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ABSTRACT

Direct numerical simulations (DNSs) were performed for
flow near the wall surface with a distributed micro rough-
ness (DMR) arrangement with the roughness density. The
Reynolds number was set to Reg, = 3,535 based on the bound-
ary layer thickness at the inlet boundary (J;), with reference to
the previous studies (Hamada efall (2022, 2023)). The lengths
of the computational domain in the streamwise and spanwise
directions are L, 5 = 56.5 and L, 5 = 11.3, respectively. The
artificial disturbance was added at the inlet boundary to in-
duce Tollmien-Schlichting (T-S) wave. DMR is installed the
wall surface at 2.8 < x5, < 42.4,0< ys, < 11.3. The drag co-
efficient (Cy) reduction effect of the réughness density were
investigated by DNSs. The results of DNSs showed that the
DMR with the appropriate roughness density achieves the Cy
reduction in comparison with the flat plate case. The DMR of
appropriate density gradually collapses the large-scale vortex
structure generated by the T-S wave. The gradual collapse of
the large-scale vortex structure suppresses the abrupt fluctua-
tion in Cy and increase in TKE, thus achieving the Cy reduc-
tion.

INTRODUCTION

Innovative technologies to improve aircraft aerodynamics
are needed to reduce environmental impact and achieve sus-
tainable air transportation in the face of future aviation demand
growth (ICAQ (PZ0OI6)). In general, skin friction drag is one of
the most significant aerodynamic drag farm for commercial
aircraft. Therefore, it is expected that methods to radically
reduce skin friction drag will be developed. Riblets, one of
the methods to achieve friction drag, can reduce friction drag
by up to several percent under ideal flow conditions (Walsh
efall (I989)). However, friction drag increases when the devi-
ation between the streamwise direction and the riblet direction
exceeds a certain level. In addition, it is difficult to place a
riblet on an aircraft because the fuselage and wings are three-
dimensionally curved and the wing angle is set back. Tani pro-
poses that hydrodynamically smooth roughness (Distributed
Micro Roughness, DMR) has the effect of reducing friction

drag (Tani (I9YX¥)). The smooth roughness is the roughnesses
lower than low viscosity (Re; < 6) . In recent years, with
the development of numerical and measurement techniques,
the characteristics of distributed micro roughness (DMR), in-
cluding smooth roughness, has been analyzed. Several studies
have been shown that changes in friction drag are greatly af-
fected not only by the height of the DMR but also by its shape
(Nugroho ef al] (2021); Jelly & Busse (2019)). Hamada ef al
(P027) have been analyzed the mechanism by which DMR re-
duces friction drag by performing DNS for the spanwise uni-
form sinusoidal roughness surface, the sandy roughness sur-
face based on the actual sandpapers, and the randomly ar-
ranged roughness surface based on the Gaussian distribution.
The result shows that the DMR based on sandpaper have a
high drag reduction effect. At present, artificial creation of
shapes that exceed the effect of the sandpaper case has not
been achieved. And, the effects of the height, diameter and
density of each roughness on the flow have not been investi-
gated. In this study, DNSs of the flow over several DMRs are
performed using the roughness density as a parameter. The
artificial shapes based on the randomly arranged Gaussian dis-
tribution, which can simulate sandpaper, are used to quantita-
tively set the roughness density. The roughness densities are
validated in a lower density range than in case of the previous
studyHamada ef all (2022) in order to analyze of the influence
of each roughness. The effect of the roughness density on the
flow is evaluate in terms of the drag reduction.

PROBLEM SETTING

The analysis target is the flow near the wall surface with
the smooth surface and the DMR. Figure 0 shows an over-
all flow field. The Reynolds number is set to Res = 3,535
based on the boundary layer thickness at the inlet boundary
(0). Note that the physical quantities with subscript & are
normalized by &. The lengths in the streamwise, spanwise,
and wall-normal direction are set to L, 5 = 56.5, L, 5 = 11.3,
and L, 5 = 28.3, respectively. At the inlet boundary, a arti-
ficial disturbance is added to induce T-S wave. The shape of
roughness is defined by a Gaussian function. Each roughness
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is randomly distributed in the range of 2.8 < x5, < 42.4. The
density of roughness is expressed as p,, the number of rough-
ness per standard area. Therefore, the wall shape of DMR is
expressed by the height . from the reference surface, as shown
in Eq. M. Figure M shows a example of the DMR. The den-
sity and height are set to ps. = 1 and hg = 1, respectively. In
this study, four DMRs are discussed as shown in Tbl. [, and
the effect of each DMR on the drag reduction is discussed. For
example, ps = 1 is the case where one roughness is distributed
per 1[8;2]. Thus, p5 = 1/9 is the case where one roughness is
distributed per 9 [8s ] The hight is set to 25 = 0.141 which is
one of the effective values and confirmed in the previous study
(Hamadaef all (2022, 2023)). The diameter of the each rough-
ness is set to ¢5 = 1/3. These values are adjusted so that the
effects of individual roughnesses could be assessed to some
extent, even if the roughnesses are overlappingly distributed.

Grid 1 : 1454 x 151 x 283
Grid 2 : 2843 x 201 x 137

Figure 1: Computational grids and an example of gaus-
sian roughness surface (ps, = 1, ¢5. = 1,0 < hs < 1).
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Table 1: DMR conditions for computational cases.

Ps, s, hs,
1/9,1,9,25 1/3 [-0.141:0.141]

NUNERICAL METHODS

The governing equations the fluid dynamics are the un-
steady three-dimensional compressible Navier-Stokes equa-
tions. The 6th-order compact difference scheme is used for
spatial differencing of the metric, jacobian, convective and vis-
cous terms. The scheme is higher spatial accuracy and reso-
Iution than conventional compressibility schemes. The three-
step total variation diminishing (TVD) Runge-Kutta method is
used for time integration. The low-pass explicit filter is applied
at the outlet boundary of the computational domain. Figure 0
shows computational grids used in this study. Grid nesting
is applied to capture turbulence with high accuracy while re-
ducing the computational cost. The number of grid points in
Zone 1 for the entire computational domain and Zone 2 for the
area near the DMR are approximately 60 and 80 million, re-
spectively. The Volume Penalization (VP) method is used for
represent the complex three-dimensional shape of the DMR
(Ciu” & Vasilyey (2007)). Solid wall condition is applied to
smooth surface boundaries located upstream and downstream
of the DMR. At the inlet boundary, the streamwise and wall-
normal velocities are calculated by the Blasius equation for a
flat plate in uniform laminar flow are given, and the density
and pressure are set to the same values as in the freestream.
In addition, the vertical wall velocity is added as a artificial
disturbance to induce T-S wave. At the outlet boundary, the
density and pressure are free conditions (Dirichlet boundary
conditions). At the far boundary in the wall-normal direction,
the pressure and streamwise velocity are fixed to their free flow
values, and the wall vertical velocity and spanwise velocity
are free conditions. At the spanwise boundaries, the periodic
conditions are applied. In-house code LANS3D is used for
solving the unsteady three-dimensional compressible Navier-
Stokes equations (Fujii (I990)). Each case is calculated until
the downstream section transitions to turbulence and stabilises,
and from there to tUs. / ; = 100 in order to take a time average.

RESULTS AND DISCUSSION

Figures @ and B show the integrated values of the drag
coefficient (Cy) and the turbulent kinetic energy (TKE) along
the vertical direction at each xg_position for the flat plate and
DMR cases, respectively. In each case, fluctuation of Cy due
to T-S wave effects are observed near the inlet boundary. In
the flat plate case, the fluctuation are observed up to Xg, ~ 30,
with a maximum peak at x5 ~ 25. Thereafter, Cy decreases
moderately as it moves downstream. A similar tendency could
be observed for TKE. The position of the maximum peak in
TKE coincides with that of the maximum peak in Cy. This
position also coincides with the position where the large-scale
vortex structure collapses, as described below, and a relation-
ship between the collapse of the vortex structure and the in-
crease in C f could be inferred. In the DMR cases, the ten-
dency of Cy and TKE are slightly different from those in the
flat plate case. In each case, Cy is higher than in the flat plate
case at 10 S x5 < 20. Atx ~ 15, Cy in the DMR cases is
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about 10 times higher than that in the flat plate cases. How-
ever, the subsequent change is relatively gradual. The DMR
cases do not have a high peak as in the flat plate case, and
in many cases the value remains low. A similar tendency is
observed in TKE. Figure B shows Cy integrated along with
the streamwise direction (/ac,) in each case. In the flat plate
case, I¢ ., get lower value than DMR cases until Xg, ~ 20 where
the large-scale vortex structure maintains its structure. How-
ever, I, increases from x5 ~ 30 where the vortex structure
collapses. Finally, the case of ps = 1 has the lowest Ixc,.
Therefore, it was shown that the DMR with the appropriate
roughness density achieves C reduction.

0.0025
0.002 N b
1 .\
h .
0.0015
0.001
g\
0.0005
— DMR (05=25)
or DMR (05=9 )
DMR (pg=1 )
-0.0005 | — DMR (p5 = 1/9) 1
== Flat Plate
-0.001 : : : : :
0 10 20 30 40 50

X5,

Figure 2: Decomposed (ACy) value along the x direction.
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Figure 3: Decomposed integral value of the turbulent ki-
netic energy (AT KE) for the z direction at each position
in the streamwise direction.
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Since the DMRs cases have similar trends, the case of
ps, = 1 is used as the representative case. Figure B shows the
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Figure 4: Integral value of the ACy along the x direction.

instantaneous flow field over the wall surface for the flat plate
and DMR (ps = 1) cases. The isosurfaces are the second
invariant of the velocity gradient tensor (Qg, = 0.2 X 1074,
colored by the streamwise velocity normalized by freestream
velocity (0 < u/Us < 1). In both cases, the advection of large-
scale spanwise vortex structures due to T-S wave are observed
the upstream. In the flat plate case, the large-scale vortex struc-
tures are maintained for a relatively long time. The large-
scale vortex structures are locally merging, which causes Cr
to fluctuate significantly. Subsequently, a deformation of the
large-scale vortex structure is observed at x ~ 25. This posi-
tion corresponds to the maximum peak for Cy. The result sug-
gests that structural changes in the large-scale vortex structure
contribute to an increase in Cy. In the DMR (ps, = 1) cases,
the large-scale vortex structures gradually collapse from up-
stream. The fluctuation of Cy is smaller than in the flat plate
case. Therefore, the speed of deformation and collapse of the
large-scale vortex structure is considered to influence the vari-
ation of Cy. The flow then transitions to turbulence as it moves
downstream. The maximum peak of Cy as in the flat plate case
is not observed and the curve remains flat afterwards. In the
flat plate case, the influence of the large-scale vortex structure
remains downstream and vortices of relatively large scale are
distributed. In the DMR cases, on the other hand, the vortex
scale is relatively small. In both cases, Cy varies moderately,
but there are differences in its value. The differences are pre-
sumably caused by differences in the scale of the distributed
vortex structures.

CONCLUSIONS

DNSs of the flows over the several distributed micro
roughnesses (DMRs) with roughness density as a parameter
was performed to analyze the mechanism by which DMR
achieves the drag reduction. DMRs with appropriate rough-
ness density could suppress rapid fluctuations in Cy by grad-
ually collapsing the large-scale vortex structure generated by
the T-S wave. The scale of the vortex structures in the down-
stream turbulent region is also smaller than in the case of the
flat plate, which is also considered to be a contributing factor
for Cy reduction. In the future works, we will investigate the
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Figure 5: Instantaneous flow field in cases of flat plate
and DMR (ps, = ).

effect of other parameters such as hight, and we will extract a
feature value of DMR to estimate the influence of the DMR on
the flow field.
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