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The axisymmetric Busemann biplane was investigated numerically. This configuration is composed of two

cylindrical wings for which the cross section was similar to a regular two-dimensional Busemann biplane. The

influence of various flow conditions on the drag coefficient was investigated. The axisymmetric configuration was

found to be less effective than a two-dimensional Busemann biplane. However, drag was significantly smaller than

that of a single-wing shape.

Nomenclature

Aref = reference area
c = wing chord length, m
cD = drag coefficient
h = minimum distance between the wings, m
MD = design Mach number
Ms = solution Mach number
R = distance between the symmetry line and the bottom

wing, m
� = wedge angle, deg

I. Introduction

T HE Busemann biplane is an apparatus that reduces the wave
drag of a particular geometry at supersonic speeds. This

geometry was first suggested by Busemann [1] in 1935. It is
composed of two wedge-shaped wings facing each other. These
wings are designed to reduce the wave drag by creating a wave
system that is confined between the two wings. To achieve this flow
structure, the distance between the two wings is set as a function of
the free flow Mach number. Over the years, the Busemann biplane
was investigated by many researchers. Some experimental results
have been reported in [2,3]. In recent years, there has been a renewed
interest in Busemann biplane configuration. Some, such as [4,5],
have shown interest in aerodynamic design, and others, such as [6],
have applied this configuration to a scramjet engine. Previously [5],
we conducted a parametric study of the two-dimensional Busemann
biplane phenomena using numerical simulation. In the present study,
we have extended the scope to an axisymmetric Busemann biplane.

Hoerner [3] discussed an axisymmetric Busemann biplane
configuration that consists of a shrouded body, shown in Fig. 1.
A similar configuration was discussed by Ferri [7] as well. This
configuration consists of a ring positioned around the body in a
manner that causes the shock waves to be captured between the
ring and body. However, the implementation of this configuration
is difficult for existing aeronautical designs. Therefore, we suggest
a new approach here. It is composed of two rings that have a cross
section similar to that of the two-dimensional Busemann biplane
shown in Fig. 2. The main advantage of this new setup over existing
Busemann biplane configurations is that the two-ring geometry is

much easier to incorporate into existing configurations. One possible
use of this design is reduction of base drag in supersonic flow. The
double-ring set can be positioned so that it increases base pressure
and thereby decreases the base drag. Drag reduction in a Busemann
biplane occurs only when uniform pressure distribution over the
two facing wings is developed. Originally, the constant pressure
was approximated using a linearized theory in which shock waves
and expansion waves are of minute thickness. This analysis
was presented in previous works such as [2]. While this is a good
approximation for shock waves, expansion waves by nature are
expanding and therefore occupy some space.

Consequently, a nonuniform pressure profile develops over wings
that were designed using this approximation, and additional drag is
generated. To define a more accurate model of the problem, a
numerical simulation was conducted in [5] to study the flow over a
two-dimensional Busemann biplane configuration. It was found that
a properly designed configuration has a lower drag coefficient than
that of single wedge-shaped wing. In addition, as the design Mach
number grows higher, the Busemann biplane is less sensitive to
variation in the flow velocity or angle of attack. In the current phase,
we have studied the performance of an axisymmetric Busemann
biplane configuration. The analysis focused on the following aspects:
1) influence of the radius on the drag coefficient, 2) performance at
offdesign conditions, and 3) effect of turbulent flow conditions on
performance.

II. Computation Setup and Numerical Method

The configuration employed in the presentwork is shown in Fig. 2.
The profile had a front wedge angle � of 10 deg and a chord length c
of 0.2 m. The radius-to-chord ratio R=c varied from 0.35 to 7.5. The
biplanewas designed for twoMach numbers:MD � 2 and 3. It is the
designMach number that sets the distance between the twowings (or
rings). This constraint is dictated by the requirement that the shock
wave that commences at the leading edge of each wing should hit
the other wing exactly at its maximum thickness location. From
this location, the expansion wave unfolds. All flow conditions in
the numerical simulation are for standard atmosphere air at sea level.

The reference area used in the drag coefficient calculation is �R2.
The computations for the zero-angle-of-attack case were performed
using a two-dimensional axisymmetric flow domain. The flow
domain contains two wedgelike wings, and below them is the sym-
metry axis, as shown in Fig. 2. On the other boundaries, uniform
flow conditions were defined. The solution domain and boundary
conditions are presented in Fig. 3. The computational mesh was
generated using the ICEM CFD [8] mesh generator and is shown
in Figs. 4 and 5. The inflow boundary is located 4c from the biplane,
the outflow boundary is 10c downstream of the biplane, and the top
boundary is located about 7c above the biplane.

The axisymmetric two-dimensional mesh presented in Fig. 4
consists of 46,004 cells that are clustered at the shock wave locations
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between the two wings. The mesh was designed for proper shock
wave resolution using an inviscid solver. Within this concept, the
relatively coarse mesh on the exterior part of the set (Fig. 4) has no
influence on the results. For calculations of the non-zero-angle-of-
attack cases, a three-dimensional configuration was produced by
rotating the original two-dimensional model by 180 deg. Thus, one-
half of the entire flow domain was created using a symmetry plane as
a boundary. Although the mesh for this flowfield is based on that of
the two-dimensional mesh, it is still coarser. The three-dimensional
mesh contains about 1.7million cells over one-half configuration and

is shown in Fig. 5. This mesh was constructed so that at zero angle of
attack it would produce a drag similar to that of the two-dimensional
axisymmetric solution.

The computations were carried out using FLUENT 6 [9] code.
Most of the computations were performed using a compressible
inviscid flow model, solving the Euler equations. The solutions for
turbulent flow were carried out using the standard k-" turbulence
model with nonequilibrium wall functions. For these flow compu-
tations, a new mesh was created that was suitable for turbulent flow.
Significant increase in mesh size was not required. However, the
mesh cells were clustered toward the wing to reach a maximal value
of Y� � 150. The results of the grid sensitivity analysis and grid
convergence are discussed in Appendix A. Further validation of the

Fig. 1 Configuration of Hoerner [3] axisymmetric Busemann biplane.

Fig. 2 Configuration of the two-ring axisymmetric Busemann biplane.

Fig. 3 Flow domain and boundary conditions.

Fig. 4 Computational mesh for two-dimensional axisymmetric flow
domain.

Fig. 5 Computational mesh for three-dimensional flow domain.
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present results would have been a comparison with the experiments’
results. However, measurements for a rotational biwing configura-
tion are not presently available (to the best knowledge of the authors).
Comparison of the computed results with analytical solution is an
alternative venue for validation. However, such an analytical
approach is feasible only for 2-D geometry, where oblique shock
wave and expansion fans theory can be used to compute the drag
coefficient. Thus, the results of our previous study [5] (2-D
Busemann biplane solved using the same FLUENT 6 [9] solver) are
compared herein with the analytical solution. For a design Mach
number 3, the analytical value of the drag coefficient is 0.0026,
whereas in [5] the numerical simulation resulted in a value of
0.00257.

III. Computational Results

A. Flowfield Analysis

The pressure contours around an axisymmetric Busemann biplane
with R=c� 2:5 and design Mach number MD � 2 are shown in
Fig. 6. The shock waves are reflected from the wing’s leading edges
interact with each other and then reflect back toward the opposing
wing. The reflected waves reach the thickest section of each wing.
From this position the flow cross section increases downstream
producing expansion waves. These expansion waves propagate
toward each other and reflect back toward the wings trailing edges.
Figure 6 clearly demonstrates that the shock waves are confined
within thewings (rings) of this configuration. This is the requirement
for the reduction of the drag force. The shock waves at the top and
bottom of the axisymmetric configuration have different shapes due
to the axisymmetric nature of the flowfield. In this way, the present
application differs from the two-dimensional Busemann biplane, for
which the two shock waves are identical. The pressure contours for
R=c� 2:5 and design Mach number 3 flow are shown in Fig. 7. For
the higher Mach number, the distance between the wings is about
one-half of the previous one.Here, too, thewaves are confinedwithin
the two-rings set.

As can be expected the maximum pressure in the Mach 3 flow is
higher than that in the Mach 2 flow, although the location of the
maximum pressure region is similar. It is located on the upper tip of
the bottom wing. In addition, for the higher Mach number, the shock
deflection angle is smaller than that of the Mach 2 case.

B. Influence of the Configuration Radius on the Drag

The effect of the internal radius on the drag was evaluated in a
parametric study. Computations were performed for Mach numbers
2 and 3. The distance between the rings depends on the design Mach
number. Thus,

h

c

�
�
�
�
MD�2
�0:32; h

c

�
�
�
�
MD�3
�0:15

Figure 8 shows the drag coefficient for two Mach numbers versus
R=c (nondimensional radius). It can be seen that as the ratio R=c
increases, the drag coefficient decreases. Initially, a slight decrease in
R=c results in a large decrease in the drag coefficient. However,
above R=c� 2 the improvement in the drag coefficient is less
significant. The drag coefficient for Mach 3 is lower than that of
Mach 2. Figure 9 displays the drag coefficient vs R=h. The drag
coefficient varies inversely with the ratio R=h. It appears that for
values of R=h larger than 10, further decrease in the drag coefficient
is incremental. It should be noted here that for each Mach number, a
single optimal value of h is used and R is modified. Since the gap
between the wings for Mach 3 is about one-half of that used for
Mach 2, Fig. 9 is somehow misleading: For each radius R, the drag
coefficient computed at Mach 3 is smaller than that computed at
Mach 2. Out of these results one can draw a correlation for the drag
dependence on both nondimensional parameters: R=c and R=h.

Fig. 6 Pressure contours p� p1 (Pa) around an axisymmetric

Busemann biplane. Flow at design Mach number 2, zero angle of

attack, and R=c� 2:5.

Fig. 7 Pressure contours p� p1 (Pa) around an axisymmetric

Busemann biplane. Flow at design Mach number 3, zero angle of

attack, and R=c� 2:5.
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The analysis presented above was done using a reference area of
�R2, which is the most obvious choice for axisymmetric geometry.
However, one might argue that the area between the two wings
is a more suitable reference area, since as R!1, the aero-
dynamic coefficients approach the 2-D value. That way, the effect of
the rotational geometry can be clearly identified. The alternative
reference area has a ring shape with the width of h (see Fig. 2). This
ring’s area depends on the design Mach number, as h does.
Consequently, the reference area for design Mach number 2 is larger
than that of design Mach number 3. The Mach-dependent reference

area affects the drag coefficients, as shown in Fig. 10:C�1�D for design
Mach number 2 is lower than that of designMach number 3 (opposite
trend to that identifiedwhen a uniform reference areawas used). AsR
increases, both curves appear to flatten and reach a constant value.
As R approaches infinity, the drag coefficients of the axisymmetric
configuration approach that of a two-dimensional case [5], in which
the drag coefficient was 0.0243 and 0.0345 for designMach numbers
2 and 3, respectively. The drag coefficient in the 2-D case was also
calculated using the area between the wings as a reference area.

Naturally, the drag of the axisymmetric Busemann biplane
should be compared with that of a single ring. Such a comparison for
Mach numbers 2 and 3 is presented in Figs. 11 and 12, respectively.
The single wing has a ring shape with a wedge cross section, as
shown in Fig. 13. In these figures there are two types of single-wing
geometries. Single wing i refers to a cylinder-shaped wing for which
thewedge is directed toward the symmetry axis. Single wing e refers
to a cylinder with a uniform internal diameter. However, it was found

out that the single wings have a similar drag (see Figs. 11 and 12).
Therefore, in the following sections only one single-wing configu-
ration will be used for comparison. Figures 11 and 12 show that
the axisymmetric Busemann biplane reduces the drag coefficient by a
factor of 4. This reduction is smaller than that obtained for a two-
dimensional Busemann biplane [5] where the drag coefficient was
reduced by one order of magnitude.

C. Offdesign Performance

Although this biplane provides a significant reduction of drag at
the design point, its performance depends on accurate positioning of
the wings and the locations of the shock waves. Therefore, from a
practical point of view, the analysis of the performance at offdesign
situations is crucial. For a two-dimensional biplane [5], it was found
that offdesign flowMach numbers affect the drag and, in some cases,
produced a drag that is greater than that of a single wing. The
axisymmetric configurations that were designed for Mach numbers
of 2 and 3 were subjected to a flowwithMach numbers ranging from
1.9 to 4, as shown in Figs. 14 and 15 respectively. The results are
compared to the drag coefficient of a singlewedgewing under similar
flow conditions. It can be seen that when the flow Mach number is
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larger than the designMach number, the drag coefficient is increasing
at a low rate and is still much lower than the drag coefficient of
a single wing. However, when the flow Mach number is below the
design Mach number, a sudden increase in the drag coefficient is
observed and it becomes larger than that of a single wing. This
behavior is due to the fact that shock waves are no longer confined
between the rings. In such a case, a detached shockwave develops, as
shown in Fig. 16 for the case of a design Mach number of 2 at a flow
Mach number of 1.95. The detached shock wave is positioned in
front of the axisymmetric Busemann biplane and produces a high
drag coefficient.

It can be seen that for a higher design Mach number, the configu-
ration yields a lower drag coefficient. Thus, the higher the design
Mach number of the configuration, the less sensitive it is to changes
in the flow Mach number. The region of effectiveness for design
Mach number 2 configuration is between Mach numbers 2 and 2.4,
whereas that of design Mach number 3 has a much larger effec-
tiveness range fromMach numbers 2.5 to 4. Qualitatively, the results
shown in Figs. 14 and 15 are similar to the results of two-dimensional
Busemann biplane [5].

It is well known that the structure of shock waves between wedges
may be nonunique. A hysteresis phenomenon was observed both
experimentally and numerically by Li et al. [10] and others.
However, such a trend cannot be identified by the present steady-state
flow solution. A time-accurate solution is required to identify the

nonuniqueness of the flowfield, where different solutions are
obtained for a given set of conditions, when Mach increases or
decreases. This is an obvious course for further investigation of the
present configuration.

D. Effect of Viscous/Turbulent Flow

The Busemann biplane concept was based on inviscid analysis.
It is of interest to investigate how this device performs in turbulent
flow. The turbulent mechanism may be regarded as an offdesign
condition, as it affects the shockwave location. A standard k-" turbu-
lence model with nonequilibrium wall functions was employed.
The drag coefficient for design Mach numbers 2 and 3 is shown in
Figs. 17 and 18, respectively. The plots also show a comparison of the
drag reductionwith inviscidflow. In turbulentflow the drag reduction
by the axisymmetric Busemann biplane is almost one-half of that
obtained by the inviscid flow model. However, it is still much lower
than that of a single wing in turbulent flow conditions.
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Fig. 16 Pressure contours p � p1 (Pa) for R=c� 2:5, MD � 2, and

Ms � 1:95.
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Once again, the results shown in Figs. 17 and 18 are similar
qualitatively to those obtained for a two-dimensional Busemann
biplane [5]. In both cases, the viscous drag roughly doubles the drag
coefficient of both Busemann biplane configurations.

E. Effect of Angle of Attack

This analysis was conducted using three-dimensional computa-
tion. For validation, the results obtained for zero angle of attack were
compared with the results of the previous section. The difference
in the drag coefficient was smaller than 5%. The difference is due
to a coarser grid between the rings in the three-dimensional mesh.
Employing identical grid distribution for the three-dimensional grids
would have resulted in very large grids, whereas we are currently just
interested in a comparative study. Thus, the use of a coarser mesh
with slightly bigger numerical error is sufficient. Figures 19–22 show
the dependence of the drag and lift on angle of attack for two different
designMach numbers. For designMach number 2 at angles of attack
below 2 deg, the drag increases gradually but it is still much lower
than that of single wing. Meanwhile, the lift coefficient is slightly
higher than that of a singlewing. For higher angles of attack, the drag
coefficient increases more steeply and becomes larger than that of a
single wing, whereas the lift coefficient becomes smaller than that of
a singlewing. This is the result of a detached shockwave that appears
in front of the configuration for these flow conditions, as shown in
Fig. 23. For the two-dimensional Busemann biplane under similar

flow conditions [5], a detached shock wave appeared for angle of
attack larger than 4 deg. In the case of Mach 3 shown in Figs. 20 and
22, increasing the angle of attack gradually increases the drag and lift
coefficients. However, for angle of attack lower than 12 deg, the
double ring’s drag coefficient is still considerably lower than that of a
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singlewing, whereas the lift coefficient is higher. The same trendwas
observed for the two-dimensional Busemann biplane under similar
flow conditions [5].

IV. Conclusions

The axisymmetric Busemann biplane was investigated numeri-
cally. Several performance aspects were studied to find out how they
affect the drag coefficient under various flow conditions. It appears
that increasing the internal radius reduces the drag coefficient. Under
most flow conditions it was found that the axisymmetric Busemann
biplane has a lower drag coefficient than that of single cylindrical
wedge wing. It was found that configurations that were designed
for a higher designMach number are less sensitive to variation in the
flow velocity or angle of attack. The behavior of the current axisym-
metric configuration was found to be quite similar to that of a

two-dimensional configuration, as reported in [5]. This is true for
offdesign Mach number flow and angles of attack.

The present study indicates that from a practical point of view, the
biplane configuration is more attractive as the design Mach number
grows higher.

Appendix A: Grid Dependence
and Convergence Analysis

For the two-dimensional axisymmetric case, a grid sensitivity test
was conducted. The results are presented in Fig. A1. The grid size
ranged from13,524 to 136,308 cells. It can be seen in Fig. A1 that the
drag coefficient hardly changes once the grid size exceeds 44,000
cells. Consequently, the grid with 46,004 cells was employed for
the calculations. Residual convergence plots for two- and three-
dimensional flow domains are shown in Figs. A2 and A3 respec-
tively. It can be seen that all equations convergewell and the residuals
reduce by six orders of magnitude.

Fig. 23 Pressure contours p � p1 (Pa) along symmetry plane for
R=c� 2:5,MD � 2, and angle of attack of 4 deg.
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Fig. A2 Convergence monitoring of the solution for a two-dimensional flow domain with 46,004 cells; design Mach number 2 at Mach 2 flow;

R� 0:3 m; and R=c� 1:5.
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