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ABSTRACT

The biological surface structure comprising fish scales and a mucous membrane exhibits good turbulent drag
reduction ability. Based on this structure, a bionic frictional drag reduction model composed of a grooved
structure and mucous membrane was established herein, and its efficacy in reducing the resistance of a
turbulent boundary layer was analyzed. Accordingly, the drag reduction performance of the bionic structure
was investigated through large eddy simulations. The results revealed that the mucous membrane was evenly
distributed on the groove wall through secretion, and effectively improved the drag reduction rate of the
groove wall. The bionic grooves and mucous membrane structure successfully inhibited the turbulent kinetic
energy, turbulence intensity, and Reynolds stress. The grooved structure improved the shape of the A vortex
structure and the mucous membrane reduced the number of three-dimensional (3D) vortex structures.
Furthermore, the streak structure near the bionic structure wall was reduced and its shape was regularized,
which intuitively demonstrates the turbulence suppression ability of the proposed bionic structure. This paper
presents the results of a hydrodynamic analysis of the frictional drag reduction characteristics of a bionic
structure consisting of grooves and viscous membranes acting on the turbulent boundary layer of a wall.

Keywords: Mucous membrane; Bionic drag reduction; Viscoelastic fluid; Turbulence statistics; Coherent
structure.

NOMENCLATURE

Ci drag coefficient of the smooth surface Y normal direction

Cin  drag coefficient of the mucous membrane Z span direction

DR  drag reduction rate y shear rate

H characteristic length A relaxation time

1 turbulence intensity u viscosity of mucus
Rey Reynolds number based on U 1o zero shear viscosity
Re: Reynolds number based on u: e infinite shear viscosity
U flow velocity p density

Uiy ~ mucus injection velocity Pm density of mucus

u' flow direction pulsation velocity Tw shear stress

Ur wall friction velocity ) kinematic viscosity

v’ normal direction pulsation velocity <> time average of a variable

X flow direction ()" Non-dimensionalization of a variable
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1. INTRODUCTION

The skin—scale structure of fish exhibits excellent
turbulent drag reduction performance. Based on this
biological structure, several bionic non-smooth
surface drag reduction methods have been
developed (Zhang et al. 2020a; Liu et al. 2021;
Jiang et al. 2016; Cui and Fu 2012; Song et al. 2011;
Heidarian ez al. 2018). However, the drag reduction
effect of these bionic non-smooth surface structures
is generally less than 10%. In extreme cases, if the
surface structure is improperly arranged or shaped,
the drag reduction effect can even be zero. The
presence of mucus (viscoelastic fluid) on the scale
surface of fish also provides a strong drag reduction
effect, and a maximum drag reduction rate (DR) of
80% can be achieved, as demonstrated by the drag-
reducing agents (DRAs) used in the field of pipeline
transportation. However, this method is useless in
working conditions wherein the DRA cannot be
injected into the solution. Fish have a drag
reduction system composed of a non-smooth
surface and a mucous membrane, which supports its
efficient swimming in water (Seo et al. 2020; Dou
et al. 2012). This system appears to be a promising
solution for reducing frictional drag in various
applications,  especially  those in  marine
environments. Therefore, the frictional drag
reduction characteristics of a bionic structure
composed of a mucous membrane and grooves must
be explored in detail.

A bionic non-smooth surface consists of a series of
regular- or irregularly-shaped microstructures that
are distributed on a wall based on the Reynolds
number length. The most commonly used non-
smooth surface structural shapes are V-shaped, U-
shaped, and rectangular grooves distributed along
the span or flow direction, or different types of pits,
convex structures, and irregular peaks and valleys.
Walsh et al. (Walsh 1990; Walsh 1983; Hefner et
al. 1983) revealed that a grooved structure has a
good drag reduction effect when the height, s, and
spacing, &, of V-shaped grooves have dimensionless
size of approximately s'< 25 and A*< 30. This
theory can also be applied to studies on the drag
reduction effect of other non-smooth shapes. The
biomimetic non-smooth surface drag reduction
method has been widely used primarily owing to its
continuity, with almost no losses after processing.
Notably, it is also supported by the "second vortex
group theory" (Gallagher and Thomas 1984) and the
"protruding height theory" (Walsh 1990; Ke et al.
2009).

Bionic mucus drag reduction is an active drag
reduction method. Fish mucus can be imitated by
using a chemically synthesized viscoelastic fluid,
which is injected into the flow field as a DRA to
form a mixed solution. This solution is primarily
used in pipeline transportation to significantly
reduce fluid drag (Majd et al. 2016; Vilalta et al.
2016; Graham 2014). The drag reduction method of
secreting mucus on the surface of an underwater
vehicle to form a mucous membrane was first
proposed by Zhang et al. (Zhang et al. 2020a) After
Toms theory (Toms 1948) was proposed,
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viscoelastic fluid drag reduction became a
significant area of research. Viscoelastic fluid
DRAs primarily include polymer solutions (Zhang
et al. 2020a; Shashank and Sreenivas 2020;
Rajappan and McKinley 2020; Xi 2019; Zhu and Xi
2019) and surfactants (Liu et al. 2021; Tamano et
al. 2018; Wakimoto et al. 2018; Yanuar et al.
2017), whose drag reduction mechanisms are quite
different. In the static state, a worm-like micelle
structure is formed in the interior of the surfactant
DRA solution; however, when there is a fluid shear
force, the worm-like micelle structure tends to
incline along the streamline direction, thereby
reducing drag. The DR of the DRA gradually
increases as the flow Reynolds number (Re)
increases, but eventually decreases when the Re
reaches a critical value (Cai 2016). The long
molecular chain structure of the polymer DRA
dissolves in the solvent, and the viscosity of the
mixed solution can be significantly improved by
increasing the tensile viscosity of the mixed
solution. If the viscoelastic relaxation timescale of
the fluid is close to the timescale of the turbulent
fluctuations near the wall, the regeneration cycle of
the near-wall turbulent flow is disrupted resulting in
momentum transport perpendicular to the wall,
which reduces frictional drag (Zakin ez al. 1998).

These studies have clearly demonstrated that both
bionic non-smooth structures and mucus have
excellent turbulent frictional drag reduction
performance. Most current research on drag
reduction methods using viscoelastic fluids only
focuses on methods wherein a DRA is mixed with
the transported fluid to form a mixed solution.
However, this method is only suitable for pipeline
fluid transportation. In contrast, few studies have
been conducted on the application of bionic mucus
drag reduction to underwater vehicles. The
combination of a biomimetic non-smooth surface
structure and a biomimetic mucus film can
significantly improve the DR of underwater
vehicles. In this study, hydrodynamic simulations
are performed to investigate mucus secretion and
mucous membrane formation on a bionic groove
wall. Subsequently, a comparative study is
conducted on the drag reduction performance of
groove walls with and without a mucous membrane.
Finally, the drag reduction mechanism is clarified
based on the turbulence statistics and a coherent
structure analysis.

2. HYDRODYNAMIC MODELING

A hydrodynamic simulation model of water flow
through a rectangular channel was established as
shown in Fig. 1. The midpoint of the bottom wall at
the entrance was set as the coordinate origin. The
streamwise, normal, and spanwise directions were
denoted as X, Y and Z respectively, and the
characteristic length H=0.005 m. A bionic structure
composed of grooves and a mucous membrane were
adopted in the model to reduce turbulence-induced
friction drag. A smooth wall, which is a non-drag-
reducing surface, was placed at the top of the
channel for comparison with the bionic structure
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wall. A bionic structure wall with triangular
grooves arranged along the spanwise direction was
set at the bottom of the channel, and mucus
secretion holes were evenly distributed on the

Velocity Inlet

Secretory

0.04H
'| & holes

[.n NYALT

platform above the grooves. Mucus was secreted
along the normal direction of the wall to form a
mucous membrane on the grooved structure.

-
|

Fig. 1. Hydrodynamic simulation model with a bionic structure composed of grbbves and a mucous
membrane.

Research has shown that mucus is a non-Newtonian
fluid. Several viscoelastic fluid models can simulate
the rheological behavior of non-Newtonian fluids,
such as Oldroyd-B model (Oldroyd 1950), FENE-P
model (Tanner 1975), Giesekus model (Giesekus
1982), etc. Most viscoelastic fluid DRAs are
assumed to be viscoelastic fluids. However, it is
more appropriate for the constitutive model of fish
mucus to be modeled using the Carreau model (Liu
et al. 2010). Carreau model fluids behave like
Newtonian fluids at low shear rates and like power-
law fluids at high shear rates, which best represents
the rheological properties of fish mucus. The
Carreau model can be expressed as Eq. (1).
H—Hy _

1
Ho—H, [1+(/1y)2}(17”)/2

()

where uo is the zero-shear viscosity, u« is the
infinite-shear viscosity, 4 is the relaxation time, 7 is
the power-law coefficient, y is the shear rate, and u
is the viscosity of mucus. The specific parameters
adopted herein, which are based on the conclusions
from previous studies (Liu et al. 2010; Gao 2006;
Xu 2018), are shown in Table 1 (pm is the density of
mucus).
Table 1 Mucus parameters

ugkgm 57!

0.3

u/kgm st

0.0005
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1000

n

0.3

For numerical calculations, the computational
domain was divided using a polygonal unstructured
grid. To fully distinguish the turbulent structure
near the wall, the normal direction was refined
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using an unstructured grid, and a boundary layer
was established near the wall. The grid height of the
first  boundary layer was y* < 1
(nondimensionalized by u:.). The entrance and the
mucus secretion holes adopt a wvelocity inlet
boundary, and the exit adopts an outflow boundary.
Owing to the periodicity of turbulence, periodic
boundary conditions were used along the Z-axis.
The smooth surface and bionic surface were set as
frictionless walls.

The transient solver of Ansys Fluent 2019 R3 was
used to implement a large eddy simulation (LES) of
the proposed hydrodynamic model. Herein, the
wall-adapted local eddy (WALE) viscosity model
for wall turbulence was selected as the sub-grid
stress model. The mixture multiphase flow model
was used to simulate mucus secretion in the external
flow field, where the mucus can be fused. The
pressure-velocity coupled solver and SIMPLEC
algorithm were used for calculation. The gradient
term was discretized using the Green—Gauss node-
based format, the pressure term was discretized
using the PRESTO scheme, and the momentum and
volume fractions were discretized using the first-
order upwind scheme. To ensure the accuracy of the
calculation, the maximum Courant number of the
flow field was set to two. Accordingly, the time step
used herein was 0.0003 s, which saves calculation
time and resources while ensuring that the transient
flow field information is preserved. The velocity at
the midpoint of the flow domain changes with time
as shown in Fig. 2. The velocities U = 3 m/s and U
=5 m/s under the two working conditions stabilized
after 0.03 s, and the Re values at the end of the flow
field were 947.3336 and 1576.049, respectively.
The boundary layer was completely turbulent along
the wall. The remaining time steps were used for
time averaging.
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To verify the accuracy of the model and the
calculation method, the grid independence must be
verified first. Four sets of grids with minimum wall
grid sizes of 0.0001 m, 0.00007 m, 0.00005 m, and
0.00003 m were used in the simulation performed
herein. The friction coefficients (Cy) of the smooth
surface were calculated at U =3 m/s and U =5 m/s
using four different calculation models with
different grid numbers. The two dashed lines in the
bottom of Fig. 3 indicate the theoretical value of Cj,
which was calculated using the Dean formula (Cai
2016) of the turbulent Crin the straight channel.

When the simulation was stable, Cr was calculated
with 4,236,585 grids (minimum wall grid size =
0.00005 m; growth rate along the normal direction
= 1.1) and compared to the theoretical Cy, as shown
in Table 2. As the relative error was within an
acceptable range, this number of grids meets the
relevant requirements. Therefore, the model with
4,236,585 grids was used for further calculation, as
shown in Fig. 4.

0.05 T T
—s— Simulation value of U*
—e— Simulation value of -
BB — = Theoretical value of U
" —--— Theoretical value of U
0.03 4
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@
0.02 4
..
0.01 \
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Fig. 3. Relationship between the number of grids
and Cy.

Table 2 Verification of Cr

. Cr Relative
Condition - - -
Theoretical | Simulation Error
U=3m/s 0.006596 0.006830 3.55%
U=5m/s 0.005805 0.006023 3.76%
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Fig. 4. Computational grid: (a) smooth wall
boundary layer; (b) bionic structure wall
boundary layer; and (c) mucus secretion holes.

3. RESULTS AND DISCUSSION

First, a set of LES simulations were performed to
study the secretion of mucus and the formation of
the mucous membrane on the bionic groove wall.
Subsequently, the drag reduction performance of
the groove wall with and without the mucous
membrane was studied using the classical turbulent
boundary layer theory, and the drag reduction
mechanism was analyzed based on the turbulence
statistics and coherent structure.

3.1 Drag reduction effect of bionic
structure

The formation of a mucous membrane is a
necessary condition to change the properties of the
wall and reduce drag. Figure 5 shows the
distribution of the bionic mucous membrane on the
wall of the bionic grooves structure for U = 3 m/s.
When U = 5 m/s, the result was similar to that
shown in Fig. 5. Owing to the inlet effect, mucus
was sparsely distributed at the front of the flow
field, and the secreted mucus was washed to the rear
of the flow field by the water. The mucous
membrane formed and its thickness gradually
increased between x/(6H) = 0-0.3; beyond x/(6H) =
0.3, the thickness of the mucous membrane became
uniform.

The basic parameters of the turbulent boundary
layer and the DR under different flow conditions are
listed in Table 3. The letters "S", "G", and "GM" in
Table 3 indicate that the surface structure was
smooth, grooved, and composed of grooves and a
mucous membrane, respectively. The numbers "3"
and "5" indicate flow conditions of U =3 m/s and U
= 5 mV/s, respectively. Ui is the velocity of mucus
secretion; Re; is the Reynolds number based on the
wall friction velocity u., which is defined by Eq.
(3); and Crand DR are based on the shear stress 7w
(calculated by the numerical simulation) and are
calculated using Eq. (4) and Eq. (5) (Cp is the
friction coefficient with drag reduction and Cs is
that without drag reduction), respectively.



K. Zhang et al. /| JAFM, Vol. 15, No. 1, pp. 283-292, 2021.

Mucus Volume Fraction

Fig. 5. State of mucous membrane.

Table 3 Basic parameters of turbulent boundary layer and DR

Condition | Um's™ | Upi/ms™! Re: u7/m-s! tw/kg-(m-s?) ! Cr DR
S-3 3 - 876.568 0.175314 30.6795 0.006830 -
G-3 3 - 782.286 0.156457 24.4348 0.005440 20.35%

GM-3 3 0.05 772.602 0.154520 23.8336 0.005306 22.31%
S-5 5 - 1371.904 0.274381 75.1493 0.006023 -
G-5 5 - 1284.780 0.256956 65.9076 0.005282 12.30%

GM-5 5 0.08 1226.608 0.245322 60.0744 0.004815 20.06%

the GM structure provided a stronger drag reduction

T, effect.

u, =, |— 2

P The average normal dimensionless velocity (U™ =
Ulu,) distribution of the above structures under
C. - 7, 3) different flow conditions are shown in Fig. 6 (the
A ) streamwise coordinate is x/(6H) = 0.8, and the
EIDU turbulence statistics were obtained using the flow
field parameters at this position). For comparison,
C. the well-known Newtonian fluid relationships of the
DR =—"—""x100% 4) linear law U* = y* and the logarithmic law U*" =
iz 2.441Iny* + 5.5 are illustrated as well. The obtained

As shown in Table 3, for the S structure, Re; =
876.568 at U= 3 m/s and Re: = 1371.904 at U= 5
m/s. Under the same conditions, Re: decreased to
782.286 and 1284.780, respectively, for the G
structure. This indicates that the G structure had an
inhibitory effect on turbulence. The Re: values of
the GM structure were even lower than those of the
G structure, indicating that the former had a
stronger inhibitory effect on turbulence. As the drag
reduction performance 1is closely related to
turbulence control, the GM structure had a better
drag reduction effect than the G structure. Notably,
the G structure exhibited an excellent drag
reduction effect when U was relatively low (i.e., the
turbulence was less chaotic), whereas the mucous
membrane in the GM structure had a negligible
effect. However, as U increased, the DR of the G
structure decreased, and the mucous membrane in
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mean velocity profile of the S structure surface
boundary layer is in good agreement with U™ = y*
in the viscous sublayer (y* < 5), and U" = 2.44Iny™"
+ 5.5 in the log-law layer (30 < y* < 0.15Re),
further demonstrating the accuracy of the
hydrodynamic model. The boundary layers of the G
and GM structures were higher than those of the S
structure in the viscous sublayer and log-law layer.
The GM structure had the highest average velocity
profile, which fully characterizes the drag reduction
characteristics of all three structures. Under the
shear action of the water flow, the shear-thinning
performance of the mucous membrane increases the
flow velocity of the boundary layer.

3.2 Turbulent statistics

The intensity (I) of turbulence was used to measure
the turbulence intensity of the flow field. Figure 7
presents a comprehensive comparison of the I*
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values of the S, G, and GM structures under
different flow velocity conditions, which were
nondimensionalized using ut2. The peak values of
I+ of the G and GM structures were significantly
lower than that of the S structure, and the peak
value of the GM structure was the least. However,
the I" distribution of the G and GM structures was
so wide that it covered the entire boundary layer.
The peak value of I" of the S structure appeared
near y" = 20, and moved outwards (near y* = 50)
after drag reduction, thereby reducing the intensity
of the turbulence on the near-wall surface. The I*
values of the viscous sublayer on the wall of the G
and GM structures were slightly higher than that on
the wall of the S structure. This can be attributed to
the disturbance of the flow field caused by the
grooved structure perpendicular to the wall and the
mucus secretion. However, the weak disturbance
was limited to the viscous bottom layer and did not
significantly weaken the strong drag reduction
effects of the G and GM structures.

In hydrodynamics, turbulence kinetic energy (TKE)
is defined as the average kinetic energy per unit
mass related to the eddy current in the turbulence.
Figure 8 compares the TKE" values of the S, G, and
GM wall structures under different flow velocity
conditions, which were nondimensionalized using
u?. As shown, TKE" reduced after drag reduction,
and the peak value of the GM structure was the
least. Thus, the GM structure had the strongest
effect on reducing the turbulence energy.
Furthermore, the TKE" curve of the GM structure
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also shifted outward. Therefore, both bionic
structures had a stronger effect on TKE" at high Re.

Reynolds stress is defined as the additional stress
caused by the momentum exchange generated by
the turbulent pulsating velocity. Figure 9 compares
the distribution of the Reynolds normal stress
(<u'u™") and Reynolds shear stress (—<u'v™>")
relative to the normal position of the S, G, and GM
wall structures at different flow velocities. Both
stress parameters were nondimensionalized using
u?. Compared to the S structure, the value of
<u'u™" on the bionic structure surface reduced
significantly, and the peak value also shifted
outward. However, there was no significant
difference between the values of <u'u™>" of the G
and GM structures, with the larger value of <u'u™>"
of the GM structure wall in the viscous sublayer.
Similarly, the —<u'v*>" values shifted outward more
significantly. The increase in the stress value of the
viscous sublayer of the GM structure wall is
primarily related to the fluctuation in mucus
secretion.

The above analysis explores the drag reduction
performance of the bionic structure wall based on
turbulence statistics theory. Both the G and GM
bionic structures weakened the statistical peak of
turbulence and shifted it away from the wall. This
reduced the impact of turbulence on the wall and
the frictional drag. The GM structure had a more
significant effect on the turbulence statistics.
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However, the turbulence statistics cannot clarify the
specific structure and details of turbulence.
Therefore, the turbulent coherent structure was
analyzed to determine the control effect of the
bionic structure wall on the former.

3.3 Coherent structure

A coherent structure refers to an irregularly
triggered orderly movement in shear turbulence.
The turbulent pulsation near the wall is constrained
by the wall. Studies have shown that the structure of
the small-scale vortex near the wall is extremely
complex and is the primary source of wall
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resistance. The basic elements of a coherent
structure are the "streak structure" and the "vortex
structure" (Zhang 2017), which are located in a
fully developed turbulent boundary layer and form a
relatively stable circulation mechanism. If any link
in this mechanism is destroyed, the self-sustaining
process of the turbulent coherent structure can be
controlled and turbulent bursts can be suppressed
(Asrafi et al. 2019).

Figure 10 and Fig. 11 compare the streak structures
(i.e., the instantaneous velocity field) of the
boundary layer in the x—z plane at y* = 15 under
different flow conditions. As shown, the velocity
streak structure (blue area in the plane) for U = 3
m/s is sparser than that for U = 5 m/s, which can be
attributed to the difference in Re between the two
flow conditions. The streak structure of the S
structure was the most chaotic, and the lower speed
streaks crossed each other and broke, thereby
increasing the wall resistance. The streak structure
of the bionic G structure wall was relatively stable
and sparser than that of the S structure. The wall
surface of the bionic GM structure had the best
control effect. For U =3 m/s, there was almost no
streak structure at the end of the plane (i.e.,
turbulence was stable). Thus, the mucous membrane
plays an important role in the formation and
evolution of the streak structure.

In a fully developed turbulent boundary layer, the
low-speed streaks form a vortex tube under the
action of the flow velocity gradient. The vortex tube
shifts upward and moves along the spanwise
direction. When two streaks collide, they connect to
form a A vortex that is shaped like a capital "A"
and comprises the vortex head with spanwise
vorticity, the vortex neck, and the vortex leg with
flow vorticity. When the A vortex moves
downstream, the vortex head develops upward
along the wall at a certain angle. Owing to the
adhesion of the vortex legs to the wall, the vortex
head moves faster than the vortex legs, and the A
vortex gradually stretches along the streamwise
direction. This increases the vorticity of the A
vortex, inducing a strong upward movement in the
fluid contained inside the vortex head and the
vortex legs. In contrast, the fluid outside the vortex
sweeps down the wall, eventually leading to a burst
of turbulence.

The Q criterion was adopted to identify the three-
dimensional (3D) vortex structure in the flow field
and to model the vortex structure, its evolution, and
its interaction. In the region where the second
invariant of the velocity gradient tensor is positive
(Q > 0), there is a swirling motion in the velocity
field and a concentrated area in the vorticity field,
which represent the vortex. The Q = 1.7 x 10 iso-
surface with the velocity contour was selected to
better display the vortex structure. Figure 12 and
Fig. 13 present the 3D vortex structures of the
turbulence boundary layer for U= 3 m/s and U =5
m/s, respectively, with the flow direction from left
to right. For U = 3 m/s, the vortex structure in the
boundary layer of the S structure wall was chaotic,
and the A vortex at the back end of the plane was
broken, resulting in turbulence. In contrast, the
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vortex structure of the G structure was orderly and
complete, with a distinct vortex head and vortex
legs, and exhibiting an intersection tendency. The
vortex tube was elongated along the streamwise
direction by the action of the grooves and did not
break easily. There was almost no vortex structure
at the end of the wall of the GM structure, except
for small vortices near the mucus secretion holes.
The vortex structure for U = 5 m/s was more
complicated than that for U = 3 m/s. However, the
control effect of the G and GM structures on the
vortex structure remained intact. Therefore, the
grooved structure can regulate the shape of the A
vortices, and the mucous membrane can reduce the
number of A vortices. Therefore, the best drag
reduction characteristic was obtained with the GM
structure wall surface.

4. CONCLUSION

A bionic structure composed of grooves and a
mucous membrane (GM) exhibits good turbulent
drag reduction performance and is suitable for
application in underwater vehicles. Herein, we
performed hydrodynamic simulations (LES) to
study the frictional drag reduction characteristics in
the turbulent boundary layer of a bionic GM
structure wall.

(1) Mucus secretion from holes on the wall of the
grooved structure can evenly distribute the Carreau
viscoelastic fluid on the wall to form a mucous
membrane, which plays an important role in
frictional drag reduction. The shear-thinning
characteristics of the mucous membrane of the
Carreau model can suitably control turbulence.

(2) The GM structure has a better drag reduction
effect than the G structure. When Re is small, the
mucous membrane can increase the DR by
approximately 2%. When Re is high, the drag
reduction effect of the mucous membrane becomes
stronger, increasing the DR by approximately 8%.
In general, the higher the Re, the stronger the drag
reduction effect. For a smooth wall, the DR of the
bionic GM structure is more than 20%.

(3) Both the G and GM bionic structures can
weaken the turbulence peak and shift it away from
the wall. This reduces the impact of the turbulence
on the wall and the frictional drag. The GM
structure has the highest impact on the turbulence
statistics.

(4) The bionic structure actively controls the
turbulent coherent structure. The streak structure
near the wall of the bionic structure reduced, and its
shape was regularized. The grooved structure
improved the shape of the A vortex structure, and
the mucous film reduced the number of A vortices.
Thus, the bionic GM structure can optimize the
coherent structure and significantly reduce frictional
drag.
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