
International Journal of Heat and Mass Transfer 215 (2023) 124479

Available online 27 July 2023
0017-9310/© 2023 Elsevier Ltd. All rights reserved.

Droplets bouncing on rotating curved surfaces with elevated temperatures 
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A B S T R A C T   

In this work, droplets bouncing on curved surfaces with elevated temperatures are reported. The bouncing and 
depositing phenomena of different lubricant droplets are confirmed. The influence of initial diameter, tangential 
velocity, and surface roughness on the impact dynamics of silicone oil droplets on wetted curved surfaces is 
investigated, and the temperature dependence of the bouncing phenomenon is highlighted. Bouncing and 
depositing thresholds under various conditions are summarized. It is found that surface roughness has the most 
significant negative effect on the bounceable velocity range, followed by initial diameter and tangential velocity. 
A theoretical model and force analysis are established to explain the bouncing mechanism. The modified Bond 
numbers and Ohnesorge numbers are introduced to predict the bouncing thresholds. This work provides suffi
cient experimental and theoretical insights into manipulating droplets bouncing on wetted and curved surfaces 
with elevated temperatures.   

1. Introduction 

Droplet impacting phenomena widely exist in nature and industrial 
applications such as inkjet printing [1], self-cleaning [2], anti-icing [3], 
spray cooling [4], etc. Making droplets bounce has attracted consider
able attention since many interfacial properties are directly related to 
that, for example, heat transfer efficiency [5]. 

Since superhydrophobic surfaces have relatively low surface energy, 
on which droplets can easily bounce off, extensive studies have been 
conducted on this aspect including constructing micro-nano structures 
[6] and low surface energy coatings [7,8] to control the contact time 
before droplets bouncing [9]. In another aspect, coating a solid surface 
via a liquid film can also reduce its surface energy, and investigations 
have revealed that water droplets can bounce off wetted flat solid sur
faces [10], or even liquid pool [11] since the flowing air film between 
droplets and the liquid film provides a lifting force for bouncing [10,12, 
13]. Besides, the vapor generated by the evaporation of droplets when 
impacting hot surfaces can also promote bouncing [14], which is man
ifested as the famous Leeidenforst phenomenon [15]. 

Droplets bouncing dynamics become complex once the surface is 
curved [16]. Due to the existence of surface curvature, the symmetry 
and bouncing direction of droplets were changed directly [17,18]. 
Moreover, the influence of geometric dimension [19] and viscosity [20] 
of droplets also play a key role. Note that these studies were carried out 

at room temperature, as the physicochemical properties of the liquid are 
temperature-dependence, here come some basic questions, what would 
happen if curved surfaces are heated? Will droplets bounce again or not? 
A review of the open literature about this aspect is currently lacking. 
Revealing the temperature dependency of droplets bouncing on curved 
surfaces is of great significance for many applications. For instance, in 
the mist lubrication system [21], rotating shafts service under an 
extreme temperature range, where oil droplets bouncing or depositing 
on them would extremely affect the lubrication and heat transfer effi
ciency [22]. 

In our previous work [23], silicone oil droplets impacting rotating 
cylinders were investigated. However, the temperature effect of the 
cylinder was not considered, which is more common in real working 
conditions. Herein, in this work, oil droplets bouncing on curved sur
faces with elevated temperatures are investigated. The bouncing and 
depositing phenomenon of different oil droplets on wetted curved sur
faces is confirmed, and the corresponding limitations under various 
conditions are highlighted. A physical model is established to explain 
the bouncing mechanism, and dimensionless parameters of Bond num
ber and Ohnesorge number are evolved to reveal the physical essence. 
The prediction of the bouncing threshold is consistent with the experi
mental results. This work provides sufficient experimental and theo
retical insights into manipulating droplets bouncing on wetted curved 
surfaces with elevated temperatures. 
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2. Materials and methods 

2.1. Materials 

All curved surfaces (cylinders) are made of 304 stainless steel with a 
radius of curvature Rρ=5 mm, axial length L = 20 mm, and surface 
roughness Sa=0.3, 1.5, 3.3, and 6.7 μm, respectively. Differ from the 
dimensionless number described in the literature [24,25], the surface 
roughness is obtained by a three-dimensional optical profiler (Con
tourGT-K, Bruker), and the measuring processes are as follows: scanning 
the entire profile of the cylinder, flattening the surface, and then the 
surface roughness is calculated as same as that on planes, which is the 
average of the absolute value of the difference in height of each point 
relative to the average surface. Lubricants of polyalphaolefin (abbrevi
ated as PAO4, viscosity μ=0.02 Pa⋅s, and surface tension γ=31 mN/m), 
olive oil (μ=0.1 Pa⋅s and γ=33 mN/m), paraffin oil (μ=0.03 Pa⋅s and γ =
30 mN/m), and silicone oil (μ = 0.1 Pa⋅s and γ = 21 mN/m) were 
adopted. They were purchased from Sinopec Yangzi Petrochemical 
Company of China with a purity of >95% and used as received. The 
contact angle of silicone oil on cylinders with different Sa is measured 
and shown in Fig. 1b, thus, the Wenzel wetting regime holds. 

2.2. Methods 

The initial diameter D0=1.6, 1.8, 2.2, and 2.5 mm and impact ve
locity V of droplets were controlled by the diameter of the microsyringe 
needle and its initial height, respectively. All tested surfaces were pre- 
wetted before the droplet impact experiments. Fig. 1a shows the pre- 
wetting progress. By setting the temperature of the curved surface to a 
specific value of 0, 20, 60, and 100 ◦C (via placing the curved surface on 
a copper base which placed on a temperature control platform, K-type 
thermocouples were used to confirm the temperature with an accuracy 
of ±1.5 ◦C), droplets with a specific volume were released on the 
rotating surface (controlled by a motor with an angular velocity ω=50 
rad/s) successively after separating the surface from the base. Then, a 
uniform liquid film would be formed on the cylinder within 30 s, and the 
film thickness h can be calculated as 

h =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Volume

πL
+ R2

ρ

√

+ Rρ (1) 

As the uniform oil film was formed, a droplet was injected on the 
surface, and the whole impact process was recorded by a high-speed 
camera (i-SPEED 726R, iX Cameras, UK) and analyzed by image pro
cessing software, respectively. 

Fig. 1. Experimental procedure and basic impacting dynamics. (a) Schematic diagram of the experimental setup and method of generating an oil film and calculating 
film thickness. (b) The contact angle of silicone oil (volume=2 mm3, μ=0.1 Pa⋅s) on cylinders with different Sa at T = 20 ◦C. (c) Comparison of four lubricant droplets 
impacting on a static surface. (d) Changing progress of Ds/D0 of the silicone oil droplets in Fig. 1c, where the condition of the red circle is V = 0.5 m/s and h = 0 mm 
and the red rectangle is V = 0.5 m/s and h = 0.03 mm. (e) Relationship between the bounceable velocity range and h. 
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3. Results and discussion 

3.1. Basic bouncing dynamics 

Fig. 1c shows the typical impact dynamics of four lubricant droplets 
on a static surface with T = 20 ◦C and Sa=0.3 μm, where spread, 
maximum, retract, bounce, and deposit processes are included, as well 
as a comparison between dry and wetted surfaces. As the object for 
droplets impacting is the oil film, it is not necessary to apply the wetting 
regime. Fig. 1d exhibits the corresponding change progress of the ratio 
of spreading diameter Ds and D0 with elapsed time. It can be seen that 
the maximum spread diameter Dmax and the retraction time of the 
bouncing droplet are both larger than the deposit one, which is attrib
uted to the lubrication effect of air film [26]. To determine the best 
experimental oil film thickness, different film thicknesses of h = 0.02, 
0.03, 0.05, and 0.06 mm were compared. As shown in Fig. 1e, under a 
specific oil film thickness h (for example h = 0.02 mm), droplets undergo 
a process of depositing, bouncing, and depositing again with increasing 
impact velocity, and the corresponding depositing and bouncing impact 
velocity regions were identified by blue and red color, respectively. With 
increasing h, different depositing and bouncing regions were obtained. It 
can be seen that the bounceable velocity range (red area) exhibits a 
negative correction with h. Since the range is narrow with a higher h 
while the oil film takes longer to reach uniformity with a lower h, h =
0.03 mm was chosen in this work. Considering the wide application of 
silicone oil in industry, it was adopted in the following sections, and the 
statistical scattering of the reported results are similar to that shown in 
Fig. 1e. 

3.2. Initial diameter D0 

Fig. 2a shows the increase of D0 and T inhibits droplets bounce off the 
static surface. It can be seen from Fig. 2b–e that the minimum and 
maximum bounceable velocities Vlower and Vupper (the lower and upper 
fitting curves, respectively) are both positively correlated with D0 at the 
same T. All bounceable velocity ranges (areas between two red lines) are 
approximately negatively correlated with D0, but the influence of T is 
nonlinear, with the range experienced the evolution of increasing (from 
0 to 20 ◦C), decreasing (from 20 to 60 ◦C), and increasing (from 60 to 

100 ◦C). Initial diameter plays a significant influence on the gravity Fg 
and the inertial force Fi of droplets [27], which can be written as [28, 
29]: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Fg =
πρgD3

0

6

Fi =
πρD2

0V2

6

(2)  

where g is the gravity acceleration. According to the capillary length 
lc=(γ(T)/ρg)1/2 ≈ 1.35 ~ 1.5 mm, the gravity cannot be ignored. 
Therefore, the increasing of D0 leads to a larger gravity and inertial 
force, which weakens the support of the air film in the vertical direction 
and results in depositing. 

3.3. Tangential velocity vt 

The major distinction between static and rotating curved surfaces is 
the tangential force [30]. A unique impact phenomenon exists when 
droplets impact the wetted and rotating surface, i.e., there is no 
displacement difference on the left side during spreading (2.2 ms) and 
reaching Dmax (3.6 ms) with the direction of Vt is right, as shown in 
Fig. 3a. Compared with the right side, the left spreading front will be 
subjected to a larger aerodynamic force [29]: 

Faf ∼ ρaV2
t D2

0 (3)  

whose scale is 0.1–1 μN and ρa=1.2 kg/m3 is the air density. As the 
droplet keeps spreading under the action of Fg and Fi, the displacement 
generated by the leftward spreading and the rightward rotation cancel 
each other so that the left side remains essentially static. Due to the high 
viscosity and poor fluidity, it was challenging to obtain a uniform oil 
film when wetting the rotating surface with a high Vt and low T, which is 
why droplets fail to bounce under the condition of Vt=0.75 m/s, and T =
0 ◦ C in Fig. 3b. The slope of both Vlower and Vupper change from negative 
to positive that demonstrating temperature has a stronger effect on 
larger diameter droplets. Similar to Figs. 2b–e, the bounceable velocity 
range experienced the evolution of increasing (from 0 to 20 ◦C), 
decreasing (from 20 to 60 ◦C), and increasing (from 60 to 100 ◦C). 

Fig. 2. Effect of initial diameter on droplet impacting. (a) Typical depositing and bouncing phenomenon under different conditions. (b)–(e) Relationship between the 
bounceable velocity range and the initial diameter with elevated temperatures. 
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3.4. Surface roughness Sa 

Fig. 4a–d shows the influence of surface roughness on the bouncing 
dynamic. It is difficult to bounce on the wetted and static rough surface 
and bounceable velocity ranges are negatively correlated with Sa, but 
Vlower is very sensitive to T. To illustrate the roughness effect, the wetting 
condition of curved surfaces with Sa=0.3 and 6.7 μm are shown in 
Fig. 4e. It can be seen that most of the oil film is used to fill the grooves of 
the rough surface so that there is a continuous wavy shape rather than 
leveling. Therefore, it leads to the obvious differences in the bounceable 
velocity range between smooth and rough surfaces, which is 0 ~ 0.49 
m/s and 0.39 ~ 0.45 m/s under T = 20 ◦C, respectively. Referring to the 
data shown in Fig. 1b, the amplitude of the contact angle is quite low, 
thus, it has a limited effect on the spreading process. Moreover, the oil 

droplets are impacting onto the oil film, which furthermore diminishes 
the effect of the apparent contact angle. 

3.5. Bouncing and depositing thresholds 

To present intuitive results on the dominance of T, D0, Sa, and Vt over 
the impact dynamics of droplets, 3D color maps are plotted to exhibit the 
bounceable velocity range (the space between Vlower and Vupper), as 
shown in Fig. 5a–c. It can be seen that the bounceable velocity range is 
smallest at a low T and large D0, while a smaller D0 corresponds to an 
overall larger range. The increasing of T and Vt at the same time pro
motes droplet bouncing, but the combined effects of low T and high Vt 
can be fatal. Obviously, a higher Sa largely inhibits the range of droplets 
bouncing, regardless of temperature. Therefore, Sa has the greatest 

Fig. 3. Effect of tangential velocity on droplet impacting. (a) Relative static spreading that is dominated by inertia. (b)–(e) Relationship between the bounceable 
velocity range and tangential velocity with elevated temperatures. 

Fig. 4. Effect of surface tension on droplet impacting. (a) ~ (d) Relationship between the bounceable velocity range and surface roughness with elevated tem
peratures. (e) Comparison of the wetting condition between smooth and rough curved surfaces. 
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influence on Vlower and Vupper followed by Vt and D0 with all T from 0 to 
100 ◦C. 

The above results can be interpreted as follows. For the investigated 
droplets in this work, the Bond number Bo=ρgR0

2/γ(T) (R0 is the initial 
radius [31]) scales as 0.1, according to Eq. 2, the increasing of Bo from 
0.28 to 0.7 (as D0 increases from 1.6 to 2.5 mm) greatly enhanced the 
magnitude of Fg (from 20 to 77 μN) and Fi (from 0.4 to 0.95 mN), 

resulting in the difficulty in bouncing and a reduction in the bounceable 
velocity range. Meanwhile, the viscosity and surface tension of liquids 
decreases with the increasing temperature [μ(T)=μ(T0)e-0.018(T-T

0
) and 

γ(T)=γ(T0)− 0.05(T-T0), where μ(T0) and γ(T0) represent the viscosity 
and surface tension at the reference temperature T0=20 ◦C] [27,32], the 
viscous resistance during spreading would be reduced when T rises from 
0 to 100 ◦C, which means the lower internal friction between molecules 

Fig. 5. Droplet bounceable ranges and the effect of surface roughness on air film. (a)–(c) 3D color maps of Vlower and Vupper. (d) Model of the wetting conditions on 
smooth and rough surfaces. 

Fig. 6. Forces in the horizontal and vertical directions, theoretical models, and data fitting. (a) Relationship between Dmax and α. (b)–(d) Evolution of Ds, VL, Fl, and 
Faf. (e) The evolution of ΔF, Fi, Fg, and Fa. (f) 2D maximum spreading model and force analysis model. (g) Relationship between Vupper, Vlower, and β obtained by theory 
and experiments. 
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promotes the deformation of droplets and makes it pierce the air layer, 
but too low a temperature can make it difficult to even out the oil film 
and affect bouncing [20]. Therefore, increasing T when T is low can 
reduce γ and μ which allows droplets to bounce, but the excessive T will 
make droplets deposit, thus there is a general trend of increasing and 
then decreasing of the bounceable velocity range with increasing T. 
Since a uniform oil film can be formed on the smooth surface, the 
compressed air film could provide stable support for droplets, but the 
existence of grooves between microstructures makes it distributes non
uniformly on the rough one that pierces the air film [33,34], as shown in 
Fig. 5d. 

3.6. Theoretical model and prediction 

To quantify the impact progress, Fig. 6f shows a 2D maximum 
spreading model and force analysis model. As the droplet is approxi
mately a curved oval cake when reaching Dmax, taking Lcmax and Lamax as 
the maximum length of the horizontal and axial positions [35], which 
can be defined as 

Lcmax = (δd + 2h+ 2δ+ 2Rρ)θmax, Lamax =
10Lcmax

11
(4)  

where δd ~ 4R0
3/Dmax

2 is the thickness of the droplet [8], R0=D0/2, δ ~ 
R0St-2/3 is the thickness of the air film, in which dimensionless number 
St=ρVR0/μa is the Stokes number that scales as 100 ~ 10,000 where 
μa=18×10–6 Pa⋅s is the viscosity of air [12]. θmax is the maximum 
spreading angle on one side, which can be calculated as 

θmax = arcsin
(

Dmax

δd + 2h + 2δ + 2Rρ

)

(5)  

since Dmax is influenced by D0, Sa, Vt, and T, a composite parameter α is 
introduced with D0=1.6 ~ 2.5 mm, Sa=0.3 ~ 6.7 μm, Vt=0 ~ 0.75 m/s, 
T = 0–100 ◦C, and V = 0.5–1.5 m/s, which is defined as 

α =
D2

0

(D0 + Sa)

(
V

Ve + Vt

)(

1+
T
T0

)

(6)  

where Ve=1 m/s is the unit velocity and α scales as 0 ~ 10 mm. It can be 
seen from Fig. 6a that Dmax can be defined as 

Dmax =
7D2

0

100(D0 + Sa)

(
V

Ve + Vt

)(

1+
T
T0

)

+ 2.28 (7) 

In the horizontal direction, aerodynamic force Faf generated by the 
airflow and the lubricant force Fl will form a rightward thrust for 
droplets with the wetted cylinder rotates clockwisely [13], where 

Fl ∼
μaVtD2

max

δ
(8) 

In the vertical direction, the droplet is deformed by Fg and Fi, which 
are countered by the support forces Fa that generated by the air film, 
while the relative pressure ΔP is estimated by Laplace’s equation [11, 
18] 

ΔP ∼ γ(T)
(

2
Lcom

+
2
δ

)

,Fa = SΔP (9)  

where Lcom =(LamaxLcmax
2)1/3 is the equivalent diameter of the droplet 

[17], and S=πRρθmaxLamax/2 is the contact area between the bottom of 
the droplet and the air film [35]. Since ΔP lacks precision, Fa can be 
corrected within the parameters of this experiment as 

Fa = πRρθmaxLamaxγ(T)
(

1
Lcom

+
1
δ

)

tan
(

6V
5Ve

)

(

1.4− V
Ve

)

(10) 

Therefore, the bounceable condition in this model is 

{
ΔF = Fa − Fg − Fi > 0 (Bouncing)
ΔF = Fa − Fg − Fi < 0 (Depositing) (11) 

Let’s take the condition of V = 0.5 m/s, T = 0 ◦C, Vt=0.5 m/s, Sa=0.3 
μm, and D0=1.6 mm as an example to illustrate the change in Fl and Faf 
during impacting. Fig. 6b shows the evolution of Ds with time which 
prepares data for calculating Fl, and the average horizontal velocity VL 
can be got by calculating the displacement difference ΔL of the droplet 
center at t1 and t2, i.e., 

VL = ΔL/(t2 − t1) (12) 

Due to the influence of inertia, VL increases slightly in the spreading 
stage. With the enhanced influence of gravity on vertical motion, the 
droplet slides rapidly, resulting in a continuous rising of VL. When the 
droplet starts to bounce off at 40 ms, VL plunges by the loss of lubricating 
force, as shown in Fig. 6c. Fig. 6d presents the evolution of Fl and Faf, 
which highlightings the close correlation between Fl and Ds. 

To visualize the forces on droplets in the vertical direction at 
different V and the corresponding impacting dynamics, Fig. 6e shows the 
evolution of Fg, Fi, Fa, and ΔF with V = 0.02–0.6 m/s, T = 0 ◦C, Vt=0.5 
m/s, Sa=0.3 μm, and D0=1.6 mm when droplets reach Dmax. It is clear 
that Fg plays a dominant role at V = 0.02–0.1 m/s, while Fg, Fi, and Fa are 
of the same magnitude at V = 0.1–0.28 m/s, and it becomes the contest 
between Fi and Fa at V = 0.28–0.6 m/s. Hence, ΔF keeps less than 0 until 
V = 0.12 m/s, and then Fa starts to be stronger than the downward 
combined force of Fg and Fi but it loses the dominance when V = 0.52 m/ 
s. 

To fully consider the effect of the parameters discussed above on the 
bouncing dynamics of droplets and combine theoretical calculations to 
verify the reliability of experimental results, dimensionless numbers β, 
Bo, and Ohnesorge number Oh=μ/(ρD0γ)1/2 that relates the viscous to 
inertial forces and the surface tension force are combined and used to 
characterize Vlower and Vupper. The scale of β is 1 and it is composed of D0, 
Sa, Ve, and Vt 

β =
VeD0

Sa1/5(Ve + Vt)
(13)  

as γ and μ is the function of T, the expressions of Oh and Bo can be 
modified as 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

OhT =
μ(T0)e− 0.018(T− T0)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρD0(γ(T0) − 0.05(T − T0))

√

BoT =
ρgR2

0

γ(T0) − 0.05(T − T0)

(14)  

where both scales of OhT and BoT are 0.1, so the function relationship 
between dimensionless number V/Ve and β, BoT, and OhT is 

VV − 1
e ∼ βOh2

T Bo− 1
T (15) 

All experiments are limited with Vt=0–0.75 m/s, Sa=0.3–6.7 μm, T 
= 0–100 ◦C, and D0=1.6–2.5 mm, while the theory calculation condi
tions are Vt=0.25–0.75 m/s, Sa=0.3–6.7 μm, T = 0–100 ◦C, and D0=1.6 
mm. It can be seen from Fig. 6g that the dotted red lines are the fitting 
curve of the red circle and red rectangle obtained by experiments, while 
the solid red lines correspond to the gray circle and gray rectangle ob
tained by theory. The bounceable velocity range (red area) is less 
influenced by the horizontal coordinate for experiments with the slope k 
of the upper and lower fitted curves are k = 0.001 and k = 0.001, 
respectively, but it exhibits a positive correlation with the horizontal 
coordinate for theory with k of the upper and lower fitted curves are k =
0.02 and k=− 0.03, respectively. 

The reason why droplets can bounce on wetted surfaces is the exis
tence of the air film between droplets and the liquid film provides 
support for droplets [23]. At low V, the pressure of the air film is not 
strong enough to support droplets, while high V leads to increases in the 
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deformation of droplets and liquid film, resulting in depositing. So, there 
is a velocity range that is suitable for droplet bouncing, just like the red 
area in Fig. 6g. Since OhT represents the effect of viscous forces on 
droplets, the increase of OhT leads to the increasing friction between the 
molecules within droplets, and a large amount of initial energy will be 
used to overcome viscous resistance during spreading, resulting in a 
reduced degree of deformation and a relatively stable support area of the 
air film, which is conducive to droplet bouncing. The competition be
tween gravity, inertia force, and the support of the air film is the decisive 
factor in determining droplet bouncing. After increasing BoT, the sup
port force is gradually being put at a disadvantage. Therefore, there is a 
positive correlation between V/Ve and OhT, while a negative one is be
tween V/Ve and BoT, and the best bounceable velocity is 0.26–0.56 m/s 
with T = 0–100 ◦C. However, only the effects of T on μ and γ were 
considered in experiments, while that on density, air pressure, and other 
relevant factors need to be investigated in the future. 

4. Conclusion 

In this work, we have experimentally and theoretically investigated 
silicone oil droplets bounce off wetted curved surfaces with elevated 
temperatures. Comparison of the impact of four lubricant droplets 
demonstrates the universality of bouncing. Bouncing and depositing 
thresholds under various conditions are highlighted. It is found that 
surface roughness has the greatest negative influence on the bounceable 
velocity range, followed by tangential velocity and initial diameter. The 
increase in droplet diameter leads to an increase in gravity and inertial 
force, reducing the likelihood of droplets bouncing. The existence of 
tangential velocity leads to a special relative static spreading that is 
dominated by inertia. Increasing surface roughness will make the oil 
film distributes nonuniformly, resulting in unstable support of the air 
film and droplets depositing. Theoretical model and force analysis were 
established to explain the bouncing mechanism, and an example anal
ysis demonstrated the relationship between force and spreading. A 
dimensionless impact factor β and modified Bond number BoT and 
Ohnesorge numbers OhT were combined to illustrate the velocity 
threshold of bouncing and depositing, where there was VVe

-1~βOhT
2BoT

- 

1. The theoretical predictions are in good agreement with the experi
mental results, and the negative effects of rising Bond number and 
temperature on bouncing were elucidated, which increases the gravity 
and inertial force and decreases the viscosity and surface tension, 
respectively. The critical conditions of droplets bouncing and depositing 
on wetted curved surfaces provide a design concept for modern lubri
cation systems. 
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