration isolation table to avoid the possible influence of external
vibration.

III. RESULTS AND DISCUSSION

Generally, after impacting a substrate, a droplet will experience the process of spread, recoil, and
oscillation, and this oscillation process will repeat periodically, accompanied by quick damping as
recorded in Fig. 4. As shown from Fig. 4(a) to Fig. 4(c), at first, the droplet impact starts with a
point contact with the surface and then spreads with a sharp increase in diameter until reaching its
maximum diameter at the same time with the minimum thickness. Then, due to the stored interfacial
energy, the droplet attempts to minimize the surface area so that the drop recoils and rebounds to
its maximum height [Figs. 4(c)—4(e)]. However, the drop does not retract back to its initial status,
which is assumed to be due to the prewetted surface [Fig. 4(f)]. After several times of periodical
oscillations, it finally terminates. In order to acquire the data of oscillation quantitatively, the digital
image processing technology was employed to analyze all the images from the experiments under
various conditions. To be comparable, the moment when the droplet reaches its maximum radius
[Fig. 4(c)] is chosen as the starting time in all the cases discussed below.

In order to investigate the effect of magnetic field on the droplet spreading dynamics, a vertical
magnetic field was added and the magnetic intensity was adjusted to be 0, 400, 700, and 1000 G,
concretely. The impact velocity was U = 0.86 m/s, and the Fe;O4 nanoparticle concentration was
0.1 wt %. Figure 5 shows the history of droplet shape change after impacting a surface. Here, in
order to make appropriate comparisons, the diameter and height of the drop are transformed to the
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FIG. 4. The shape changes of droplets after impacting a substrate surface. The length of the scale bars
corresponds to 0.6 mm, and the nanoparticle concentration is 0.01 wt % in the absence of magnetic field.

dimensionless forms D;/Dy and H;/D,. From the pictures it can be seen that oscillation occurs
in both horizontal and vertical directions, and the droplet spreading behavior is not monotonic.
Comparing the oscillation characteristics in two directions orthogonal with each other [Figs. 5(a)
and 5(b)], it can be found that damping of oscillation in the horizontal direction is much easier and
the vibration is more obvious in the vertical direction.

Specifically, in the horizontal direction, as shown in Fig. 5(a), the oscillation is strong within the
initial 20 ms, and after that the oscillation becomes quickly damped. It was also found that addition
of a magnetic field exerted little effect on the droplet spreading and oscillation in the horizontal
direction. There is almost no difference between the situations of adding and not adding a magnetic
field for the dimensionless diameter, vibration amplitude, and vibration frequency parameters. It
should be noted here that whether or not there is an external magnitude, the continuous damping
of the vibration could always be observed. Such damped oscillations could thus, at least in part, be
attributed to the existence of surface tension [46] and viscous dissipation [47].

In the vertical direction, the oscillation amplitude and frequency are all stronger than in the
horizontal direction within the whole range measurement range of 55 ms. In addition, unlike the
case for the dimensionless diameter D;/Dy, the dimensionless height H;/Dy is decreased with
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FIG. 5. Droplet spreading dynamics under vertical magnetic field at U = 0.86 m/s: (a) dimensionless
diameter D,/Dy, (b) dimensionless height H,/D, as a function of time with 0.1% mass fraction Fe;O,
nanoparticles in varying magnetic fields.
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the magnetic field strength, which can be clearly seen in Fig. 5(b). Moreover, H; /Dy shows a
monotonic decrease with increased magnetic intensity. Except for what has been mentioned above,
one can also note that the duration of vibration is decreased with the increment of magnetic field
intensity. As shown by the inset in Fig. 5(b), as the intensity of the magnetic field increases, the
vibration will decay faster, as indicated by the brown arrow in the inset, indicating that addition
of a vertical magnetic field could suppress the vibration of ferrofluid droplets in the vertical
direction. This phenomenon could be attributed to the increased magnetic intensity that would
lead to incremental energy dissipation. On the one hand, in the impact process, except for the
air resistance, the energy of a droplet could be dissipated in several ways after the first impact,
including translational kinetic energy, oscillating kinetic energy, and energy dissipated by viscosity
and surface tension, etc. The viscous losses can be quantified [1 1] using the following equation:

Viscous)ss = szddzmax \/_ (1)
where dpn,x is the maximum spread diameter, V is the impact velocity, d is the initial droplet
diameter, and Re is the Reynolds number corresponding to droplet impact conditions. The energy
dissipated by the surface tension [48] is

Wst = 2Ay1 G (cosOr —cosb4 ), 2)

where A is the liquid-solid contact area, y1 g is the surface tension between air and liquid, and g
and 6, are receding and advancing angles.

On the other hand, it has also been found that surface tension and viscosity of ferrofluids are a
strong function of magnetic field strength [49,50]. An expression describing the change of viscosity
1y as a function of the strength of the magnetic field H is in the form

3 , o —tanha
m=-¢n

2
>0 b (sin” B), 3)

where 1y denotes the viscosity of the fluid in the absence of a magnetic field, ®' the volume
concentration of magnetic particles, B8 the angle between vorticity and field direction, and (- - -)
denotes the spatial average. The parameter « is the ratio of magnetic and thermal energy of the
particles,

nomH
kT
where (1o denotes the vacuum permeability, m the particle’s magnetic moment, H the magnetic field
intensity, k Boltzmann’s constant, and 7 the absolute temperature.

The equation capable of describing the surface tension of a water-based magnetic fluid under the
changing external magnetic field and temperature is as follows:

Y = %{2.5 x 1073 (uomH/kT)*+1}. 5)

4)

The parameters in this equation were defined earlier. As shown in Egs. (3)—(5), both viscosity and
surface tension of ferrofluid will increase with the increment of magnetic intensity H; therefore, the
energy dissipated by viscosity and surface tension will both increase, which could then suppress
the droplet retracting. Consequently, as shown in Fig. 5(b), H;/Dg will decrease and the vibration
decays even faster when the magnetic strength increases from 0 to 1000 G.

For potential applications, it is significant to identify the maximum change in the shape of
drops during the entire spreading process, starting from drop deposition. It is common practice
in a droplet impact investigation to study the maximum diameter and height of drops [11,51,52].
Accordingly, finding the relationship between the intensity of the applied magnetic field and the
change of maximum diameter and height of the drop after impact will be more valued. Figure 6
shows the variation of the dimensionless maximum spreading diameter Dy, /Dy at t = Oms and
the dimensionless maximum recoiling height, Hy.x /Do at t = 1.6 ms, as a function of magnetic
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FIG. 6. (a) Dimensionless maximum spreading radius Dy,.x/Dy at t = O ms and (b) maximum recoiling
height Hy,, /D, att = 1.6 ms vs the magnetic field intensity for droplet without and with 0.1% nanoparticles,
respectively.

field strength for a droplet without and with 0.1% nanoparticles, respectively. For a droplet without
nanoparticles, as shown in Fig. 6(a), Dnax /Do obviously fluctuates with the increase of magnetic
field intensity. A much more severe fluctuation for droplets without nanoparticles can be observed
for the case of Hp,x/Dy as shown in Fig. 6(b). Since droplet impact is a violent turbulent process,
instability is inevitable [53]. However, for the case of a 0.1 wt % ferrofluid droplet, the changing
tendency of Dp.x/Do and Hyax /Dy is different—both the fluctuations are significantly inhibited
compared to the case for a pure water droplet. The maximum dimensionless spreading diameter
remains almost unchanged in the range of magnetic field investigated, as can be seen in Fig. 6(a).
This confirms that the vertical magnetic field has little effect on ferrofluid droplet spread in the
horizontal direction. In the vertical direction, it is obvious that the retraction height decreases with
the increase of magnetic field intensity, as shown in Fig. 6(b), indicating that in the presence of a
vertical magnetic field, the additional vertical stretching force significantly alters the height of the
droplet. As shown in the literature [54], under a magnetic field parallel to the substrate surface, a
water-based ferrofluid droplet surrounded by immiscible mineral oil would be stretched, so for the
ferrofluid droplets under a magnetic field, there will be a magnetic pressure normal to the interface,
which can be written as

Pn = 1oH, /2, (6)

where 7 is the unit vector normal to the interface, and o and H are the permeability of vacuum
and the applied field strength. Therefore, as presented in Eq. (6), with the increased magnetic field
strength the magnetic pressure will be more obvious so that Hy,,x /D¢ will be decreased. This finding
could be of value in accurate control of 3D printing.

In order to further investigate the magnetic effect on droplet spreading dynamics, the D;/Dg and
H; /Dy at 53.4 ms of droplets with and without nanoparticles under various magnetic fields were
selected for analysis. As shown by Fig. 7, first, it can be found that the D, /D, of a water droplet
is less than that of ferrofluid droplets, but for H; /Dy, the situation is opposite. Second, for droplet
with and without nanoparticles, the dimensionless diameter change trends are the opposite of the
change trends of dimensionless height. Figure 7(a) shows that the D,;/Dy of a ferrofluid droplet
will increase very slightly when magnetic field intensity increases, but the D;/Dy of the water
droplet remains nearly unchanged. Figure 7(b) shows that the H;/D, for a water droplet is almost
unchanged. However, H; /Dy of the ferrofluid droplet is significantly decreased with the incremental
increase of magnetic field intensity. The phenomenon observed above could be explained with the
help of the concept of paramagnetism [55]. The paramagnetism of the Fe;O4 nanoparticle used in
this study has been confirmed by Figs. 1(b) and 1(c). Without the application of a magnetic field, the
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FIG. 7. Water and ferrofluid droplet spreading dynamics under vertical magnetic field at U = 0.86m/s,
t = 53.4ms: (a) dimensionless diameter and (b) dimensionless height as a function of magnetic field intensity.

ferrofluid behaves as a liquid suspension. However, when an external magnetic field is applied, the
atomic magnetic moments could reorient themselves along the field direction, resulting in a small
net magnetization and positive susceptibility [51]. As the intensity of the applied field is increased,
the net magnetization increases in line with the external field and the stretching force will increase,
as discussed in Fig. 6. This could result in a bulk motion of fluid toward the magnetic field, which, in
turn, results in the deformation of the interface or bulk of fluid drop. Of course, the above assumption
is only preliminary based on our limited experimental data, and further experiments and theoretical
analysis is needed in following studies.

Figure 8 shows the effects of magnetic field on the dynamics of droplet spreading with a magnetic
field when impact velocity is different. Specifically, one impact velocity is 0.86 m/s and other one
is 1.82 m/s, and the magnetic intensities are 0—1000 G, respectively. From the results, one can see
that the Hp,x /Do of droplet at 0.86 m/s is greater than that at 1.82 m/s. The same phenomenon
has also been found in our previous work even in the absence of magnetic field [35]. According to
traditional drop impact analysis, the spreading dynamics should be determined by the competition
of several forces: impact initial kinetic energy, surface energy, and viscous dissipation, etc. It has
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FIG. 8. Droplet spreading dynamics under vertical magnetic field: dimensionless height H;/D, as a

function of magnetic field with 0.1% mass fraction Fe;O, nanoparticles and impact velocity U = 0.86 and
1.82 m/s when t = 1.6 ms.
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FIG. 9. Images showing particle movement in 0.1 wt % nanofluid droplets after applying the 1000-G
magnetic field (a) in the absence of magnetic field, (b) 1 s after adding magnetic field, and (c) 2 s after adding
magnetic field.

been proposed that with the impact velocity increase, the initial kinetic energy of the droplet is
also increased, and therefore the thickness of the liquid film will become thinner for the large
velocity [56,57]. Meanwhile, the initial kinetic energy will be consumed more in higher velocities
and difficult to recoil. Therefore, in the high-impact velocity, Hp.x/Do is small compared to that
in low-impact velocities. It is important to note that the difference of H;/D, between the cases
of low velocity and high velocity versus magnetic field is less than that without a magnetic field,
and the difference is reduced incrementally with magnetic intensity. In other words, addition of a
magnetic field could diminish the influence of velocity differences on droplet spreading dynamics
in the height direction. This finding could provide guidance if one wants to eliminate the impact
velocity effects in various practical applications.

Why with the addition of magnetic field are there different values between two impact velocities
in that the dimensionless height of the droplets are decreased? Besides the theoretical analysis
regarding the incremental stretching force and energy dissipation of surface tension and viscosity,
there is also an experimental phenomenon of increasing energy dissipation. On the one hand,
the incremental increase of the magnetic field causes more internal molecular friction due to the
rapid movement of suspended magnetite particles inside the fluid, which showed more resistance
to damping initial kinetic energy and further against the droplet spreading [57]. Figure 9 vividly
shows the movement of Fe;O4 nanoparticles after addition of a 1000-G magnetic field. It can be
seen that the particles stay nearly static when there is no magnetic field. However, after adding
the magnetic field, the particles start moving. On the other hand, with the incremental increase
of magnetic strength, more powerful magnetic moments will be exerted on the particles, which
could restrain the rotation of the magnetic particles in the fluid, causing increased friction between
the particle and solvent layers; consequently, the viscosity of ferrofluids will increase [46]. As
mentioned above, in the process of droplet spreading, energy dissipation plays an important role
in the control of the dynamics and will depress spreading. Therefore, it is reasonable to deduce that
movement of particles under a magnetic field is important in explaining the observed phenomena in
our experiments.

Interestingly, the satellite droplets have also been observed in the experiment process, as shown
in Fig. 10. However, this phenomenon only exists in the case of nanoparticle concentrations
of 0.01 wt %, at U = 0.8m/s in the presence of a magnetic field. No such phenomenon of
satellite droplets can be observed for the situations without a magnetic field or other Fe;O4
particle concentrations. As previously mentioned, the dynamics of droplet spreading, recoiling,
and rebounding is dominated by initial kinetic energy, surface tension, and viscous dissipation.
Therefore, one can speculate at this stage that with the application of magnetic field, retraction
of kinetic energy could overcome the restraint of surface tension and adhesion of viscosity. This
leads to the formation of one small satellite droplet separated from the main droplet in the opposite
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FIG. 10. Image of satellite droplet when magnetic intensities are 400, 800, and 1000 G, impact velocity is
0.8 m/s, and Fe;O, nanoparticle concentration is 0.01 wt %.

direction of the impact velocity. Apparently, this finding could be of reference for some applications
which contain the process of droplet impact, for example, satellite droplets have been found to be
the main cause for contamination in 3D printing [33].

IV. CONCLUSION

In this work, we investigated the dynamic behavior of a ferrofluid droplet impacting a hydropho-
bic surface via the experimental method. Our aim is to explore how magnetic fields affect the
collision characteristics of ferrofluids droplets, including its oscillation characteristic, maximum
spreading diameter, maximum recoiling height, and effect of velocity difference on retraction height.
Meanwhile, we also preliminarily analyzed the mechanism behind the experimental phenomena.
The main conclusions of this work are summarized as follows:

(1) The addition of a vertical magnetic field has little effect on ferrofluid droplet spreading and
oscillation in the horizontal direction. However, it plays an obvious role in the vertical direction. The
dimensionless height H;/Dy shows a monotonic decrease with the increased magnetic intensity.
In addition, with the increase of magnetic field intensity, the vibration will decay faster. Those
phenomena are mainly attributed to the energy dissipation of viscosity and surface tension
increasing incrementally with the magnetic intensity.

(2) In the horizontal direction, for droplets without Fe;O4 nanoparticles, Dy, /Do will fluctuate
in the range of magnetic field. For the ferrofluid droplet, however, the addition of a magnetic field
could eliminate this fluctuation significantly. In the vertical direction, the Hy,.x/Dy of the water
droplet also fluctuates, but as for the ferrofluid droplets, Hy,,x /Dy will decrease with the increased
magnetic field intensity. Besides the energy dissipation increase, the stretching force is enhanced
with increasing magnetic strength, which is assumed to be another reason for the Hy,,,x /Dy decrease.
In addition, the vertical magnetic field mainly acts in the vertical direction.

(3) The difference of H;/Dy between low velocity and high velocity with the magnetic field
is less than that without the magnetic field, and the difference is reduced incrementally with the
magnetic field intensity. It is also deduced that the incremental increase of ferrofluid viscosity and
the vertical stretching force generated by the magnetic field are the main reasons for those observed
phenomenon.

(4) Satellite droplets have also been observed in the experiments but only under certain
conditions. Here, the rebound kinetic energy is assumed to be able to overcome the restraint of
surface tension and adhesion of viscosity.
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