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The study of a droplet spreading on a circular cylinder under gravity was carried out using the pseudo-potential lattice
Boltzmann high-density ratios multiphase model with a non-ideal Peng—Robinson equation of state. The calculation results
indicate that the motion of the droplet on the cylinder can be divided into three stages: spreading, sliding, and aggregating.
The contact length and contact time of a droplet on a cylindrical surface can be affected by factors such as the wettability
gradient of the cylindrical wall, the Bond number, and droplet size. Furthermore, phase diagrams showing the relationship
between Bond number, cylinder wall wettability gradient, and contact time as well as maximum contact length for three
different droplet sizes are given. A theoretical foundation for additional research into the heat and mass transfer process
between the droplet and the cylinder can be established by comprehending the variable rules of maximum contact length

and contact time.

Keywords: lattice Boltzmann methods, droplet, circular cylinder, wettability gradient

PACS: 47.61.Jd, 61.30.Pq, 47.11.Qr, 02.60.Cb

1. Introduction

It is a common phenomenon for liquid droplets coming
into contact with solid surfaces, such as droplet falling onto
plant leaves, drug coating, metallurgy, ink-jet printing, and in-
ternal combustion engines.!!! This phenomenon is often ac-
companied by heat and mass transfer processes between the
droplets and the solid. In everyday life, when encountering
scenarios involving the contact between droplets and solids
accompanied by heat and mass transfer processes, people of-
ten have two types of demands. One is to control the ac-
celerated detachment of droplets from the solid surface, re-
ducing the contact time and area between the droplets and
the solid surface, thereby weakening the heat and mass trans-
fer between the droplets and the solid. For example, dur-
ing high-intensity exercise, specially designed patterns can be
fabricated on the outer surface of moisture-wicking fabrics
to achieve rapid sweat removal for fast drying.!”! Addition-
ally, in air condensation water harvesting applications, rapidly
driving the condensed droplets to move in a specific direction
accelerates droplet nucleation and increases water collection
efficiency.’] In contrast, in some scenarios, it is necessary
to delay the detachment of droplets from the solid surface.
By increasing the contact time and contact area between the
droplets and the solid surface, heat and mass transfer between
the droplets and the solid can be enhanced. For example, by
treating the surface of silk fabrics, the flow of ink droplets
on silk from ink-jet printers can be suppressed, increasing the
contact time and contact area, and enhancing the mass transfer
efficiency of ink droplets on silk, thereby ultimately improving
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the image clarity of ink-jet printing.!*! Additionally, by using
plasma etching to increase the surface texture of wool, the con-
tact time between dye and wool can be prolonged, enhancing
mass transfer between the dye and wool, and improving the
ink-jet printing performance of wool fabrics. [°!

It is evident that the contact time and contact area have a
major influence on the heat and mass transfer process between
droplets and solids. Understanding the change rule of the con-
tact time and contact area is therefore essential, and this moti-
vates researchers to carry out a large number of studies to thor-
oughly examine the various factors affecting the contact time
and contact area. For example, Abolghasemibizaki et al.!
used extrusion-based three-dimensional (3D) printing technol-
ogy to create macro-cylindrical ridges on the surface and stud-
ied this curved surface, the results showed that this surface
would reduce the contact time between droplets and cylinders.
Huang et al.!”) conducted experimental research to compare
the dynamic behavior of droplet impacting on cylindrical su-
perhydrophobic surfaces with and without grooves. The re-
sults indicated that, within specific Weber number ranges, the
cylindrical surface with grooves reduced the contact time of
droplets compared to a smooth cylindrical surface. Jin et al.[®!
conducted experimental research on the impact and freezing
processes of a water droplet on different cold cylindrical sur-
faces. The results showed that, during the impact process of
the water droplet, the maximum contact diameter along az-
imuthal direction was generally larger than that along axial di-
rection. Liu et al.l! investigated the impact of Weber number
and sphere-to-droplet diameter ratio on the collision between
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droplets and superhydrophobic spheres through experimental
methods. The results indicated that, as the diameter ratio de-
creases, the contact time of droplets on the sphere consistently
reduces. Lu et al.'" studied the contact of sodium hydrox-
ide emulsion droplets on coal surfaces using optical and high-
speed video microscopes, the results showed that the contact
time of emulsion droplets on coal surfaces was longer than that
of crude oil. The above works were studied using experimen-
tal methods. Experimental methods have the advantages of be-
ing realistic and credible, but they also have the disadvantages
of being time-consuming and costly. In contrast, numerical
simulation methods have the advantages of being economical
and efficient, therefore they have been increasingly widely ap-
plied in the study of droplet spreading phenomena on surfaces.
Wang et al.l''l employed a particle-based mesh-free numeri-
cal approach to simulate and study the dynamic characteristics
of droplets impacting on transmission lines with different wet-
ting properties and sizes. The results indicated that droplet im-
pacting on hydrophobic surfaces of transmission lines leads to
a retraction of the contacting portion toward the center of the
droplet, resulting in a continuously decreasing contact length.
Wang et al.!'?! employed a particle-based mesh-free numerical
approach to simulate the impact of droplets on cylinders with
different sizes and wettability. The results indicated that the
length of the contacting portion increases with the enlargement
of the cylinder size. Li er al.['3! employed a particle-based
mesh-free numerical approach to simulate and investigate the
dynamic behavior of droplet impacting on different sized su-
perhydrophobic solid spheres. The results indicated that, dur-
ing the droplet impact scenario, the contact time between the
droplet and the sphere is significantly shorter compared to re-
bound situations. Luo et al.l'* investigated the maximum
spreading length of droplets impacting cylindrical surfaces us-
ing numerical simulation and theoretical analysis. The results
indicated that the maximum spreading length decreased with
an increase in the contact angle. Luo et al.!'>! employed Flu-
ent software to study the mechanisms and parameters affect-
ing the contact time of droplets impacting cylindrical surfaces.
The results revealed that increasing the Weber number or re-
ducing the cylinder diameter can effectively reduce the contact

[16] proposed an analytical framework to study

time. Shi ef al.
the impact and freezing delay of water droplets on hydropho-
bic solid surfaces below freezing point temperatures.
Originating in statistical mechanics, the lattice Boltzmann
method has numerous advantages, including simplicity, ef-
ficiency, and ease of implementing boundary conditions.!!”]
Therefore, this method has been widely applied in areas in-
cluding particle suspensions, non-Newtonian fluid flows, tur-
bulence, natural convection, and heat and mass transfer, [18-221
Currently, the lattice Boltzmann method has mainly derived

four multiphase flow models, including the pseudo-potential

model,[23241 the color-gradient model, [2520] the phase field
model,?’?8] and the free energy model.[**3% Since the
pseudo-potential model can directly calculate the interactive
forces between fluids through the pseudo-potential, it can
automatically track the movement of the interface between
phases and has high computational efficiency. Therefore, the
pseudo-potential model has been widely used in the study of
multiphase flow problems.

For instance, Zhumatay et al.l®!! used the multiphase
Shan—Chen pseudo-potential lattice Boltzmann model to pre-
dict the contact time and gravity-driven displacement of im-
miscible droplets on surfaces with different wettability condi-
tions. Tilehboni et al.!3?! used the lattice Boltzmann method
to simulate the process of gravity-induced droplet detachment
from a wall. The results indicated that the contact time and
length between the droplet and the wall varied due to the sur-
face wettability. An et al.!33! simulated the separation pro-
cess of low-salinity water and oil droplets with varying wet-
tability. The results indicated that the diffusion length scale
played a crucial role in the contact time. Furthermore, An et
al.3* proposed an improved multiple-relaxation-time pseudo-
potential multiphase lattice Boltzmann model for studying bi-
nary droplet collisions at various collision angles. Lin ez al. 3!
employed the lattice Boltzmann pseudo-potential model to in-
vestigate the dynamic behavior of droplet impacting on super-
hydrophobic surfaces with rectangular ridges. The results in-
dicated that superhydrophobic surfaces with rectangular ridges
can effectively reduce the contact time with droplets. Zhang
et al.3® used the lattice Boltzmann method to investigate the
dynamic behavior of droplet impacting on superhydrophobic
The results indicated that as the We-
ber number increases, the contact time of the droplet contin-

cylindrical surfaces.

uously decreased. Zhang er al.3") used the lattice Boltzmann
method to investigate the influence of Weber number (We) and
the cylinder-to-droplet radius ratio (R*) on the dynamic be-
havior of low-viscosity droplets impacting hydrophobic cylin-
ders. The results indicated that the contact time of droplets on
the cylindrical surface decreased with an increase in R* or a
decrease in We. Zhang et al.[®8! used the lattice Boltzmann
method to conduct a comparative study on the dynamic be-
havior of low-viscosity droplets impacting smooth cylindrical
surfaces and surfaces with ridges. The research results indi-
cated that, compared to smooth cylindrical surfaces, the con-
tact time of droplets on surfaces with ridges is significantly
reduced. Chen et al.3%) used a lattice Boltzmann pseudo-
potential model to simulate the merging and detachment pro-
cess of two droplets on a cylindrical wall with a liquid—vapor
density ratio of approximately 6 and distinct wettability gradi-
ents. The findings indicated that introducing wettability gra-
dients on the cylindrical surface would accelerate the detach-
ment of droplets.
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It is worth pointing out that the equation of state uti-
lized by Chen ez al.*°! is based on the equation of state ini-
tially provided by Shan and Chen when they first proposed
the pseudo-potential model.[>3] This equation is not a gen-
uine fluid equation of state, so it has limitations when dealing
with two-phase flow problems involving large density ratios.
The actual liquid—vapor density ratio is approximately 1000.
Therefore, while simulating the motion of droplets on a solid
surface, taking into account the properties of this noticeably
large liquid—vapor density ratio will assist in obtaining compu-
tational results that are more following real-world situations.

To deeply understand the laws governing changes in
droplet contact time and contact length during the contact
process with solids, this paper employs a lattice Boltzmann
pseudo-potential two-phase flow model. By introducing the
non-ideal Peng—Robinson (PR) equation of state, [*°! under the
condition of considering a liquid—vapor density ratio of ap-
proximately 1000, the motion of a single droplet on the sur-
face of a cylinder under the action of gravity is studied. The
influences of several factors on the droplet contact length and
contact time are analyzed.

2. Numerical method

2.1. Multiple-relaxation-time lattice Boltzmann pseudo-
potential model

The fluid flow is simulated using the multi-relaxation-
time lattice Boltzmann equation,*!1 which evolution equation
is

fa(@+ead,t+8) = fulx,1)
—(M T AM) o5 (fp — f57) + 8 F, (1)

where f, is the distribution function. fg is the equilibrium
distribution function. &; is time step, it usually takes 1. ey is
the discrete velocity in the ¢t-direction. F}, is the forcing term
in the discrete velocity space. M is an orthogonal transfor-
mation matrix, and A is a diagonal matrix. Via the orthogonal
transformation matrix M, the right side of Eq. (1) can be writ-
ten as

m*mA(mmeq)Jr&(I/zl)S, 2)

where, m = M f, m® = M f°4, T is the unit matrix, .S is the
instantaneous spatial force term, and (I —0.5A4)S = M F".
Then, the multiple-relaxation-time lattice Boltzmann equation
can be expressed as follows:

fa(w+ea5t,t+5t)=f;(w,t), (3)

where f*

the collision and streaming processes in the LB equation. The

= M~'m*. Equations (2) and (3) are respectively

diagonal matrix A includes the relaxation time and its expres-
sion is

-1 -1 -1
L N AT AL L S R C))

A =diag(t, 0 Tg 0

p 9 e 9
The momentum balance matrix m*®d is as follows:

m = p(1,—2+3 P>, 1-3 v,
vf,vxvy)T. 5)

2
—Vy, Vy, —Vy, Vi —

where v is the macroscopic velocity and |v]| = | /vZ+ v%. The

macro-density and macro-velocity are calculated as
ot
p=Yfa:pv=) eafat S F, ©)
04 o

where F' =
which includes the fluid—fluid interaction force, Fjy, the fluid—

(Fy, Fy) is the total force acting on fluid particles,

solid interaction force, Fjq4s, and other force, Fy,.

Fp =—-GY¥Y(x ZW(X'P T+eq)eq, @)

where ¥(x) = \/2(Pros —pc2)/Ge?, G is the contact
strength, wq is a weighting coefficient. To achieve thermo-
dynamic consistency, the revised force source term S is as

follows:[42]

_ 0 -
1204 |F, |?
y26, (1 —0.5)
2
o - wzlgt((;: |1ja(|) 5)
C .
S = Fx ) (8)
7Fx
F,
-F,
2(veFx — vy Fy)
Vi) + vy Fy

6v-F +

where Gy, is the variation to adjust the stability, | F|* = (F2 +

Fyz), and F; is as follows:

F, = (p 7pave)gv 9

where p,ve is the average density in the calculation area. g is

the gravitational acceleration. F,qs is as follows: [43]

Fos = —3Gy(p(z,1) Zwal//pw) (x+e,dt)e,, (10)

where py, is the virtual wall density. s(x + e, 8¢) is an indica-
tor function that is equal to 1 or 0 depending on whether the
node is a solid or fluid domain node.
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2.2. Peng—Robinson equation of state

The non-ideal Peng—Robinson equation of state can be

written as follows: 40

PRT ap?e(T)

Peos = 1—bp 1+2bp—b2p?’

Y

where €(T) = [1+ (0.37464 + 1.54226® — 0.2699207)(1 —
VT/T.)], a = 0.45724R*T? /P, b = 0.0778RT./P., T., and
P, are critical temperature and critical pressure, respectively.
This study sets a = 0.06, b = 0.095, R = 1.0, T. = 0.0109383,
and @ = 0.344. Furthermore, T = 0.59T. was chosen to sim-
ulate the scenario with a high liquid—vapor density ratio. This
corresponds to a liquid phase density of 8.7788 and a va-
por phase density of 0.008608, resulting in a density ratio of
1019.8 between the liquid and vapor phases.

3. Physical model

The model of a droplet motion on a circular cylinder
with wettability gradient is shown in Fig. 1. A rectangular
area measuring 500 by 800 is used as the computing domain,
and periodic boundary are implemented on all sides. A solid
circular cylinder with a radius of R = 100 and a center at
(250.1,600.1) is positioned in the upper portion of the rect-
angular region. A droplet with a radius of r = 27, tangent
to the circular cylinder, is located in the top left portion of
this cylinder and its point of tangency is located at coordi-
nates (196.4,686.7). Furthermore, the cylinder’s core angle
increases counterclockwise, with 0° on the x axis.

y =600.1 z

y=500.1 R

A

Fig. 1. Model of droplet motion on a circular cylinder with wettability
gradient.

The cylindrical surface’s contact angle distribution is
symmetrically established along the y axis in the computa-
tion. With a contact angle of 150° at the point of tangency, the
droplet is initially tangent to the cylinder. The contact angle is
set to the minimum value of 75° at coordinates (250.1, 500.1),
which correspond to the lowest point on the cylinder. The con-
tact angle changes linearly along the y axis between these two

positions. The contact angle measurements are then extrapo-
lated over the whole left half-circle of the cylinder using this
linear relationship. As a consequence, figure 2 illustrates the
distribution of contact angles that result along the cylinder’s
left side along the y axis.

160+ E

140+

A

([ T A T T

e

U IS B S Lo W

— 00 WO M
,

|

ok
o
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of
S

500 550 600 6
Yy

Fig. 2. Variation of wall wettability angle with the cylindrical surface’s
y coordinate.

The following expression was used to define the wettabil-
ity gradient k:

15075
~ 686.7—500.17

where the numerator of the right side of the equation repre-

12)

sents the difference between the contact angle at the point of
tangency and the contact angle at the lowest point of the cylin-
der. The denominator represents the difference in y coordi-
nates between the point of tangency and the lowest point of
the cylinder.

Equation (12) yields the computed value of k& = 0.40.
Similarly, multiple values of k can be achieved by altering the
contact angle at the lowest point of the cylinder to different de-
grees while maintaining the contact angle at the point of tan-
gency constant at 150°. Table 1 displays the corresponding
relationship.

Table 1. Relationship between the contact angle at the lowest point of
the cylinder and k.

The contact angle at the

lowest point of the cylinder (°) k
55 0.51
60 0.48
65 0.46
70 043
75 0.40
80 0.38
85 0.35

The Bond number (Bo), which denotes the ratio of sur-
face tension to gravitational forces acting on the droplet, is the
dimensionless number used in the computation. This is how it
is expressed:

Bo="%" (13)
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where p is the droplet density, g is the gravitational accelera-
tion, r is the droplet radius, o is the droplet’s surface tension.

4. Results and discussion

4.1. The three stages of motion of droplet on the cylindri-
cal surface

With r =27, Bo = 3.7, and k = 0.46, figure 3 illustrates
how the droplet’s shape changes over time on the cylindrical
surface. The droplet is tangent to the cylinder and above its
left side at t = 0. After a while, at t = 2000, the droplet be-
gins to spread bilaterally, creating two contact points at the
top and bottom ends. The lower endpoint advances quickly
and the top endpoint begins to move counterclockwise ahead
in the subsequent period of = 20004000, which causes the
contact length to keep growing. Then, the left endpoint moves
slowly forward during the period of t = 4000-17000, while
the right endpoint moves quickly ahead, causing the contact
length to grow once more. The droplet eventually detaches
from the cylinder during the ¢ = 17000-37000 period, as the
left endpoint goes forward fast while the right endpoint prac-
tically stops moving forward. This results in a steady decrease
in the contact length between the droplet and the cylinder.

~\\\777/ / \\\ . /

o
(a)t=0 (b) t=2000 (c) t =4000

(d) t =10000 (e) t =17000 (f) t =37000

Fig. 3. Droplet morphology with time at conditions of r =27, Bo =3.7,
and k = 0.46.

In order to analyze the motion of droplet on the cylinder,
the droplet’s contact time and contact length were studied. In
this paper, the motion time of the droplet on the cylinder is
defined as the contact time #,. Since there are cases where the
droplet adheres to the cylindrical surface all the time, we set
the contact time for such cases to 60000, denoted as ¢, and de-
fine 7,/t as the relative contact time. The contact length L,,
which is represented by the ratio L, /R, is the relative length
of the contact region between the droplet and the cylindrical
surface. As shown in Fig. 4, the two ends of the contact area
correspond to the circular point and rectangular point on the
cylinder, respectively, where the circular point is defined as the
advancing point, with the corresponding central angle being
6,; the rectangular point is defined as the receding point, with
the corresponding central angle being 6,.[**! Figure 5 shows
the evolution of 6, and 6, with time during the process from

the initial position of the droplet till it completely detaches
from the cylindrical surface. It can be observed that 6, first in-
creases rapidly to the maximum value of 281°, then decreases
slowly to 269°; while 6; first decreases slowly to the minimum
value of 112°, then increases rapidly to 269°, coinciding with
0,.

By analyzing the evolution of 6, and 6, with time, the mo-
tion of the droplet can be divided into three stages: spreading,
sliding, and aggregating. As depicted in Fig. 5, the spread-
ing stage terminates when 6; = (6;)y, while the sliding stage
terminates when 6, = (6;)max-

Fig. 4. Schematic of 6, and 6.

Based on the data in Fig. 5, we calculated the evolution of
L,/R with time as the droplet moved from its initial position
until completely detaching from the cylindrical surface. The
results are depicted in Fig. 6. According to the corresponding
moments in Fig. 5, we have divided the entire motion of the
droplet into three stages: spreading, sliding, and aggregating,
represented respectively by dashed lines, solid lines, and dot-
ted lines. The following conclusions can be drawn from Fig. 6:
in the spreading stage, L, /R rapidly increases, reaching 0.22;
in the sliding stage, L, /R first rises to 0.29, then slowly de-
creases to 0.25, followed by another rapid increase, ultimately
reaching a maximum value of 0.41; whereas in the aggregating
stage, L, /R continuously decreases, eventually approaching 0,
indicating the droplet has completely detached from the cylin-
drical surface.

300 ———
280}
260}
240}
220}

< 200}
180}
160}
140}
120} —0a
100}

Sliding stage

Spreading stage

t (10)

Fig. 5. Evolution of 6, and 6; with time.
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Fig. 6. Evolution of L, /R with time at operating conditions of r = 27,
Bo =3.7, and k = 0.46.

0.4 . —— 438X700 T
1 — 500%800
v — 563x900
0.3+ \ E
\
S@ 0.2 AN I
< N
. \\
0 1 [ N\ -
Y
|
of -
0 1 2 3 4
t (10%)

Fig. 7. Grid independence verification.

In the case of r = 27, Bo = 3.7, and k = 0.46, the
grid-independent verification is performed for the evolution
of L,/R with time using three grid resolutions of 438 x 700,
500 x 800, and 563 x 900, and the results are presented in
Fig. 7. It is evident from Fig. 7 that, for different grid reso-
lution, the variation trend of L, /R is highly similar. Moreover,
the root mean square error (RMSE) is used to characterize the
accuracy of the results of different grid calculations. The ex-
pression formula for RMSE is shown below:

RMSE = \/ % Y [(La/R)i — (La/R)12, (14)

where n is the number of samples taken, i, j are case numbers
and j = 1.

The results of RMSE are shown in Table 2. It can be
seen that the maximum RMSE error is only 0.557%, which
fully satisfies the grid-independence requirement. Therefore,
the grid resolution of 500 x 800 is reasonable.

Table 2. Results of RMSE for different grid resolution.

Case number Grid resolution RMSE (%)
500 x 800
438 x 700 0.209
3 563 x 900 0.557

4.2. Effect of wettability gradient on relative contact
length and contact time

We altered the value of k and monitored the droplet mor-
phology at different time, with Bo = 3.7 and r = 27. The com-
puted results are displayed in Fig. 8. The droplet is depicted
in the illustration as it descends along the cylinder, changing
shape continuously. When the droplet finally reaches the bot-
tom of the cylinder, it may cling to the cylinder’s surface or it
may separate from it. To be more precise, the droplet will ad-
here to the cylinder surface when k& > 0.48 and separate from
it when k£ < 0.46.

= t = 4000 t = 10000 t=17000 t= 37000
) k=0.46

t =4000 t =9000 t = 17000 t = 60000
(b) k=0.51

Fig. 8. Impact of the wettability gradient on the motion of droplets at oper-
ating conditions of r =27, Bo =3.7.

1.1 T T T T T T T T

L0t o ' o o

0.9 ] b

0.8 b
[}

0.7f b

0.6 ¢ .

ta/to

0.5 . * 7
04F -
03 1 1 1 1 1 1 1 1
0.34  0.38  0.42 0.46  0.50
k

Fig. 9. Relationship of 7,/t with k at operating conditions of r = 27,
Bo=3..

To further analyze the motion of droplets on the cylindri-
cal wall surface under different k values, we studied the rela-
tive contact time #, /7 and the relationship between the relative
contact length L,/R and time under different & values. First,
we studied the relationship between #,/¢ and k. The results
are shown in Fig. 9. It is evident that #,/¢ likewise increases
steadily with k. t,/¢ develops very slowly when k is between
0.34 and 0.46; fast when k is larger than 0.46 and less than
0.48, and the droplet attaches to the cylinder surface when k is
greater than or equal to 0.48.

We then looked at the relationship, for various values of k,
between L, /R and time. Figure 10 presents the findings. The
spreading and sliding stages correspond to similar changes in
L, /R throughout time. There are two situations for L,/R in
the aggregating stage: The droplet adheres to the cylinder sur-
face when k is greater than or equal to 0.48, as indicated by
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the blue and green lines in the figure; when k is less than or
equal to 0.46, as indicated by the black and red lines in the
figure, the droplet separates from the cylinder surface and the
final L, /R becomes zero.

Finally, we analyzed the relationship between (L,/R)max
and various values of k obtained from Fig. 10. It is evident
from Fig. 11 that (L,/R)max progressively rises from 0.22 to
0.44 when £ falls between 0.35 and 0.51. (L,/R)max likewise
steadily rises as k grows, until reaching the maximum value of
0.44.

First, we studied the relationship between 7/t and Bo. The
results are shown in Fig. 13. It is evident that as the Bo value
increases, f,/t decreases continuously. When the Bo value is
between 3.1 and 3.3, #,/¢ drops rapidly; while when the Bo
value is greater than 3.3 and less than 4.0, t,/¢ drops slowly;
when the Bo value is 3.1, the droplet attaches to the cylinder
surface.

b".’

0.6 — T T T T T T = t =4000 t=11000 t =18000 t=60000
(La/R)max —k=0.35 (a) Bo=3.1
0.5 —k=0.38 1
N — k=040
k=0.43
0.4 k=046 |
k=0.48
5 o3} k=0.51
3 - t=0 t = 4000 t =11000 t = 18000 t= 37000
0.2F ~ \\_ (b) Bo=3.3
! Fig. 12. Impact of Bo numbers on the motion of droplets at operating condi-
0.1F . A tions of r = 27, k = 0.40.
L - \ “\. _ _ T T T T T T
0 I I |‘~_|——’| 1 I 1.0F o ° 7
0 1 2 3 4 5 6 ) ’
t (10%) 0.9+ R
Fig. 10. Evolution of L, /R with time for various values of k at operating 0.8+ 4
conditions of r =27, Bo =3.7. S * ‘
_———— 3 07 L
-~
0.45 - j
— 0.6} . .
*
0.40 1 05l o .
3 .
= 0.35} 4 0.4 . . . . . .
S 28 30 32 34 36 38 4.0
< o030} ; Bo
Fig. 13. Relationship of 7, /¢ with Bo at operating conditions of r = 27,
0.25 R k= 0.40.
020551038 042 046 0.50 0.35F------ —Bo=s1 ]
______ o=
) 0.30 (La/R)max —po—35 -
Fig. 11. Relationship of (L,/R)max With k at operating conditions of 3 ——Bo=3.7
r=27,Bo=3.. 0.25 W —Bo=3.9 T
Qj‘ b ——Bo=4.0
. ~ 0.20F - F b
4.3. Effect of Bond numbers on relative contact length and 5 ) : RN -
. . N\ ’ - \
contact time 0.15F \\\‘\:\ .
N \- )
We altered the value of Bo and monitored the droplet mor- 0.10} “\::\ N 7
phology at different times, with k = 0.40 and r = 27. The 0.05- ° [ u\\‘—‘\ R ]
. R s / 1 \
computed results are displayed in Fig. 12. The droplet’s shape ol b i \ ! i
continuously changes as it descends along the cylinder. When ) 1 5
the droplet finally reaches the bottom of the cylinder, it may t (104)

cling to the cylinder’s surface or it may separate from it. To
be more precise, the droplet will adhere to the cylinder surface
when Bo = 3.1 and separate from it when Bo > 3.3.

To further analyze the motion of droplets on the cylin-
drical wall surface under different Bo values, we studied the
relative contact time #, /¢ and the relationship between the rel-
ative contact length L, /R and time under different Bo values.

Fig. 14. Evolution of L, /R with time for various values of Bo at oper-
ating conditions of r = 27, k = 0.40.

We then looked at the relationship between L, /R and time
under different Bo values. Figure 14 presents the findings. The
trend of L, /R changes over time in both the spreading and slid-
ing stages is comparable under varying Bo values. There are
two situations for L,/R in the aggregating stage: The droplet
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adheres to the cylinder surface when Bo = 3.1, as indicated by
the black line in the figure; when Bo is greater than or equal to
3.3, as indicated by the green to purple lines in the figure, the
droplet separates from the cylinder surface and the final L, /R
becomes zero.

Finally, we studied the relationship between (L,/R)max
and Bo values obtained from Fig. 14. It can be seen from
Fig. 15 that when Bo ranges from 3.1 to 4.0, (Ly/R)max first
slowly increases to the maximum value of 0.35, then gradu-
ally decreases, and finally rapidly drops to the minimum value
of 0.32. As Bo increases, (L,/R)max first increases and then
decreases.

/

0.345F - 1

0.350

0.340

0.335

0.330

(La/ R)max

0.3251 1

0.320
0.3151 1

3.0 3.2 3.4 3.6 3.8 4.0
Bo

Fig. 15. Relationship of (L,/R)max With Bo at operating conditions of
r=27,k=0.40.

4.4. Effect of droplet radius on relative contact length and
contact time

We altered the value of r and monitored the droplet mor-
phology at different time, with kK = 0.40 and Bo = 3.7. The
computed results are displayed in Fig. 16. The droplet’s shape
varies as it descends the cylinder. When the droplet eventu-
ally reaches the bottom of the cylinder, it might adhere to the
surface of the cylinder or it may come away from it. More pre-
cisely, at r = 25.5 the droplet will stick to the cylinder surface
while at » > 25.8 it will detach from it.

[ ) y ,
[ 4 p
o - . “
t=0 t =4000 t=10000 t =16000 t = 60000
(a) r=255
) ’
, . ~
t=0 t =4000 t=10000 t =16000 t =36000
(b) r=25.8

Fig. 16. Impact of droplet radius on the motion of droplets at operating con-
ditions of k =0.40, Bo = 3.7.

To further analyze the motion of droplets on the cylindri-
cal wall surface under different r values, we studied the rela-
tive contact time 7, /¢ and the relationship between the relative

contact length L,/R and time under different r values. First,
we studied the relationship between #, /¢ and r. The results are
shown in Fig. 17. Itis evident that as r increases, t, /f gradually
decreases. Specifically, when r is between 25.5 and 25.8, 1, /t
decreases rapidly; when r is greater than or equal to 25.8 and
less than 27.3, the decreasing rate of ,/t slows down; when
r=125.5, the droplet attaches to the cylinder surface.

1.0F e ° P
0.9} v

J/ V\\
S 0.8F o U -

E (]
0.7F i
0.6F . .

¢ *

0.5¢ M

25.0 25.5 26.0 26.5 27.0 27.5
T

Fig. 17. Relationship of 7, /¢ with r at operating conditions of k = 0.40,
Bo=3.7.

0.35
0.30
0.25
0.20
0.15
0.10
0.05

0
—0.05 — L L L L . !

L./R

t (10%)

Fig. 18. Evolution of L, /R with time for various values ofr at operating
conditions of k = 0.40, Bo = 3.7.

We then looked at the relationship between L, /R and time
under different r values. Figure 18 presents the findings. The
shifting trends of L, /R over time in the spreading and sliding
stages are comparable, regardless of how r varies. There are
two scenarios in which the L, /R changes during the accumula-
tion stage: when r = 25.5 (the black line), the droplet adheres
to the cylinder surface and the final L, /R is not zero; when r
is greater than or equal to 25.8 (the green to purple lines), the
droplet separates from the cylinder surface and the final L, /R
is zero.

Finally, we analyzed the relationship between (L, /R)max
and r values obtained from Fig. 18. It is evident from Fig. 19
that when r falls between 25.5 and 26.7, (Ly/R)max rises with
r, ultimately reaching the maximum value of 0.35; conversely,
when r falls between 26.7 and 27.3, (L,/R)max falls with r. As
r increases, (L, /R)max increases first and thereafter declines.
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0.350 R

0.345 ]

0.340 ]

(La/R)max

0.3351 R

0.330F R

0.325

25.4 258 26.2 266 27.0 274
T

Fig. 19. Relationship of (Ly/R)max With r at operating conditions of
k=0.40, Bo =3.7.

4.5. Phase diagrams of ¢/t and (L,/R)n.x with k and Bo
for three values of r

As was previously mentioned, the contact time and con-
tact length are two crucial variables affecting the efficiency
of heat and mass transfer. Longer contact periods and longer
contact lengths can improve the efficiency of heat and mass
transfer between the droplet and cylinder. Phase diagrams il-
lustrating the variation of the droplet’s maximum relative at-
tachment length and relative attachment time with k and Bo
for three values of r are given in this work.

ta/to 0.5 0.6 0.7 0.8 0.9

(a) m=26.0

0.45

0.40

3.0 3.2 3.4 3.6

Bo

ta/to 0.5 0.6 0.7 08 0.9

0.45

0.40

3.0 3.2 3.4 3.6

Bo

Fig. 20. Phase diagrams of (¢, /t) with k and Bo for three values of r.

Figures 20 and 21 show that the range of Bo is 2.9 to 3.7
with a 0.05 interval and the range of & is 0.37 to 0.49 with a
0.01 interval. The droplet in Fig. 20 is attached to the cylin-
der surface when it is red; when it is detached from the sur-

face, it is indicated by various colors. The situation where the
contact time steadily reduces is represented by the red-to-blue
transition area. The contact time continuously decreases with
the decrease of k. when Bo is held constant, and it likewise
continuously decreases with the increase of Bo when k is held
constant. The smallest contact length is shown by the blue area
in Fig. 21, the largest contact length is shown by the red area,
and the green area is longer than the blue area. The progres-
sive increase in contact duration is represented by the blue to
red transition. The contact length rises steadily as k increases
while holding Bo constant. Eventually, when both k and Bo
take the maximum values, the maximum contact length can be
found.

(La/R)max 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

(a) r=26.0

0.45

0.40

(La/R)max 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39 0.40

(b) r=27.0

0.40

3.0 3.2 3.4 3.6
Bo

Fig. 21. Phase diagrams of (Ly/R)max With k and Bo for three values of r.

Additionally, we summarized in Figs. 20 and 21 the max-
imum and minimum values of #,/t and (L,/R)max. The re-
sults are displayed in Tables 3 and 4. It is evident that when
r grows, the minimum value of #,/7 rises, the maximum value
of (Ly/R)max increases, and the minimum value of (L,/R)max
falls.

Table 3. The maximum and minimum values of #, /# of Fig. 19.

r Minimum values of (,/f9) ~ Maximum values of (7, /7o)
26.0 0.458 1.0
26.25 0.463 1.0
26.5 0.468 1.0
26.75 0.472 1.0
27.0 0.483 1.0

064702-9



Chin. Phys. B 33, 064702 (2024)

Table 4. The maximum and minimum values of (L, /R)max of Fig. 20.

r Minimum values of (L,/R)max Maximum values of (Ly/R)max

26.0 0.304 0.405
26.25 0.300 0.412
26.5 0.289 0.417
26.75 0.275 0.429
27.0 0.257 0.435

5. Conclusions

In this paper, a pseudo-potential lattice Boltzmann high-
density ratio multiphase model was adopted to simulate the
motion of a droplet on a circular cylindrical surface under
gravity, and the following conclusions were obtained:

(i) The spreading process of the droplet on the cylin-
der can be divided into three stages: spreading, sliding, and
aggregating, based on the time points corresponding to the
extremum points during the changing process of 6, and 6;
throughout time.

(ii) The relative contact time #,/¢t and maximum rela-
tive contact length (Ly/R)max Of the droplet exhibit differ-
ent changing trends influenced by the wettability gradient (k),
Bond number (Bo), and droplet radius (r). We found that,
within the study’s calculation range, #,/t grows as k increases,
lowers as Bo increases, and decreases as r increases. When
k rises, (Ly/R)max increases as well; when Bo increases, it
first increases and then drops, and when r increases, it first
increases and then decreases.

(iii)) With an increase in Bo and a decrease in k, the
droplets can be removed from the cylinder surface more
quickly when r remains constant. In the meantime, it appears
that the droplets can achieve a longer attachment length due to
the increases in Bo and k.

(iv) These findings offer useful references for fully com-
prehending droplet motion on cylindrical surfaces and maxi-
mizing the effectiveness of mass and heat transmission.
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