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Drag reduction is a key problem in marine vehicles and fluid transportation industries. Reducing drag
strategies and mechanisms need to be further investigated. To explore a bionic approach for reducing
flow resistance, experimental and numerical simulation research was conducted to study the drag
reduction characteristics of the Paramisgurnus dabryanus surface microstructure. In this study, the large-
area flexible surface of the bionic loach scale was prepared by the template method of one-step
demoulding. The water tunnel experiment results show that compared with the smooth surface, the
drag reduction rate of the bionic surface ranges from 9.42% to 17.25%. And the numerical simulation
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1. Introduction

Reducing energy consumption by improving underwater drag
reduction (DR) technology is one of the key research fields
currently. When submarines and torpedoes move underwater,
the surface frictional resistance accounts for 70% of the total
resistance, while for ships, it accounts for 80%. If the frictional
resistance can be reduced by 10%, the speed and voyage of the
ships would increase by 3.57%.>* Therefore, reducing surface
frictional resistance is of great significance in practical engi-
neering applications such as ships, underwater detectors,
submarines, and torpedoes.*

The current methods of fluid drag reduction mainly include
microbubble,” polymer additive,’ superhydrophobic” and
bionic structure? methods. Injecting airflow into the ship
surface to form a layer of bubbles can reduce the frictional
resistance. Although this method has a high DR rate, it requires
additional energy input and complex devices. The polymer
additive reduces the frictional resistance by improving fluid
properties, however, frequent additions of additives are
required, which likely leading to serious pollution. The super-
hydrophobic surface reduces the solid-liquid contact area by
generating air pockets, thereby achieving the DR function.
However, maintaining the air layer and coating durability at
high-speed turbulent is a challenge.’ In fact, after billions of
years of natural selection, many underwater creatures have
evolved body surface structures with drag-reducing functions.*®
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For example, shark skin is covered with tiny shield scales with
drag-reducing grooves." Transverse grooves generated by
dolphin skinfolds can produce adaptive deformation according
to the changes in environmental flow field pressure.”> The
special spine-like structure on the body surface of puffer fish
can effectively delay the separation of turbulent boundary
layers.” Muthuramalingam et al. studied the DR performance
of European sea bass scales and found that the alternating high
and low-speed stripes generated by scales in the near-wall
region could reduce the drag.” Chen et al. investigated the
coupling DR function of tuna scales and flexible body surface,
and the maximum DR rate reached 25.7% due to the vortexes
effect of flexible epidermis.’> Wu et al. indicated that the
crescent-like microstructure on fish scales could produce
a water-trapping effect and thus forming a fluid lubrication
film." Therefore, the bionic DR methods can be explored by
analyzing the DR mechanism of underwater animals’ surface
microstructure.’”

In the preparation of bionic DR materials with microstruc-
tures, there are main technologies such as mechanical precision
machining, laser etching, 3D printing, direct replication molding
and electrochemical machining."®*?* These methods have both
advantages and disadvantages. And the advantages including
strong adaptability, high precision, disadvantages including
complex preparation, expensive processing costs, and rigid
materials tend to limit their practical application. To achieve
flexible adaptive properties and prepare large-area microstruc-
tures, the template method has attracted a great attention of
researchers. Munther et al® prepared bionic placoid scales
produced by micro-molding technique, which utilizes etched

© 2022 The Author(s). Published by the Royal Society of Chemistry
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silicon molds, can deter microorganism settlement. An et al.**
prepared a bionic shark fin negative template by rolling it on the
PVC board, and the bionic surface obtained by PDMS demould-
ing could effectively realize the drag reduction performance.
Meanwhile, the simplicity of the template method and the
precision of the prepared surface still need to be improved.

The Paramisgurnus dabryanus loach can swim freely in the
complex environment of water or mud, which was treated as
a bionic prototype in this study. Due to the flexible deformation
of loach's body, tiny scale distribution on the body surface, and
the mucus retained on the scales, the DR performance of the
loach is maximized.>®*® Although the microstructure of the
loach body surface triggers inspiration for the design of the
bionic surface and has achieved some positive results on DR
and anti-fouling,”** further in-depth analysis on DR mecha-
nisms is required and preparation of large-area microstructure
for application is a challenge as well. In this study, the scale
morphology of the loach was described, and the most appro-
priate structural characteristic parameters were selected.
Computerized numerical control (CNC) precision machining
technology was utilized to prepare the anti-structure of bionic
scales mold on aluminum substrate, then a bionic scale flexible
sample size of 120 mm x 120 mm was obtained by poly-
dimethylsiloxane (PDMS). The friction factor and DR rate of the
bionic surface were investigated in a water tunnel bench. To
reveal the DR mechanism, the flow field characteristics of the
bionic and smooth surface were compared by numerical
simulation. This study can lay a preliminary foundation for
future application on the surfaces drag reduction of ships,
submarines, and other underwater vehicles.

2. Preparation of bionic surface
2.1. Bionic prototype analysis

The loach was anesthetized with ether first. A piece of skin was
cut off from the dorsal and immersed in 20% sodium
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bicarbonate solution for 10 min to remove the mucus. After
being rinsed with distilled water, the skin was placed in ethanol
with different concentrations (30%, 50%, 70%, 80% and 90%)
for 5 min. Then, an ultrasonic cleaner was used to remove
impurities on the surface of the skin. The treated sample was
observed by a VHX-5000 3D ultra-depth field microscope. All the
above treatments did comply with the Chinese law on the
Protection of Animals, without any kind of cruel autopsy or
abuse. Ethical approval was given by the Animal Experimental
Ethical Inspection, Shenyang Agricultural University.

The Paramisgurnus dabryanus loach scales observed under
the microscope are shown in Fig. 1. The scale is visible beneath
the skin tissue with a black pattern (Fig. 1(b)). A single scale is
approximately circular (Fig. 1(c)) and the entire scale was
divided into four parts. The apex region is exposed to the
outside to resist the friction of water, and the remaining three
regions are covered by the surrounding scales. The overall
distribution of scales is shown in Fig. 1(d). The exposed regions
evenly distributed as fan shapes, with a central angle of
approximately 120°, the scale radius is 1000 um, the distribu-
tion distance from adjacent scales is 1450 um, and the thick-
ness is about 60 um (Fig. 1(e)).

2.2. Fabrication of bionic scale surface

To facilitate processing, the scale structure was simplified.
Based on the similarity principle, the parameters of height,
distribution distance and inclined angle were adjusted, and the
final determination of the results is shown in Fig. 2. The radius
(R) of scale and auxiliary circles are 600 pm, the height (H) of
scale is 100 um, with no inclined angle, the array distribution
distance (B) is 860 pm, and the shape parameter (C) is 720 pm.

The templating method can be used for preparation of large-
area flexible microstructures, usually consisting of two steps.
Namely, step 1, preparing a mold for reproducing bionic
structures, step 2, selecting suitable flexible materials to obtain

Fig.1 Morphological observation of loach scales. (a) P. Dabryanus loach. (b) Scale beneath the skin. (c) Different regions on a single scale. (d) Size

and arrangement of scales. (e) Thickness of a scale.
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Fig. 2 Bionic scale 3D visualization model.
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Fig. 3 Preparation process of bionic scales. (a) CNC precision machining. (b) PDMS die casting. (c) Flexible bionic surface.

the structured surface by die-casting.*® Fig. 3 shows the prepa-
ration process of template method in this study.

The anti-structure of the bionic scale was machined on the
surface of aluminum by the CNC precision machining method.
The 3D model of the anti-structure was built and transferred to
the control end of CNC machining system. Then, the 30 um
single crystal diamond tool was selected to mill tens of thou-
sands of evenly distributed anti-structures on the surface of an
aluminum substrate. The size of the aluminum substrate is
120 mm X 120 mm, and the thickness is 5 mm. Fig. 4 shows the
prepared anti-structures.

Polydimethylsiloxane (PDMS) is a material with ideal
chemical stability, elasticity, hydrophobicity, nontoxicity, and
harmlessness.** Hence, the PDMS was chosen as the main
material for the preparation of flexible bionic scales surfaces.
PDMS is usually a colorless liquid with high viscosity, which can
be cured at a certain temperature after reacting with the curing

Fig. 4 Anti-structure surface. (a) Dimensions and overall distribution.
(b) 3D image of topography. (c) 3D image of anti-structure.
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agent. The preparation process of the flexible bionic surface was
the followings:** (i) an appropriate amount of dry release agent
was sprayed on the surface of the aluminum substrate mold; (ii)
the mixture of liquid PDMS and curing agent with a mass ratio
of 10 : 1 was magnetically stirred for 15 min; (iii) the mixture
was put into a vacuum drying oven and vacuumized repeatedly
for 20 min, and the degree of vacuum was kept at —100 kPa to
remove the bubbles existing in the solution; (iv) the mixture was
slowly poured into the center of the aluminum substrate until
the mold was filled, and the excess material was scraped off to
ensure that the top surface was horizontal; (v) the mold with the
PDMS cast was placed in a drying oven and cured at 80 °C for
8 h; (vi) demoulding carefully and cleaning the samples.

Fig. 5 shows the processed PDMS flexible bionic surface. The
structural parameters of prepared bionic surface were consis-
tent with the 3D model and had a high similarity with the
surface morphology of the loach. To compare and test the drag
reduction effect of the bionic structure, the PDMS flexible
smooth sample was also prepared with the same thickness and
size of the bionic surface.

3. Methods

3.1. Water tunnel experiment

The drag reduction performance of the fabricated flexible
bionic sample was tested by a self-built water tunnel experiment
bench.

3.1.1. Setup of the water tunnel bench. The test bench was
composed of flowmeter, pump, regulating valve, needle valve,
exhaust valve, pressure transducers, data acquisition system,
LabVIEW program, stainless steel water tank and circulating
pipeline. The water tunnel experimental device was shown in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Rigid antistructure Flexible PDMS structure|&

Fig.5 The bionic sample. (a) Rigid anti-structure and flexible PDMS structure. (b) Dimensions and overall distribution of flexible PDMS surface. (c)

3D topographies image.

Fig. 6. The total length of the test section was 580 mm, and the
cross-section was a rectangle of 70 mm (width) x 8 mm
(height). The circulating medium was 20 °C water. The water
was pumped out of tank 1, through the pipe into the test
section, then into tank 2 and recycled to tank 1. The flow rate
could be changed by adjusting the regulator, a needle valve was
used for fine tuning. The fluid velocity measurement ranged
from 0.78 m s ' to 4.74 m s~ ' which was recorded by the
flowmeter. The experimental system was tested for leaks and
was degassed before use. All the experimental data were recor-
ded after the system reached the steady state.

3.1.2. Accuracy calibration and reproducibility verification.
The pressure drop and flow rate of the test section were cali-
brated for accuracy before the testing. The test section was
measured by the TXY815 pressure transducers which were
calibrated by a pressure calibrator within 2 kPa. The electro-
magnetic flowmeter TXY920 with a range of 0-18 m®* h™" had an
accuracy of 0.5. Considering the measurement error of the flow
rate after passing through various pipe fittings, the measure-
ment volume method was used to calibrate the flow rate. Three
repeated tests were conducted on smooth and bionic samples at
different experimental conditions to verify the reproducibility of
the test results. The results showed that the pressure drops of

Regulator

Exhaust valve

Flow meter

the three tests were nearly the same, and whose relative stan-
dard deviations were less than 5%.

3.1.3. Method of drag reduction evaluation. The test bench
measured the flow resistance by calculating the pressure drop
between the front and rear of the samples. The pressures of the
bionic/smooth samples were measured by three transducers
respectively, and the data was recorded by LabVIEW software.
The flow rate Q can be calculated by eqn (1):

1
0= aD*U 1)
where D is the hydraulic diameter of the test section, U is the
flow velocity.
The drag reduction rate 7 of the flexible surface with a bionic
fish scale structure can be calculated by eqn (2):
As - Ab

n= "5 100% (2)

where A and A, are the friction factors of smooth surface and
bionic surface respectively.

The frictional head loss Hy of the sample surface can be
calculated by eqn (3):

Ap 1 U?
Hi= =)~ — 3
! % D 2g )
Output 1| computer
Data acquisition card

—

——
o0 0o

Samplel

Sample2 :

» Pressure'transducer ¢

Water tank1

Fig. 6 Water tunnel experiment bench.
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where Ap is the pressure drop of the text section, v is the unit
weight of water, and [ is the length of the test section.
Substituting eqn (1) and (3) by eqn (2), n of the bionic surface
is given by:
n= (1

where Apy, Aps are the pressure drop of bionic surface and
smooth surface respectively, Qp, Qs are the flow volume of
bionic and smooth surface respectively.*

Ap, 02
— =] x 100% 4
A, Qﬁ) (4)

3.2. Numerical simulation analysis

In this study, ANSYS 19.1 software was used to explore and
analyze the drag reduction effect and mechanism of bionic
scales.

3.2.1. Setting of initial conditions. To simulate the fluid
flow in the near-wall region, a three-dimensional computational
domain as shown in Fig. 7 was selected. According to the
geometrical characteristics of the bionic structure, the finite
volume method was used to discretely generate meshes and the
mesh of the bionic scale region was refined.

This study treated the fluid as a transient incompressible
fluid. “RNG k-epsilon (2 eqn)” was selected as the turbulence
model for better dealing with flows with high strain rates and
a large degree of streamline bending, and the “Enhanced Wall
Treatment” function was used to process the near-wall area. The
medium of the flow field was liquid water with a density of 998.2
kg m > and a dynamic viscosity of 0.001 Pa s. In the boundary
conditions, the inlet velocity was selected as “Magnitude,
normal to Boundary”. The turbulence intensity and hydraulic
diameter in the specification method were calculated according
to eqn (5):

I=0.16(Re)"(Re = puLly) (5)

where I represents turbulence intensity; Re is Reynolds number;
p represents fluid density; u is the average velocity of the fluid; u
is the viscosity of fluid; L is the characteristic length. “Simplec”
was chosen for the pressure-velocity coupling scheme, and the
momentum equation was discretized in a “second-order
upwind” scheme to ensure accuracy and stability.

3.2.2. Drag reduction evaluation. By comparing the average
resistance of the smooth surface and the bionic surface, the
drag reduction rate of the bionic scale can be calculated by eqn

(6):

Inlet

8mm

Fig. 7 Computational domain model.
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n= x 100% (6)
where 7 is drag reduction rate (%); Fs and F, are the total
resistance (N) of the smooth surface and bionic surface
respectively.

4. Results and discussions

4.1. Friction factor and drag reduction results

The prepared flexible bionic sample and flexible smooth sample
were installed in the test section of the water tunnel experiment
bench. The average pressure drops at both ends of the bionic
sample and smooth sample were collected respectively. The
water tunnel experiment results are shown in Fig. 8(a), and the
friction factor of bionic surface ranging from 0.0191 to 0.0286,
while it changes from 0.0211 to 0.0317 for smooth surface. As
the flow velocity increases, the friction factor decreases, mean-
while, the friction factor of bionic surface is always lower than
that of the smooth sample. The change of the curve slope is due
to the fact that the thickness of boundary sublayer varies with
Reynolds number, resulting in the variation of acting forces
intensity.

The experimental DR rate is depicted in Fig. 8(b), and the
findings indicate that DR rate ranges from 9.42% to 17.25%,
showing first increase and then decrease with an increasing
Reynolds number. Fig. 8(b) shows that the surface of the bionic
scale can achieve drag reduction function in these experimental
conditions.

To compare the bionic structures DR effect of this study with
that in other research works, the relevant data of shark scales,
grass carp scales et al. were collected and listed in Table 1. The
comparison demonstrates that the DR rate of this study is
relatively good compared with other literature, and different
types of bionic structures have their own characteristics, influ-
encing the boundary layer between fluid and wall.

The drag reduction improvement of the bionic surface is due
to the fact that the bionic scale structure has a significant effect
on the fluid field and boundary layer, thus reducing the friction
of surrounding wall. What's more, it is believed that the
microstructure grooves can reduce the contact area between the
surface and the fluid. The deliberately manufactured scales
could reduce the amplitude of convective lamination, improve
aerodynamic performance, and weakening turbulent boundary
layers, similarly with other research works.*”*®* Meanwhile, the
surface wettability has a positive impact on flow resistance.*

Qutlet

zZ
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Fig. 8 Results of water tunnel experiment. (a) Friction factor distribution. (b) Drag reduction rate at different Reynolds numbers.

Table 1 Comparison of various bionic drag-reduction

Flow velocity

Drag reduction

Bionic structure (ms™ rate (%) Main reasons

Shark skin and bird feathers® 3.18-18.56 —0.62-3.21 Vortex cushioning and driving effects
European sea bass scale®* 0.15 27.00 Delayed turbulent transition

Grass carp scales® 0.66-0.74 2.58-2.81 Forming a fluid-lubrication layer

Shark skin riblet*® 2.50-6.50 21.73-23.85 Reducing effective contact area

Shark skin denticles"! 0.07-0.10 2.20-7.30 Significant ability to control areas of fluid
Loach scales [this study] 0.78-4.74 9.24-17.25 Pressure gradient and low-speed vortex effects

The contact angles of the smooth/bionic flexible sample in this
study are measured by contact angle instrument (DSA-25A).
Fig. 9 displays that the contact angle of the flexible smooth
surface and the bionic surfaces are 84° and 110° respectively,
indicating that the bionic scale structure can improve the
hydrophobicity, resulting in the improvement of drag
reduction.

4.2. Numerical simulation results and mechanism analysis

It is impossible to directly observe the microscopic phenomena
of fluid on the water tunnel bench, so the process transfer and
drag reduction mechanism was analyzed by numerical
simulation.

The difference of drag reduction effect between bionic scale
surface and smooth surface was simulated under the flow

velocity of 0.5-5.5 m s~ *. The simulation results are exhibited in
Fig. 10.

The total flow resistance of the bionic surface is always lower
than that of smooth surface (Fig. 10(a)). At the flow velocity of
1.5 m s ', the drag reduction rate reaches a maximum of
12.84% and then decreases gradually with the increase of flow
velocity (Fig. 10(b)). The overall trend of the numerical simu-
lation results is almost the same with the water tunnel experi-
mental data, and both reach the peak value of around 1.5 m s~ .
Therefore, it should be feasible to reduce the flow resistance by
bionic scales theoretically.

By analyzing and comparing the flow field characteristics of
the bionic surface and the smooth surface at the flow velocity of
1.5 m s~ ', the drag reduction mechanism of the bionic scale is
discussed as followed.

Smooth surface

(a)

Bionic surface

(b)

Fig. 9 Surface wettability. (a) The contact angle of the smooth surface. (b) The contact angle of the bionic surface.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Resistance simulation results. (a) Total resistance distribution; (b) drag reduction rate distribution.

Fig. 11 shows the distributions of pressure and velocity in the
near-wall region. Fig. 11(a) displays the near-wall pressure
contour, and the black wireframe is a partially enlarged view of
the bionic wall. Due to the stable low-pressure area in the bionic
scale area, fluid can be absorbed from the surrounding area,
and the high-pressure areas will also cause the fluid flowing into
the low-pressure area, to ensure that the scale area will be fully
filled by fluid. This area can be regarded as a fluid lubrication
layer, which changes the hydrodynamic properties of the

Paper

surface and facilitates the contact between liquid and substrate
to become liquid-liquid contact, thus reducing the flow
resistance.**

As shown in Fig. 11(b), the vortices are formed in the front
and rear of the bionic scales, while there is no vortex formed on
the smooth surface. The vortices cause buffering effect, which
resembles rolling bearings in the scale structure, and convert
the sliding friction between the solid-liquid interface into the
rolling friction between the two liquid interfaces. Meanwhile,

No vortex

Velocity isoline

Fig. 11 Distributions of pressure and velocity. (a) Near-wall pressure contour. (b) Velocity vector diagram. (c) Bionic surface velocity contour. (d)

Smooth surface velocity contour.
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the flow direction above the vortex is same with the fluid velocity
direction, which can facilitate the fluid flow. Owing to the
existence of vortices, a large amount of low-velocity fluid accu-
mulates between adjacent scales. Therefore, water film is
formed on the scales, which drives the high-speed fluid away
from the near-wall region, and reducing the near-wall velocity,
and weakening the turbulence effectively.”” Hence, the appear-
ance of vortex on the bionic surface can reduce the resistance.

Fig. 11(c) and (d) displays the locally magnified bionic/
smooth near-wall velocity contours on the XY plane in the
fluid domain. The low-speed area of the bionic scale surface is
larger than that of the smooth surface. The red dotted lines in
this figure are the contour lines of the speed of 0.45 m s~ *. The
bionic scales increase the thickness of the boundary layer near
the wall surface, thereby achieving the effect of drag reduction.

To analyze the variation of the flow field for two surfaces, the
vertical centerlines ‘SL’ and ‘BL’, the horizontal centerlines ‘ST’
and ‘BT” on smooth and bionic surfaces are elected as the
auxiliary lines respectively. And line ‘BO’ is where scales overlap
in bionic surface, and line ‘SO’ is in the same position of
smooth surface. All the line lengths are 5 mm. The results are
shown in Fig. 12.

The average values of pressure, velocity, turbulent kinetic
energy, and wall shear stress in the bionic near wall region are
always lower than that in the smooth near-wall region at the
same position. The fluid between the high-pressure area and

RSC Advances

the low-pressure area is affected by the pressure gradient, which
can increase the driving force of the fluid, also offsets part of the
viscous resistance during the flow process, and results in
achieving the effect of drag reduction. Due to the existence of
low-velocity vortices, a large amount of low-velocity fluid accu-
mulates between adjacent scales, forming a water film, thus
changing the flow field characteristics in the bionic wall.

Turbulent kinetic energy can reflect the intensity of energy
exchange and transformation and is an index to measure
the development or decline of turbulence. It can be obtained by
eqn (7):

K = 1.5(ul)? 7)
where K is the turbulent kinetic energy, u is the average velocity,
I is the turbulence intensity. The Reynolds stress refers to the
additional stress caused by the exchange of pulsating
momentum in the Reynolds equation. The turbulence intensity
is equal to the ratio of the turbulent pulsation velocity to the
average velocity, so the turbulence intensity can reflect the
Reynolds stress. The value of turbulent kinetic energy at the
bionic scales area is almost 0, indicating that there is less energy
exchange and loss in this area, which reduces the Reynolds
stress and thus reduces the flow resistance near the wall.

The interaction between the fluid and the wall creates wall
shear stress. The wall shear stress can be obtained through eqn (8):
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Fig. 12 Flow field variation. (a) The pressure distribution curves of line ST and BT. (b) Velocity distribution curves of line SO and BO. (c) Turbulent
kinetic energy distribution curves of line SL and BL. (d) Wall shear stress distribution curves of line SO and BO.
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‘z::,uTy (8

where 7 is the shear stress (Pa), u is the dynamic viscosity of the
fluid (Pa s); du/dy is the velocity gradient (1 s ). The existence
of the bionic scales reduces the total shear stress so that the
velocity gradient of the bionic wall is lower than that of the
smooth wall. Thereby, it can be concluded that the viscous
shear stress near the bionic wall is smaller, which is the main
reason for the decrease of the viscous resistance.

5. Conclusions

In this study, a bionic loach scale drag reduction surface was
investigated, and the following conclusions could be drawn:

The surface of Paramisgurnus dabryanus was covered with
regularly distributed scales, and the exposed apical area of the
scale was imitated to build a 3D model. The flexible surface like
the living loach scale morphology was prepared by using
template method to solidify PDMS. This preparation method
could encourage the large area of bionic surface fabrication and
practical application of drag-reducing materials.

The drag reduction function of the bionic sample was
confirmed on a home-made water tunnel test bench. The results
show that, the bionic surface has brilliant drag reduction
performance and the drag reduction rate ranging from 9.42% to
17.25%. The improvement is mainly caused by the positive
effect of bionic surface on the fluid field and boundary layer,
and the larger water contact angle of bionic surface. The
numerical simulation analysis confirms that a fluid lubricating
layer and low-speed vortex are formed on the bionic structure,
meanwhile, wall shear stress and turbulent kinetic energy on
bionic surface are much lower than those for smooth surface.
The above changes of flow field characteristics caused by bionic
scales all play positive roles in improving drag reduction.

This research provides a methodological reference for the
study of bionic flexible sample preparation and drag reduction
mechanism, which lays a theoretical foundation for the study of
drag reduction on the surfaces of underwater vehicles and fluid
transportation.
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