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Droplet impact on inclined metallic surfaces is critical in heat transfer, coating, and bio-
oil delivery systems; however, existing studies have largely focused on low-viscosity 
fluids and horizontal surfaces, with limited understanding of high-viscosity bio-oils 
under inclined and rough surface conditions. This study systematically examines the 
impact dynamics of droplets composed of olive, peanut, sunflower, and a 50% waste–
50% olive oil blend on aluminium, copper, mild steel, and stainless steel at room 
temperature. Droplets with diameters of 2.6–3.2 mm were released at velocities of 3.96 
m/s to 4.54 m/s, corresponding to Weber numbers of 923–1214, onto substrates 
inclined at 5° to 60° with surface roughness Ra ≈ 0.1 to 2.2 µm. High-speed imaging was 
employed to capture droplet deformation, spreading, and instability during impact. The 
results display that increasing inclination disrupts spreading symmetry and promotes 
downslope elongation, while higher inertia enhances deformation and may induce 
localized splashing. Surface roughness exhibits a regime-dependent effect, where 
rougher surfaces facilitate contact-line pinning and suppress spreading, whereas 
smoother surfaces promote lamella mobility and splashing, particularly for low-viscosity 
liquids. Moreover, fluid viscosity plays a critical stabilizing role, with bio-oils resisting 
jetting and fragmentation compared to water. These findings demonstrate the coupled 
effects of inertia, inclination, surface roughness, and fluid properties on droplet impact 
dynamics, providing a unified physical understanding and practical guidance for 
optimizing spray cooling, coating, and fuel deposition processes on inclined metallic 
surfaces. 
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1. Introduction 

 
Droplet impact on solid surfaces governs key momentum, heat, and mass transfer processes in 

fuel spray cooling, quenching, combusCon, and energy-system heat transfer applicaCons. Upon 
impact, droplets may spread, splash, rebound, or fragment depending on inerCa, viscosity, surface 
tension, gravity, surface roughness, and thermal condiCons. Droplet impact regimes are central to 
applicaCons such as spray and mist cooling [1,2], quenching [3], nuclear reactor [4,5], porous surface 
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interacCons [6,7], steam turbines [8], and internal combusCon engines [9,10]. In pracCcal energy 
systems, droplets frequently interact with inclined metallic surfaces, where gravity-induced 
asymmetry fundamentally alters lamella evoluCon and contact-line moCon compared to horizontal 
surfaces. Most exisCng droplet impact models have been developed for horizontal surfaces and 
idealized fluids, limiCng their relevance to realisCc energy-system geometries. In addiCon, most 
foundaConal studies underlying these applicaCons are based on low-viscosity, single-component 
liquids, limiCng their applicability to emerging renewable fuels such as bio-oils. This limitaCon hinders 
the extension of classical droplet impact theory to bio-oil-relevant systems. Surface inclinaCon 
introduces gravity-driven asymmetry that modifies spreading and splash thresholds in a manner that 
cannot be captured by horizontal-surface scaling laws. 

Extensive experimental and theoreCcal studies have established droplet impact regimes for low-
viscosity Newtonian liquids under controlled hydrodynamic and thermal condiCons. The effects of 
surface roughness and viscosity on spreading and bouncing have been widely reported [11,12], while 
early-stage impact dynamics have been correlated using Weber [13] and Reynolds numbers [14,15]. 
In addiCon, the influence of surface roughness on droplet’s repellency was also invesCgated at 
different Weber values [16]. However, the precise role of surface topography remains unresolved, 
parCcularly for highly viscous liquids such as bio-oils. Thermal phenomena such as contact 
vaporizaCon and Leidenfrost transiCons further influence impact outcomes at elevated temperatures 
[15-17]. Regime maps and correlaCons are predominantly derived from single-component, low-
viscosity liquids such as water and light hydrocarbons. Therefore, these regimes are insufficient to 
describe bio-oil droplet impacCon. Classical impact scaling laws may fail for viscous, mulCcomponent 
fuel droplets due to enhanced viscous dissipaCon and altered weang behavior.  

Bio-oils and biodiesel fuels exhibit elevated viscosity, mulCcomponent composiCon, and strong 
coupling between thermophysical properCes, which significantly influence droplet spreading, recoil, 
and evaporaCon. Unlike convenConal fuels, bio-oil droplets may either evaporate rapidly at high 
temperatures or remain pinned in prolonged sessile states, suppressing recoil and splashing [18]. 
Isothermal studies of bio-oil droplet impact have reported sluggish spreading and saturaCon of 
maximum spreading diameter [19]. At high temperature, the impact pacerns of droplets are mildly 
influenced by an increased in the surface temperature and a change in the inclinaCon angle but the 
findings are limited to a water droplet [20]. Bio-oil droplet impact behavior has largely been studied 
under isothermal or weakly thermal condiCons, which do not fully represent operaCng environments 
in energy and combusCon systems. Thermal gradients will amplify differences between bio-oil and 
convenConal fuel impact dynamics by strengthening the coupling between evaporaCon and 
hydrodynamic deformaCon. 

MulCcomponent evaporaCon models have demonstrated that fuel composiCon strongly affects 
droplet lifeCme and evaporaCon rate, oden deviaCng from classical d²-law behavior [21-23]. While 
these models provide valuable insight into isolated droplet evaporaCon, they do not account for 
impact-induced spreading, recoil, and breakup on solid surfaces. Surface orientaCon and externally 
imposed flow fields further complicate droplet impact dynamics. Crossflow studies have shown 
pronounced deformaCon and direcConal breakup for both convenConal and bio-derived fuel 
droplets, highlighCng the importance of liquid-specific instability mechanisms [24]. In parallel, 
inclined-surface studies using water and low-viscosity fluids have revealed asymmetric spreading and 
altered splash iniCaCon [25-28]. However, systemaCc invesCgaCons of bio-oil droplets impacCng 
inclined metallic substrates with realisCc roughness levels remain scarce [29,30]. ExisCng inclined-
surface studies are dominated by model fluids and do not capture the rheological complexity of bio-
based fuels. Bio-oil droplets are expected to exhibit stronger inclinaCon-dependent regime shids than 
low-viscosity liquids due to enhanced viscous dissipaCon and contact-line pinning. 
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Previous studies have established important droplet impact regimes for low-viscosity liquids on 
horizontal or mildly inclined surfaces, but these findings do not fully represent the behavior of bio-oil 
droplets on realisCc metallic substrates. In parCcular, the combined effects of surface inclinaCon, 
roughness, and bio-oil viscosity on spreading asymmetry, pinning, and splash iniCaCon remain 
insufficiently understood. ExisCng regime maps are largely based on single-component model liquids 
and therefore provide limited guidance for mulCcomponent renewable fuels. Consequently, a 
systemaCc invesCgaCon of bio-oil droplet impact on inclined metallic surfaces is needed to clarify the 
governing physical mechanisms and support predicCve design for energy and fuel applicaCons. 

This study systemaCcally examines the impact behavior of bio-oil droplets on inclined metallic 
surfaces with varying roughness in order to clarify the coupled roles of liquid viscosity, surface 
inclinaCon, and topography in controlling spreading and splash dynamics. High-speed imaging is used 
to resolve the impact process and to idenCfy how these variables influence asymmetry, pinning, 
elongaCon, and breakup. The resulCng analysis provides a basis for improved physical interpretaCon 
and predicCve design of droplet-based processes involving renewable fuels on inclined engineering 
surfaces. 
 
2. Methodology  

 
A schematic diagram of the experimental setup is shown in Figure 1. A syringe pump-based 

droplet generation device (New Era Pump Systems, Inc. Model NE-1000, USA) was utilized to produce 
a single droplet of regulated size and velocity. The syringe output, without a needle, produced the 
droplet that fell under its own weight and struck the test surface from a specified release height H. 
The droplet velocity and Weber number, We were changed by adjusting the height at four vertical 
positions of 20cm, 50cm, 80cm, and 105cm. The vertical position was adjusted using a precision steel 
rack. A detached droplet, which fell under its own weight, had an equivalent diameter, D which was 
determined from Eq. (1)[31]. 

 
					D = "Dx2 × Dy#

1/3
                                                                                                              	(1) 

Dx and Dy denote the horizontal and vertical diameters of the droplet, respectively. The difference 
in the horizontal and vertical diameters was at most 0.09 mm. Four metal surfaces were used: 
aluminum, copper, mild steel, and stainless steel. These metal surfaces were alternately placed on a 
movable platform that enabled accurate angle inclination of 5°, 10°, 30°, 45°, and 60°. Surface 
roughness, Ra was determined using a surface roughness tester (Mitutoyo SV-3100S4, Japan). The 
measured Ra values for each surface are summarized in Table 1. High-resolution 3D surface 
topography was captured using a profilometer (Alicona Infinitefocus G4, Austria) and the surface 
topographies are shown in Figure 2.  

The surface topography provides a detailed 3D mapping of all surfaces, characterizing its 
roughness and waviness. A 1500 W light emitting diode (LED) light source, along with a diffuser for 
uniform backlighting, illuminated the scene, while a high-speed camera (OLYMPUS i-speed Model 
800-505-ATEC 2832, Olympus Corporation, Japan) running at 2000 fps, 800 x 800-pixel square 
images, captured the droplet impact, spreading, sliding, and splashing events.  

The camera was oriented perpendicular to the droplet motion plane and linked to a computer 
system for data collection and image processing the camera was perfectly oriented to the horizontal 
axis (0° forward angle) to minimize the glaring effect and eliminate the unwanted distortion of the 
captured images. The target area on the metal surface was purposedly focused to be considerably 
small (approximately 8 mm × 8 mm) to simplify the impact process and made easier understanding 
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of the hydrodynamics particularities, which could be hindered by the effects of the liquid/solid 
viscous friction. When the droplet entered the focused area or the field of view, the image based 
auto triggering sensor automatically detected the darkened pixel and the recording was initiated. To 
measure the impact droplet velocity, two successive images were analyzed. These images provided 
the vertical distance between the falling droplet and the impact surface. The image processing 
software was later applied to threshold the droplet and remove odd backgroud shadows. Using the 
time interval between these successive images and the translational distance of the droplet, the 
impact droplet velocity, Vi was calculated using Eq. (2). 

																Vi = 
Dl
Dt                                                                                                                (2) 

 
Dl is the vertical distance traveled by the droplet and Dt is the time lapse between two successive 
images. The theoretical impact droplet velocity, Vth was also calculated using Eq. (3)  

Vth =$2g(h-Do)                                                                                                               (3) 

g and h represent the gravitational acceleration and the free-falling height of the droplet, 
respectively. From Eqs. (2) and (3), the mean percentage error, emean was determined using Eq. (4) to 
estimate the error between the theoretical and experimental droplet impact velocity. 

		emean= 
1
N'()

Vi-Vth
Vth

)×100*
i
(%)                                                                               (4)

N

i=1

 

 
In this work, we produced the droplet velocities in the range of 3 to 5 m/s to observe different 

regimes and stages of impact dynamics. Weber number, We, which is defined as the ratio between 
the inertial force and surface tension force was determined from Eq. (5). 

												We = 
rVi2Do
s

                                                                                                                   (5) 

r is the density and s is the surface tension of the droplet. The We values obtained in the 
experiment were found to be between 923 and 1214. When the impact surface is a plane solid 
substrate, as in the present study, the impact dynamics and behavior are primarily controlled by the 
droplet inertia, viscosity, surface tension, physical characteristics, and substrate parameters. All 
experiments were performed at atmospheric pressure (1 atm), room temperature (28 ºC), and 
relative humidity of approximately 80%. 

Four bio-oils: olive oil, peanut oil, sunflower oil, and a 50% waste–50% olive oil (WCOO) were 
chosen as tested liquids. In addition, distilled water was also used as benchmark liquid to provide 
comparative assessment. Olive oil, peanut oil, and sunflower oil were acquired from a local supplier 
and the waste cooking oil was collected after domestic use.  

The WCOO was prepared by measuring the mass of WCOO (the accuracy of a digital weighing 
scale was within ±0.1g) and the mixture was subsequently placed in a domestically available bath 
chamber. It was continually exposed to an ultrasonic agitation. The WCOO was allowed to stabilize 
for 48h in a transparent tank and the mixture was observed for its miscibility during this period.  

The physical properties, such as density, viscosity, and surface tension, were measured at room 
temperature using a precision balance, a rotational viscometer, and a Du Noüy ring tensiometer, 
respectively. The measured values are shown in Table 2. The data were utilized to calculate 
dimensionless parameters, including the We, Re, and Oh numbers, which dictate the observed 
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impact dynamics. A dimensionless time scale τ = tUₒ/Dₒ was also determined for the purpose of 
standardizing temporal data, facilitating comparison across fluids and surfaces. 

 
Fig. 1. Experimental setup for droplet impact on inclined metallic surfaces, showing the droplet generator, 
inclined substrate, LED illumina@on, and high-speed imaging system 
 
                Table 1 
                   Surface materials, surface roughness, and dimensions 

Surface Material Ra  
with sandpaper (µm) 

Ra  
without Sandpaper (µm) 

Dimensions  
L ´ W ´ H  (mm) 

Aluminum (Al) 0.5448 0.7364 300 × 300 × 5 
Stainless Steel (SS)  2.2229 1.9051 300 × 300 × 5 
Mild Steel (Ms) 1.1728 0.9597 300 × 300 × 5 
Copper (Cu) 0.3488 0.3729 300 × 300 × 5 

 
               Table 2 
                  Physical proper@es of bio-oils at 25 °C 

Bio-oil density (kg/m3) surface tension N/m viscosity (cp) 
Olive 892.8 0.0383 43.79 
Sunflower 858.3 0.0360 34.32 
Peanut 827.4 0.0353 39.17 
WCOO 883.3 0.0356 40.4 
DisVlled water  990.9 0.0720 1 
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Fig. 2. Topography surface images (a) aluminum, Ra = 0.5448 µm (b) aluminum, Ra = 0.7364 µm (c) copper, 
Ra = 0.3488 µm (d) copper, Ra = 0.3729 µm (e) mild steel, Ra = 1.1728 µm (f) mild steel, Ra = 0.9597 µm (g) 
stainless steel, Ra = 2.2229 µm (h) stainless steel, Ra = 1.9051 µm 
 
3. Results  
 

This section describes the observed kinetics of bio-oil and water droplet interactions on inclined 
metal surfaces at room temperature. The study focuses on four aspects (i) spreading and sliding 
dynamics at low (5° and 10°), moderate (30°) and high (45° and 60°) inclination angles, (ii) the effect 
of We number on asymmetric spreading, (iii) the effect of surface roughness and inclination on 
lamella pinning, and (iv) comparative analysis of water and bio-oils that emphasizes the importance 
of viscosity and surface tension. The experimental results reveal a clear hierarchy of controlling 
parameters governing droplet impact dynamics. The Weber number acts as the primary parameter, 
as it represents the balance between inertial and surface tension forces and determines the onset of 
spreading and splashing. Surface inclination plays a secondary role by introducing gravitational 
asymmetry, which governs downslope elongation and directional spreading. Surface roughness has 
a limited influence at moderate Weber numbers but becomes increasingly important at higher 
inertia, where it enhances contact-line pinning and suppresses lamella instability. Fluid viscosity 
provides an additional stabilizing effect by dissipating kinetic energy, thereby delaying or preventing 
splash formation. 

  
3.1 Spreading and Sliding at Low and High Inclination Angles 

 
The spreading and sliding dynamics of bio-oil and water droplets were investigated at an impact 

velocity of 3.96 m/s (We ≈ 923) over inclination angles of 5°, 10°, 30°, 45°, and 60°. The definitions of 
droplet size D, horizontal droplet elongation X, and vertical droplet elongation Y are illustrated in 
Figure 3. At small inclination angles of 5° and 10°, all droplets exhibited nearly symmetric spreading 
with only minor downslope elongation. High-speed image sequences in Figs. 4 and 5 confirm that 
bio-oils stabilized quickly and remained intact, whereas water rims thinned and developed early 
instabilities. Due to the large number of images acquired, only representative cases are presented. 
Surface roughness had only a marginal influence on spreading at low inclination angles because the 
tangential momentum component of the droplet remained relatively small. Under these conditions, 
droplet behaviour was governed primarily by the balance between inertial and surface tension 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 60, Issue 5 (2026) 170-194 

176 
 

forces, while surface irregularities played only a secondary role.  At a moderate inclination angle of 
30°, gravitational effects became more pronounced, leading to asymmetric spreading and enhanced 
downslope elongation. Bio-oils reached maximum spreading ratios of X/D ≈ 3.0–3.9 and Y/D ≈ 0.8–
1.7, whereas water spread more extensively, with X/D = 6.5–7.9 and Y/D = 1.6–3.0. Bio-oils elongated 
slightly downslope (Y/D ≈ 1.3–1.6) while maintaining cohesive lamellae, whereas water exhibited 
significantly greater spreading and rivulet-like flow, as shown in Figure 6. These observations indicate 
that inclination increasingly modifies droplet behaviour by introducing gravitational asymmetry, 
which enhances downslope momentum and promotes directional spreading. At high inclination 
angles of 45° and 60°, asymmetry became dominant. Bio-oils compacted in the streamwise direction 
(X/D reduced to 2.5–3.0) but elongated significantly downslope (Y/D = 4.0–5.0), remaining largely 
splash-free due to viscous damping. In contrast, water footprints became unstable: at 45°, X/D 
peaked at 7.8–8.3 with Y/D ≈ 7.2–7.4, while at 60°, water collapsed strongly in the downslope 
direction with X/D ≈ 4.5 but Y/D > 11, accompanied by rim breakup and secondary droplet formation 
(Figs. 7 and 8). This behaviour indicates that gravitationally induced tangential momentum 
increasingly interacts with inertial forces at steep inclinations, amplifying spreading asymmetry and 
destabilizing low-viscosity fluids. In contrast, the higher viscosity of bio-oils dissipates kinetic energy 
and stabilizes the lamella, thereby suppressing fragmentation and splash initiation. As shown in 
Figure 9, water extended even further downslope (Y/D > 12) and splashed violently at higher impact 
velocity, whereas oils elongated moderately (Y/D ≈ 5–6) but remained cohesive. These results 
demonstrate that increasing inertia intensifies asymmetry and splash tendencies in low-viscosity 
fluids, while bio-oils maintain stable spreading due to enhanced viscous dissipation and contact-line 
stability. Overall, the results identify two distinct spreading regimes: (i) shallow inclinations, where 
spreading remains nearly symmetric and bio-oils resist sliding, and (ii) steep inclinations, where 
gravitational asymmetry enhances downslope elongation and destabilizes water but not bio-oils. 
Collectively, these results confirm that droplet behaviour is governed by the coupled interaction of 
inertia, gravitational effects, viscosity, and surface interaction mechanisms rather than by inclination 
angle alone. 

 
Fig. 3. (a) Defini@on of droplet size D (b) horizontal droplet elonga@on X (c) ver@cal droplet elonga@on Y 
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Fig. 4. High-speed images of bio-oils and distilled water droplets at an inclination angle of 5° (a) Ra = 0.5448 
µm, aluminum (b) Ra = 0.3488 µm, copper (c) Ra = 1.1728 µm, mild steel, and (d) Ra = 2.2229 µm stainless 
steel. The droplets were released from a vertical height of 80 cm with an impact velocity of 3.96 m/s, and a 
high We of approximately 923. Time stamps show first contact (3 ms), intermediate spreading, maximum 
spreading, and partial retraction 
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Fig. 5. High-speed images of bio-oils and distilled water droplets at an inclination angle of 10° (a) Ra = 0.5448 
µm, aluminum (b) Ra = 0.3488 µm, copper (c) Ra = 1.1728 µm, mild steel, and (d) Ra = 2.2229 µm stainless 
steel. The droplets were released from a vertical height of 80 cm with an impact velocity of 3.96 m/s, and a 
high We of approximately 923. Time stamps show first contact (3 ms), intermediate spreading, maximum 
spreading, and partial retraction 
 

(a) (b) 

(c) (d) 
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Fig. 6. High-speed images of bio-oils and distilled water droplets at an inclination angle of 30° (a) (Ra = 
0.5448 µm), aluminum (b) (Ra = 0.3488µm) copper (c) (Ra = 1.1728µm) mild steel (d) (Ra = 2.2229µm) 
stainless steel. The droplets were released from a vertical height of 80 cm with an impact velocity of 3.96 
m/s, and a high We of approximately 923. Time stamps show first contact (1 ms), intermediate spreading, 
maximum spreading, and partial retraction 
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Fig. 7. High-speed images of bio-oils and distilled water droplets at an inclination angle of 45� (a) (Ra = 
0.5448 µm), aluminum (b) (Ra = 0.3488µm) copper (c) (Ra = 1.1728µm) mild steel (d) (Ra = 2.2229µm) 
stainless steel. The droplets were released from a vertical height of 80 cm with an impact velocity of 3.96 
m/s, and a high We of approximately 923. Time stamps show first contact (2 ms), intermediate spreading, 
maximum spreading, and partial retraction 
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  Fig. 8. High-speed images of bio-oils and distilled water droplets at an inclination angle of 60° (a) (Ra = 
0.5448 µm), aluminum (b) (Ra = 0.3488µm) copper (c) (Ra = 1.1728µm) mild steel (d) (Ra = 2.2229µm) 
stainless steel. The droplets were released from 80 cm with a 3.96 m/s impact velocity and a high We of 
approximately 923. Time stamps show first contact (2 ms), intermediate spreading, maximum spreading, and 
partial retraction 
 

  
Fig. 9. High-speed images of bio-oil droplets (olive, peanut, sunflower, and waste oil) and distilled water 
droplets on a controlled roughness (a) (Ra = 0.1019 µm) inclined stainless steel surface angle of 60° and (b) 
(Ra = 2.2229 µm) inclined stainless steel surface at ambient temperature. The droplets were released from 
105 cm with a 4.54 m/s impact velocity and We of approximately 1214. Time stamps show first contact (1 
ms), intermediate spreading, maximal spreading, and partial retraction 
 

(a) 

(d) 

(b) 

(c) 

(a) 
(b) 
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3.1.1 Weber number effect on spreading 
 

The Weber number was identified as the dominant parameter governing droplet spreading and 
instability on inclined metallic surfaces because it controls the balance between inertial and surface 
tension forces. At We ≈ 923 (U₀ = 3.96 m/s), droplets of all bio-oils exhibited stable lamella formation 
with compact footprints even at steep inclinations. The maximum downslope extension remained 
within Y/D = 4.0–5.0, while streamwise spreading contracted to X/D = 2.5–3.0 at 60°. No splashing or 
detachment was observed, indicating that viscous damping dominated over inertial stresses for bio-
oils. Water, by contrast, was much more sensitive to inertia at the same Weber number. At an 
inclination angle of 60°, water collapsed downslope with Y/D > 11 and secondary droplet formation, 
reflecting the lower Ohnesorge number (Oh ≈ 0.0023) of water compared with oils (Oh ≈ 0.12–0.14). 
These results show that low-viscosity fluids are more prone to inertial destabilization because limited 
viscous dissipation allows rim instabilities to grow rapidly and generate secondary droplets. To 
further assess the role of inertia under extreme inclination, additional experiments were conducted 
at 4.54 m/s (We ≈ 1214) and an inclination angle of 60°. When the impact velocity was increased to 
U₀ = 4.54 m/s (We ≈ 1214) at 60° (Figure 9), inertia amplified downslope spreading and further 
destabilized the lamellae. On smooth stainless steel (Ra ≈ 0.10 µm), sunflower and olive oil produced 
crown-like rims with localized splashing, marking the onset of splash for bio-oils. This transition 
indicates that inertial stresses begin to overcome viscous stabilization at elevated Weber number, 
particularly on smooth surfaces where contact-line resistance is minimal. In contrast, peanut oil and 
the waste–olive blend maintained cohesive spreading with Y/D ≈ 5–6 and no rim detachment. On 
rough stainless steel (Ra ≈ 2.22 µm), all oils completely suppressed splashing and instead formed 
stable elongated footprints (X/D ≈ 2.6–2.9; Y/D ≈ 4.7–5.1). Water remained highly unstable at 
elevated Weber number, generating rims that disintegrated into satellite droplets with Y/D 
approaching 9–10. The quantitative dependence of spreading on Weber number is further illustrated 
by the maximum Y/D and X/D values for bio-oils and water at all inclination angles. Figure 10 presents 
the dimensionless spreading evolution at 3 ms on an aluminum surface with Ra = 0.5–0.7 at We = 
923. At 5°, all bio-oils spread slowly and symmetrically in both directions (X/D ≈ 3–3.7, Y/D ≈ 0.5–0.7), 
whereas water spread more extensively (X/D ≈ 6.2–6.4, Y/D ≈ 1.4). As the inclination angle increased 
from 10° to 60°, the maximum X/D remained relatively stable or slightly decreased, whereas Y/D 
increased significantly, indicating progressively asymmetric spreading driven by enhanced 
downslope momentum. Figure 11 shows the corresponding results for a copper surface with Ra = 
0.34–0.37 at the same Weber number. The maximum spreading exhibited slightly higher Y/D values, 
while the X/D ratio remained nearly constant, suggesting that the copper surface promoted 
preferential spreading in the downslope direction. For mild steel surfaces (Figure 12) with Ra = 0.95–
1.17, both X/D and Y/D showed lower maximum spreading compared with aluminum and copper 
across all angles, indicating greater suppression of lamella expansion. Figure 13 presents the results 
for stainless steel surfaces with Ra = 1.90–2.22, where both X/D and Y/D were further reduced, 
demonstrating that increased surface roughness increasingly restricted spreading in both directions. 
Collectively, these results indicate that increasing surface roughness progressively suppresses droplet 
spreading by enhancing viscous dissipation and contact-line pinning at the solid–liquid interface. 
While Y/D increased sharply for water at We = 1214, accompanied by rim breakup and satellite 
droplet formation, bio-oils showed only modest growth in spreading. X/D exhibited a slight reduction 
with increasing Weber number, indicating contraction of streamwise spreading due to enhanced 
downslope momentum (Figure 14). These findings demonstrate that the influence of surface 
roughness is strongly dependent on the inertial regime. At moderate Weber number, roughness 
exerts only a minor influence because inertial forces are insufficient to strongly activate surface 
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irregularities. However, at elevated Weber number, increased contact-line motion amplifies the 
interaction between the lamella and surface topography, allowing roughness-induced pinning to 
effectively suppress rim instability and splashing. Collectively, these results highlight the competing 
roles of inertia, viscosity, and surface interaction during droplet impact on inclined metallic surfaces. 
Increasing Weber number intensifies spreading asymmetry and promotes rim instability, particularly 
in low-viscosity fluids such as water. In contrast, bio-oils maintain greater spreading stability due to 
enhanced viscous dissipation. Surface roughness further modifies this balance by enhancing contact-
line pinning, which becomes increasingly effective at high inertia where instability would otherwise 
dominate. These findings establish a unified physical interpretation of splash onset and suppression 
mechanisms for bio-oils on inclined metallic substrates. 
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Fig. 10. X/D and Y/D at inclination angles of 5º, 10º, 30º, 45º, and 60º, under constant height, velocity, and 
We on an aluminum surface with two surface roughness values (Ra = 0.5448 µm and Ra = 0.7364 µm) 
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Fig. 11. X/D and Y/D at inclination angles of 5º, 10º, 30º,45º, and 60º, under constant height, velocity, and 
We on a copper surface with two surface roughness effects (Ra = 0.3488µm and Ra = 0.3729µm) 
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Fig. 12. X/D and Y/D at inclination angles of 5º, 10º, 30º, 45º, and 60º, under constant height, velocity, and 
We on a mild steel surface with two surface roughness effects (Ra = 1.1728µm and Ra = 0.9597µm) 
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Fig. 13. X/D and Y/D at inclination angles of 5º, 10º, 30º, 45º, and 60º, under constant height, velocity, and 
We on a stainless-steel surface with two surface roughness effects (Ra = 2.2229µm and Ra = 1.9051µm) 
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Fig. 14. X/D and Y/D for stainless-steel surfaces at an inclination angle of 60° at high We (U₀ = 4.54 m/s). 
Results are compared between a smooth surface (Ra ≈ 0.10 µm) and a rough surface (Ra ≈ 2.22 µm) to 
highlight the role of surface roughness in suppressing or promoting splash behavior 
 
3.1.2 Roughness–angle interaction and lamella pinning 

 
The influence of surface roughness on droplet spreading and lamella stability was systematically 

evaluated at moderate Weber number (We = 923, U₀ = 3.96 m/s) across four metallic substrates 
(aluminum, copper, mild steel, and stainless steel) over inclination angles ranging from 5° to 60°. An 
additional high-inertia condition (We = 1214, U₀ = 4.54 m/s) was investigated exclusively on stainless 
steel at 60° to examine the onset of splash under smooth and rough surface conditions. The results 
indicate that the role of surface roughness is strongly dependent on the inertial regime and becomes 
increasingly important at elevated Weber number. At We = 923, the influence of surface roughness 
was generally secondary compared with the effects of inclination angle and fluid viscosity. On 
aluminum and copper surfaces, the difference between smoother surfaces (Ra ≈ 0.35–0.55 µm) and 
rougher surfaces (Ra ≈ 0.37–0.73 µm) produced only minor variations in spreading, with ΔX/D and 
ΔY/D typically remaining below 0.2 across all inclinations. Bio-oils remained compact (X/D ≈ 2.5–3.9; 
Y/D ≈ 0.8–5.0) and splash-free under both roughness conditions, whereas water spread more 
extensively (X/D approaching 8.0 and Y/D exceeding 11 at 60°), accompanied by rim breakup at steep 
inclinations regardless of surface roughness. These findings indicate that, at moderate Weber 
number, inertial forces are insufficient to strongly activate surface irregularities, and droplet 
behaviour is governed primarily by inertial–capillary balance and gravitational asymmetry. On mild 
steel surfaces (Ra ≈ 0.96 and 1.17 µm), roughness effects became slightly more pronounced. Bio-oils 
exhibited marginal increases in Y/D on the rougher surface at intermediate inclinations (30°–45°) 
while remaining splash-free. Water displayed somewhat greater spreading on the rougher surface at 
shallow angles but still fragmented at 60°. On stainless steel, where the roughness span was larger 
(Ra ≈ 0.10 µm, 1.90 µm, and 2.22 µm), bio-oils again remained highly stable on both smooth and 
rough substrates, with X/D ≈ 2.6–3.6 and Y/D ≈ 0.8–5.0 across all inclination angles. Water showed 
slightly enhanced spreading at shallow inclinations on rougher stainless steel, but at 45°–60°, both 
smooth and rough surfaces produced similar outcomes characterized by strong downslope 
elongation and rim breakup with satellite droplet formation. Collectively, these results demonstrate 
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that roughness exerts only a limited influence at moderate Weber number because the available 
inertial energy is insufficient to fully amplify contact-line disturbances and surface-induced 
instabilities. At We = 1214 and an inclination angle of 60° on stainless steel, the role of roughness 
became substantially more significant. On smooth stainless steel (Ra ≈ 0.10 µm), sunflower and olive 
oil droplets developed unstable rims and localized splashing, producing crown-like structures and 
small satellite droplets that marked the first splash events observed for bio-oils. This transition 
indicates that increased inertial stresses begin to overcome viscous stabilization on smooth surfaces 
where contact-line resistance is minimal. In contrast, on rough stainless steel (Ra ≈ 2.22 µm), all oils 
remained cohesive with compact footprints (X/D ≈ 2.6–2.9; Y/D ≈ 4.7–5.1), closely resembling the 
stable spreading behaviour observed at We = 923. Water remained highly unstable under both 
roughness conditions, generating severe rim breakup and satellite droplet formation with Y/D ≈ 9–
10. These findings demonstrate that the influence of surface roughness is strongly regime-
dependent. At moderate Weber number, roughness plays only a secondary role relative to inclination 
angle and fluid viscosity because inertial forces are insufficient to strongly activate surface 
topography. However, at elevated Weber number, increased contact-line motion amplifies the 
interaction between the lamella and the substrate, allowing roughness-induced pinning to effectively 
suppress instability and delay splash onset. Consequently, surface roughness acts as a stabilizing 
mechanism at high inertia by dissipating kinetic energy and restricting lamella motion, particularly 
for high-viscosity bio-oils. 

 
3.1.3 Comparison between water and bio-oils 
 

A direct comparison of water and bio-oils underscores the essential influence of fluid 
characteristics on droplet movements on inclined surfaces. Water, characterized by its low viscosity 
(≈ 1 mPa·s) and elevated surface tension (≈ 0.072 N/m), exhibited a strong response to both 
inclination and inertia. At We = 923 (U₀ = 3.96 m/s), water consistently generated larger footprints 
than oils, achieving X/D ≈ 7.0–8.0 and Y/D > 11 at 60°, accompanied by rim thinning and secondary 
droplet production. Bio-oils, by contrast, formed compact and cohesive lamellae with X/D ratios of 
around 2.5–3.9 and Y/D ratios of approximately 0.8–5.0, remaining splash-free throughout all metals 
and surface roughness levels. At higher inertia (We = 1214, U₀ = 4.54 m/s), tested at 60° on stainless 
steel, the contrast became sharper. Water rims destabilized, producing violent splashing and satellite 
droplets on both smooth and rough surfaces. Among the oils, sunflower and olive oil splashed only 
on smooth stainless (Ra ≈ 0.10 µm), while peanut oil and the waste olive blend remained stable. On 
rough stainless (Ra ≈ 2.22 µm), all oils resisted splashing, showing that viscosity coupled with pinning 
can fully suppress instabilities at Weber numbers beyond 1200. The low Ohnesorge number of water 
(≈ 0.0023) facilitates inertia-dominated spreading, elongation, and fragmentation, while oils with an 
Ohnesorge number of approximately 0.12–0.14 maintained pinned, asymmetric spreading without 
catastrophic breakage. The inclination angle predominantly influences spreading asymmetry: at low 
slopes, both water and oil spread almost symmetrically; however, at steep angles, water becomes 
destabilized with Y/D > 11, while oils stay concentrated and free from splashing. Surface roughness 
is of secondary importance for modest We, but with elevated inertia, it becomes critical, as rough 
stainless steel (Ra = 2.22 µm) mitigates splashing and maintains stable lamellae throughout all oils. 
These results have practical implications for droplet control on inclined metallic surfaces. When 
stable and splash-free deposition is required, higher-viscosity fluids and rougher metallic surfaces are 
preferred because they enhance contact-line pinning and suppress rim breakup, particularly at high 
inertia. In contrast, smoother surfaces promote greater lamella spreading but may also increase the 
likelihood of splash initiation, especially for low-viscosity liquids such as water under high Weber 
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number conditions. Lower inclination angles favour symmetric spreading and more uniform 
coverage, whereas steeper angles amplify downslope asymmetry and can lead to uneven deposition. 
Therefore, for applications requiring uniform coating or efficient cooling, moderate inclination angles 
are preferable. Conversely, controlled asymmetry induced by higher inclination may be 
advantageous where directional transport or targeted deposition is desired. Overall, jointly tuning 
fluid viscosity, surface roughness, and inclination angle provides a practical framework for optimizing 
droplet–surface interactions in engineering systems, particularly those involving bio-oil fuels and 
complex surface geometries. 
 
4. Conclusions 
 

This study investigated the impact behaviour of bio-oil droplets on inclined metallic surfaces and 
compared their response with that of distilled water. The results demonstrate that droplet dynamics 
are governed by the combined interaction of inclination angle, impact inertia, liquid viscosity, and 
surface roughness, although their relative importance varies with the impact regime. Among all 
parameters examined, inclination angle was found to be the primary factor controlling spreading 
asymmetry. As the surface became steeper, gravitational forces increasingly redirected the spreading 
lamella downslope, producing elongated footprints and enhancing the tendency for instability. The 
influence of inclination was further amplified by impact inertia, which promoted greater spreading, 
rim deformation, and splash development. However, the response to increasing inertia depended 
strongly on liquid properties. Water exhibited extensive downslope spreading and fragmentation, 
whereas bio-oils maintained comparatively stable and cohesive lamellae because their higher 
viscosity provided stronger energy dissipation and resistance to rim breakup. The role of surface 
roughness was found to depend on the balance between inertial forces and contact-line pinning. 
Under moderate impact conditions, roughness exerted only a limited influence because droplet 
behaviour was dominated by inclination and fluid properties. As inertia increased, however, 
roughness became increasingly important by restricting contact-line motion and suppressing lamella 
instabilities. This transition explains why rough surfaces produced only minor differences in spreading 
at moderate conditions but effectively prevented splash initiation under more demanding impact 
regimes. A unified interpretation of the results indicates that stable droplet deposition occurs when 
viscous dissipation and contact-line pinning are sufficient to counteract the destabilizing effects of 
gravity and inertia. Bio-oils consistently exhibited greater resistance to splash and fragmentation 
than water, highlighting the importance of viscosity in maintaining lamella integrity on inclined 
surfaces. These findings extend the current understanding of droplet impact beyond conventional 
low-viscosity liquids and provide new insight into the behaviour of renewable fuel droplets on 
realistic engineering surfaces. From an application perspective, the results suggest that surface 
inclination and roughness can be used as practical design parameters to control droplet spreading 
and splash behaviour. Rougher surfaces may be beneficial in applications requiring stable liquid 
deposition and reduced droplet loss, whereas smoother surfaces may promote greater spreading but 
increase the risk of splash-induced fragmentation. Such considerations are relevant to biofuel 
delivery systems, spray cooling technologies, coating processes, and thermal management 
equipment where liquid retention and deposition uniformity are important. The present study was 
limited to room-temperature impacts, a specific range of impact conditions, and a selected group of 
bio-oils. Future work should investigate the influence of surface temperature, wider impact regimes, 
and additional biofuel formulations to establish generalized scaling relationships capable of 
predicting droplet behaviour across various fluids and surface conditions. 
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