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Abstract

To determine the type of surface roughness pattern that is suitable for adap-
tive suppression of the drag of an obstacle, we observed flow structures in-
troduced by such obstacles. Several roughness patterns were tested: geometric
patterns, fractal patterns, reptile-skin patterns, and patterns of circular cy-
linders arranged in a lattice and in a zigzag manner. A suitable pattern for
adaptive control of flow is one that generates longitudinal vortices with non-
constant distances. The preferred instability mode of a laminar boundary
layer is expected to be selected automatically from fluctuations involving
many frequencies and caused by fractal patterns. Snake- and reptile-skin pat-
terns may have a similar ability as fractal patterns because they consist of
multiscale patterns. The longitudinal vortices generated from peculiar posi-
tions and concave corners in patterns were observed. The distance between
these vortices is not constant because the onset of vortices is at concave cor-
ners in fractal patterns. These vortices have differing strengths and easily
cause nonlinear interactions, so they can disturb a laminar boundary layer
with several higher-harmonic frequencies. The velocity profiles of the laminar
boundary-layer flow over the fractal patterns were measured by using hydro-
gen bubbles. The results show the down-wash flow between the longitudinal
vortices, which means that the vortices may effectively suppress the boundary
layer separation in an adverse pressure gradient.
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1. Introduction

The aim of this study is to investigate how surface roughness patterns affect the
fluid dynamic drag of moving obstacles. Friction drag due to the velocity gra-
dient at the surface of an obstacle and the form drag related to the boundary
layer separation due to the shape of an obstacle are the objects of this study. The
reduction of friction drag in high-speed transport has been an object of fluid
dynamics and involves the interaction between a boundary-layer flow and the
obstacle surface. The friction factor of a pipe increases with increasing roughness
relative to the diameter of the pipe. This friction factor may be determined from
a Moody diagram. However, as the system reduces to the mini- and micro-scales
[1] [2], the relative roughness exceeds 5%, which is the limitation given by the
Moody diagram. To obtain an accurate friction factor, Taylor ef al used a fractal
[3] analysis to propose new roughness parameters (2006) [4] (the amplitude,
spatial, hybrid, and functional parameters) to express the roughness.

If the design of the roughness pattern considers controlling flow structures
such as a riblet [5] [6] [7], skin friction in the turbulent boundary layer may be
reduced. Roughness patterns are disordered, whereas riblet patterns consist of
parallel lines. How an arbitrarily shaped surface affects the turbulent skin fric-
tion was considered theoretically by Peet and Sagaut (2009) [5] based on the ex-
pression proposed by Fukagata et al (2002) [8]. Friction-drag reduction was
presented when the groove was optimized for laminar pressure—driven flows
[7], which shows that it is possible to relate surface topology to flow dynamics.

Many surface patterns exist in nature; veins of leaves, turtle-shell blocks, fish
or snake scales, butterfly scales, forked meandering streaming patterns on land,
crack patterns in the dry ground, streak structures in a turbulent boun-
dary-layer, etc. Wisdom for surviving environmental changes. Therefore, the re-
lationship between patterns and skin friction should be studied (this constitutes
a biomimetic approach). How the topical layer of birds [9], seals [10], other an-
imals [11], sharks [12] [13] [14], and fish [15] [16] [17] [18] affects skin drag
reduction has been studied by many researchers using techniques ranging from
biomimetic to engineering. The design of micro surface patterns for surface
coating is important for the fields of oleophobicity and philicity [19], wa-
ter-repellency [20], hydrophobicity, lubrication, and tribology. A properly de-
signed surface pattern can control turbulence [21] and reduce drag both pas-
sively [22] [23] and actively.

A passive way to reduce the drag involves introducing longitudinal vortices
into a boundary layer by using vortex generators (VGs) [24]. AVG consists of
pairs of small plates or short cylinders that generate pairs of clockwise and
counterclockwise vortices. The vortex pairs induce a down-wash from the main
stream to inside the boundary layer near the surface, as shown in Figure 1. If the
VG is smaller than the turbulent-boundary-layer thickness, turbulence friction
becomes small because it introduces order into the meandering of the turbulent

streak structures. If the VG is larger than the turbulent-boundary-layer thickness,
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Figure 1. Sketch of flow induced by vortex generator.

the shape drag due to the separation becomes small because it suppresses the
separation of the airplane wings and the cars. Godard et a/ (2006) discuss how
the optimized VG configuration reduces the frictional drag [25]. Their results
show the difficulty of configuring VGs for a wide range of situations. By using
VGs, we contribute to reducing the wall skin friction in a wide range of situa-
tions. The multi-scales of longitudinal vortices are formed in our study to inte-
ract with multi-scales of flow structure through the surface pattern of a flat plate.
The change in drag of a circular cylinder with patterned roughness was investi-
gated by Hojo (2015) [26] over a wide range around the critical Reynolds num-
ber. The drag of the circular cylinder is controllable through the combined ar-
rangement and density of the lumped roughness pattern. The drag of the circu-
lar cylinder with many patterned textiles as a roughness was investigated by Hsu
et al (2018) [27]. The critical Reynolds number and pressure at 90° measured
from the front stagnation point are given by the empirical equation with the rel-
ative roughness height as a function.

To determine which type of surface roughness pattern is suitable for adap-
tively reducing the drag of an obstacle, we observed the flow structures intro-
duced by the obstacle. Several roughness patterns were tested: geometric pat-
terns, fractal patterns, reptile-skin patterns, and patterns with circular cylinders
arranged in a lattice and in a zigzag manner. A suitable pattern for adaptive con-
trol of flow is one that generates longitudinal vortices with varying distances.
The preferred instability mode of a laminar boundary layer is expected to be se-
lected automatically from fluctuations involving many frequencies and given by
fractal patterns. Fractal patterns are adopted to generate disturbances, including
many wavelengths inspired from natural surface patterns because the local re-
duction of skin friction is expected from such natural patterns. The first step of
this study is to determine which patterns facilitate the transition from a laminar
to turbulent boundary layer and suppress separation. This study used
flow-visualization experiments with dyes to investigate the tiny unevenness in
surface patterns. Flow structures originating from the surface patterns were il-
luminated by a laser-light sheet, and were imaged by a CCD camera. The ve-
locity profiles were then obtained from these movies. This paper discusses
how fractal patterns affect the surface friction compared with the other pat-

terns.
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2. Experimental Setup and Surface Patterns

A patterned plate was vertically immersed in an open water channel 0.18 m wide
x 0.22 m high x 1.0 m long, as shown in Figure 2. The free stream velocity was
0.05 m/s. The surface-patterns were put to the test plate, which was 5 mm thick,
150 mm high, and 100 mm long in the streamwise direction. The Reynolds
number based on the free stream velocity and the plate length is 5.3 x 10°. The
boundary-layer flow is laminar.

Flow visualization experiments using the dye method were carried out to in-
vestigate the tiny unevenness of the surface patterns. The laser-light sheet illu-
minated a parallel plane close to the surface pattern to visualize the fine structure
that originates from the surface patterns, as shown in Figure 2. The laser-light
sheet settled just above the surface structure of the plate. The flow structures
were colored by Rhodamine B, which fluoresces when illuminated in the orange,
and imaged by a CCD camera. The laser wavelength was 532 nm.

Several roughness patterns were tested: geometric patterns, fractal patterns, a
snake-skin pattern, and groups of circular cylinders placed on lattice points or in
the hound’s tooth pattern. The preferred instability mode of a laminar boundary
layer is expected to be selected automatically from fluctuations involving many
frequencies given by the fractal patterns. Both snake-and lizard-skin patterns
may have capacities similar to fractal patterns because they consist of mul-
ti-scaled patterns. The surface patterns tested are shown in Figure 3 and Figure
4. The groups of circular cylinders placed on lattice points (Figure 3(a)) or in a
hound’s tooth pattern (Figure 3(b)) were tested as representative geometric
patterns. The knit pattern (Figure 3(c)) was tested as an artificial pattern. The
Sierpinski-gasket pattern (Figure 3(d)), Koch-curve pattern (Figure 3(e)), and
multi-scale hexagon (Figure 3(f)) were adopted as fractal patterns. The charac-
teristic width of the Sierpinski-gasket pattern (Figure 3(d)), Koch-curve pattern
(Figure 3(e)), and multi-scale hexagon (Figure 3(f)) were the same. Figure 4(a)
and Figure 4(b) show the side leather of a Python’s belly and of a lizard’s back,

respectively. The red lines in Figure 4 show the location of the initial dye.
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Figure 2. Test plate is set up in open channel, and a laser-light sheet illuminates a plane
close to the plate. Unit in mm.
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Figure 4. (a) Python-belly side leather; and (b) lizard-back side leather.

Velocity profiles of the boundary layer over the patterned roughness were ob-
tained by using hydrogen-bubble lines. Hydrogen bubbles were produced from a
positive-DC-biased tungsten wire. The diameter of the wire was 0.05 mm it was
placed in the water tank 30 mm above the plate. A copper plate connected to a
negative electrode was placed downstream of the water tank. A digital camera
was used to record the flow patterns by means of hydrogen bubbles. The camera
resolution was 1920 x 1080 pixels.

3. Results

3.1. Geometric Pattern

In Figure 5, the main stream flows from left to right, which shows the flow
structures that are generated by each circular cylinder in the group. The visuali-
zation was done multiple times to confirm the repeatability and stability of the
flow. The results are consistent between trials. Starting from the second row,
longitudinal vortices are bundled between circular cylinders (see Figure 5(a)).

The formation of longitudinal vortices was confirmed by the visualization of a
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Figure 5. Longitudinal vortices of a group of circular cylinders placed on (a) a lattice or
(b) on a hound’s tooth pattern.

cross section of the illuminated region. This introduces strong longitudinal vor-
tices into the boundary layer. For the hound’s tooth pattern, the longitudinal
vortices from the first row collide with the cylinders in the third row. In the
same manner, the longitudinal vortices from the second row collide with the cy-
linders in the fourth row, and so on. The feedback mechanism between the se-
paration points of the cylinder in the first row and stagnation point of the cy-
linder in the third row produces alateral disturbance to the bundled longitudinal
vortices (see Figure 5(b)). Thus, the wavelength of the bundled longitudinal
vortices shown in Figure 5(b) includes a fluctuation whose wavelength is twice
as long as in Figure 5(a). The flow patterns around four cylinders in a square
configuration were presented by Lam ef al (2003) [28]. This shows that strong
fluctuating forces and serious vibration are introduced into the flow when the
resonance occurs due to the wake impinging on the downstream cylinder.

For the knit pattern, clear vortices do not appear, but the dye accumulates at
points indicated by the red circles in Figure 6, which are the intersections of
grooves. These points may produce velocity fluctuations at some wavelengths
because of the distance of these stagnations. Some groove intersections are in-
itially marked by a spot of dye. This figure shows how the height of the bumpy
pattern affects the change in velocity. The top, middle, and bottom figures show
the flow over a 0.3-, 0.6-, and 0.9-mm-high pattern. The relatively clear effect
can be seen in the bottom panel, even if it is recognized in the top panel. The
flow pattern indicates weak longitudinal vortex structures, which are characte-
rized by the knit pattern. The velocity profile at the center of a vortex pair must
have an inflection point because of upward flow. Thus, the velocity gradient at
the wall becomes small compared with the other location, which means that the
shear stress is locally depressed at the position. This can be explained by invok-
ing the effect of the vortex generator.

3.2. Fractal Patterns

Figures 7(a)-(c) show the longitudinal vortices generated by fractal patterns: the
Sierpinski-gasket pattern (Figure 7(a)), Koch-curve pattern (Figure 7(b)), and
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Figure 6. Stagnations in knit patterns. Bump is (top) 0.3 mm high, (middle) 0.6 mm high,
and (bottom) 0.9 mm high. Each photo in top, middle, and bottom panels is of different

marked position.

10mm

Figure 7. (a) Sierpinski-gasket pattern; (b) Koch-curve pattern; and (c) multiscale hex-

agon.

multiscale hexagon (Figure 7(c)). The red points in Figures 5(d)-(f) show the
origin of the longitudinal vortices. The clear pairs of the longitudinal vortices
which rotate each in different directions are recognized for the Sierpinski-gasket

pattern. This pattern can be used to suppress a separation of a shear layer be-
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cause the vortex pair can introduce energy from the main stream into the boun-
dary layer.

The fine flow structures seen in the Koch-curve pattern (Figure 7(b)) show
complex patterns. The longitudinal vortices generated at the front convex points
interact with rear intersections and corners of the pattern. Thus, some are en-
hanced but some are weakened by the interaction. Velocity fluctuations given by
this pattern may include a change in velocity with different frequencies. The
longitudinal vortices are wavy, so the vortices may include lateral fluctuations.

The distribution of the longitudinal vortices seen in the multiscale hexagon is
biased; however, this seems not to be a clear rule of the starting point of longitu-
dinal vortices, which means that the hexagon pattern can introduce unexpected

disturbances into a flow.

3.3. Reptile-SKkin Patterns

Patterns of fluorescein rhodamine dye flow near the surface are visualized by il-
lumination with a black light. The design of the surface pattern visualized in this
experiment is based on the scale pattern from the side of a python’s belly. Some
grooveinter sections are initially marked by a spot of rhodamine dye. Figure 8
shows how the incline angle of the pattern with respect to the main stream af-
fects the fine structures generated by the snake-skin pattern. The shape and size
of the scales consisting of the pattern differ at each place. The large scales elon-
gated in the lateral direction are aligned in the longitudinal direction along the
center line in the belly side. Small rhombus-shaped scales are aligned beside

large scales.

Figure 8. Flow structures over side leather of python’s belly. Incline angle with respect to
the main stream is (a) 0°; (b) 30°; and (c) 45°.
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Because snakes wiggle, we tested the effect of the inline angles with respect to
the main stream. The fine structure generated by the snake skin is shown in
Figure 8(b) and Figure 8(c) for different inline angles. For 0°, the shear flow in
the boundary layer undergoes wavy fluctuations perpendicular to the surface
when they pass over the large scales. Longitudinal vortices arise at a tip of
rhombus-shaped scales. For 30°, the wavy longitudinal vortices appear clearly.
The wavelength seems to be characterized by the distance between adjacent
scales. For 45°, the longitudinal vortices are less clear compared with the inline
angles.

Figure 9 shows the flow structures on the side leather of a lizard’s back.
Straight longitudinal vortices are lined up side by side interval the same size as
the projections, which is a remarkable peculiarity. Pairs of large, three-dimensional

vortex structures appear near the edge of the various patterns.

3.4. Velocity Profiles

The velocity profiles of a boundary layer flow passing over the surface patterns
are visualized by using hydrogen bubbles. Figure 10 shows an example of visua-
lized velocity profiles generated every 0.5 s over the center of a Sierpinski-gasket
pattern. The averaged velocity profile was obtained from the photos. The results
are shown in Figure 11 for flows over several roughness patterns. The uncer-
tainty of measurement determined from the flow speed is +5%. This is shown as
error bar in a figure. The result with the smooth surface is shown together for
the comparison. It is clear that all velocity profiles are pushed down compared
with the velocity profile over a smooth surface, which means that the longitu-
dinal vortices transfer energy from the main stream into the boundary layer. The
most energy-efficient surface pattern is the Sierpinski gasket, as seen in Figure

7(a), because it generates strong pairs of the longitudinal vortices.

Figure 9. Flow structures on side leather of a lizard’s back.
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Figure 10. Example of visualized velocity profile of laminar boundary layer over center of
a Sierpinski-gasket pattern.
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Figure 11. Comparison of velocity profiles of boundary-layer flow passing over surface patterns.

4. Conclusion

Surface patterns based on fractal patterns may suppress separation and reduce
skin friction drag. This relates the change in a local velocity profile due to the
longitudinal vortices generated by fractal surface patterns. The longitudinal vor-
tices include the multiscale wavelength because of the self-similarity of the frac-
tal patterns. These produce multi-frequency fluctuations in the laminar boun-
dary layer. Because the boundary-layer flow uses the most favorable frequency,
fractal patterns expedite the transition from a laminar to a turbulent boundary
layer. The roughness pattern of the plate affects the main-flow structure by a
multiscale of longitudinal vortices as optimized VGs. The Sierpinski gasket pat-

tern introduces a strong pair of the longitudinal vortices.
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Nomenclature

u: stream velocity.

U: main stream velocity.

y- vertical distance from the wall.
& boundary layer thickness.

L: distance of Ux 1 s from the bubbles generated position.
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