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Numerical Simulation: Supersonic Flow Around Wing–Body
Con� guration with Integrated Engine Nacelle

Masahiro Kanazaki,¤ Shigeru Obayashi,† and Kazuhiro Nakahashi‡

Tohoku University, Sendai 980-8577, Japan

A numerical simulation of � ow� elds around a supersonic transport aircraft with integrated engine nacelles is
presented. In this study, � ow� elds were simulatedby solving the Euler equationswith the unstructured grid method
for handling the complex geometry. To simulate intake � ows at actual � ight conditions, a throat was introduced
inside the nacelle. The effect of nacelle mass � ow ratios on overall aerodynamic performance was investigated in
detail by changing throat heights. The spillage drag was calculated and found to have a large impact on the total
drag. Computed results showed excellent agreement with wind-tunnel data obtained at the National Aerospace
Laboratory of Japan.

Introduction

T HE scaled supersonic experimental aircraft with propulsion
system is now in the design stage at the National Aerospace

Laboratory of Japan (NAL).1 The preliminary con� guration of the
jet-powered experimental aircraft used for the wind-tunnel test is
shown in Fig. 1. The design has to account for strong aerodynamic
interactions among wings, fuselage, and nacelles.

The wind-tunnel model has � ow-through nacelles. To simulate
actual � ights, nacelle mass � ow ratioshave to be controlledbecause
the spillage drag is expected to have an in� uence on the airplane’s
total drag. Because it would be extremely dif� cult to control the
nacelle mass � ow by simulating the actual turbofan engine, a throat
is introduced inside of the � ow-through nacelle in this study. The
nacelle mass � ow ratios will be controlled by changing the height
of the throat.

To handle the complex geometry of the wing–fuselage–nacelle
con� guration, the unstructured grid approach is employed.2 The
present grid generation process is streamlined so as to start from
CAD data,3 then to generate a surface grid,4 and � nally to gen-
erate a volume grid.2;5 The three-dimensional Euler equations are
employed for � ow calculations.

The wind-tunnelmodelgeometryof the jet-poweredexperimental
model was designedat NAL using the CAD software CATIA. From
the CATIA data providedby NAL, the unstructuredsurfacegrid was
� rst generated by the advancing-front method. Various heights of
throat shape are then introducedby deforming the boundarygrid in-
side the nacelle.Severalvolumegridswere generatedcorresponding
to each throat height.

Aerodynamics performance of the wind-tunnel model will be
calculated at various nacelle mass � ow ratios and compared with
experiment.6 Typically, the aerodynamic forces are obtained by in-
tegrating pressures on the geometry surface. However, the spillage
drag caused by the mass � ow ratio variation into the nacelle con-
trolled by the propulsion system can not be estimated by merely
integratingpressures on the nacelle inner surface.Therefore, in this
study, the spillage drag is estimated by the conservation of mo-
mentum to the inlet of the nacelle. Finally, to investigate the grid
dependency of numerical solutions, calculations are performed by
using � ne and coarse grids.
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Flow Solver
In this study, the � ow� eld was calculated by the Euler equations

written as
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where Q D [½; ½u; ½v; ½w; e]T is the vector of conservative vari-
ables; ½ is the density; u, v, and w are the Cartesian velocity com-
ponents; and e is the total energy. The vectors F.Q/ represent the
inviscid � ux and n is the outwardnormal of @Ä, which is the bound-
ary of the control volume Ä.

Equations (1) are solved by a � nite volume cell-vertex scheme
and can be written in algebraic form as follows:
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where 1Si j is a segment area of the control volume boundary as-
sociated with the edge connecting points i and j . The term F is an
inviscid numerical � ux vector normal to the control volume bound-
ary, and Q§

i j are valueson both sidesof the controlvolumeboundary.
The subscriptof summation j .i/ refers to all node points connected
to node i .

The Harten–Lax–van Leer–Einfeldt–Wada Riemann solver (see
Ref. 7) is used for the numerical � ux computations. Second-order
spatial accuracyis realizedby a linearreconstructionof theprimitive
variables q D [½; u; v; w; p]T inside the control volume as

q.x; y; z/ D qi C 9i rqi ¢ .r ¡ ri / (3)

where r is a position vector and i is the node number. The gradient
associated with the control volume centroid is a volume-averaged
gradient computed from the values in the surrounding grid cells.
A numerical limiter 9 is used to prevent overshootsof the interpo-
lated solutionduring the � ux computation.Here, Venkatakrishnan’s
limiter8 is used because of its superior convergenceproperties.

The lower–upper symmetric Gauss–Seidel (LU-SGS) implicit
method,2 originally developed for a structured grid method, was
applied earlier to compute the high-Reynolds-number � ows ef� -
ciently. The LU-SGS method on the unstructured grid can be de-
rived by splitting node points j .i/ into two groups, j 2 L.i/ and
j 2 U .i/, for the � rst summation in the right-hand side of Eq. (2).
With 1Q D 1Qn C 1 ¡ 1Qn , the � nal form of the LU-SGS method
for theunstructuredgridbecomestwo sweeps, includingthe forward
sweep:
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Fig. 1 Wind-tunnel model 01 for scaled supersonic experimental
aircraft designed at NAL.

Fig. 2 De� nition of throat shape by exponential function.

and the backward sweep:
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The term D is diagonalizedby the Jameson–Turkel approximation9

of the Jacobian as A§ D 0:5.A § ½AI/, where ½A is a spectral ra-
dius of Jacobian A. The lower–upper splitting of Eqs. (4) for the
unstructured grid is done by a grid reordering technique2 that was
developed to improve the convergence and the vectorization.

Nacelle Mass Flow Control by Height of Throat Shape
Throat Shape De� nition

The throat is introduced in the engine nacelle to examine the
in� uenceof nacellemass � owratioson the totalaircraftdrag(Fig. 2).

The throat shape is de� ned by an exponential function as

fthroat D ® £ exp.¡¯ £ x2/ (6)

where ® is a height of the throat and ¯ is an indicator of the width
of the throat. The height and width are normalized by the length of
the fuselage. In this study, ¯ is � xed at 0.095. The throat is placed
in the nacelle by moving the surface grid as shown in Fig. 3.

Without throat With throat

Fig. 3 Geometry of throat inside nacelle and cross-sectional view of
nacelle.

Fig. 4 Nacelle intake � ow and streamlines.

Fig. 5 Computationalgrid aroundthe NAL scaled supersonic airplane
medel.

Fig. 6 Variation of mass � ow ratios according to throat heights.
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Nacelle Mass Flow Control
The nacelle mass � ow ratios can be controlled by changing the

height of throat. The mass � ow into the nacelle Pm is written as

Pm D ½eUe Ae (7)

where ½e, Ue , and Ae are density, velocity, and area at the exit of
the nacelle, respectively. The mass � ow Pm is normalized by the
maximum mass � ow into the nacelle Pmmax. The maximum mass
� ow Pmmax is written as

Pmmax D ½1U1 Ai (8)

where ½1 and U1 are freestreamdensity and velocity, respectively,
and Ai is the intake area projected to the front view of the nacelle.
Then the nacelle mass � ow ratio can be written as

Pm
Pmmax

D ½eUe Ae

½1U1 Ai
(9)

Prediction of Spillage Drag
When the nacellemass � ow is controlled,the spillagedrag should

be calculated.The spillagedragcan bepredictedby the conservation
of momentum,9 as follows:Z
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Z

bc

px ds D
Z
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.½unux C px / ds (10)

where ½ , Ux , and px are density, velocity, and pressurealong the di-
rection of the fuselage length, respectively.Un is velocity normal to

Without throat

With throat

Fig. 7 Computed surface pressure and pressure contours at cross� ow
plane of the wing–body–nacelle con� guration.

a)

b)

Fig. 8 Computed pressure contours along a cross-sectional view of
the nacelle and outer wing without throat: a) 33% semispan length
and b) close-up view of the leading-edgeregion at50%span-span length.

a)

b)

Fig. 9 Computed pressure contours along a cross-sectional view of
the nacelle and outer wing with throat: a) 33% semispan length and
b) close-up view of the leading-edge region at 50% span-span length.



216 KANAZAKI, OBAYASHI, AND NAKAHASHI

Without throat With throat

Fig. 10 Computed pressure contours along the lower surface of the model.

the boundary,and p1 is freestreampressure.Hence, the equilibrium
of forces is written as
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p1 ds D
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cd

p1 ds (11)

Equations (10) and (11) give the equation written as
Z
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The second term
Z

bc

. px ¡ p1/ ds

corresponds to the spillage drag, and ½un corresponds to the mass
� ow through a unit area normal to the boundary. It is still dif� cult
to calculate the � rst integration

Z

ab

½unux ds

because the point b has to be determined from the streamline that
will reach the point c at every mass � ow ratio, as illustratedin Fig. 4.
Considering the conservation of the mass � ow, one can obtain the
relation written as
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By the use of this equation, the spillage drag is rewritten as

Dspil D
Z
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[½ux .ux ¡ u1/ C .p ¡ p1/] ds (14)

Results
The geometry used in the present study is the preliminary wind-

tunnel model for the scaled experimental supersonic airplane de-
signed at NAL. The computational grid is shown in Fig. 5. The
total numbers of the nodes and elements are about 1,800,000 and
10,000,000, respectively. Solutions were obtained at a freestream
Mach number M1 D 1:4 and an angle of attack of 0 deg. The calcu-
lation time was about 720 h using a single CPU of the ORIGIN2000
per case.

Mass Flow Ratio
The mass � ow ratio A0=Ai can be controlled by changing the

height of the throat as shown in Fig. 6. In this study, the heights of
throat shape were set to 0, 24, 32, 34, and 36% of the nacelle outlet
radius. The referenced nacelle radius is 3% of the fuselage length.

Fig. 11 Variation of lift coef� cients vs nacelle mass � ow ratios.

Computed Pressure Distributions
Computed pressure contours on the wing–body–nacelle con� g-

uration with the 36% height of throat case are compared with the
� ow-throughnacellecase in Fig. 7. Strongshockwaves canbe found
near the nacelle intake with the 36% height of throat shapecase.The
shock waves extend to the upper surface of the wing (Figs. 8–10).

Effects of the throat on the pressure distributions are also illus-
trated in Figs. 8–10. Figures 8 and 9 show the computed pressure
contours along cross-sectionalview of the nacelle. Figure 10 shows
thepressuredistributionson the lower surfaceof themodel.Whereas
the air is not compressedin the � ow-throughnacelle, theair is highly
compressed in the simulated powered nacelle with the throat, as
expected. In the latter case, the resulting subsonic region extends
upstream of the inlet, and it creates the strong shock wave.

Variations in Aerodynamic Performance
Due to Nacelle Mass Flow Ratios

Force measurementsin the experimentwere processedto exclude
aerodynamic forces inside the nacelle. This is because the prelimi-
nary estimate of the airplane performance is carried out as a sum of
external aerodynamic force and propulsion-relatedforce estimated
separately. Following the experiment, the computed lift and drag
also excludes forces inside the nacelle.

Lift and drag coef� cients at various nacelle mass � ow ratios are
plotted in Figs. 11 and 12, respectively.In Fig. 11, the lift coef� cient
of thewing–body increasesas the mass � ow ratio decreases.This in-
creasewas causedby the shockwave near the intakeof the nacelleas
shown in Fig. 10. On the other hand, the lift coef� cient of the nacelle
decreaseswith decreasingmass � ow ratio. Figure 12 shows the pre-
dicted pressure drag variation as mass � ow changes. As the nacelle
mass � ow ratio decreases, each drag coef� cient decreases slightly.
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Fig. 12 Variation of predicted pressure drag coef� cients vs nacelle
mass � ow ratios.

Fig. 13 Comparison of computational results with experiment; total
includes predict pressure drag, calculated spillage drag, and estimate
viscous drag.

Fig. 14 Comparison of total drag obtained by � ne grids and coarse
grids.

Does the total drag decrease as the throat reduces the nacelle
mass � ow ratio, although the strong shock wave appears? It sounds
inconsistent because it is. Total drag includes calculated spillage
drag and estimated viscousdrag,10 in addition to the predicted pres-
sure drag on the wing–body–nacelle. This leads to the calculation
of the spillage drag estimated from Eq. (14). Figure 13 shows the
spillage drag and the total drag coef� cients compared with experi-
ment. The spillage drag does increase as the nacelle mass � ow ratio
decreases.

In the design process of the supersonic transport model by NAL,
the viscous drag is estimated from the wetted area and turbulent
boundary-layerapproximation.Thus far, NAL does not � nd strong
viscous interactions, and, thus, the viscous drag estimation is con-
sidered valid. Therefore, the viscous drag was also estimated using
the same method in this study. When the estimated viscous drag is
added to the external pressure drag obtained from the present in-

viscid computations, the total drag shows excellent agreement with
experimental data.

Grid Resolution Study
To investigate the grid dependency on the numerical solution,

coarsegridswere alsoused.The totalnumbersof nodesandelements
of the coarse grids are about 910,000 and 5,100,000, respectively,
which are roughly one-half of the numbers on the � ne grid used for
the results shown earlier.

Figure 14 shows a comparison of the total drag coef� cients be-
tween coarse and � ne grids. According to Fig. 14, both cases are
identical at the high mass � ow ratio. Although both cases are agree
reasonably well at the low mass � ow ratio, the total drag calculated
by the � ne grid shows better agreementwith experimentaldata than
that of the coarse grid. These results show that the present � ne grid
has reasonable resolution.

Conclusions
The numerical simulation of supersonic � ows around the wing–

body–nacelle con� guration of the NAL scaled supersonic exper-
imental airplane has been performed at various nacelle mass � ow
ratiosby changing the throatheights inside the nacelle. In this study,
� ow� elds were simulated by solving the Euler equations with the
unstructuredgrid method.

The external pressure drag was found to decrease as the nacelle
mass � ow ratio decreased,whereas the shockwave moved upstream
and � nally moved out from the inlet. The spillage drag was calcu-
lated and found to increaseas the nacelle mass � ow ratio decreased.
Because of the spillage drag, the total drag is con� rmed to increase
as the nacelle mass � ow ratio decreases.The computed drag agrees
well with wind-tunnel data obtained at NAL when the viscous drag
estimation is included.

The grid dependency of the numerical solution was investigated
using coarse grids, and it was veri� ed that the present � ne grid has
reasonable resolution.
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