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ABSTRACT

A direct numerical simulation (DNS) code is constructed
for solving flow across a three-dimensional deformable bluff
body. In the present study, DNS of flow across rigid and
compliant cylinders is performed to evaluate the code and
the drag reduction effect with a compliant surface. The
Strouhal number of shedding of the Karman vortex is calcu-
lated and it agrees well with that reported in the literature.
Several cases changing the material properties of modelled
compliant surface are calculated. It is shown that although
the pressure drag is increased, the friction drag is reduced
with compliant surface. This fact indicates that a compliant
surface can be applied as a drag reduction device in friction
drag dominant flows, such as flow around a huge ship.

INTRODUCTION

From the viewpoint of saving power and protecting the
environment, it is highly desirable to develop efficient turbu-
lence control techniques for drag reduction and heat transfer
augmentation. Among various methodologies, active feed-
back control of turbulence attracts much attention because
of its large control effect (Moin and Bewley, 1994; Gad-el-
Hak, 1996; Kasagi, 1998). However, active control requires
power input and maintenance, which may lead to drawbacks
in real application.

Organisms living in water, on the other hand, have de-
veloped efficient turbulence control techniques through their
unique evolutionary backgrounds. A typical example is the
shark. The scales of a shark have grooves in the stream-
wise direction; a riblet surface is designed based on the
shark’s scales as a drag reduction device. The flow control
techniques of undersea creatures are categorized as those
of passive control (Bushnell and Hefner 1990; Gad-el-Hak,
1996), in which no control input is required. Therefore, it is
easier to use passive control in real applications than active
control.

A dolphin swims as fast as 40 knots per hour at the
maximum. However, its muscles are not sufficiently strong
to achieve such fast swimming (Gray, 1936); this is known as
“Gray’s paradox”. Therefore, it is expected that the fexible
skin of a dolphin (a compliant surface) plays a key role in
controlling the surrounding fluid flow. Research studies of
compliant surfaces were initiated by Kramer (1960), and it
has been reported that a compliant surface causes transition
delay and friction drag reduction.

Many experiments and numerical calculations using the

Orr-Sommerfeld equation have been conducted to investi-
gate the transition delay on compliant surfaces (e.g., Gad-
el-Hak, 1996; Bushnell et al., 1977; Riley et al., 1988).
Carpenter and Garrad (1985) modeled a compliant surface
to an elastic plate which is supported by an array of springs,
and found that the transitional Reynolds number increased.

On the other hand, a friction drag reduction of more
than 20% was reported by Kramer (1960) and Chu and
Blick (1969). However, the reliability of these results is open
to question with respect to the accuracy of the measure-
ment. No detailed data have been obtained, because there
are many difficulties faced in conducting experiments over
compliant surfaces; i.e., the material properties are sensitive
to changes in the environment of the experimental facility,
and it is difficult to measure the flow field over a moving
boundary.

Recently, Endo and Himeno (2001, 2002) developed the
DNS code of turbulent channel flow over a compliant sur-
face in order to investigate the friction drag reduction effect.
They showed that a friction drag reduction of as much as
7% at maximum, and 3% on average is possible when the
material properties are set such that the wall velocity is in
phase with wall pressure fluctuation.

It is necessary to investigate the effect on the flow across
a bluff body covered by a compliant surface, in order to ap-
ply the compliant surface to a flow control device on a real
vessel and vehicles. The influence of a compliant surface
on pressure drag has not yet been clarified, to the best of
our knowledge. Here, flow across a cylinder is suitable to
investigate the pressure drag, since there are enormous ac-
cumulation of numerical and experimental data for the flow
across a rigid cylinder. We have developed a DNS code to
simulate flow across a compliant cylinder.

The objective of the present study is to obtain detailed
data on the flow field across a deformable compliant bluff
body with the aid of DNS. The final goal is to propose an
optimal combination of the material properties of the com-
pliant coating on the bluff body to decrease the drag force
on the body.

NUMERICAL CALCULATIONS

The governing equations are the incompressive Navier-
Stokes equations and the continuity equation. The defor-
mation of the cylinder is described with a boundary-fitted
coordinate system for a moving boundary. The first-order
implicit Euler scheme is used to integrate the Navier-Stokes
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Figure 1: Schematic of calculation domain and coordinate
system.
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The second term of the left hand side of Eq. (1) is linearlized
for v™**1 as follows;
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All spatial derivatives except nonlinear terms in Eq. (2) are
discretized by 2nd-order central difference method. On the
other hand, nonlinear terms are approximated by the 3rd-
order upwind scheme.

The 3rd-order upwind scheme in the curvilinear coordi-
nate system is discretized as follows (Kawamura and Kuwa-
hara, 1984);
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where U denotes the contravariant velocity, and defined as
U = (9n*)/(92;)v;.

The nonslip boundary condition is adopted on the cylin-
der surface. Homogeneous laminar flow is imposed on the
upstream side of the outer boundary with the velocity of

Compliant

Figure 2: Schematic model for a compliant surface.

Uso, and the 2nd-derivative of the both pressure and ve-
locity field in the streamwise direction is set to be zero on
the downstream side of the outer boundary, as schematically
shown in Figure 1. The pressure Poisson equation is solved
with the multigrid method (Demuren and Ibraheem, 1998),
where the Jacobi method is adopted for the finer and coarser
meshes.

The computational domain is given as a cylinder, as
schematically shown in Fig. 1. The measurements for com-
putational volume are 60D both in the streamwise (z—) and
perpendicular to the flow (y—) directions, and 3D in the
spanwise (z—) direction, where D = 2rg is the diameter of
the cylinder. We chose an ordinal O-type grid system in
the z — y plane, and uniform meshes in the z— direction.
A cylindrical coordinate system was also used for ease of
comprehension, where £— denotes circumferential, n— ra-
dial, and {— spanwise direction, respectively. Note that
¢— is the same as the z— direction. The numbers of grid
points used in the present study are relatively small to re-
duce the computational load, and are N; = 160, N, = 101
and N¢ = 11 in the {—,n— and (—directions, respectively.

Hereafter, all the parameters are non-dimensionalized by
the inlet velocity Us and the diameter of the cylinder D.
The computational time step is At = 0.01. The Reynolds
number based on Us and D is Re = U D /v = 80. A fully
developed instantaneous flow field was used as the initial
condition.

MODELING OF COMPLIANT SURFACE

In the first stage of the present study, the material prop-
erty of the compliant surface is assumed to be isotropic.
Carpenter and Morris (1990) found that the anisotropy of
deformation of a compliant surface on a boundary layer
contributes to the stabilization of the traveling-wave Hut-
ter (TWF) in boundary layer. However, a simple model of
a compliant surface is used in the present study to investi-
gate the influence of deformation of a compliant surface on
the flow separation. Each grid point on the surface of the
compliant cylinder is assumed to move only in the radial
(n—) direction, and the deformation of the compliant coat-
ing covering the rigid core is modeled by a spring, mass, and
damper system (Fig. 2). The wall displacement is deter-
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Table 1: Parameters and change of drag coefficients.
C wo ACpm Acm ACD
Case 1 0.08 | 1 +82.86 | +14.65 | +63.53

Case 2-a | 0.00 +17.48 -2.59 +11.79
Case 2-b | 0.01 +16.52 -2.56 +11.11
Case 2-c 0.04 +14.19 -2.40 +9.48
Case 2-d | 0.08 +11.95 -2.15 +7.95
Case 2-e 0.16 5 +9.10 -1.74 +6.03
Case 2-f | 0.24 +7.37 -1.46 +4.87
Case 2-g 1.00 +2.63 -0.58 +1.72
Case 2-h | 3.00 +0.97 -0.23 +0.63
Case 2-1 5.00 +0.60 -0.14 +0.39
Case 2-j 7.00 +0.43 -0.10 +0.28
Case 3-a | 0.08 +3.07 -0.67 +2.01
Case 3-b | 0.16 10 +2.84 -0.62 +1.86
Case 3-¢ | 0.24 +2.65 -0.58 +1.73
mined as follows:
2
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where m is the mass of a compliant surface for one calcula-
tion grid volume, and is determined as m = p, - A¢-m{D? -
(D ~ d)*}/Ne (pe is the density of a compliant surface).
The parameters ¢ and k are the damping parameter and the
spring stiffness. And T and T¢ are tensions employed in the
§— and {—directions, respectively.

In Eq. (1), the drive force of the compliant surface is the
wall pressure and friction drag in the radial component, and
is defined as

- {Oclzﬁz + a7 + a23723}
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where 7;; = —pé;; + (1/Re) (u; ; + uj ;) is a stress tensor;
a¥ = (1/T)00n")/(Bxm) - (0))/(Bzm) is a metric tensor,
and J is the Jacobian of the grid. In order to keep the volume
of the cylinder constant, the circumferential averaged value
of driving force (Pn) is subtracted in the first term on the
RHS of Eq. (4).

Equation (4) is non-dimensionalized by U and D as
follows;
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where the superscript * denotes the non-dimensionalized
value, however, it is omitted hereafter for simplicity.

It is evident that many parameters need to be determined
in Eq. (6). The material properties of the compliant surface
used in the present study are d = 0.57¢, and density of the
compliant surface p. is same as that of the surrounding fluid;
e, p* = pe/pp = 1.0, and these are set to be constant.
The tensions Te and T, are neglected for simplicity. The
remaining parameters ¢ and wg are under investigation.
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Figure 3: Mean pressure distribution.

RESULTS AND DISCUSSION

As the first stage of the present study, we tested quite a
low Reynolds number flow of Re = 80, so that the influence
of compliant surface on both pressure and friction drag is
easily observed. In this case, it is well known that the Kar-
man vortex is shed alternatively from the cylinder and that
the flow pattern is two dimensional.

The Strouhal number is calculated for the flow across
a rigid cylinder in order to evaluate the DNS code. The
Strouhal number is defined as S; = f-D/Us, where f is the
frequency of emission of the Karman vortex. The Strouhal
number presently calculated is S; = 0.159 for rigid cylinder.
Liu et al.(1995) reported that the Strouhal number of the
flow across a rigid cylinder at Re = 105, is Sy = 0.156. Trit-
ton {1959) and Kovasznay (1949) reported that the number
is close to 0.16 based on the results of their experiments.
Therefore, the Strouhal number obtained in this simulation
agrees well with these numerical and experimental results.

Table 1 shows several combinations of non-
dimensionalized damping coefficient ¢ and spring stiffness
wo in Eq. (6), which we have tested with the present DNS.

Figure 3 shows the wall pressure distribution on the rigid
cylinder and compliant cylinder surfaces. The numerical re-
sults reported by Thoman and Szewczyk (1969) of Re = 40
and 200 are also plotted in the figure. The wall pressure dis-
tribution on the rigid cylinder in the present calculation is
found to be between those of the lower and higher Reynolds
number flow calculated by Thoman and Szewczyk, therefore
the present calculation is confirmed to be reasonable. The
negative peak values of the wall pressure on the compliant
cylinder are lower than those on the rigid cylinder. As it
is shown later, the compliant cylinder becomes fAat near the
stagnation point {# = 0), therefore, the wall pressure on the
compliant cylinder near the stagnation point takes higher
value than that on the rigid cylinder, and the wall pressure
shows lower value on the downstream side.

Figure 4 shows the mean radial component of wall stress
as defined in Eq. (5) on the rigid and compliant cylinders.
Positive P, indicates that the force is toward the outer di-
rection of the cylinder. The mean radial component of wall
stress P, on the compliant cylinder shows higher peaks at
8 ~ 75° and 285° than that on the rigid cylinder. This
indicates that the cylinder surface affects tensions in radial
direction at & = 75° and 285°.
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Figure 4: Distribution of mean radial component of stress.

0.04 0 =n /3| 0 =1 /2|
|

0.02

0.00

r-ry

-0.02 1

004
L =

100 1510 200 250 300

-0.06

0 50

Figure 5: Time traces of wall deformation in case 2-a.

Figure 5 shows the time trace of wall deformation r —ro
at 8 = 0,7/4,7/3,7/2,4n/3,7/2 and 7 in Case 2-a. The
displacement is almost constant at § = 0,7 except for the
initial stage. At other points, the displacement shows quite
small fluctuation.

Figure 6 shows the mean displacement distribution in
Cases 2-a, 2-b, and 2-c. The displacement becomes smaller
as damping parameter ¢ becomes larger. Although it is not
shown here, the displacement is smaller as the spring stiff-
ness becomes larger.

Figure 7 shows the instantaneous wall displacement and
velocity field on the z — y plane at z = 0 near the compliant
cylinder at t* = 300 in Case 2-d. Although it is not shown
here, the flow pattern is confirmed to be completely two
dimensional. The wall color shows the instantaneous wall
displacement of the cylinder, and the top of the cylinder (i.e.,
9 = 0) forms a flat shape against to the flow as shown in Fig.
6. And the Karman vortex sheets is emitted alternatively.

Each component of the drag coefficient Cp =
Pn/%pf U2 (where p; is density of the fluid) is divided into
two parts, as follows,

CD = CDp + CDT7 (7)

where Cp, denotes the coefficient of pressure drag, and Cp~
that of friction drag. The z—,y— and z— components of Cp
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Figure 6: Distributions of mean deformation.

Figure 7: Instantaneous flow field and deformation of the
compliant cylinder in case 2-d.

are calculated as follows,

Cpa -p 0 el
Cpy = 0 -p 0 ey
Cp., 0 0 —p ep
2 du 1 du Bv 1 {Ou Sw
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el’l
x
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ez

where (e2,e},e}) is the normal unit vector on the cylinder
surface.

Figure 8 (a) shows the x— component of the coefficient
of pressure drag Cp, for the rigid and compliant cylinders.
For compliant cylinder, three cases where the damping pa-
rameter is same, are compared. In case 1, although it is not
shown here, the deformation is quite large, and the pressure
drag increases up to twice of that in the rigid cylinder. In
Cases 2-d, and 3-a, pressure drag increases as much as 12%
and 3%, respectively. The cylinder becomes flat shape near
the stagnation point (i.e.; § = 0), and it is expected this flat
shape results in the increase of pressure drag.

Figure 8 (b) shows the z— component of the coefficient
of pressure drag Cp, for the rigid and compliant cylinders,
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Figure 8: Time trace of the z— component of the pressure
drag coefficient. (a) The damping parameter ¢ is constant,
(b) The spring stiffness wp is constant.

where the spring stiffness wq is same. We have tested several
cases changing the damping parameter ¢ in the same spring
stiffness wp = 5 as tabled in Table 1 (Case 2-a to 2-j). As
the damping parameter is smaller, the increase of pressure
drag becomes larger. It is because the deformation of the
compliant surface becomes large when the damping param-
eter is small, and hence, the shape of cylinder becomes flat
near the stagnation point.

Figure 9 (a) shows the time trace of the friction drag co-
efficient Cr, for rigid and three compliant cylinders where
the damping parameter ¢ is same. The friction drag is in-
creased about 15% on average in Case 1. On the other hand,
in Cases 2-d and 3-a, the friction drag is reduced. The fric-
tion drag reduction rate is much higher in Case 2-d than in
Case 3-a. When the spring stiffness is larger than wo = 10,
the change of friction drag is almost negligible. Therefore,
it is expected that the optimal spring stiffness to reduce the
friction drag is in the range of 1 < wp < 5.

Figure 9 (b) shows the time trace of the friction drag
coefficient Cr for rigid and three compliant cylinders where
the damping parameter ¢ is changed. Among Cases 2-a to 2-
j, the most effective case in reducing the friction drag is Case
2-a; 1.e., { = 0, and the mean friction drag reduction rate is
about 2.6%. Note that, although the friction drag reduction
rate is maximum, the total drag is much increased in Case
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Figure 9: Time trace of the z— component of the friction
drag coeficient. (a) The damping parameter ¢ is constant,
(b) The spring stiffness wg is constant. .

2-a than other cases, since the pressure drag increase more
than the reduction of the friction drag. Unfortunately, the
total drag is increased to some degree in all cases we have
tested. However, it is shown that the friction drag reduction
is possible with a compliant surface, and it is expected that
the total drag reduction is possible when the friction drag
of the flow is dominant in total drag, as is often observed
around a huge tanker and an airplane.

CONCLUSION

We have developed a direct numerical simulation code of
the flow across a deformable bluff body. This code is con-
structed so that it can solve flow across a three-dimensional
deformable obstacle. In order to investigate the influence of
compliant surface on pressure and friction drag, flow across
a compliant cylinder is calculated. As a first stage of the
present study, a relatively low-Reynolds-number flow across
a compliant cylinder is analyzed in order to verify the present
code. The Strouhal number and wall pressure distribution
are found to agree satisfactorily with experimental and nu-
merical results in the literature.

Compliant surface is modelled in a mass, spring and
damper system, and we have tested several cases changing
the damping parameter and the spring stiffness. It is found
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that the pressure drag is increased with compliant surface.
When the non-dimensionalized spring stiffness is extremely
small, pressure drag is increased drastically. On the other
hand, although the total drag reduction is not observed in
our cases, friction drag reduction is possible when the ma-
terial properties is determined suitably. This fact indicates
that a compliant surface can be applied as a drag reduc-
tion device in friction drag dominant flows, which is often
observed around a huge ship.
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