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Abstract: The icing of areo-engine inlet components during flight can affect engine operational safety. Conventional
hot-air anti-icing systems require a large amount of bleed air, which compromises engine performance. Consequently,
low-energy anti/de-icing methods based on superhydrophobic surfaces have attracted widespread attention. Previous
studies have demonstrated that for stationary components, superhydrophobic surfaces can significantly reduce anti-
icing energy consumption by altering the flow behavior of runback water. However, for rotating inlet components of
aero-engines, the effectiveness of superhydrophobic surfaces and the influence of surface wettability on the evolution
of runback water flow remain unclear due to the effects of centrifugal and Coriolis forces. This study establishes a 3D
liquid water flow simulation model using the volume of fluid (VOF) method to investigate the effects of rotational
speed, airflow velocity, and surface wettability on the runback water flow behavior over the rotating spinner under
dynamic rotation conditions. The results show that the rotational effects and surface wettability mutually reinforce one
another. Specifically, increasing the rotational speed and contact angle can both enhance the flow velocity of liquid
water and accelerate the breakup and rupture of liquid film, leading to the formation of rivulets, droplets, and
subsequent detachment from the surface. A theoretical model based on force balance is proposed to describe the
evolution of runback water flow, and the analysis reveals that as the rotational speed and contact angle increase, the
water film is more likely to break up to form rivulets and beads, and the critical radius for droplet detachment from the
surface decreases, making it easier removal from the surface.
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0 Introduction

When an aircraft flies through clouds contain-
ing supercooled water droplets, icing occurs on
aero-engine inlet components, leading to flow pas-
sage blockage, thrust reduction, and adverse effects
on engine efficiency. In extreme circumstances, this
may cause engine surge, posing a significant threat
to flight safety. Given the structural complexity of
aero-engines, multiple components are susceptible
to ice accretion, including inlet lips, struts, guide

vanes, splitter rings, as well as rotating compo-
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nents such as rotating spinners and fan blades.
Among these components, the rotating spinners ex-
perience the most severe ice accretion due to their
relatively high rotational speeds and large areas for
supercooled droplet impingement. The ice accretion
process and ice shapes on rotating spinners differ sig-
nificantly from those on stationary surfaces, often
forming needle-like or feather-like structures. Previ-
ous studies have demonstrated'"’ that the formation
of these unique ice shapes is related to the liquid wa-

ter flow evolution behavior on the surface under the
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coupled effects of centrifugal force and aerodynamic
2l To ensure flight safety, it is necessary to

conduct research on the icing of rotating surfaces'™.

drag

Due to the unique geometric structure of rotating
spinners, researchers have proposed several new
low-energy anti-icing methods for engine compo-
nents, such as rotating heat pipe'*', structural anti-
icing designs'”’, and superhydrophobic surface anti-
icing. The superhydrophobic anti-icing method mod-
ifies the surface to achieve superhydrophobicity uti-
lizing its wettability to prevent icing, thereby reduc-
ing system energy consumption®”. Our previous re-
search™ have systematically investigated low-ener-
gy anti-icing mechanisms on superhydrophobic sur-
faces, revealing that surface wettability alterations in-
duce distinctive liquid water flow behaviors, spread-
ing, and detachment on rotating surfaces. There-
fore, further investigation into the fundamental phys-
ics governing runback water flow evolution on rotat-
ing spinners with different wettabilities is necessary.
Experimentally, Yuan et al.’” and Zhang
et al."""! observed the characteristics of water film
flow. Due to limitations in experimental setups and
observation methods, many researchers have turned
to simulation studies. Classical models such as the
Messinger model '?, the shallow water icing model
(SWIM) proposed by Messinger'®, the Myers

model™"

, and the improved Myers model by Gori
et al.'"” have provided insights into the mechanisms
of water film flow on icing surfaces from different

1 [16]

perspectives. Zheng et a used the volume of fluid

(VOF) method to simulate 2D runback water on an-

1.1 used force bal-

ti-icing surfaces. Thompson et a
ance (FB) analysis method to study wind-driven riv-
ulet flow and El-Genk et al.'"®' used a finite element
numerical method to improve the minimization of to-
tal energy (MTE) method.

Most studies on the effects of wettability on wa-
ter film flow characteristics have been conducted on
stationary surfaces rather than rotating surfaces.
Yang et al."”" and Dong et al."”*" studied the flow
characteristics of water films on different surfaces.
However, their study only considered static anti-ic-
ing characteristics and did not address rotating condi-
tions.

The Coriolis and centrifugal forces also affect

the water film flow with the component rotates. Jian

et al.'”**! introduced a water film detachment model
for rotating component surfaces and studied the ef-
fects of Coriolis and centrifugal forces on the exter-
nal sparse gas-liquid two-phase flow and the water
film on rotating surfaces. Chen et al.'””’ modified the
solution for water film velocity with centrifugal
force on rotating component surfaces. Wang et
al.'"”*) modified the Messinger model to consider
the effect of centrifugal force on the distribution of
uncondensed water and applied it on rotating turbine
blade surfaces. Hamed et al.””" used the Lagrangian
method to solve the airflow field in compressor
blade passages and solved the droplet trajectories in
the flow field in a rotating cylindrical coordinate sys-

1.1 simulated the flow field around

tem. Wang et a
a rotor, considering the effects of Coriolis and cen-
trifugal forces in the air phase solution process.

Understanding how surface wettability affects
runback ice formation and the role of surface wetta-
bility in anti-icing and de-icing processes is the key
to mastering low-energy anti-icing mechanisms. De-
tailed studies on droplet flow characteristics and ice
accretion and anti-icing mechanisms on icing surfac-
es are needed, especially in real 3D rotating compo-
nent environments. First, the rotational effect of ro-
tating components in engines affects droplet im-
pingement and water film flow characteristics,
which means that it is necessary to study the effect
of wettability on the flow characteristics of liquid wa-
ter under centrifugal force. Second, the influence of
wettability on runback water flow pattern is closely
related to the anti-icing mechanism of superhydro-
phobic surfaces and requires further study. Due to
the lack of accurate theoretical analysis of water film
flow characteristics and precise measurement tech-
niques to quantify transient water film flow behavior
on rotating component surfaces, the effects of sur-
face wettability on water film flow evolution on 3D
rotating components remain unclear, leaving a re-
search gap that needs to be addressed.

To address these issues, this study utilizes the
VOF method in conjunction with a 3D rotating coor-
dinate system to establish the runback water flow
simulation model and investigate the effects of sur-
face wettabilities on runback water flow evolution
on rotating spinner surfaces. Furthermore, a theoret-

ical analysis based on the FB is conducted to ex-
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plore the coupling effects of rotational dynamics and
surface wettabilities on the evolution behavior of
runback water on rotating surfaces. The influence of
surface wettability on the breakup of water films in-
to rivulets and the subsequent rupture of rivulets in-
to droplet flow, as well as the detachment of droplet

flow from the surface, is thoroughly investigated.
1 Simulation Method

1.1 VOF calculation model in a rotating coordi-

nate system

2D simulations are insufficient to capture the
continuous liquid film break up in the spanwise direc-
tion. In contrast, a 3D simulation model using the
VOF method® can reveal the transient behavior
and evolution characteristics of liquid water flow on
surfaces with different wettabilities under high-speed
airflow shear forces. The energy transfer is not con-
sidered in this study, and the liquid water flow char-
acteristics under isothermal conditions are calculated.
To consider the effects of rotation, a rotating
non-inertial reference frame is introduced. The refer-
ence frame takes the rotation axis of the spinner as
its central axis and rotates around this axis at the
same time angular velocity as the spinner. Under
this transformation, the fluid velocity is expressed as
U, —=u—u—=u—wXr (1)

Therefore, the governing equations for the

VOF model in the rotating coordinate system are as

follows
dp
% 4V o oun)=0 2
81+V (ou,) (2)
a m
%+p(2wXu“,+waXr)+
Veloupu,)=—Vp+Vez,+F (3)

where o and u are the mixture density and mixture ve-
locity, respectively, obtained by weighted averaging
based on phase volume fractions; p is the pressure, F
the generalized source term in the momentum equa-
tion, w the angular velocity, r the radial vector, and
7, the viscous shear stress under relative velocity.
Compared with the governing equations for station-
ary surfaces, the rotating coordinate system uses rela-
tive velocity as the dependent variable and includes
additional terms accounting for Coriolis acceleration

(2w X u,,) and centrifugal acceleration (w X @ X r).

1.2 Computational domain and boundary con-
ditions

A rotating spinner of a certain type is selected,

as shown in Fig.1. The geometric structure is a trun-

cated front section of a spinner, modeled and simu-

lated at a 1: 2 scale compared with the actual aero-

engine. The truncated base diameter is 150 mm,

and the cone angle is 72°.

R3 mm

ZEA

| 150 mm

Fig.1 Model of a certain type of aero-engine rotating spinner

The commercial software Ansys Fluent is used
for simulation calculations. A 3D computational do-
main is established, as shown in Fig.2. The sur-

rounding flow field of the rotating spinner is mod-

Airflow
velocity inlet

Pressure
outlet

Liquid water
Mass flow inlet,

(b) Mesh
Fig.2 Schematic diagram of computational domain and
boundary conditions for liquid water flow simulation

on rotating surfaces
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eled with a total length of 450 mm. The annular out-
let has an inner diameter of 150 mm, matching the
spinner base diameter, and an outer diameter of
450 mm. To optimize calculations, a 150 mm long
stabilization section is added downstream of the spin-
ner trailing edge.

For boundary conditions, the left circular end
face is set as the far-field air velocity inlet, and the
right annular end face is set as the pressure outlet.
Liquid water is introduced through a mass flow inlet,
with a rate chosen based on experimental conditions,
corresponding to an equivalent liquid water content
(LWC) of (32£0.5) g/m?* and yielding a water mass
flow rate of 8 g/s. The inlet range is determined by
FENSAP-ICE simulations of droplet collection effi-
ciency, ensuring consistency with the impingement
region. As illustrated in Fig.3, the droplet collection
efficiency is the highest at the leading edge and de-
creases sharply to less than 0.3 at 2/D=0.026 7.
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Fig.3 Change of droplet collection efficiency on rotating

spinners with distance

The simulation employs the RNG k-¢ turbu-
lence, with the PRESTO method used for the pres-
sure term algorithm. The compressive schemes (a
second order reconstruction scheme based on the
slope limiter) is selected for interface calculations.
The transient simulation is carried out over 0.4 s us-
ing a time step of 1 ms, resulting in 400 time steps.

Three grid resolutions are designed, with total
cell counts of 191, 325, and 478 W. Analysis of the
water film thickness (Fig.4) indicates that the
325 W grid provides an optimal balance between
computational efficiency and accuracy. The refined
region, which is critical for accurately resolving the

water film flow behavior, has a total height of

Vol. 42
4
—191W
—325W
3F 478 W

Film thickness / mm
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0
0.00 0.05 0.10 0.15 0.20
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Fig.4 Grid-independent verification results

2 000 pm, and incorporates 15 layers of grid refine-

ment near the wall.
2 Results

2.1 Verification of simulation accuracy

In order to verify the accuracy of the simulation
calculations, a comparison 1s conducted with experi-
mental results. As shown in Fig.5, for the 10” sur-
face, the water film spreads uniformly and covers
nearly the entire surface of the rotating spinners. In
the case of the 70° surface, the rivulets can be ob-

served, and the break location is largely consistent.

Water film

Rivulet ﬂow\

Fig.5 Comparison between simulation and experiment of
surface water film flow patterns at contact angles of
10° and 70° (U..=20 m/s, n=1 000 r/min)

2.2 Effects of wettability on liquid water flow

pattern on rotating surfaces

Figs.6—9 show the liquid water flow patterns

on surfaces with different wettabilities (contact an-
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gles) under a wind speed of 20 m/s and a rotational
speed of 1 000 r/min. The flow pattern reaches a
steady state within 0.3 s, so six time points are se-
lected for each surface to display the flow pattern.
The simulation model captures the circumferential
flow spreading and rivulet formation on the rotating
surface due to the rotational effect, as well as the in-
fluence of surface wettability on the flow pattern. As
shown in Fig.6, on a superhydrophilic surface with
a contact angle of 10°, the liquid water forms a rela-

tively continuous film over time without rupturing

into rivulets, and it almost covers the entire spinner

=0.01s :
=0.15s I

‘ Y<—$->X
=0.05s

z
‘X
=0.2s

by 1= 0.3 s.
As shown in Fig.7, on a surface with a contact

angle of 70°, the liquid water shows obvious rivulets

30-31]

or liquid fingers™*' at z = 0.1 s, where the liquid
film ruptures at the thinner middle section of the
spinner, forming rivulets deflected opposite to the
rotation direction. Additionally at £ = 0.15 s, drop-
let flows formed by rivulet rupture can be observed.
The rivulet channels on the surface remain relatively
stable over time without significant changes. In the

middle and rear sections of the spinner (dimension-

less axial position x/D=0.263—0.688) ,

=0.1s i
=0.3s I

the sur-

Fig.6 Liquid water flow evolution on a rotating surface with a contact angle of 10° at different moments when the incoming

wind speed is 20 m/s and the rotation speed is 1 000 r/min (clockwise rotation)

X
=0.01s :
=0.15s E

X
=0.05s ;

X
=0.2s E

=0.1s E
=03s E

Fig.7 Liquid water flow evolution on a rotating surface with a contact angle of 70° at different moments when the incoming

wind speed is 20 m/s and the rotation speed is 1 000 r/min (clockwise rotation)
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face is not covered by the liquid film. This phenome-
non differs slightly from experimental observations,
mainly because the entire spinner surface is within
the impingement zone in experiments, so some liq-
uid water directly impinging on the surface can be
observed in the middle and rear sections.

As shown in Fig.8, on a surface with a contact
angle of 90°, the liquid film also forms deflected riv-
ulets, and the frequency of droplet flows formed by

rivulet rupture increases. This indicates that as the

CX
t=0.01s
z

sedes

t=0.15s

CX
=0.05 s

z
‘_LLX
=0.2s

contact angle increases, the liquid water on the ro-
tating spinner surface is more likely to transition
from a continuous film to rivulets and droplet
flows, consistent with observations on stationary
surfaces. As shown in Fig.9, on a superhydropho-
bic surface with a contact angle of 150°, the liquid
water coverage area is significantly smaller than
those on other surfaces (dimensionless axial posi-
tion x/D=0—0.1), and the formation of rivulets is
suppressed, with no obvious rivulets observed in

the simulation.

CX
t=0.1s

4

cx
t=0.3s

Fig.8 Liquid water flow evolution on a rotating surface with a contact angle of 90° at different moments when the incoming

wind speed is 20 m/s and the rotation speed is 1 000 r/min (clockwise rotation)

‘JLX
=0.01s
‘_ELX
=0.15s

cX
=0.05s
CX
=0.2s

CX
=0.1s
CX
=03s

Fig.9 Liquid water flow evolution on a rotating surface with a contact angle of 150" at different moments when the incoming

wind speed is 20 m/s and the rotation speed is 1 000 r/min (clockwise rotation)
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The farthest coverage positions of liquid water
on the four surfaces are extracted, and the quantita-
tive data are shown in Fig.10. As the contact angle
increases, the coverage position and area of liquid
water decrease, and the liquid water detaches from
the surface earlier. From an anti-icing perspective, a
larger contact angle means that the surface area re-
quiring protection on the rotating spinner is smaller,

reducing the heat and bleed air required for anti-ic-

ing.

140
120

Rotating spinner

100 |

Contact angle / (*)
N (o]
f=J (=)

N
=)
T

[N
=]
T

04 05 0.6

00 01 02 03
x/D

Fig.10 Relationship between the farthest dimensionless axi-
al position (x/D) of liquid water coverage and con-

tact angle

Extracting the water film thickness distribution
on surfaces with different contact angles, as shown
in Fig.11, reveals that the film thickness remains be-
low 2 mm. During the runback process, the water
film thickness gradually decreases along the flow di-
rection. On the superhydrophilic surface with a 10°
contact angle, the film thickness continuously de-
creases, maintaining a uniform thickness of approxi-
mately 500 pm, whereas on surfaces with contact

angles of 70", 90°, and 150°, water film breakup

and rupture occur, leading to an increase in thick-

4
0 10°
A70°
E st ®#30 .
Z 7 |Water =150
% |inlet
LRl
= &
g |
ED o
£ .'.f E’ .
A A
0 ) “zﬁ::ill:hﬁ'g::?}-uo—..-r. ....... S
0.00 0.05 0.10 0.15 020 0.25

x/D
Fig.11 Water film thickness distribution along the axial di-

rection on surfaces with different contact angles

ness near the advancing contact line and the forma-
tion of bulges. Moreover, the height of bulges in-
creases with the contact angle. This phenomenon
will be discussed further in the theoretical analysis in

Section 2.4.

2.3 Effects of rotational speed and wind speed

on liquid water flow

Fig.12 shows the liquid water flow patterns on
a rotating spinner with a contact angle of 70° under
different rotational speeds at a wind speed of 50 m/s.

As shown in Fig.12(a) , at a rotational speed
of 1 000 r/min, the liquid film spreads on the sur-
face under relatively high wind speed, forming rivu-
lets during the runback flow process. The deflection
angle of the rivulets is smaller compared with low
wind speed conditions, mainly because the rivulet
deflection angle is related to the ratio of rotational
linear velocity to incoming flow velocity. When the
rotational speed increases, as shown in Figs.12(b)
and (c), no rivulets are observed on the spinner sur-
face, and the liquid film coverage area is closer to
the leading-edge stagnation point. This is because a
higher rotational speed results in a greater centrifu-
gal force on the liquid water, causing it to detach
from the surface near the leading edge without form-
ing rivulets. On rotating surfaces, when the wind
speed and rotational speed are low, the linear veloci-
ty generated by rotation promotes rivulet formation.
However, when the rotational speed further increas-
es, the centrifugal force on the liquid film can cause
it to detach from the surface, suppressing rivulet for-
mation and favoring anti-icing under consistent con-
ditions.

Fig.13 shows the liquid water flow pattern on a
rotating superhydrophobic spinner with a contact an-
gle of 150° under different incoming flow velocities
at a rotational speed of 4 000 r/min. As shown in
Fig.13(a), under low wind speed conditions, the ef-
fect of rotational linear velocity on flow pattern is
significant, with obvious rivulets and large deflec-
tion angles. As the incoming flow velocity increas-
es, the effect of rotational speed on the relative ve-
locity of liquid water decreases, and the aerodynam-

ic drag directly caused by the incoming flow domi-
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z
‘_LX
=0.05 s t=0.1s

(a) 1 000 r/min

z
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=0.05s =0.1s

(b) 2 500 r/min
z z
YALX cx
=0.01s =0.05s =0.1s
(c) 4 000 r/min

Fig.12 Comparison of liquid water flow evolution on a rotating spinner with a contact angle of 70° under different rotational

speeds at a wind speed of 50 m/s

z

) CX ‘JLX
t=0.01s t=0.05s =0.1s

(a) 20 m/s
z z
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=0.05 s =0.1s
(b) 50 m/s
z z z z
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Fig.13 Comparison of liquid water flow evolution on a rotating superhydrophobic surface with a contact angle of 150° under dif-

ferent wind speeds at a rotational speed of 4 000 r/min
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nates. Therefore, the number of rivulets decreases
with increasing wind speed, and the deflection angle
decreases. Even under high wind speed and high ro-
tational speed conditions, the liquid water coverage
area on the superhydrophobic surface is relatively
small, indicating that surface tension and wettability
have a significant impact on liquid water flow pat-

tern.

2.4 Theoretical model analysis of water film/

rivulet flow based on FB method

To further analyze the effect of surface wetta-

bility on water film/rivulet flow on rotating surfac-
es, a theoretical model based on FB analysis is de-
veloped. Due to the rotational effect, the presence
of centrifugal force changes the force balance on the
water film, leading to different flow evolution be-
haviors. The physical model is selected as shown in
Fig.14. Since the relative velocity between the wa-
ter film and the spinner surface is small, the Coriolis
force is neglected. The angle between the rotation
axis and the wall is @. The FB for rivulet flow in the
direction parallel to the wall and incoming flow is
F,,+F,,=F,, (4)

1
)
\

Fy

Couette flow 7, o
. —

Rivulet flow

- <. 6=1/2Cone angle

co\@'t The axis of the rotation spinner

_

‘\‘ Liquid
\ water
|

Fig.14 Physical model and force analysis of water film/rivulet flow on rotating surfaces

The component of centrifugal force per unit
width along the surface and parallel to the incoming
flow direction F, , is

F,.=pAHw’r, sinacos(arctanclujro) (5)

where A is the characteristic length for unbalanced
aerodynamic shear force, approximately taken as
A=168H""; and r, is the centrifugal radius, which
increases as the water film flows runback on the ro-
tating spinner. The aerodynamic resistance (shear
force) is the driving force when considering the flow
of the water film/stream. Simplifying the net sur-
face tension and the aerodynamic resistance to a 2D

problem, we have

1
FD:E[OgUiC[)Ah (6)
F,,=o(l—cosf) (7)

where p, 1s the density of the gas; Cy, 1s the aerody-
namic drag coefficient; o the height of the head
bulge; and Ah the surface tension coefficient. From
the FB, we have

. . wr,
01w r, 168H” sin a cos(arctan U) +

1
CDE{ogUﬁ,Ah:a(l—cosﬁ) (8)

where p, is the density of the liquid.

Substituting the operating conditions (wind
speed U..=20m/s, a= 36", the drag coefficient
C»,=0.6""") and relevant constants, the equation be-
comes

147Ah + 98 748w’ r, H* = 0.072 8(1 — cos 4) (9)

Fig.15 shows the relationship between the criti-
cal water film thickness and bulge height for rivulet
flow under different rotational speeds and contact an-
gles at a centrifugal radius of 0.02 m. The physical
meaning of the curves is the critical state for the tran-
sition of water film/rivulet flow from stagnation to
flow. When the rivulet flow thickness and bulge
height exceed the critical value, the water film/rivu-
let flow will move. At the same time, the increase
in thickness causes the water film to contract in the
spanwise direction, leading to spanwise rupture and
rivulet formation. As the rotational speed increases,
the curve contracts toward the lower-left corner,
and the critical thickness and bulge height decrease.
This means that the liquid film is more prone to
flow and form the rivulet flow under the additional
aerodynamic shear force and centrifugal force caused

by rotation. On stationary spinner surfaces, the liq-
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Fig.15 Relationship between critical liquid film thickness and bulge height under different rotational speeds and contact angles

uid film remains stagnant, while on rotating surfac-
es, obvious rivulets pattern. Secondly, comparing
the effects of contact angle, overall, as the contact
angle increases, the critical thickness and bulge
height of water film/rivulet flow on rotating surfaces
increase, indicating that a larger contact angle re-
sults in greater damping force on the water film/riv-
ulet flow, and making it more difficult to flow on
the surface. Therefore, bulges are more likely to
form and rupture into discrete droplet flows. In addi-
tion, although a detailed analysis of the curves for
different centrifugal radii is not performed, Eq.(8)
reveals that the effect of centrifugal radius exhibits a
trend similar to that of rotational speed. An increase
in centrifugal radii increases the centrifugal force and
aerodynamic drag on the water film/rivulet flow, re-
ducing the critical thickness and bulge height, and
making the water film/rivulet flow more prone to

flow along the surface.

2.5 Theoretical model analysis of droplet flow
based on FB method

During the runback flow process, the flow pat-

tern of the water film evolves, transitioning from a
continuous film to rivulets, and further transform-
ing into droplet flows that detach from the surface.
The droplet flows can be approximated as droplets.
Under aerodynamic drag, the detachment behavior
of droplets on surfaces can be categorized into two

[34]

modes: Sliding and lifting'*'. In the sliding mode,
the forces acting in the flow direction are analogous
to those governing the water film/rivulet flows dis-
cussed in Section 2.4, so it will not be further elab-
orated here. The focus is primarily on the normal
forces to analyze the impact of wettability on drop-
let detachment behavior. The force analysis of drop-
let flow lifting mode is conducted by selecting a
droplet with a diameter of R, as the analysis object.
The droplet is mainly subjected to aerodynamic lift
F,, centrifugal force F,, surface tension F, ,, and
gravity F,, in the direction perpendicular to the
wall, as shown in Fig.16.

The FB in the direction perpendicular to the

surface 18
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Fig.16  Physical model and force analysis of droplet flow on 3

rotating surfaces

Fg:prdg:%,OlRi(Z — 3cosf + cos’d) g (14)

F.+F,,=F,,tF, (10) From the FB, we have
E,ogUiCerRd —0—%101Rj( 2 — 3cosf + cos’d) (w’r, cosa — g )= 2nosin’f 0°<<0<<90
(15)
1
S P:U xR, sin’0 + % o1 RA(2 — 3c0s0 + cos’0) (w’r, cosa — g)= 2rasin’0 90" < < 180°
Eq.(15) can be used to determine whether drop- tions used in the experiments (wind speed U. =
let flow will lift off from the rotating surface. To sim- 20m/s,a=36",C, = 0.2°"") and relevant physical
plify the equation for analysis, the operating condi- parameters and constants are used, while Eq.(15) is
154R, sin®0 +(847w’r, — 10 273) (2 — 3cosf + cos’0) R:=0.457 sin’d 0" <0< 90° 16)
16
154R, + (847w’ r, — 10 273) (2 — 3cosf + cos’d) R = 0.457 sin*0 90" << 0<C 180°
Fig.17 shows the relationship between the criti- lifting under different rotational speeds and contact
cal droplet radius and centrifugal radius for droplet angles.
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Fig.17 Relationship between critical droplet radius and centrifugal radius under different rotational speeds and contact angles
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Overall, as the centrifugal radius increases,
the critical droplet radius for lifting decreases.
Therefore, on the rotating spinner surface studied in
this paper, as the liquid water flows, the centrifugal
radius continuously increases, and the droplet flow
lifts off from the surface as the centrifugal force in-
creases. Comparing Figs.17(a—d) , as the rotation-
al speed increases, the curves shift toward the ori-
gin, meaning that at the same centrifugal radius,
the critical droplet radius decreases. For example,
at a contact angle of 90" and a centrifugal radius of
30 mm, the critical droplet radius is 0.79 mm at a
rotational speed of 1 000 r/min, but only 0.22 mm
at a rotational speed of 4 000 r/min. The decrease in
critical droplet radius means that droplet flows
formed by water film rupture and breakup are more
prone to lifting, and only smaller droplets can ad-
here to the surface, reducing the amount of liquid
water coverage on the surface.

Secondly, comparing the results for different
contact angles, as the contact angle increases, the
critical droplet radius decreases at the same centrifu-
gal radius, and droplets are more prone to lifting.
Therefore, a larger contact angle results in a small-
er liquid water coverage area on the surface. Addi-
tionally, on superhydrophobic surfaces with contact
angles greater than 150°, the critical droplet radius
for lifting 1s around 70 pm, and lifting can occur at a
very small centrifugal radius. Therefore, on rotating
superhydrophobic surfaces, large droplets are rarely
observed adhering to the surface. The detachment
of liquid water reduces the amount of water on the
surface, fundamentally lowering the anti-icing heat
load required for anti-icing and de-icing surfaces,

thereby achieving low-energy anti-icing effects.

3 Conclusions

Surface wettability significantly affects the flow
characteristics of runback water on rotating surfaces.
This paper uses a VOF model in a rotating coordi-
nate system to study the effects of wettability on
runback water flow evolution characteristics on ro-
tating surfaces. Furthermore, a theoretical model
based on FB is developed, and the effects of surface
wettability on water film evolution under different
parameters on rotating surfaces is analyzed. The

conclusions are summarized as follows:

(1) A 3D water flow simulation model on the
rotating spinner is established using the VOF meth-
od and introducing a rotating reference frame. The
simulation calculates the flow pattern of water films
on four surfaces with different contact angles. The
results show that runback water forms rivulets de-
flected opposite to the rotation direction in the mid-
dle of the spinner, and the rivulets flow runback and
lift off from the surface as the centrifugal force in-
creases.

(2) With an increase in contact angle, the
more easily the water film breaks up into rivulets
and droplet flows and the more likely it is to detach
from the surface, thereby reducing the overall water
film coverage. Similarly, as the rotational speed in-
creases, the enhanced centrifugal force further facili-
tates film breakup and detachment, following a com-
parable trend.

(3) The analysis of the theoretical model re-
veals that as the rotational speed increases, the criti-
cal thickness and bulge height of the water film de-
crease, facilitating its flow along the rotating surface
and promoting rivulet formation. Conversely, with
an increase in contact angle, the damping force act-
ing on the water film/rivulet increases, making sur-
face flow more difficult while enhancing bulge for-
mation and promoting its rupture into discrete drop-
let flows. During the runback process, as centrifugal
force increases, droplet flows are more likely to lift
off from the surface.

This study leaves several issues for further ex-
ploration: (1) The high computational cost of 3D
water flow simulations using the VOF method ne-
cessitates the exploration of more efficient numerical
approaches. (2) The ice accretion and shedding
characteristics on rotating surfaces can be studied to
explore the effectiveness of surface wettability in de-

icing systems for rotating components.
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