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Computational Fluid Dynamics Evaluation of National Aerospace
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Aerodynamic coef� cients of the National Aerospace Laboratory experimental airplane piggybacked on a solid
rocket booster in ascent are numerically evaluated by solving the Euler equations on unstructured tetrahedral
grids. For accurate representation of the con� guration, a computationalmethod has been developed. The method
effectively links a computer-aided-design-based modeling to the ef� cient surface meshing. It also enables quick
addition/removal of the small components attached on the original model to investigate their aerodynamic effects.
The computed lift coef� cients show good agreement with wind-tunnel data in all regions of � ight speed from
transonic to supersonic � ow. It is made clear that a small component affects physical phenomena the � ow� eld,
and as a consequence, the total aerodynamic performance of the airplane is largely changed. It is concluded that
the detailed representation of the original geometry is very important for accurate evaluation of the transonic lift
coef� cients.

Introduction

T HE NationalAerospaceLaboratory(NAL)hasestablisheda re-
search program for scaled experimental supersonic airplanes.1

The � rst model of the experimentalairplanes is unpowered and will
be launched by a solid rocket booster in 2002. The airplane will be
released from the rocket booster at altitudeof 15,000 m and a Mach
number of 2.5, and then the airplane will be gliding for � ight tests.
The aerodynamic con� guration with no propulsion system was de-
signed in a two-stage process. First, a baseline con� guration was
designed using a conventional linearized theory. Then, computa-
tional � uid dynamics (CFD) and a supersonicinversemethod2 were
used to re� ne the wing geometry and to achieve a higher lift-to-drag
ratio at a design point of a freestream Mach number M1 of 2.0 and
lift coef� cient CL of 0.1. To reduce drag, the experimental airplane
was designedto realize the natural laminar � ow on the upper surface
of the wing.3

For the success of this � ight experiment, it is important to pre-
dict aerodynamic interference between the airplane and the rocket
during the separationprocess,as well as aerodynamicperformances
from transonicto supersonicregimes.This paperreports thedetailed
numericalanalysisandcomparesthe resultswith wind-tunnelexper-
imental data. The aerodynamic performance had been investigated
in the wind tunnel at the NAL.

In the present paper, tetrahedral unstructured grid is used to dis-
cretize the � ow� eld. A seamless procedure to transfer geometrical
data from the modeling by a computer-aided-design (CAD) sys-
tem to the surface/volume grid generation has been developed to
reconstruct accurately the complex con� guration in the computa-
tional space. The present paper discusses the procedure to utilize
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a CAD system to model and to modify a geometry as the prepro-
cessingof the grid generationand � ow computations.The method is
demonstratedfor the numericalevaluationof the aerodynamiccoef-
� cientsof the NAL experimentalairplanepiggybackedon the rocket
booster. The procedure is also useful to investigate the sensitivity
of aerodynamiccoef� cients to the presence of small components in
the detailed con� guration, such as pitot tube, etc.

CAD Modeling
Semispan con� gurations of an experimental supersonic airplane

and a rocket booster are shown in Fig. 1. The fuselage length of
the airplane is 11.5 m, and the span is 4.718 m. The models were
de� ned at the NAL using CATIA, which is a commercial CAD
system.The CAD models includedetailedparts, such as a pitot tube
on the airplane and pipe covers and connecting parts on the rocket
booster,as shownin Fig. 1. To compute� ows aroundsuch a complex
con� guration, a seamless procedure from the CAD output to the
surface meshing is required for the precise surface reconstructionof
the original CAD-de� ned model in the computational space. Here
CATIA is used to build the models and to modify them to adjust
them to the CFD grid. The CAD is also used to remove small parts
on the rocket booster to investigate their effects on aerodynamic
coef� cients.

The experimental airplane and the rocket booster were de� ned
independently by CAD. Then, they were connected, as shown in
Fig. 1. To use this CAD model for unstructuredgrid generation, the
model must be de� ned by a watertight surface that has no gap and
no overlapping between components. In the present model, the fol-
lowing four regions of the con� guration were modi� ed on CATIA:
1) static pressure holes in the pitot tube ahead of the airplane, 2)
small gaps at the connecting components between the airplane and
the rocket booster, 3) � nite thicknessat trailing edges of wings, and
4) patched surface (called FACE or SURFACE in CATIA).

The static pressure holes and the small gaps at the connecting
parts are so small that they do not affect the � ow� eld.However, these
small holes and gaps sometimes cause dif� culties in generating the
grids and in the � ow computations.Therefore, these holes and gaps
were closed, as shown in Fig. 2.

The � nite thickness of the trailing edge for the present model is
0.013% of the chord length at the wing root and 0.11% at the wing
tip, as shown in Fig. 3. This very thin surface would create very
high aspect ratio triangles or very small triangles in the surface grid
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Fig. 1 Superposition of two CAD models.

Fig. 2 Static pressure holes at pitot tube.

Fig. 3 Thickness at trailing edge.

a) On FACEs

b) On SKIN

Fig. 4 STL facets on FACEs and a SKIN.

Fig. 5 STL data.

generation.To avoid this, the trailing edge of the wing is sharpened,
as shown in Fig. 3.

Item 4 about the patched surface is the most important procedure
when CATIA is used as the surface modeling for the surface grid
generation. In the present method, the CAD data are transferred to
the surface grid generator by the stereolithography (STL) output
format, which is made from pure geometric information composed
of triangular facets and their associated unit normal. The STL � le
is employed here as a background grid for the surface meshing.
Therefore, this backgroundgrid de� ned by the STL � le must cover
the original surface without overlaps or gaps. Usually, a con� gura-
tion is de� ned by sets of FACES and SURFACES in CATIA.4 The
CATIA has information about connection of each surface, but the
information is lost at the boundary of each surface when the STL
� le is generated (Fig. 4a). To keep this information,SKIN or VOL-
UME should be created. SKIN is a general set of joined faces, and
VOLUME is the part of a space bounded by a set of joined faces.
The data SKIN does not have to be closed, but VOLUME must be
closed. The data SKIN is used for a half-model. If the STL triangles
are created on only one SKIN or VOLUME, a set of triangles is
generated, as shown in Fig. 4b.

Surface/Volume Grid Generation
To generate a surface grid, the STL data generated by CAD is

needed (Fig. 5). The STL data format is designed for rapid proto-
typing and represents a surface via a set of triangular facets.5 These
data contain only pure geometric information of the model so that
it is easily manipulated.
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Fig. 6 Flowchart of surface grid generation.

Fig. 7 Reconstruction of geometric features.

Fig. 8 Volume grid.

The EdgeEditor, a surfacemeshingsoftwaredevelopedat Tohoku
University,6 was used to generate the surface grid with STL data of
the NAL experimental airplane. The � owchart of the surface grid-
generationprocedure is shown in Fig. 6. After the geometry data are
read, preprocessing is performed before the surface meshing. This
procedure constructs geometrical feature lines, as shown in Fig. 7,
as well as a background grid for surface meshing. Then, using the
feature lines as the initial fronts, the advancing front algorithm is
applied to the background grid. The volume grid (Fig. 8) is � nally
generated by Delaunay tetrahedral meshing (see Ref. 7). For the
present model, shown in Fig. 1, the surface grid has 117,561 nodes
and 235,118 triangles. The volume grid contained 658,532 nodes
and 3,570,327 tetrahedral elements.

Flow Solver
The Euler equations are solved by a solution algorithm based

on the � nite volume cell-vertex scheme for arbitrary shaped cells.8

The control volume is no overlappingdual cells constructedaround
each node. To enhance the accuracy, a linear reconstruction of
the primitive variables inside the control volume is applied with
Venkatakrishnan’s limiter.9 The � ux is computed using a Harten–

Lax–van Leer–Einfeldt–Wada approximate Riemann solver (see
Ref. 10). The computational ef� ciency is improved by the lower–
upper symmetric Gauss–Seidel implicit method with a reordering
algorithm (see Ref. 8) for unstructuredgrids. This implicit time in-
tegrationmethoddoes not requireextra storage,and its performance
is similar to that of structured grid schemes.

Computational Results
A. Aerodynamic Coef� cients of Full Con� guration

The computedpressuredistributionon theairplanewith the rocket
booster, as well as the pressure contours on the symmetry plane, is
shown in Fig. 9. The freestreamMach number is 1.05, and the angle
of attack is zero. The computed pressure distributionat Mach 2.0 is
shown in Fig. 10. The pitot tube near the nose of the experimental
airplaneand theconnectingpartsbetweentheairplaneand the rocket
booster are found to create shock waves. A relatively strong shock
wavegeneratedat thenoseof theboosterre� ectson the lower surface
of the airplane.

In Fig. 11, the computedCL is compared with the result of wind-
tunnel data, obtained at the NAL. To check grid dependency, the
result obtained by a � ne grid, which contains 1,016,074 nodes, is
also shown. Two grids, one with 0.66 £ 106 nodes and the other
with 1.02£ 106 nodes, give similar results. Therefore, we conclude
that the grid with 0.66 £ 106 nodes is suf� cient to predict accurately
aerodynamics forces.

The lift coef� cient has the peak value at the transonic regime.
Then it gradually decreases as the freestream Mach number in-
creases.Although the overall agreement is very good, there is about

Fig. 9 Computed pressure contours at M 1 = 1.05.

Fig. 10 Computed pressure distribution at M1 = 2.0.
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Fig. 11 Comparisons of lift coef� cients.

Fig. 12 Comparisons of drag coef� cients.

Fig. 13 Simpli� ed con� guration.

a 10% difference between the experimental data and the computed
results at a freestream Mach number of 1.05. This discrepancy is
mainly due to the inability of the Euler computation to simulate
the shock–boundary-layer interactions whose effect becomes large
at the transonic regime. In the supersonic regime, the differences
between the experiment and the computation are less than 6%. The
computed results show good agreements with wind-tunnel results
even with the inviscid � ow assumption.

The drag coef� cient CD is compared with the experiment in
Fig. 12. To compare the experimental data with the present invis-
cid � ow results, the experimental values in Fig. 12 were modi� ed
by subtracting the approximated frictional drag for a � at plate. The
base pressure contributionwas also removed in CD computations.

B. Sensitivity of Aerodynamic Coef� cients to Small Components

The model shown in Fig. 1 has several small components, such
as pitot tube, connectingparts between rocket booster and airplane,
� xtures to launch pad, and casing on the side of the booster. These
small parts generate various shock waves, which interact each other
between the airplane and the rocket booster, as shown in Fig. 10.
Therefore, it is valuable to estimate aerodynamic effects of these
small components beforehand in designing the entire piggybacked
con� guration. For this purpose, the present procedure of coupling
the unstructured grid CFD with the CAD system provides a very
useful engineering tool.

To investigate aerodynamic effect of these small components, a
simpli� ed con� guration without any small components was pre-
pared by CATIA (Fig. 13). The computed pressure contours of the
simpli� ed con� guration,correspondingto Fig. 9 of the fullydetailed
con� guration, are shown in Fig. 14. The freestream Mach number
is 1.05, and the angle of attack is zero. When the computed pres-

Fig. 14 Computed pressure contours of simpli� ed con� guration at
M 1 = 1.05 and ® = 0 deg.

Fig. 15 Lift coef� cients of precise model and simpli� ed one.

Fig. 16 Drag coef� cients of precise model and simpli� ed one.

sure contours for the simpli� ed con� guration as shown in Fig. 14
is compared with those for the detailed con� guration as shown in
Fig. 9, the shock wave formation for each case is found to be quite
different from each other.

The lift coef� cient and the drag coef� cient of the simpli� ed con-
� guration were also compared with the detailed one, as shown in
Figs. 15 and 16. The difference of the lift coef� cients between the
two isabout50%in the transonic� ow regime.Althoughthe removed
parts in the simpli� ed con� guration are very small compared with
the fuselages and the wings, its effects on the lift coef� cients are
quite large.

The reasonfor thedifferencein lift coef� cient is that a shockwave
is generated due to the existences of the small components, and it
signi� cantly alters the pressure distribution on the lower surface of
the main wing. Actually, Fig. 17 clearly shows a shock wave at the
lower surface of the main wing of the detailed con� guration.

Comparison of pressure distributions between the detailed and
simpli� ed con� guration on the main wing at the spanwise sections
® and ¯ are shown in Fig. 18. Pressuredistributionsare substantially
differentdue to the shockwave on the lower surface.Lift is produced
by the subtraction between the pressure coef� cient distribution on
the lower surface and the one at the upper surface. The pressure
increase after the shock wave on the lower surface leads to CL

increases. This causes a signi� cant increase of CL in Fig. 15 at the
transonic regime.

C. Effects of Front and Rear Connecting Parts

To identify the component that causes the lift increaseat the tran-
sonic regime, two con� gurations were modeled by CATIA: One is
the simpli� ed con� gurationwith the frontconnectingpart (Fig. 19a),



FUJITA ET AL. 363

a) Detailed con� guration

b) Simpli� ed con� guration

Fig. 17 Pressure contours on lower surface of airplane and upper sur-
face of booster at M 1 = 1.05.

a) Section ®

b) Section ¯

Fig. 18 CP distributions on main wing at M1 = 1.05.

a) Simpli� ed con� guration with front connecting part

b) Simpli� ed con� guration with rear connecting part

Fig. 19 Two geometries with connecting parts.

and another is the simpli� ed one with the rear connecting part
(Fig. 19b). These modi� cations of the con� guration are straight-
forward for the CATIA operator.Flows around each of the two con-
� gurationswere computedusing the unstructuredgrid CFD, and the
lift coef� cients are compared in Figs. 20 and 21. We also evaluated
aerodynamiceffects of the front and rear connecting parts.

As shown in Fig. 20, the lift coef� cient of the con� guration with
the front connecting part is similar to the simpli� ed one. The front
connectingpartdoesnotaffect the totallift coef� cientverymuch.On

Fig. 20 Effect of front connecting part on CL .

Fig. 21 Effect of rear connecting part on CL.

a) Simpli� ed con� guration

b) Rear connecting part

Fig. 22 Pressures contour on lower surface of main wing at M1 =
1.05.
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Fig. 23 Pressure contours on lower surface of main wing of the sim-
pli� ed con� guration with the rear connecting part at M 1 = 1.4.

theotherhand, the rearconnectingpart signi� cantlyincreasesthe lift
in the transonic regime (Fig. 21). The lift increase at the transonic
regime is mainly caused by the existence of the rear connecting
part.

Figure 22 shows pressure contours on the lower surface of the
main wing. Figure 22a shows the contours for the one about the sim-
pli� ed con� guration without any small components at a freestream
Mach number of 1.05. A shock wave can be observed only at the
trailing edge of the wing. Figure 22b shows the contours for the
con� guration with the rear connecting part. A shock wave is gen-
erated upstream of the rear connecting part, and it reaches at the
tip of the wing. At a freestream Mach number of 1.4, as shown in
Fig. 23, although the shock wave is generated, it leans downstream.
Therefore, its effect on the lift coef� cient is small.

Conclusions
Aerodynamic coef� cients of the NAL experimental airplanepig-

gybacked on a solid rocket booster in ascent have been numeri-
cally evaluated by solving the Euler equations and have been com-
paredwith wind-tunneldata.The detailedcon� gurationwas de� ned
by CATIA, and the surface grids were generated directly from the
CATIA-de� ned surfaces using the STL output. The computed re-
sults show good agreement with wind-tunnel results in terms of
lift and drag coef� cients from the transonic to supersonic � ow
regimes.

A combinationof the CAD-based modeling and the ef� cient sur-
facemeshingallowsus to add/removesmallattachmentseasilyin the
detailed con� guration for computations. Then, we can investigate
each attachment aerodynamic effects using trial-and-error compu-
tation, in a short period. In a trial-and-error process, the simpli� ed
con� guration,where small attachmentswere removed,was also cal-
culated.The two computed results, one with a small attachmentand
the other without one, show signi� cant changes in the transonic
lift coef� cients. The small connecting part attached on the rocket
booster generates shock waves on the lower surface of the airplane
wing, resulting in drastic changes in pressure distributions on the
wing. Thus, we concludethat to performreliableand accuratesimu-
lation precise geometrical representationof an aircraft is important.
For the precise representation,the proposedmethod is a most useful
strategy for the preprocess of grid generation.
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