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Abstract

Unsteady viscous flows past blunt bodies are simulated at the Reynolds numbers of 100, 200, 300, and 400. This re-
search focuses on understanding the effects of the Reynolds numbers and blunt body shapes on the unsteady lift and
drag forces. The incompressible Navier-Stokes flow solver, which employs the SIMPLER method in the two-
dimensional body-intrinsic orthogonal curvilinear coordinate system, is verified by comparing the present numerical
results with currently available experimental and numerical data. In conclusion, it is observed that the body shapes and
the Reynolds numbers affect significantly the frequencies of the force oscillations as well as the mean values and the

amplitudes of the drag and lift force oscillations.
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1. Introduction

The analysis of flow field around blunt bodies has
been carried out continuously with a great deal of
attention because of its engineering significance. A
near wake flow region behind a blunt body has alter-
nating vortex shedding, and this vortex shedding
leads to periodically oscillating drag and lift forces.
Especially the oscillating lift force, whose direction is
transverse to the flow, is large and may cause struc-
tural vibrations, acoustic noise generation, or reso-
nance that may yield structural destructions, for ex-
ample, the Tacoma Narrows suspension bridge disas-
ter. Since the bridge collapsed due to wind-induced
large-amplitude vibrations on November 7, 1940,
many researchers have studied unsteady flows past
blunt bodies.

Understanding of vortex shedding characteristics is
very important for safe and efficient design of engi-
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neering structures such as flying wires, ocean pipe-
lines, road vehicles, high towers, suspension bridges,
skyscrapers, and high-speed trains, etc.

For the first time, many studies have accomplished
the flows around circular cylinders because of its
geometric simplicity. The periodicity of the wake of a
blunt body is associated with the formation of a stable
street of staggered vortices by von Karman[1]. In his
paper, he analyzed the stability of vortex street con-
figurations and established a theoretical link between
the vortex street structure and the drag on the body.
Jordan and Fromm|[2] investigated oscillatory drag,
lift, and torque on a circular cylinder in a uniform
flow at Reynolds numbers of 100, 400, and 1,000 by
solving vorticity-stream function formulation. They
showed the dramatic rise of the drag coefficient dur-
ing the development of the Kdrméan vortex street. A
detailed study of the wake structures and flow dynam-
ics associated with simulated two-dimensional flows
past a circular cylinder that is either stationary or in
simple harmonic cross-flow oscillation was done by
Blackburn and Henderson[3]. Manzari[4] presented a
finite element solution procedure for the simulation of



M.-S. Kim et al. / Journal of Mechanical Science and Technology 22 (2008) 2286~2298 2287

transient incompressible fluid flows using triangular
meshes. His algorithm employed an artificial com-
pressibility technique in connection with a dual time-
stepping approach. Two-dimensional unsteady in-
compressible Navier-Stokes equations in vorticity-
stream function formulation implemented a higher-
order immersed boundary to solve unsteady incom-
pressible flow by Linnick and Fasel[5].

It would be very valuable to study the flows past el-
liptic cylinders because engineering applications often
involve flows over complex bodies like wings, sub-
marines, missiles, and rotor blades, which can hardly
be modeled as a flow over a circular cylinder. In such
flows, cylinder thickness and angle of attack can
greatly influence the nature of separation and the
wake structure[6].

In 1987, Ota et al.[7] investigated the flow around
an elliptic cylinder of axis ratio 1:3 in the critical
Reynolds number regime, which extends from about
Re =85,000 to 312,000, on the basis of mean static
pressure measurements along the cylinder surface and
of hot-wire velocity measurements in the near wake.
Nair and Sengupta[8] solved Navier-Stokes equations
in order to study the onset of computed asymmetry
around elliptic cylinders at a Reynolds number of
10,000. They found that the ellipses developed

asymmetry much earlier than did the circular cylinder.

Kim and Sengupta[9] studied unsteady flow past an
elliptic cylinder whose axis ratios are 0.6, 0.8, 1.0,
and 1.2 at different Reynolds numbers of 200, 400,
and 1,000 to investigate the unsteady lift and drag
forces. They found that the elliptic cylinder thickness
and Reynolds number could affect significantly the
frequencies of the force oscillations as well as the
mean values and the amplitudes of the drag and lift
forces.

Many people also investigated the effect of incident
angles. Patel[10] investigated the incompressible vis-
cous flow around an impulsively started elliptic cyl-
inder at 0°, 30°, 45° and 90° incidences and at the
Reynolds numbers of 100 and 200. He solved the
system of coupled partial differential equations by
substituting the expanded finite Fourier series of the
stream and vorticity functions in the Navier-Stokes
equations. Chou and Huang[11] proposed a semi-
explicit finite difference scheme to study the unsteady
two-dimensional incompressible flow past a blunt
object at high Reynolds numbers up to 40,000. They
considered the aspect ratio and angle of attack as con-
trolled parameters. In 2001, Badr et al.[12] used a

series truncation method based on Fourier series to
reduce the Navier-Stokes equations. The Reynolds
number range was up to 5,000 and axis ratios of the
elliptic cylinder were between 0.5 and 0.6, and angle
of attack ranges between 0° and 90°. They showed an
unusual phenomenon of negative lift occurring
shortly after the start of motion. Kim and Park[13]
studied numerically to figure out the effects of elliptic
cylinder thickness (thickness to chord ratios of 0.2,
0.4, and 0.6), angle of attack (10°, 20°, and 30°), and
Reynolds number (400 and 600) on the unsteady lift
and drag forces exerted on the elliptic cylinder.
Through this study, they observed that the elliptic
cylinder thickness, angle of attack, and Reynolds
number are very important parameters for determin-
ing the unsteady characteristics of lift and drag forces.

Since many engineering structures have rectangu-
lar-shaped cross sections, many researchers have
done unsteady flow investigations around rectangular
cylinders experimentally or numerically in view of
Reynolds number, angle of attack, and blockage ratio
effects. Davis and Moore[14] solved two-dimensional
incompressible Navier-Stokes equations to investigate
the vortex-shedding phenomenon around a rectangle
at the Reynolds numbers of 100 to 2800 with differ-
ent angle of attacks and rectangle dimensions. They
found that the properties of vortices, lift, drag, and
Strouhal number are strongly dependent on the Rey-
nolds numbers. Okajima[15] experimentally investi-
gated vortex-shedding frequencies of various rectan-
gular cylinders in a wind tunnel and in a water tank.
He found that there was a certain range of Reynolds
number for the cylinders with the width-to-height
ratios of two and three where the flow pattern
abruptly changed with a sudden discontinuity in
Strouhal number. In 1993, Norberg[16] measured the
pressure distributions along a rectangular cylinder’s
surface at angle of attack 0° to 90° with side ratios of
1.0, 1.62, 2.5, and 3.0. He also obtained Strouhal
numbers using a hot-wire in the near-wake regions.
He found that the flow showed a large influence of
both angle of attack and side ratio due to reattachment
and shear layer/edge interactions. Sohankar et al.[17]
calculated unsteady 2-D flow around a square cylin-
der at incidence between 0° to 45° and Reynolds
numbers of 45 to 200. They used a SIMPLEC algo-
rithm with a non-staggered grid arrangement. They
found that the onset of vortex shedding occurred
within the interval 40 < Re < 55, with a decrease in
Reynolds number with increasing angle of attack. In
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1999, Sohankar et al.[18] also simulated two- and
three-dimensional flow simulations around a square
cylinder at the Reynolds numbers of 150 to 500 with a
blockage ratio of 5.6%. The simulations indicated a
transition from 2-D to 3-D shedding flow between
Reynolds number of 150 and 200. The confined flow
around a square cylinder mounted inside a plane chan-
nel was numerically investigated by using two differ-
ent numerical techniques called lattice-Boltzmann
automata and finite volume method by Breuer et
al.[19]. The two different numerical techniques gave

very close numerical solutions such as drag coefficient,

recirculation length, and Strouhal number.

Most investigations of unsteady flow past blunt
body have been accomplished for circular, elliptic, or
rectangular cylinders. However, many engineering
structures have complex geometric shapes rather than
simple ones, for example, missiles, bullets, sea scan
equipment, high-speed trains, or ships, etc. They have
combined shapes of elliptic or rectangular geometry
for its nose and base shapes.

The objective of the present research is to study the
effects of geometric shapes and Reynolds numbers on
the unsteady flow physics concentrating on the drag
and lift forces exerted on the body. Unsteady viscous
flows over four different shapes of blunt bodies such
as circular cylinder, square cylinder, circular-nosed
flat-based cylinder, and flat-nosed circular-based
cylinder shown in Fig. 1 are simulated at different
Reynolds numbers of 100, 200, 300, and 400 by

(a) Circular cylinder (b) Square cylinder

(¢) Circular-nosed flat-based  (d) Flat-nosed circular-based

Fig. 1. Two-dimensional cylinders.

solving the unsteady form of incompressible Na-
vier-Stokes equations, which are written in two-
dimensional body intrinsic orthogonal curvilinear
coordinate system.

For the temporal integration, the Crank-Nicolson
scheme is used. Patankar[20] showed that the power
law scheme ideally fits for all the Peclet numbers, so
spatial discretization used this scheme. The discre-
tized equations are solved by using a segregated ap-
proach where the discretized equation for each vari-
able is solved sequentially using SIMPLER method.

2. Governing equations

2.1 Navier-Stokes equations

For the present analysis, the flowfield assumes two-
dimensional unsteady, incompressible, laminar flow.
The coordinate system is taken to be a two-
dimensional, body-intrinsic, orthogonal curvilinear
coordinate system as shown in Fig. 2 wherein the & -
direction is taken to be along the body while the 7 -
direction is perpendicular to the body surface. Here,
R(&) represents the radius of curvature at the point
of £ on the body surface. With these assumptions,
continuity and momentum equations become as fol-
lows.

Continuity Equation:
i la( Y~ ) =0 ()
—+——(v.)+——(hpv,
ot Mmadé hion

Here, i is scale factor in the & -direction. The
first term can drop for incompressible flow but it re-
tains here for convenience.
ve -Momentum Equation:

el 1 dv:;) 10 ov,
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Fig. 2. Two-dimensional body-intrinsic coordinate system.
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vy -Momentum Equation:
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2.2 Discretization of governing equations

The surface and time integration of the governing
equations over the control volume can be done term
by term and expressed as follows in the intrinsic cur-
vilinear coordinate system. All the detailed deriva-
tions of the following discretized governing equations
can be found in Senguta[21].

Continuity Equation:
(p-pH==— hlAgAn raF,,  —F L F
+(1- a)(F° -F  +F L -F )=0 “
where
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Here, superscript “0” represents the variable quan-
tity at the old time step.
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3. Flow solver development

The solution algorithm used in the present work
employs the SIMPLER algorithm developed by
Patankar[20] in conjunction with the time integration
method such as Crank-Nicolson and fully implicit.

3.1 Pressure equation

In the SIMPLER algorithm, the pressure equation
comes out by manipulating the discretized continuity
and momentum equations, and the pressure field is
calculated by using this pressure equation with
guessed velocity field.

Equation (7) shows the pressure equation over a
control volume in the intrinsic curvilinear coordinate
system. Its derivation and description of the coeffi-
cients are omitted here and Sengupta[21] explains
them in detail.

@ palijn T 0D _bi,j

@)

;P = G jPiy T jPiay t

3.2 Pressure-correction equation

The pressure correction field, P”, which is obtained
by solving the pressure-correction equation (Equation
8) such that the continuity equation is satisfied, is
used to update the imperfect velocity field obtained
from solving the momentum equations.

a;jaPij1— b;.j

®)

i Dij = Ay Py T Py T 0Pyt

Since the derivation of the equations and the de-
scription of the whole structure of the calculation
procedure for SIMPLER algorithm are not the main
issues here, all of these are omitted in this paper, and
Patankar[20] describes these more in detail.
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3.3 Solution of the Algebraic equations

In the present work, a segregated approach is used
to solve the discretized equations where each of the
governing equations is solved sequentially. In each
time step, the tri-diagonal matrix algorithm (TDMA)
solves the simultaneous algebraic equations resulting
in a tri-diagonal system for the entire grid mesh. Al-
ternate £ and 7 sweeps in the computational
plane are performed to improve the overall conver-
gence history even though absolute convergence is
not required in each time step. One advances to the
next time step when a sufficient converged criterion is
satisfied. An under-relaxation is generally required
between each TDMA update to prevent the solution
from diverging.

3.4 Computational domain and solution verification

The flow geometry along with the boundary condi-
tions and grid structure is shown in Fig. 3. The outer
boundary of the computational domain has 50 times
of unit-chord-length distance from the center of the
blunt body. Here, the chord is defined as a straight
line connecting the leading edge and trailing edge of
the body. A no-slip boundary condition applies to the
solid wall surface and free stream conditions apply to
the inflow and outflow boundary conditions. The
cyclic boundary condition is also implemented to see
the unsteady flow physics. The O-mesh shaped
198x100 grid is generated algebraically.

Since most studies for unsteady flow past a blunt

Outer Boﬁndary of
Computaticlnal Domain

Chord Length (c)

(a) Flow geometry and computational domain

Fig. 3. Computational domain and grid structure.

body have been performed for a circular cylinder, the
verification of flow solver is carried out by comparing
the present numerical solutions with currently avail-
able numerical and experimental data for a flow past
a circular cylinder. Table 1 summarizes this compari-
son result and shows a good agreement in general.

Table 1. Comparison of the present results with available
numerical / experimental data.

Re | Contributor | St | Cd |ACd | ACI | Cpb | ACpb

Present 0.131.28 | 0.01 [ 0.43 [-0.69| 0.03
100 Jordan,Fromm[2] 0.16 | 1.28 | 0.01 | 0.27 |-0.66| 0.02
Acrivos*} -0.60
Present 0.15]1.24 | 0.04 | 0.76 [-0.88| 0.14
Rogers, Kwakt | 0.18 | 1.23 | 0.05 | 0.65
200 Belov 0.19| 1.19 | 0.04 | 0.64
Linnick,Fasel[5]| 0.19 | 1.34 | 0.04 | 0.69
Berger*[22] |0.18
Present 0.16 | 1.23 | 0.06 | 0.92 [-1.00| 0.21
300 Roshko*Z 0.20
Wieselsberger*} 1.20
Present 0.16 | 1.23 | 0.08 | 1.00 [-1.07| 0.26
400 [Jordan,Fromm(2] 0.20 | 1.23 | 0.07 | 0.75 |-1.01| 0.16
Gerrard*} -0.85

Note: 1. (*) denotes experimental data
2. (t) in Linnick and Fasel [5]
3. (}) in Jordan and Fromm [2]

L7
%
8

7

L7
%%
LAY
R

(b) Square grid (198x100)



M.-S. Kim et al. / Journal of Mechanical Science and Technology 22 (2008) 2286~2298 2291

4. Numerical results and discussions

Vortex shedding that occurs alternately behind a
blunt body generates a periodic and asymmetric flow

pattern, and this flow pattern makes the periodic force.

The periodic force acts on the blunt body in the free
stream direction as drag force and normal direction to
the free stream as lift force. The drag and lift forces
exerted on the body can be decomposed into pressure
force and friction force components as follows:

Cd = Cdp +Cdf Cl=Clp+CIf

Here, Cdp and Cdf are the pressure and friction
components of the drag coefficient, and Clp and
CIf are the pressure and friction components of the
lift coefficient, respectively.

Fig. 4 shows typical time variations of CI and
Cd as a function of non-dimensional time 7 for
the circular cylinder at Re =200. Here, the lift and
drag coefficients, C/ and Cd , are defined, respec-
tively, as Cl=2L/(p Ulc) and Cd =2D/(pU’c),
where p, U_, L, D,and care the fluid density,
free-stream velocity, lift force per unit span, drag
force per unit span, and the cylinder chord length,
respectively. Also, the dimensionless time T is
defined as 7 =——

c/Us
In this figure, oscillating frequencies and amplitudes
of both coefficients can be compared very clearly.
The amplitude of CI is much greater than that of
Cd , and the frequency of CI is one-half the fre-
quency of Cd . The frequency of CI due to the
vortex shedding can be expressed as the Strouhal

, where ¢ is dimensional time.

dp

Cdp
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(a) Drag coefficient

number, which is non-dimensional parameter defined
as follows.

where f is the frequency of lift force oscillation. In
addition, Fig. 4 shows that the amplitudes of friction
force oscillations are much less than those of pressure
force oscillations for both drag and lift forces.

Figs. 5 and 6 plot the streamline patterns and vortex
shedding shapes behind the four different shapes of
cylinders at the maximum lift condition, respectively,
which means when the vortex shedding occurs at the
bottom surface. Even though the streamline patterns
and vortex shedding shapes are very similar to each
other, the sizes of wake regions are different. That
means the location of separation point is different
depending on the body shapes. The wake size be-
comes larger when the cylinder has a flat-based ge-
ometry rather than the circular-based one no matter
what the nose shape is.

Fig. 7 shows the Strouhal number variation accord-
ing to the variation of Reynolds number for the four
different shapes of cylinders. In the caption box of the
figure, “rec” designates a flat-nosed or flat-based
shape of geometry and “cir” does a circular-nosed or
circular-based shape of geometry. For example, “rec-
cir” means flat-nosed circular-based shape of cylinder
body as shown in Fig. 1(d).

The Strouhal number increases as the Reynolds
number increases for the circular-nosed geometry
shapes. On the other hand, in case of flat-nosed ge-
ometry shapes, the Strouhal number increases as the

0.8

0.6 F—-——- clp
04

02|

cl, Clp, CIf
°
d
Y

06
i [

ogb o L b
: 20 40 60 80 100 120
Time

(b) Lift coefficient

Fig. 4. Time variations of drag and lift coefficients for circular cylinder at Re =200.
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(a) Circular cylinder

(¢) Flat-nosed circular-based

(d) Square cylinder

Fig. 5. Streamline patterns at the maximum lift condition ( Re =400).

(a) Circular cylinder

(c) Flat-nosed circular-based

Fig. 6. Vortex shedding at the maximum lift condition ( Re =400).

—@— cir-cir
018 —<— cir-rec
’ —»— rec-cir
—&— rec-rec
S o016} - —%
£ o —1
3 /<
= o/
T <
5 014 |
e
@ .
e
< — 4
012 — ——
0.10 L L L L L L L L
50 100 150 200 250 300 350 400

Reynolds Number

Fig. 7. Strouhal number versus Reynolds number.

(b) Circular-nosed flat-based

b

(d) Square cylinder

Reynolds number increases up to a Reynolds number
of 200, then it decreases as the Reynolds number
increases. The pattern of the Strouhal number varia-
tion with Reynolds number is strongly dependent on
the nose shape of the body.

A circular-nosed body has a higher oscillating fre-
quency than a flat-nosed body because the flow sepa-
ration behind a circular-nosed body occurs more eas-
ily than behind a flat-nosed body due to body surface
curvature. In other words, the inertia force has more
friction loss along the curved surface than flat surface
and flow separates more easily from the body. In
addition, a circular-based body has a little bit higher
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oscillating frequency than a flat-based body due to
easy flow separation coming from adverse pressure
gradient along the curved body surface when the nose
body shapes are the same. Namely, vortex shedding
occurs more frequently when a body has circular
shape rather than flat shape as shown in Fig. 7. Fig. 7
shows that a circular cylinder (cir-cir) has the highest
oscillating frequency and a square cylinder (rec-rec)
has the lowest oscillating frequency.

2293

Fig. 8 shows the time-averaged total drag coeffi-
cient Cd , time-averaged pressure drag coefficient
Cdp , and time-averaged friction drag coefficient

Cdf versus Reynolds number. The magnitude of
Cd is larger when the nose shape is flat no matter
what the base shape is because high-pressure acts on
the larger surface area in case of a flat-nosed body
compared to circular-nosed body as shown in Fig. 9.

Meanwhile, the magnitude of Cdp is larger when

Cd
—@— cir-cir
—<—cir-rec
—»— rec-cir
—&— rec-rec

by

-= Cir-cir Ye)
-- cir-rec <
- rec-cir D>
—-rec-rec iu

Cdp cdf

cir-cir
cir-rec
rec-cir
rec-rec

Reynolds Number

Fig.8. Cd , Cdp ,and Cdf versus Reynolds number

(c) Rec-cir

(d) Rec-rec

Fig. 9. Pressure contours at the maximum drag condition ( Re =400 ).



2294 M.-S. Kim et al. / Journal of Mechanical Science and Technology 22 (2008) 2286~2298

the base shape is circular than if the base shape is flat
if they have the same nose shapes because the flow
accelerates along the curved surface; therefore, the
pressure becomes lower, which means the lower-
pressure area in the base region becomes larger as
shown in Fig. 9. For these reasons, the flat-nosed
circular-based geometry has the maximum Cdp and
circular-nosed flat-based geometry has the minimum
Cdp among the four different geometries.

A circular-nosed geometry has larger Cdf com-
pared to a flat-nosed geometry because shear force
becomes large due to the high velocity gradient along
the curved body surface. The geometric shape of base
hardly affects the magnitude of Cdf because there

— Upper surface
777777777 Lower surface

0.5

Friction coefficient

T - T - T - T
0 0.2 0.4 0.6 0.8 1
arc length

(a) Cir-cir

— Upper surface
77777 Lower surface

o
2

Friction coefficient
o

PRI T WY U [T S T NS SR N N
0 0.2 0.4 0.6 0.8 1
arc length

(c) Rec-cir

is a re-circulating zone in that region. Fig. 10 com-
plements these descriptions again. Here, the arc-
length means the non-dimensional distance from a
leading edge, which takes the chord length as a refer-
ence value, and negative Cdf on the lower surface
represents that the friction force acts to the free-
stream direction.

Most of the total drag comes from the pressure drag,
and therefore a circular-nosed body shape is preferred
to reduce the total drag force, whereas a flat-nosed
body is preferred to reduce the friction drag force.

The time-averaged total drag coefficient Cd de-
creases as the Reynolds number increases up to 200
for all the geometries. As the Reynolds number in-

Upper surface
,,,,,,,,, Lower surface

05

Friction coefficient

T - T - T
0 0.2 0.4 0.6 0.8 1

arc length

(b) Cir-rec

Upper surface
77777 Lower surface

o
2

Friction coefficient
o

T - L
0 0.2 0.4 0.6 0.8 1

arc length

(d) Rec-rec

Fig. 10. Friction drag distributions along the body surface at the maximum drag condition ( Re =400 ).
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creases more, Cd becomes larger when the geome-
try has flat-nosed shape, whereas Cd becomes
smaller when the geometry has circular-nosed shape.
On the other hand, Cdf decreases as the Reynolds
number increases for all the shapes of bodies.

The amplitudes of lift and drag force oscillations
are one of the very important physics in unsteady
flow problems. At the beginning of this section, we
mentioned that the amplitude of CI is much greater
than that of Cd . Here, the amplitudes of Cl and
Cd oscillations are defined, respectively, as

ACI

_ (Cl)max ; (Cl)min ACd =

(Cd)max - (Cd)min
2

where the subscripts min and max denote the
minimum and the maximum values, respectively, in a
period.

Fig. 11 plots the variation of total drag coefficient
oscillating amplitude ACd , pressure drag coefficient
oscillating amplitude ACdp , and friction drag coef-
ficient oscillating amplitude ACdf with Reynolds
numbers. Here, note that ACd # ACdp + ACdf be-
cause the maximum ACdp and the maximum
ACdf do not occur simultaneously.

The ACd increases almost linearly as Reynolds
number increases for all the geometries. It is clear that
ACd = ACdp because the total drag force mostly
comes from the pressure drag force as mentioned
already. Therefore, the tendency of ACdp variation

with Reynolds number is very similar to that of ACd .

Figs. 8 and 11 indicate that the larger Cdp is, the
larger ACd is at the same Reynolds number. How-
ever, it is not true for the case of friction drag force. It
seems that the magnitude of Cdp is related very
closely to the magnitude of ACd .

Fig. 12 shows the amplitude of lift coefficient oscil-
lation ACI, amplitude of lift coefficient oscillation
due to pressure AClp , and amplitude of lift coeffi-
cient oscillation due to skin friction ACIf with Rey-
nolds numbers for the four different body shapes.
Both ACI and AClp increase almost linearly with
Reynolds number when the nose shape has flat ge-
ometry. However, when the nose shape has circular
geometry, the magnitude of amplitude looks almost
constant from the Reynolds number of 200.

A circular cylinder has a little bit larger AC/ and
ACIp than a square cylinder, unlike the case of drag
force oscillation at the Reynolds numbers of 100, 200,
and 300. However, flat-nosed circular-based or circu-
lar-nosed flat-based geometry has the same tendency
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Fig. 12. ACI, ACIlp ,and ACIf versus Reynolds number.

as drag force oscillation. On the other hand, neither
body shape nor Reynolds number affects friction lift
force oscillation.

According to Figs. 12 and 13, it is found that the
larger the pressure lift force is, the larger the lift force
amplitude is at the same Reynolds number. Therefore,
a flat-nosed circular-based cylinder has the maximum
ACI and AClp , whereas a circular-nosed flat-based
cylinder has the minimum AC! and AClp .

Fig. 14 plots base pressure coefficient Cpb , which
means pressure coefficient at the rear stagnation point,
for the four different blunt bodies at different Rey-
nolds numbers. Fig. 14 reconfirms Fig. 8, which
compares Cd in a different way. The larger the Cd
is, the smaller the Cpb is.

Fig. 15 shows the variation of the base pressure os-
cillating amplitude ACpb with the variation of Rey-
nolds numbers. The trend of amplitude variation with
respect to Reynolds number and body shape is very
similar to the trend of ACI as expected.
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5. Summary and conclusions

Through this study, we have investigated the effect
of body shape and Reynolds number on the unsteady
flow physics such as time-averaged drag coefficient,
frequency of drag/lift coefficient oscillation, and the
amplitude of oscillating drag/lift coefficient. The re-
sult is that the unsteady flow past a blunt body
strongly depends on the blunt body shape and Rey-
nolds number.

The nose shape of the blunt body is a key parame-
ter for determining the tendency of frequency varia-
tion according to the variation of Reynolds number. A
circular-nosed body oscillates more frequently as the
Reynolds number increases, whereas a flat-nosed
body oscillates less frequently. Besides, a circular-
shaped body has higher oscillating frequency than a
flat-shaped one at the same Reynolds number. There-
fore, a circular cylinder has the largest Strouhal num-
ber, whereas a square cylinder has the smallest Strou-
hal number at the same Reynolds number.

Since most of the total drag force comes from the
pressure drag, a circular-nosed body is a better choice
for reducing the drag coefficient. In addition, a flat-
based shape of the body is better than a circular-based
shape of the body to reduce the drag coefficient.
Therefore, a circular-nosed flat-based geometry is the
best choice and a flat-nosed circular-based geometry
is the worst choice from the viewpoint of drag force
reduction. The friction drag coefficient is strongly
dependent on the nose shape of the body only and
decreases as Reynolds number increases. A circular-
nosed body has larger friction drag coefficient than a
flat-nosed body.

The magnitude of the drag/lift force strongly influ-
ences the amplitude of the oscillating drag/lift force.
The larger the drag/lift coefficient is, the larger the
amplitude of oscillating drag/lift coefficient is at the
same Reynolds number. In addition, the amplitude of
the oscillating drag/lift coefficient increases as Rey-
nolds number increases for all the geometries.

Finally, we can have the following conclusions
confined to the four different shapes of blunt bodies at
moderate Reynolds numbers.

(1) A circular-nosed flat-based shape of geometry
has the minimum drag coefficient and the minimum
amplitude of oscillating drag/lift coefficient. In addi-
tion, this geometry has the maximum skin friction
drag coefficient.

(2) A flat-nosed circular-based shape of geometry

has the maximum drag coefficient and the maximum
amplitude of oscillating drag/lift coefficient. In addi-
tion, it has the minimum skin friction drag coefficient.

(3) A circular cylinder has the highest oscillating
frequency, whereas a square cylinder has the lowest
oscillating frequency.

(4) The Strouhal number and force coefficient
magnitude/amplitude are mutually incompatible.
Namely, the Strouhal number is approximately in
inverse proportion to the force coefficient magni-
tude/amplitude.

(5) The nose shape of the blunt body is a key pa-
rameter for determining the trend of Strouhal number
variation with variation of Reynolds number, and the
magnitude of friction drag coefficient strongly de-
pends on the nose shape of the body at all Reynolds
numbers.
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