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Abstract: The phenomenon of droplet impact on non-isothermal solid surfaces widely exists in mechanical parts in the
field of aerospace, and the study of droplet impact dynamic behavior is of great significance to improve the heat transfer
and lubrication performance of mechanical components. For the sake of obtaining the impact characteristics of droplets
on the non-isothermal rough surfaces, silicone oil and non-isothermal rough surface that similar to the surface of the
inner cavity of engine were selected to carry out solid-liquid collision research. An experimental platform for droplet
impact investigation was built and the dynamic behaviors of impacting, spreading, and retracting of silicone oil droplets
on metal surfaces with different characteristics were observed via high-speed camera. The impact dynamic was
interpreted by dimensionless numbers including Reynolds number (Re), Weber number (We) and Ohnesorge number
(Oh), the effects of silicone oil viscosity, impact velocity, initial diameter of oil droplets, metal surface roughness and
temperature on the impact characteristics were highlighted. The results showed that on the isothermal surface, the
maximum spreading diameter of droplets was positively correlated with impact velocity, temperature of substrate surface
and initial diameter of droplets, and negatively correlated with the roughness of substrate surface and the viscosity of

silicone oil; the maximum spreading diameter was less affected by Weber number, and there was no direct correlation
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between Ohnesorge number and the maximum spreading diameter. In particular, compared with that before increasing
the initial diameter, the relative deformation of oil droplets did not increase significantly, because the kinetic energy
increment could not significantly offset the negative impactof viscous dissipation, and the change of morphology was
still limited. After changing the surface roughness of the substrate (6.3~25 pm), the spreading diameter and temperature
at the forward end of each time node were similar. On the non-isothermal surface, when the temperature was between
50 °C and 200 °C, the maximum spreading diameter of droplets was similarly, but compared with the final stable state, it
could be seen that the edge morphology of oil droplets gradually changed from sharp to smooth, a small amount of liquid
remained at the spreading edge and formed a wake during droplet retraction, and the residual wake became more
obvious with the increase of substrate temperature. This phenomenon was due to the fact that the average spreading time
of each oil droplet on the substrate surface at different temperatures was about 1.5 ms, which was far less than the time
scale of heat transfer. Therefore, the maximum spreading state had been reached while the heat of the substrate had no
time to transfer to the interior of oil droplet. The impacting process of silicone oil on the non-isothermal rough surface
was numerically investigated, and the effects of substrate temperature on surface tension and viscosity were analyzed
quantitatively, while the spreading state of droplets on rough surface was deduced combined with Wenzel state model.
The research results of this paper provided abundant theoretical and experimental basis for understanding the impact
behavior of droplets on non-isothermal rough metal surfaces.
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Fig. 1 Performance characterization of different rough surfaces: (al~cl) two-dimensional surface topography; (a2~c2) three-

dimensional surface topography; (a3~c3) profile altitude curve; (a4~c4) two-dimensional model in COMSOL
Multiphysics and the horizontal and vertical coordinates show the two-dimensional shape of the model
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Table 1 Physical property parameters of silicone oil

Parameters Specification
Specific heat capacity, Cy/(J/kg'K) 1670
Thermal conductivity, &/(W/m-K) 0.1
Thermal diffusion coefficient, a/(mm’/s) 0.061 8
Contact angle, 6/(°) 15
Initial surface tension, y/(mN/m) 20.8

Kinematic viscosity, u/(mPa-s)

Surface tension-temperature variation coefficient, y1/[mN/(K-m)]

100, 500, 1 000
—0.046 3, -0.040 1, —0.040 6

Computer

Droplet

High speed camera

Tripod Metal substrate

Heating device

Silicone oil
V=3.5 m/s, u=0.1 Pa-s
) 0ms Initial
Syringe
2mm
0.4 ms Spread
2mm
Light source
Brackets 5.7ms Retract
2mm
24.6 ms Stable
2mm

Fig. 2 Diagram of experimental setup and impact behavior of silicone oil on a smooth stainless steel surface
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Table 2 Test conditions

Parameters Specification
Droplet diameter, d/mm 2~3
Impact velocity, V/(m/s) 0.5,1.5,2.5,3.5

Temperature, 7/°C 50, 100, 150, 200

Roughness, R,/um 0.005, 6.3, 12.5, 25

S AN T R AT s b B RO 4 45 i
P B NS R T 22 .

2 HEME

WA AR T SENLEOR I PRdUR e, %K 2 Py
Yl B84, INANSYS. COMSOL Multiphysics®,
W R 2 AT RO L AL % T-COMSOL
Multiphysics 8 = 2K 40 B1 37 8% & 1 fie S 0 5 1 o
SRE D), DR AHIF S0 P A 3P AT BB A, X6t
B 5 v I] f  YBAAR 3t BTy A B [ 945 A AR A 3 A B
G, TR SRR =R 2 W35 (B AR S22 e sk
ISR AL ) HEA T .

2.1 =HIGTE
AR AL AT 3 37 308 P R ASEALL I A4 St 18 1] 1) A

Aeidts, PRIHGAE A 06 PR o s AU B AL
. % EI ERL rp T A X 8 D W Bl B s
HATRAAIE T, AL R

%T+pCU VT +V.q=0 (N
q=—kVT @)
fCEP: UMk JE R &, ¢ #Gl &0 &, QETHE, p.
o KOX AR AR L B TR L3V AR 2 R
iﬁl VoA ) il o S
= mﬁﬁf%@é?*ﬁﬁ%ﬁE"JNaVier-Stokesﬁﬁ
KA B TR FRAMR P ERE A E S, Khas&T

Jo R Sy P 4 1 O R (G 3)s g s e R (R
4) e fig s T RE (R 5) s
op B
o5 * V-(pU)=0 3)
paa—l[]+p(U'V)U:V-[—PI+T]+F 4)

oT
pCp(a—+(U~V)T)=—(V~q)+

T op
paT

T:

(ap - V>P) G



696

FE B AR

43 3%

Karf: PSS oo Foy 50000 R B g 5K AR %
i, DhahE R, S5 : RANAZ A, kA

R= %(VU +(VU)") (6)

IRV Tk F — R LT ST B ER R TR A
LEIER TRV E o NIRRT A = REER AT BT SIETPN
Navier-Stokes /7 #2, JFH FH 51 B bR H @R G B 9 AR IR
IR e A S T

0P Vo
— VO =yV- (VD - D(1 - D)——
o U=V (V- a1 - oo

Ky W EFAIIE S 0 FHH R EE T S5 2
D=0}, A& SR AR U PERIF], 2 o=11, 23)
HA S RSB AR, A2 RS S LA 0.5,
JEERNZ T35 FR 7K~ 5 bR 5003 50l A

p=p1+Pp,—pi)

™)

®)

M=+ Py — ) )

e prv po 2 TR LS SRR BE L, oy w53 A

PARLL WRAR2I R L. A, G 18 ER ) HfE B W] B
I A B S AR RS

3 Sk R 2 ke s i A G P S A

BB JE, W I NARSE IR IR 8 2 W 3 v f 2 i 3 4 F

AL D B A T A RO . T I 36 T [ ) o AL

5 22 JE ISR, BRI E R R s N 2 22 e JE A :

2
—PI+u(VU) +(VU)" — V- D=V (10)

WG RFE P B GO R VA o 7 s T Y e i
i R A AR A B 2 B T 3K O 150, AR Dai S
R T 5K B 2 AR AL AR R 4 2R, A S BE

@)

Entrance Open boundary Export

Droplet Wetting wall

Air

(b)

©

IR FR e g 2R T3 0 TR AR A B ) Ky

v(T) =y(To) +y+(T —Ty) (11)
AP e (7)o e Y AE 24 H I T 0 3R T 5K 7 (Ty)=
20.8 mN/mZB /R EEHAE S %15 Ty=20 °C | i) 3R M 5k
3. [N, BINRARS) %6 B S I o R

—b(T-To)

(T) =poe (12)
s pon p(TY53 )0 2 25 B P Ty LS TH (1 8)) ) &b
FE, b=0.024144 i R 5F T4k, WK R i
R, PR R

U~nwa“=0 (13)
Fy = —%U (14)
Fy =y(nya - n—cos)n (15)

FA3) 2 g o BE TR AR IR 7 18] 57 O 4, 30(14)
Fe 9 B0 BEEE 07, po I B KR s 2R(15)H 51 AN F LA
2 T o £
22 HEfER

WA M2 mm ) B i < ZEEL M 0 mmx
3 mm¥) ZE R Y A R 18] 3(a)], FREER FE 25 C.
ARUETT SRR, SREUR AN S5 4 5 1 — 4
I3 (b) . 0 TPIRiAL, “U4RHICOMSOL Multiphy-
sicsH [ 2 BN B PE, REMSE T-£ 1.
23 BFFEMH

AP 52 [T 8 1] TG Js 12, B T ¥ P65 » Y kg A 1
FE 45 iR LIRS0 75 & J2 TR i sh A, by gl — 4
TR I CHG 20k FR 7 N 1 (p=0), A7 g JE 7 H
(p=0), THHB A TF A FE3(a)]. EI3(c) T h B2 i
TREEAT AT B R, v LG a5 S 7 B R
TES LA P E A0, H 53 B AR g 22 B[ 113(d)]

ili i 3
v=34ssnlnl/ls,c,izg.f :nla-s @ 182 | —— Level set variable, ¢
0ms Initial 10t | — Pressure, P; velocity, U
100 | —— Temperature, T
107
= 1072
0.4 ms Spread £ 107
Wi |
105
10
57ms  Retract 107 |
108
107 t, ) ) .
246ms  Stable 0 100 200 - 00

Iteration number

Fig. 3 (a) Two-dimensional model and boundary conditions, (b) mesh generation, (c) simulation results of silicone oil droplet
impact behavior in Figure 2, (d) error diagram of separated solver
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Fig. 4 (a) Impact behavior of silicone oil droplets, (b) impact behavior of water droplets, (c) relationship between
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Fig. 5 (a) Experiential and simulation results of silicone oils with different viscosities impacting on a 50 °C smooth

stainless steel surface, (b) relationship between viscosity and maximum spreading diameter
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Fig. 7 (a) Relationship between maximum spreading diameter of oil droplets and Ok, We and Re under different impact velocities
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between maximum spreading diameter and temperature
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Comparison of impact dynamics and internal surface tension vector distribution of oil droplets on surfaces at different

temperatures: (a) 7=50 °C; (b) 7=100 °C; (c) 7=150 °C; (d) 7=200 °C; (e) change curves of viscosity and surface
tension per unit area at the forward direction when oil droplets impact on surfaces at different temperatures
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Fig. 12 Actual impact behaviors and simulation results of oil droplets on stainless steel surfaces with different roughness
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Fig. 14 Wetting phenomena of droplets on different surfaces: (a) smooth surfaces; (b) low rough surfaces; (c) high rough surfaces
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