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Fig. 1. (a) Schematic diagram of Couette flow shear flow and ventilation system model; (b) main dimensions of the model; (c) gas

morphology diagram under different boundary conditions.
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Fig. 2. (a) Gas morphology and (b), (c) liquid atomic velocity profiles under different solid-gas interaction strengths, where (b) rep-

resents bubbles and (c) represents the gas layer.
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Fig. 3. Boundary slip velocity (a) and shear stress (b) under different solid-gas interaction strengths.
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Fig. 4. Density distribution under different solid-gas interaction strengths: (a) Without gas; (b) with bubble; (c) with gas layer.

50 (D) 1 100 L(©) — 50 m/s
20 = 20 F — 40 m/s
—~ ‘ — 30 m/s
= 401 13}
[ 0 410 Q’j E 80 — 20 m/s
gl e—° °\ sz Ly —— 10 m/s
< 5 X 60f
P e - -—--0 -
T 20t 5 @
S 25 a0t
g {-10 %
ol =
Z 10} g 5
= n 2 2
@ {20 g
or---¢&———8—— - ——®__ - - Z
O -
0 10 20 30 40 60 0 2 4 6 8 10

Shear velocity/(m-s—1)

Z/nm

Bl 5 AREBTUEET, (a) KHEIEEE, (b) LR BB EEERGTDIN B, LK () WK R % B 431
Fig. 5. (a) Gas morphology, (b) boundary slip velocity and shear stress, and (c) liquid atomic density distribution in the bubbles

state under different shear velocities.
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Fig. 6. (a) Gas morphology and (b) liquid atomic velocity profile under different shear velocities after the formation of gas layer. In
panel (b), the translucent lines represent the liquid atomic velocity without gas injection for comparison.

(a) —=— With gas layer 4 L(b) —=— Without gas f (c) 30
o 12F —e— Without gas o —e— With gas layer g 100F o5f
o a g 20 |
E 9r = 3 z 801 45t
= R = 10 f
Z 6 £ 2 £ 01 st
8 @ 5§ 40 09121518
S g L 91.21.51.
g 3+ § 1r = T
= 7 £ 20p 7
N e S - £ ]
z op —~
10 20 30 40 50 10 20 30 40 50 0 2 4 6 8 10
Shear velocity/(m-s~1) Shear velocity/(m-s—1) Z/nm

B 7 AREGUIHREET, (a) 598 HBE &L (b) B5UI I BRI () WO T 5 K B2 48 B 1] (U
Fig. 7. (a) Boundary slip velocity, (b) shear stress, and (c) liquid atomic velocity profile in the gas layer state under different shear

velocities.
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Fig. 8. (a) Gas morphology, (b) liquid atomic velocity profile, (¢) boundary slip velocity and shear stress, and (d) liquid atomic
density distribution in the bubbles state under different numbers of injected gas atoms.
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Fig. 9. (a) Gas morphology, (b) liquid atomic velocity profile, (¢) boundary slip velocity and shear stress, and (d) liquid atomic
density distribution in the gas layer state under different numbers of injected gas atoms.
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Molecular dynamics study on drag reduction mechanism of
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ZHANG Yanru# GAO XiangY# NING Hongyang! ZHANG Fujian
SONG Yunyun!?  ZHANG Zhongqgiang Yt LIU Zhen ?)*

1) (School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, China)
2) (School of Ship and Ocean Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China)

( Received 6 March 2025; revised manuscript received 23 March 2025 )

Abstract

Friction resistance is the primary factor influencing the energy consumption and speed of underwater
vehicles. Active air layer drag reduction is an active boundary layer control technique that reduces wall friction
drag by injecting gas into the solid-liquid boundary layer. Compared with other drag reduction methods, which
are often difficult to scale due to high costs and potential environmental concerns, this technology utilizes a
simple auxiliary device. By employing inexpensive and environmentally friendly compressed air or combustion
exhaust gases, it effectively lowers fluid resistance. Therefore, active drag reduction technology plays a crucial
role in minimizing friction and enhancing overall performance. In this study, molecular dynamics simulations
are used to construct a Couette flow shear model, with gas injected at the boundaries of a nanochannel. The
flow characteristics and boundary drag reduction of Couette flow in a nanochannel is investigated in this work.
The influence of gas injection on these characteristics is examined, along with the effects of surface wettability,
shear velocity, and gas injection rate on boundary slip velocity and drag reduction. The results indicate that the
gas adsorption on the solid surface in the form of discrete bubbles hinders liquid flowing and slipping near the
wall, leading to the increase of drag. However, increasing surface hydrophobicity, shear rate, and gas injection
rate facilitates the transverse spreading of bubbles, reduces flow obstruction, and enhances slip. Additionally,
these factors promote the formation of a continuous gas layer from discrete bubbles, further improving drag
reduction. Once the gas layer forms, shear stress decreases significantly, and slip velocity varies with surface
wettability, shear velocity, and gas injection rate. These findings provide a theoretical foundation for developing
the active gas layer drag reduction technology and optimizing the surface structures in ships and underwater

vehicles.
Keywords: active drag reduction, boundary slip, Couette flow, molecular dynamic
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