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Abstract: When oil droplets impact a solid surface for oil-air lubrication, they may spread out to
produce a thin oil layer on the surface, which serves as a significant source of lubrication. A test rig
was constructed in this research to observe the spreading behavior of oil droplets impacting surfaces
from both frontal and lateral views. From the frontal view, laser-induced fluorescence techniques
are used to measure the thickness of the oil layer quantitatively during the spreading of oil droplets.
While the lateral view can observe the shape evolution of the droplets. Oil droplet spreading patterns
on the sheet with dry surfaces and with different thin liquid film thicknesses were studied, and
the effect of viscosity and the thickness of the thin liquid film on spreading radius and spreading
thickness is considered. The experimental findings demonstrate that the maximum spreading factor,
the spreading central layer thickness, and the apparentness of retraction all increase as viscosity
increases. The retraction is obviously impacted by thin liquid films, and the retraction weakens as the
thin liquid film thickness increases.
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1. Introduction

During recent decades, oil-air lubrication has been commonly utilized for high-speed
rolling bearings [1,2]. In oil-air lubrication, the lubricating oil impacts on the solid surface
in the form of oil droplets, some of which impact several times, while others are deposited
on the surface and spread to produce a liquid layer with thicknesses ranging from a few
microns to several hundred microns. As the spreading liquid layer is an important supply
for the formation of a lubricating film in the contact zone formed between the rolling
elements and raceways, the spreading of the oil droplets into a liquid layer after impacting
the surface should be studied.

Worthington [3] is believed to be the first person to have investigated the phenomenon
of oil droplets impacting on surfaces in 1876. He tested the effect of milk and mercury
droplets on hydrophobically coated glass sheets and found that the droplets shatter at
greater impact speeds. Following that, the impact behavior of the droplets was clearly
documented by the use of high-speed cameras. Based on their experimental results, Ri-
oboo et al. [4,5] categorized the impact of a single droplet on a solid surface into several
phenomena: deposition, splash, rebound, and partial rebound. Bi et al. [6] discovered that
the viscosity of the droplet has a significant impact on the droplet spreading behaviors at
a given impact velocity. With decreasing viscosity, the spreading factor β (β = rt/r0) and
spreading time (the time required to attain the maximum spreading factor) rise, where rt is
the instantaneous diameter after contact and r0 is the droplet’s original diameter.

The impact and spreading properties of a droplet may alter significantly when a
liquid film is present on a solid surface. The dimensionless thickness of the liquid film is
commonly described as δ = h0/(2r0), where h0 denotes the liquid film thickness. A thick
liquid film or pool of liquid is defined for δ � 1, however, the definition of a thin liquid
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film is somewhat controversial: some define δ < 1 as a thin liquid film, others define
δ < 0.1 as a thin liquid film [7–10]. Thin liquid films promote splashing, and the size
and quantity of splash droplets are proportional to the dimensionless liquid film thickness.
When 0.1 < δ < 1, two modes of splashing are observed experimentally: prompt splashing
(secondary droplets are produced while the crown splash is developing) and delayed
splashing (separation of secondary droplets from the top edge of the splash only when
the crown splash has developed to its maximum extent); when 1 < δ < 10, the liquid film
inhibits both types of splashing [11].

The studies discussed above are largely qualitative findings that concentrate on the
critical conditions for splashing following droplet impact. Quantitative measurements
of liquid film spreading have received less attention: on the one hand, reproducibility
is poor when the liquid film is thin; on the other hand, there is a lack of quantitative
measurement methods, with most researchers relying on direct observation, magnification,
or light reflection through laser beams [12,13]. However, most studies are still limited to
thick liquid layers [14,15].

In this research, a custom-made test rig was developed to study the spreading behavior
of oil droplets impacting surfaces from both frontal and lateral orientations. The frontal
observation used laser-induced fluorescence techniques to quantify micron-level oil layer
thickness during spreading. Using this approach, the spreading behavior of oil droplets on
thin liquid films was studied.

2. Experimental

The custom-made test rig consists of an oil drop-generating device, an optical system,
a high-speed camera, and a computer, as shown in Figure 1. Oil droplets with a radius of
approximately 1.5 mm are generated by the syringe pump. The syringe pump is located on
a stage, and oil droplets are free to fall from a specified height and impact a glass sheet with
a velocity of v = 2.73 m/s. As oil-air lubrication is usually used in high-speed situations,
which can reach up to 10,000 r/min and the impacting speed of the oil droplets can reach a
few meters per second, therefore, we use a high impact speed to reproduce the high-speed
condition [16]. The Reynolds numbers are calculated as 0.94, 0.23, and 0.079, respectively,
for the chosen conditions.

Lubricants 2023, 10, x FOR PEER REVIEW 2 of 17 
 

 

commonly described as δ = h0/(2r0), where h0 denotes the liquid film thickness. A thick 
liquid film or pool of liquid is defined for 𝛿 ≫ 1, however, the definition of a thin liquid 
film is somewhat controversial: some define 𝛿 ൏ 1 as a thin liquid film, others define 𝛿 ൏0.1 as a thin liquid film [7–10]. Thin liquid films promote splashing, and the size and quan-
tity of splash droplets are proportional to the dimensionless liquid film thickness. When 0.1 ൏ 𝛿 ൏ 1, two modes of splashing are observed experimentally: prompt splashing (sec-
ondary droplets are produced while the crown splash is developing) and delayed splash-
ing (separation of secondary droplets from the top edge of the splash only when the crown 
splash has developed to its maximum extent); when 1 ൏ 𝛿 ൏ 10, the liquid film inhibits 
both types of splashing [11]. 

The studies discussed above are largely qualitative findings that concentrate on the 
critical conditions for splashing following droplet impact. Quantitative measurements of 
liquid film spreading have received less attention: on the one hand, reproducibility is poor 
when the liquid film is thin; on the other hand, there is a lack of quantitative measurement 
methods, with most researchers relying on direct observation, magnification, or light re-
flection through laser beams [12,13]. However, most studies are still limited to thick liquid 
layers [14,15]. 

In this research, a custom-made test rig was developed to study the spreading be-
havior of oil droplets impacting surfaces from both frontal and lateral orientations. The 
frontal observation used laser-induced fluorescence techniques to quantify micron-level 
oil layer thickness during spreading. Using this approach, the spreading behavior of oil 
droplets on thin liquid films was studied. 

2. Experimental 
The custom-made test rig consists of an oil drop-generating device, an optical system, 

a high-speed camera, and a computer, as shown in Figure 1. Oil droplets with a radius of 
approximately 1.5 mm are generated by the syringe pump. The syringe pump is located 
on a stage, and oil droplets are free to fall from a specified height and impact a glass sheet 
with a velocity of v = 2.73 m/s. As oil-air lubrication is usually used in high-speed situa-
tions, which can reach up to 10,000 r/min and the impacting speed of the oil droplets can 
reach a few meters per second, therefore, we use a high impact speed to reproduce the 
high-speed condition [16]. The Reynolds numbers are calculated as 0.94, 0.23, and 0.079, 
respectively, for the chosen conditions. 

 
Figure 1. Test rig for the impact observation. Figure 1. Test rig for the impact observation.



Lubricants 2023, 11, 31 3 of 17

The glass sheet is also employed as an optical viewing window. In this research, two
optical systems were utilized concurrently. One is for lateral observation, consisting of a
high-speed camera (Photron, Japan), an LED light source, and a microscope. The other set
is for frontal observation and is placed beneath the glass sheet, which includes a high-speed
camera, a laser light source (532 nm), a homogenizer, and a fluorescence microscope. The
latter system can measure the thickness of the spreading oil layer based on laser-induced
fluorescence techniques.

The glass sheet is cleaned before each test. As the stains on the used glass sheet are
mainly dust and lubricating oil, the glass sheet is first cleaned with alcohol to remove most
of the lubricating oil, then with detergent to clean the lubricating oil and alcohol, and next
with a large amount of water before finally being wiped and dried.

By measuring the fluorescence intensity, the laser-induced fluorescence approach can
assess the thickness and distribution of the oil layer based on the Beer–Lambert law [17],
which describes the relationship between the thickness of the oil layer per unit area and the
fluorescence emitted as a specified exponential relationship:

If(h) = kI0Φ{1− exp[−ε(λlaser)Ch]} (1)

where If (h) is the fluorescence captured by the camera, I0 is the illumination light with
homogeneous distribution and constant intensity, Φ is the quantum efficiency, k is the
monitoring efficiency of the camera, ε(λlaser) is the molar absorptivity, C is the molar
concentration of the fluorescent dye in the fluid, and h is the thickness of the fluid film.

As, in practice, the fluorescence emission by the oil is weak, a fluorescent dye can be
evenly dissolved in the lubricant to enhance its excited fluorescence intensity. The fluores-
cent dye used in the experiments is pyrromethene, which is non-toxic, physiochemically
stable, and soluble. Due to the exponential function, optimizing ε(λlaser)C can significantly
improve the measurement range and accuracy, according to Equation (1). Once the fluores-
cent dye is selected, ε(λlaser) is a constant value, and the concentration of fluorescent dye C
can be optimized. The concentration of fluorescent dye is chosen to be 1.5 mmol/L in the
present study.

In the experiment, the image captured by the high-speed camera is a grey-scale graph,
which is used to represent fluorescence intensity. Equation (1) is simplified as follows:

h =
1
B
(ln A− ln(A− I)) + C (2)

where I is the grey scale value, A, B, and C are constants, and C is the correction parameter.
Prior to the experiment, calibration is necessary to get a quantifiable relationship

between the thickness of the oil layer and the grayscale value. Figure 2 shows the calibrating
procedure. Taking oil PAO4 as an example, a steel ball with a radius r = 3.97 mm is placed
on the optical glass sheet, and the oil tagged with fluorescent dye fills the gap formed
between the ball and the glass sheet. The geometric relation can be used to calculate the
clearance of the gap between the steel ball and the glass sheet at any location (Figure 2b).
The fluorescence intensity emitted by the oil film at the corresponding location is obtained
by the camera and expressed as a grayscale value (Figure 2c). The larger the gap, the larger
the corresponding grey scale value. The fitting curve between the oil thickness value and
the grayscale value is illustrated in Figure 2d and by Equation (3).

h =
1

0.00382
(ln(43.68135)− ln(43.68135− I))− 11 (3)
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Table 1 shows the physicochemical parameters of the three synthetic base oils used
in the tests. Polyalphaolefin oil has been widely used and is a Newtonian fluid [18]. The
lubricant viscosity is measured using a Modular Compact Rheometer (MCR 302), and
the surface tension and contact angle are determined using a Data-Physics Instruments
(ESr-N). When measuring the contact angle, a small droplet generated by the syringe pump
(volume of 3 µL) is softly sited on the glass sheet. As the contact angle decreases with time,
the data in this paper is collected after five seconds of spreading. For each sample, three
replicas (randomly located on the surface) are performed for all batches. All parameters
were measured at room temperature (t = 25 ± 1 ◦C). A high-speed camera operating at a
frame rate of 6400 fps and an exposure length of 1/6400 s is utilized to record the spreading
of the oil droplets following impact with the surface.

Table 1. Oil parameters.

Category Density
(kg·m−3)

Viscosity (25 ◦C)
(mPa·s)

Surface Tension
(mN·m−1)

Contact Angle
(◦)

PAO2 0.7988 6.962 24.254 8.7
PAO4 0.819 29.59 28.765 16.9
PAO8 0.8326 86.545 29.356 17.2

3. Experimental Results
3.1. Spreading Behavior of Oil Droplets Impacting a Dry Surface

Three different oils, PAO2, PAO4, and PAO8, in droplet form, are chosen to impact
the dry surface. Typical photos captured from the lateral side are shown in Figure 3. The
initial impact velocity is v = 2.73 m/s, the droplet’s initial radius is r0 = 1.5 mm, and the
droplet begins to touch the surface at t = 0 ms. The Weber numbers (We = 2ρv2r0/σ) for the
three oils are calculated to be 0.74, 0.64, and 0.63, respectively, and the Capillary numbers
(Ca = µv/σ) are calculated to be 0.78, 2.81, and 8.05, respectively. As the surface tension
and density of the chosen oils are quite close, the Weber numbers for the oils are similar.
The difference in the Capillary number for the oils is mainly caused by viscosity. Therefore,
when the impact speed is fixed, the droplet pattern dynamics are dependent on the oil
viscosity for the same type of oil.
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Figure 3. Comparison of the morphology of different oil droplets impacting the dry surface from
lateral view (v = 2.73 m/s, r0 = 1.5 mm).

The PAO2 droplet can remain spherical until it impacts the dry surface (t = 0 ms),
after which it collapses quickly and spreads out, creating a hat shape at t = 0.63 ms. At
t = 2.97 ms, the droplet continues to spread, increasing the spreading radius rt and decreas-
ing the layer thickness in the central area. At t = 25.78 ms, the spreading radius achieves
a stable state as a thin film layer. PAO4 and PAO8 spread like PAO2. At t = 0.63 ms,
the spherical droplets collapse and spread into a hat form. At t = 2.97 ms, irregular tiny
droplets develop at the periphery of the PAO4 droplets but remain linked with the main
body; the PAO8 droplet spreads in a pie shape and no splattered droplets are observed. At
t = 25.78 ms, both the PAO4 and PAO8 droplets retract: the layer thickness drops in the
edge area, while it rises in the central area, resulting in the shape of a spherical crown.

The lateral view shows the morphological changes for the impact and spreading of
the oil droplets. The oil layer thickness, however, can hardly be measured. Therefore, the
laser-induced fluorescence technique is used to measure the thickness of the oil layer from
the frontal view.

Figure 4 shows frontal grayscale photographs of three different oil droplets impacting
dry surfaces utilizing a laser-induced fluorescence technique. According to the laser-
induced fluorescence principle mentioned in the preceding section, a larger grayscale value
stands for thicker oil layer thickness. Due to the limitation of the thickness measurement
range of the fluorescence method, the thickness of the oil layer at the beginning stage is
too large to be quantified, therefore only the distribution of oil layers with a thickness
of fewer than 500 µm is of interest. Defining the spreading center as the origin, the oil
droplet is basically symmetrically disseminated from the center. When the spreading radius
rt is beyond the observation range, half of the distribution can be focused on (as shown
in Figure 4b). At t = 0.94 ms, the central area of the PAO2 spreading layer is brighter,
implying a thicker oil layer, while the edge region is darker, indicating a thinner oil layer.
The edge of the oil layer has a regular distribution of bright spots (Figure 4a), which should
be the splash of oil droplets (daughter droplets), in contrast with Figure 3. The daughter
droplets originate from the edge area of the droplet during impact. In the process of spread,
part of the energy is gathered in the daughter droplets at the edge area, causing them
to separate from the edge [11]. At t = 2.97 ms, the spreading radius rt increases while
the brightness of the oil layer in the central area decreases, indicating that the thickness
gradually decreases; at t = 5.31 ms, there is no obvious change in the spreading radius rt,
and the brightness of the central area does not change significantly, while the brightness
near the edge increases, indicating that the layer thickness in the edge increases. At
t = 25.78 ms, there is no noticeable change in the spread radius rt, the brightness of the
center area increases, making the difference between the brightness of the central area and
that of the edge area decrease, and retraction can be observed.

The PAO4 and PAO8 oil droplets spread in the same manner as the PAO2 oil droplets.
The edges of the PAO4 oil layer show an irregular shape at t = 0.94 ms, whereas the edges
of the PAO8 oil layer are more uniform. No splashing is found for either oil. At t = 2.97 ms,
the spreading radius rt of both oil droplets is smaller than that of PAO2. The spreading
radius rt of PAO4 is larger than that of PAO8, and the brightness of the central area is
weaker, with small oil droplets (daughter droplets) in the edge area. It can be observed
that most of the daughter droplets are not separated from the main body and finally return
to the main body, while only a few daughter droplets are separated at t = 5.31 ms. The
surface tension acts as the resistance force for the deformation of the oil droplet. With
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higher surface tension, fewer oil droplets can splash and the daughter droplets can hardly
separate from the main body. At t = 25.78 ms, the brightness of the central area of the PAO4
and PAO8 oil layers is greater than that of the edge area, indicating that the central area of
the oil layer is thicker than the edge area, and a retraction event occurs.
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The oil layer thickness can be calculated based on Equation (3). Figure 5 depicts the
distribution of the cross-sectional oil layer thickness hx along the x-axis during spreading for
PAO4. For comparison, a range of 1000 µm from the origin is defined as the central area, and
the central layer thickness hz is defined as the average of the oil layer thickness in the central
area as marked in Figure 4a; a range of 1000 µm from the edge is defined as the edge area,
and the edge layer thickness hb is defined as the average oil layer thickness. The spreading
radius rt is about 3300 µm at t = 0.94 ms, the central layer thickness hz is much larger than
the edge layer thickness hb, and the cross-sectional oil thickness distribution is hat-shaped,
with a maximum thickness of about 250 µm. At t = 2.97 ms, the spreading radius rt grows
to be around 3600 µm, the central layer thickness hz decreases dramatically while the edge
layer thickness hb increases and the oil layer shows to be a concave distribution with two
higher sides and a lower center, and a bump in the middle. This is compatible with Zheng’s
modeling results [19] and Chen’s experimental results [20]: when droplets collide with the
surface, capillary waves arise and propagate along the droplets, causing the deformation
of the droplet and an increase in layer thickness near the droplet edge as well as a bulge
in the center. At t = 16.88 ms, the spreading radius rt remains constant, the central film
thickness hz grows slightly, while the edge film thickness hb falls dramatically; the oil layer
thickness distribution resembles a pie shape. The spreading radius remains practically
constant from t = 2.97 ms to t = 16.88 ms, with the oil at the edge returning to the central
area and retracting. At t = 59.06 ms, the spreading radius rt does not change, the central
layer thickness hz grows, and the edge layer thickness hb falls slightly, with a maximum
layer thickness of around 170 µm.



Lubricants 2023, 11, 31 7 of 17Lubricants 2023, 10, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 5. Cross−sectional distribution of oil layer thickness along the x−axis at different moments 
after PAO4 oil droplets impact on the dry surface (v = 2.73 m/s, r0 = 1.5 mm). 

Figure 6 depicts the comparison of the cross-sectional profiles of oil layer thickness 
for three oil droplets during the spreading processes. In Figure 6, the PAO8 droplet shows 
a remarkable coffee-ring-like pattern in time in comparison to other liquids. In fact, this 
phenomenon exists for all three oils, but it is more evident and lasts for a longer time with 
higher-viscosity oils. Therefore, it is more clearly found for PAO8 in Figure 6. We specu-
late that the high spikes at the edges, which show coffee-ring-like patterns, could be 
caused by the optical distortion at the edge area of the droplet, as, when we compare Fig-
ures 3 and 4, there are no high spikes in lateral views (Figure 3). At t = 0.94 ms, the layer 
thickness distribution of the three droplets remains nearly the same. At t = 5.31 ms, all 
three droplets spread to produce a thin layer of oil, with a larger viscosity resulting in a 
smaller spreading radius and a larger central film thickness. The central layer thickness is 
smaller than the edge layer thickness in all three types of oil droplets, and this tendency 
becomes pronounced with increasing viscosity. At t = 25.78 ms, all three droplets retract 
to some extent, resulting in a thicker layer in the central area and a thinner layer at the 
edges. In addition, a larger viscosity leads to greater retraction. 

-6000 -4000 -2000 0 2000 4000 6000
0

100

200

300

400

h x
 (μ

m
)

x (μm)

 PAO2
 PAO4
 PAO8

(a)
t = 0.94 ms

 

-6000 -4000 -2000 0 2000 4000 6000
0

100

200

300

400

h x
 (μ

m
)

x (μm)

 t=0.94ms
 t=2.97ms
 t=16.88ms
 t=59.06ms

Figure 5. Cross-sectional distribution of oil layer thickness along the x-axis at different moments after
PAO4 oil droplets impact on the dry surface (v = 2.73 m/s, r0 = 1.5 mm).

Figure 6 depicts the comparison of the cross-sectional profiles of oil layer thickness
for three oil droplets during the spreading processes. In Figure 6, the PAO8 droplet shows
a remarkable coffee-ring-like pattern in time in comparison to other liquids. In fact, this
phenomenon exists for all three oils, but it is more evident and lasts for a longer time
with higher-viscosity oils. Therefore, it is more clearly found for PAO8 in Figure 6. We
speculate that the high spikes at the edges, which show coffee-ring-like patterns, could
be caused by the optical distortion at the edge area of the droplet, as, when we compare
Figures 3 and 4, there are no high spikes in lateral views (Figure 3). At t = 0.94 ms, the layer
thickness distribution of the three droplets remains nearly the same. At t = 5.31 ms, all
three droplets spread to produce a thin layer of oil, with a larger viscosity resulting in a
smaller spreading radius and a larger central film thickness. The central layer thickness is
smaller than the edge layer thickness in all three types of oil droplets, and this tendency
becomes pronounced with increasing viscosity. At t = 25.78 ms, all three droplets retract to
some extent, resulting in a thicker layer in the central area and a thinner layer at the edges.
In addition, a larger viscosity leads to greater retraction.
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Figure 6. Comparison of different oil layer thickness distributions at the same moment (v = 2.73 m/s,
r0 = 1.5 mm): (a) t = 0.94 ms; (b) t = 5.31 ms; (c) t = 16.88 ms.

The spreading radius and central layer thickness of the droplet, which are key bound-
ary conditions for lubrication, are compared independently. Figure 7 depicts the variation
in the spreading factor β (β = rt/r0) with time t after the impact of three droplets on the
surface: the spreading factor increases significantly at first and then stabilizes after two to
four microseconds. A larger viscosity leads to a smaller spreading factor at the steady state
and a smaller rate of change of the spreading factor with time. However, it is quicker to
achieve a steady state.

Figure 8 shows the change in the central layer thickness hz with time t. The central layer
thickness of PAO2 declines swiftly and then stabilizes, while the central layer thickness hz
of PAO4 and PAO8 decreases rapidly and then progressively increases after reaching the
lowest point. PAO8 takes less time to reach the lowest point, and the following increase in
central layer thickness is larger. Corresponding to Figure 7, the spreading radius reaches
the maximum and then the central layer thickness reaches its minimum; thereafter, the
spreading radius remains stable while the central layer thickness increases primarily due to
retraction caused by oil flowing back from the edge to the central area. As Figure 9 shows,
the larger the viscosity, the greater the ratio of the central layer thickness to the edge layer
thickness, which indicates a more obvious degree of retraction.
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Lubricants 2023, 10, x FOR PEER REVIEW 9 of 17 
 

 

Figure 7. Comparison of different viscosity spreading factors. 

Figure 8 shows the change in the central layer thickness hz with time t. The central 
layer thickness of PAO2 declines swiftly and then stabilizes, while the central layer thick-
ness hz of PAO4 and PAO8 decreases rapidly and then progressively increases after reach-
ing the lowest point. PAO8 takes less time to reach the lowest point, and the following 
increase in central layer thickness is larger. Corresponding to Figure 7, the spreading ra-
dius reaches the maximum and then the central layer thickness reaches its minimum; 
thereafter, the spreading radius remains stable while the central layer thickness increases 
primarily due to retraction caused by oil flowing back from the edge to the central area. 
As Figure 9 shows , the larger the viscosity, the greater the ratio of the central layer thick-
ness to the edge layer thickness, which indicates a more obvious degree of retraction. 

0.1 1 10 100

50

150

250

350

450
 PAO2
 PAO4
 PAO8

h z
 (μ

m
)

t (ms)  
Figure 8. Comparison of the central layer thickness at different viscosities. 

1 10 100
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5
 PAO2
 PAO4
 PAO8

h z
 / 

h b

t (ms)  
Figure 9. Variation of hz/hb over time for the three oils. 

  

Figure 8. Comparison of the central layer thickness at different viscosities.

Lubricants 2023, 10, x FOR PEER REVIEW 9 of 17 
 

 

Figure 7. Comparison of different viscosity spreading factors. 

Figure 8 shows the change in the central layer thickness hz with time t. The central 
layer thickness of PAO2 declines swiftly and then stabilizes, while the central layer thick-
ness hz of PAO4 and PAO8 decreases rapidly and then progressively increases after reach-
ing the lowest point. PAO8 takes less time to reach the lowest point, and the following 
increase in central layer thickness is larger. Corresponding to Figure 7, the spreading ra-
dius reaches the maximum and then the central layer thickness reaches its minimum; 
thereafter, the spreading radius remains stable while the central layer thickness increases 
primarily due to retraction caused by oil flowing back from the edge to the central area. 
As Figure 9 shows , the larger the viscosity, the greater the ratio of the central layer thick-
ness to the edge layer thickness, which indicates a more obvious degree of retraction. 

0.1 1 10 100

50

150

250

350

450
 PAO2
 PAO4
 PAO8

h z
 (μ

m
)

t (ms)  
Figure 8. Comparison of the central layer thickness at different viscosities. 

1 10 100
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5
 PAO2
 PAO4
 PAO8

h z
 / 

h b

t (ms)  
Figure 9. Variation of hz/hb over time for the three oils. 

  

Figure 9. Variation of hz/hb over time for the three oils.



Lubricants 2023, 11, 31 10 of 17

3.2. Spreading Behavior of Oil Droplets Impacting the Sheet with Different Thin Liquid Film
Thicknesses Thin Liquid Films

In actuality, the surface cannot be completely dry; generally, it will be covered by a thin
liquid film from lubrication during operation. This section studies the spreading phase of
oil droplets impacting the sheet with different thin liquid film thicknesses. A homogeneous
thin lubricant film is first smeared on the surface of the glass sheet, and the thickness of the
liquid film is measured by laser-induced fluorescence. The spreading behavior of the oil
droplet impacting the thin liquid film is then studied. The thin liquid film thickness range
for this experiment is 0~73 µm, and the dimensionless number varies from 0~0.026.

Figure 10 presents a typical lateral view of the spreading pattern over time for three
droplets impacting the sheet with different thin liquid film thicknesses. The droplet’s initial
impact velocity and radius are kept constant at v = 2.73 m/s and r0 = 1.5 mm, respectively.
When comparing Figure 3 with Figure 10, it is clear that a thin liquid film of even a few
tens of microns has a significant effect on the spreading behavior of the oil droplets after
the impact on the surface. At t = 0.63 ms, the spreading pattern turns from a hat-shaped to
a bowl-shaped splash, and the bowl-shaped splash is also more evident when the viscosity
decreases. The spreading radius grows dramatically at t = 2.97 ms, and PAO2 generates a
crown-shaped splash, with the splashing droplets separated from the main body. No small
droplets are observed at the border of the PAO4 oil layer. The spreading radius achieves
a stable state as a thin film layer at t = 25.78 ms, although the thickness of the oil layer is
much less than that of the dry surface. The change in droplet impact pattern caused by the
thin film is similar to Wang’s findings [10]: the thin film increases splashing.
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Figure 10. Lateral plot comparison of oil droplets impacting the sheet with different thin liquid film
thicknesses with time (v = 2.73 m/s, r0 = 1.5 mm).

Figure 11 shows the typical grayscale pictures of a PAO4 oil droplet impacting a sheet
with a 33 µm thin liquid film. Oil droplets impacting a thin liquid film spread more evenly,
have a larger spreading radius, and take less time to achieve a steady state than droplets
impacting on a dry surface.
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Figure 11. Frontal view of PAO4 oil droplet impacting the sheet with (h0 = 33 µm, δ = 0.011) thin
liquid film thickness versus time (v = 2.73 m/s, r0 = 1.5 mm).

Figure 12 shows the cross-sectional profile of oil thickness along the x-axis at four
instants for a PAO4 droplet impacting the sheet with a thin liquid film of 33 µm (δ = 0.011).
The spreading radius rt is roughly 4900 µm at t = 0.94 ms, which is larger than the spreading
radius for oil droplets impacting the sheet with a dry surface. The spreading radius rt
does not change appreciably at t = 1.88 ms, but the central layer thickness hz decreases,
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and the edge layer thickness hb increases. In addition, the spreading radius rt does not
change considerably at t = 5.31 ms, but the central layer thickness hz falls and the edge layer
thickness hb grows, with the distinction between them reduced. There is no significant
difference between t = 25.78 ms and t = 5.31 ms, indicating that the steady state has been
attained. When compared to Figure 5, the oil layer thickness distribution is more stable
throughout the spreading on the thin liquid film after impact, and no substantial retraction
is observed.
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Figure 12. Distribution of oil layer thickness along the x-axis for PAO4 oil droplets impacting the
sheet with (h0 = 33 µm, δ = 0.011) thin liquid film thickness at different moments (v = 2.73 m/s,
r0 = 1.5 mm).

Figure 13 illustrates the influence of thin liquid film thickness on the spreading behav-
ior of PAO4 oil droplets. At the initial stage of impact (t = 0.94 ms), the spreading patterns
of oil droplets impacting the sheet with different thin liquid film thicknesses are similar; as
time passes, the oil droplets impacting the sheet with different thin liquid film thicknesses
have a more uniform distribution of oil thickness, a larger spreading radius; the edge layer
thickness hb is smaller, the retraction is weaker, and the central layer thickness hz does not
vary considerably. Figure 14 illustrates how the spreading of the different oil droplets is
affected by thin liquid film thickness, and it can be seen that, the larger the viscosity, the
more significant the influence of the thin liquid film.
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Figure 13. Comparison of the cross-sectional distribution of oil layer thickness at different thickness
liquid film cross-sections by PAO4 oil droplet impacts: (a) PAO4, t = 0.94 ms; (b) PAO4, t = 2.97 ms;
(c) PAO4, t = 5.31 ms.
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Figure 14. Comparison of the cross-sectional distribution of oil layer thickness for different
oil droplets impacting the sheet with different thin liquid film thicknesses sections: (a) PAO2,
t = 16.88 ms; (b) PAO8, t = 16.88 ms.

Figure 15 depicts the spreading factor changes against time when the PAO8 oil droplet
impacted the sheet with different thin liquid film thicknesses. It can be seen that the
spreading process may be divided into two stages. The first stage is from 0 to 2 ms, during
which the thickness of the thin liquid film has little impact on the spreading radius. The
second stage lasts from 2 to 100 ms; in this time, the droplet impacting the dry surface has
already achieved the steady state, while the droplet impacting the sheet with thin liquid
film goes on spreading: when the thin liquid film is 6 µm, the droplet reaches the maximum
spreading factor at t = 2 ms and tends to be stable, and its spreading behavior is essentially
the same with the change on the dry surface; when the thin liquid film is larger than 16 µm,
the spreading factor gradually increases, and the spreading factor increases as the thickness
of the thin liquid film increases.
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Figure 15. PAO8 oil droplet impacts the spreading factor over time for different thin liquid
film thicknesses.

Figure 16 depicts the central layer thickness hz curve against time for various oil
droplets. The central layer thickness of PAO2 falls fast and then becomes stable. The thin
liquid film has only a limited influence on the film thickness distribution of PAO2. The
spreading of the PAO4 and PAO8 oil droplets can also be separated into two stages: the
central layer thickness declines fast in the first stage, with less influence of the thin liquid
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film; in the second stage, the central layer thickness grows and retraction occurs, and, the
greater the thickness of the thin liquid film, the less noticeable the rise in central layer
thickness, and hence, the less noticeable the retraction phenomena.
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4. Discussion

In testing on a dry surface, the impact velocity is constant for all three oils, the contact
angle difference is minor, and the latter effect is mostly caused by viscosity. As shown
in Figures 7 and 8, in the impact phase from zero to two milliseconds the collapse of
the oil droplets into thin oil layers is observed; a larger viscosity results in a smaller
maximum spreading radius and thicker spreading oil layer. During the retraction phase
(2 ms~100 ms), a larger viscosity leads to less splashing, a thicker central layer thickness,
and dramatic retraction. In the testing with impacting thin liquid films, increasing the film
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thickness has less effect on the spreading of PAO2 but a great effect on PAO8, indicating
that the larger the viscosity, the more vulnerable it is to be influenced by a thin liquid film.

When comparing the results of PAO8 droplets impacting a dry surface and the thin
liquid film, Figure 15 shows that the spreading central layer thickness on the thin liquid
film 6 µm thick is similar to that on the dry surface, whereas it changes on a thin liquid
film more than 16 µm thick. The thin liquid film has little effect on the spreading phase
from zero to two milliseconds but has a significant effect on the retraction phase after two
milliseconds. The spreading factor increases as the thickness of the thin liquid film grows
(Figure 15), but the central layer thickness tends to vary gradually (Figure 16). Figure 17
depicts the spreading factor of PAO8 as well as the change in central layer thickness with
liquid film thickness. Figure 17 shows the spreading factor of PAO8 and the change curve
of central layer thickness with the thin liquid film thickness at t = 15 ms. When the thin
liquid film is less than 20 µm thick, the spreading factor increases rapidly, and the central
layer thickness increases rapidly in the steady state. When the thin liquid film is greater
than 20 µm thick, the spreading factor and central layer thickness change steadily with the
thickness of the thin liquid film. This is essentially consistent with the change in stiffness of
the thin liquid film: when the liquid layer thickness is in the order of microns, the stiffness
of the thin liquid film will decrease with the increase in liquid film thickness. According
to Yang’s calculations and actual observations [21], when the liquid film thickness grows
from 5 to 25 µm, the stiffness of the thin liquid film rapidly drops from 900 N/m to 50 N/m
under certain conditions.
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In terms of energy dissipation [22], the lower the stiffness, the more likely the thin
liquid film is to distort. As a result, during the impact, not only the droplets but also the
thin liquid film will be distorted, resulting in extra energy dissipation and a more uniform
and steady spreading for the oil droplets.

5. Conclusions

The spreading behavior of oil droplets impacting a surface was observed from the
frontal and the lateral view synchronously in this research, and the oil layer thickness
distribution during spreading was determined using a laser-induced fluorescence technique.
The spreading patterns of oil droplets impacting a dry surface and a surface covered with a
thin liquid film were examined, and the effect of viscosity and thickness of the thin liquid
film on the spreading radius and oil layer thickness distribution was studied. The results
show that the larger the viscosity, the smaller the maximum spreading radius, the larger the
thickness of the spreading center, and the greater the retraction. The effect of a thin liquid
film on retraction is evident; a thicker thin film leads to a weaker retraction. In actuality,
the surface cannot be completely dry; generally, it will be covered by a thin liquid film
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from lubrication during operation. The test results will provide more accurate boundary
conditions for the experimental and theoretical analysis of oil-air lubrication and shed some
light on the development of oil-air lubrication theory.

1. The viscosity is a key factor affecting the pattern of impact and spreading when a
single oil drop impacts a dry surface. A larger viscosity results in less splashing, a
smaller maximum spreading factor, and a larger central layer thickness. The spreading
of oil droplets with a higher viscosity after impacting can be significantly influenced
by the presence of a thin liquid film on the surface.

2. During the spreading of the oil droplets, the spreading radius achieves its maximum
and then remains almost stable, however, the thickness distribution of the oil layer
continues to vary, with the central layer thickness increasing and the edge layer
thickness decreasing, resulting in a retraction phenomenon. The greater the viscosity,
the greater the retraction.

3. A thin liquid film of micrometer thickness can increase splashing while decreasing
retraction. This is mostly due to a change in the stiffness of the thin liquid film.
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