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Introduction

N OWADAYS, one of the open discussions in the area of mis-
sile aerodynamics is increasing the aerodynamic efficiency by

optimizing the geometry of its cross section. In this regard, many
researchers’ attentions have been towards the missiles with noncir-
cular cross sections. Even though this causes some inconvenience
in the missile’s stability and control, with new advances in that area
the aerodynamists suggest noncircular cross sections without much
concerns.

Jackson and Sawyer1 have experimentally investigated bodies
with elliptical cross sections and noticed a considerable increase
in aerodynamic efficiency (lift-to-drag ratio) for horizontal ellip-
tical cross sections (compared with circular cross sections). Also,
the work of Graves,2 which was performed for a wide range of
Mach numbers (from subsonic to supersonic) around elliptic and
circular cross sectional bodies, showed similar results. Recently,
Sharma3 investigated both computationally and experimentally a
similar problem. His results not only support the previous findings,
but also show increase in CN and CM (for horizontal elliptical cross
sections). In addition, they indicate that, in any angle of attack, by
increasing ellipticity ratio the aerodynamic efficiency is increased.

In families of missiles with noncircular cross-sections, because
of the storage and carriage purposes the ones with square or rectan-
gular cross sections (with round corners) are used more extensively,
especially in tactical applications. The no–guidance air-to-ground
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missile, which needs to have the maximum possible load density
and the minimum possible drag, is one of the typical missiles hav-
ing noncircular cross sections.1

In 1987, Sigal and Lapidot4 performed an extensive experimental
investigation, in which three families of missiles with same length
and cross-sectional areas were used. The shapes of their cross sec-
tions were square (with rounded corners), rectangular (with rounded
corners), and circular. Their results showed that CN was the highest
for the horizontal rectangular case and the second highest for the
square case. Of course, the problem with the rectangular case is that
when the missile rolls and its cross section changes from horizon-
tal rectangle to vertical its aerodynamic efficiency drops drastically
(even to less than the circular case). Note, their results were consis-
tent in both cases of a missile with and without fins.

Flow separation effects are highly related to the corners of the
square or rectangular cross sections and cause unfavorable aero-
dynamic instabilities.5 Many researchers have studied these corner
effects, especially taking the radius of the round corners. These ef-
forts have led to considerable decrease in the preceding unfavorable
effects. Schneider6 showed that for the square section the increase in
the corner radius decreases the overall CN and the roll angle effects.

Also, Daniel et al.7 studied the preceding radius experimentally
using a square cross section (with rounded corners) for different
angles of attack. They found that the effects of this radius, especially
in angles of attack higher than 10 deg, are considerable. Note, CN

also decreases as the corners become more rounded. According to
their studies, in high angles of attack, for r/b = 0.2, CN is close to
the circular cross-section case (r/b = 0.5), whereas for r/b = 0.1,
CN is close to the square cross-section case (r/b = 0.0).

This test has also been performed for a case in which four fins are
attached to the end of the missile. For this case, similar results have
been obtained. Of course, because the fins are the main devices for
producing lift they cause reduction in the effects of the corner radii
in the value of CN for compound body-fin configurations. However,
to the same degree the corner radii affect CN .

In our work, we have compared the aerodynamic characteristics
of two body having the same cross-sectional areas, but with differ-
ent shapes (one circular and one square with round corners) in a
transonic regime at different angles of attack. To differentiate the
noncircularity and the fin effects, we have considered the bodies
with no fins. This study has been done using a computational-fluid-
dynamics (CFD) code and two semi-empirical codes not only to
obtain aerodynamic parameters CL and CD , but also to study the
physics of flow.

Computational Methodologies
The FLUENT CFD code,8 which uses a cell-centered finite vol-

ume method and has been proven to work well for different flow
regimes around missiles,9,10 was used in this study. The implicit
method implemented uses a segregated solution method. Note, all
of the schemes used here are second order. The SIMPLE algorithm
with underrelaxation coefficients is used in the overall discretiza-
tion of the equations. To reduce the dispersion errors (and also to
increase the speed of the computations), the multigrid approach has
also been used.

Physical Properties
The flow considered here is three-dimensional, compressible, sta-

tionary, single-phase, viscous, and turbulent so in which the standard
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Fig. 1 Two body fuselages and computational grid: a) the circular body with one plane at an axial location and b) the square body with one plane at
an axial location.

κ–ε model11 has been used for turbulence modeling. The fluid is air,
for which the viscosity is obtained using Sutherland relation. The
freestream Mach number is 0.8, the flow Reynolds number based on
body length is 1.83 × 106, the static temperature is 268.305K, the
total gauge pressure is 29066.31 Pa, the turbulence intensity is 10%,
the characteristic length scale (the body diameter of cross section)
is 0.04 m, and the operating pressure is 55433.69 Pa.

Geometric Modeling
In this study, the aerodynamics of the bodies of two body, one hav-

ing a square and the other having a circular cross section (with same
cross-sectional areas), have been studied (Fig. 1). Note, because of
the symmetric assumption used only half of the domain is considered
here. Our computational results indicate that this assumption has not
affected the results considerably. Also note that the outer boundaries
of the computational domain have been assumed to be nine radii in
the radial direction, two body lengths at the front, and three body
lengths behind the body. This size of the domain was shown to be
optimal using numerical experimentation. A structured, body fitted,
and nonuniform grid has been used in this study. The grid indepen-
dency was studied and as a result a 169 × 21 × 21 grid was chosen.

Boundary Conditions
Different boundaries of the physical domain have been used in

this work. The wall of the body is assumed to be adiabatic. The
freestream pressure is assumed at the inlet and outlet of the domain.
In the pressure outlet boundary condition, only the static pressure
is specified, and all other flow quantities are extrapolated from the
flow in the interior. The far-field pressure condition is also used.
This boundary condition is often called a characteristic boundary
condition because it uses characteristic information (Reiman in-
variants) to determine the flow variables at the boundaries. Finally,
at the symmetric plane the symmetric boundary condition has been
implemented.

Discussion of Results
To investigate the effects of the shape of the cross sections, two

different cases were studied in this work. The computations were
performed for different angles of attack, namely, 0.0, 2.06, 4.09,
8.18, and 16.27 deg. The results have been compared with the ex-
isting benchmark data and with the data we obtained using two
different semi-empirical codes.

The results are mainly in the form of aerodynamic coefficients.
The benchmark data used here are the results obtained by Mani and
Khajehfard.12 Note, the only difference between their and our body
is that they also have two thin fins connected to the end of their
body. To investigate solely the body’s cross-sectional shape effects
(without the aerodynamic influences of the fins), as mentioned in
the Introduction, we considered the body-alone configuration. Be-
cause the existing wind-tunnel results include fins, it is not possible

Fig. 2 Comparison of the drag coefficients for fin-body combination
and body-alone using wind tunnel, CFD code, digital DatCom, and mis-
sile DatCom.

to perform a direct comparison between our computational and the
wind-tunnel results (especially at nonzero angles of attack). This is
why, for comparison purposes, we also calculated the aerodynamic
characteristics using digital DatCom13 and missile DatCom14 soft-
wares. These two semi-empirical codes can calculate static stability,
high lift and control, and dynamic derivative characteristics of air-
planes and missiles. Note, the reference area throughout this work
is assumed to be the body cross-sectional area.

First, using the digital DatCom software, we obtained the aero-
dynamic coefficients for the body used by Mani and Khajehfard.12

Figures 2 and 3 have compared drag coefficient and lift coefficient
for the circular cross-section case. In general, digital DatCom results
can have up to about 20% error. Also, there are errors in the pre-
ceding experimental measurements because of the lack of a dryer in
their wind tunnel, the model’s manufacturing errors, and the tunnel
being very old.12 Therefore, the 7.2% error in drag coefficient and
18% error in lift coefficient of Figs. 2 and 3 are acceptable, and thus
our digital DatCom results can be safely used for the verification of
our CFD results. Actually, the preceding calculations were also per-
formed using missile DatCom software (Figs. 2 and 3). The errors
were 21% in drag coefficient and 9.5% in lift coefficient.
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Fig. 3 Comparison of the lift coefficients for fin-body combination and
body-alone using wind tunnel, CFD code, digital DatCom, and missile
DatCom.

Figures 2 and 3 also compare the CFD results and the results
obtained using digital DatCom software for the body-alone used
in this study. For this case, the errors for CD and CL were 10.5
and 25%, respectively. However, using missile DatCom, the related
errors were 16 and 11.3% for CD and CL , respectively. Our CFD
results, which have about the same amount of error as the wind-
tunnel data, were somewhere between the digital DatCom and the
missile DatCom results, which can reassure our CFD results. The
error percentages also show that in both bodies with and without
fins digital DatCom generates less error for CD and missile DatCom
makes less error for CL . The study of Figs. 2 and 3 also show the
drastic effects of the fins on the aerodynamic coefficients.

Because the fins used in the just-mentioned experimental work
are thin and symmetric, at zero angle of attack the corresponding
results can directly be used for our CFD verification purposes. At
zero angle of attack and M = 0.8, the fins’ drag is mainly caused
by friction. This is because, at this Mach number, the wave drag
is relatively small. Also, because we have zero lift coefficient the
related induced drag coefficient (∼C2

L/πeAR) is zero as well. Fi-
nally, since the fins are thin, their pressure drag is also negligibly
small. Thus, at zero angle of attack the only remaining drag is in
the form of skin friction. Note that the friction drag of the body-
alone configuration is available from our CFD results. Now, be-
cause the surface area of the body and the fins are known we can
estimate the friction drag of the fins. Here, the interference drag
has been neglected, and the authors believe it is very small for the
conditions used. If we subtract the friction drag of the fins (which is
almost their total drag) from the wind-tunnel result (the overall drag
of body-fin configuration), we can have the total drag of the body-
alone configuration, which can be used as benchmark data for our
CFD computations. With regard to the assumptions used, this com-
parison shows satisfactory agreements. Note the zero-lift result, ob-
tained from our CFD computations, matches the wind-tunnel results,
as expected.

Figure 4 shows better aerodynamic performance of the squared
section body (compared with the circular one) at different angles of
attack. This is because we have less drag and more lift in the square
case. As the angle of attack is increased, the lift and drag coefficients
increase as well as expected.

Another point is that the friction drag is about 30% of the overall
drag in both circular and square cases. As expected, this drag is more
for the square case because of its larger surface area. However, note

Fig. 4 Comparison of drag and lift coefficients for square and circular
bodies (CFD results).

Fig. 5 Comparison of maximum and minimum static pressure for
square and circular bodies (CFD results).

that the overall drag of the square case is somehow smaller than the
circular case.

The study of flow physics shows that the pressure difference be-
tween the front and the back of the body that produce pressure drag
is more in the circular body. Figure 5 shows maximum and minimum
pressures for the two circular and square body at different angles
of attack. From this figure, note that the circular body has higher
maximum and lower minimum at all different angles of attack. In
other words, the circular body has higher pressure differences at all
those angles of attack.

In Fig. 6, the aerodynamic results obtained from both semi-
empirical codes for body-alone configuration are shown. Regarding
the mentioned error percentages of these codes to calculate CL and
CD , we have used the results of digital DatCom for studying CD and
missile DatCom for CL . Similar to CFD results, this figure indicates
higher aerodynamic efficiency for square body.
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Fig. 6 Comparison of drag and lift coefficients for square and circular
bodies (semi-empirical results).

Conclusions
In order to investigate the effects of the shape of the cross-sections,

two different cases, circular and square with round corners, were
studied in this work using computational and semi-empirical meth-
ods. The results that are mainly in the form of aerodynamic coeffi-
cients show better aerodynamic performance for the square section
missile at different angles of attack. Because the square body, in
comparison with the circular one, causes more lift and a bit less
drag. It is noticeable that although the friction drag is more for the
square case due to its larger surface area, the overall drag of the
square case is somehow smaller than that of the circular case.
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Introduction

I T has been appreciated by aeroelasticians for many years that
results from the V -g or k method of flutter analysis can be difficult

to interpret or even misleading.1−3 The purpose of the present Note
is to consider this difficulty with the k method in an especially simple
setting, that is, with steady-flow aerodynamics. As Pines4 showed
many years ago in a different context, the use of highly simplified
aerodynamics can be especially illuminating. In the special case of
steady-flow aerodynamics and zero structural damping, the principal
result of the present Note shows one way that the V -g or k method
can lead to difficulties. For this special case, a particularly clear
understanding of the nature of these difficulties can be obtained.
This Note adds a modest but new and, the authors believe, helpful
addition to the rich literature on this perplexing issue.

It is well known that k and p methods of calculating flutter speeds
are quite different.5 It is frequently assumed that both methods cal-
culate the same flutter point because at zero damping (sinusoidal
motion) both the methods are mathematically the same.6 Neverthe-
less, the authors have come across cases in which the flutter speed,
as defined by the speed after which the damping measure is neg-
ative (i.e., the real part of the eigenvalue is positive in p method,
and artificial damping is positive in k method) or the speed at which
frequency coalescence occurs, is predicted differently by the two
methods. The inconsistency of the k method in predicting the flutter
speed can be directly observed in systems without viscous damping
(i.e., without forces proportional to velocity) in either the structural
or aerodynamic operators. Such a system is neutrally stable for all
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