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Numerical Simulation of Transonic Flow over Wing-Mounted
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Jie Li,* Fengwei Li," and Qin E*
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A numerical method has been developed for computing the flowfield around advanced transport aircraft with
wing-mounted nacelles. The method is based on a multiblock point-matched grid-generation approach combined
with zonal solving strategy for complex flowfield. In this study the flowfield is divided into a number of nonover-
lapped blocks by a cutout technique. H-type grids are generated independently in each block using an elliptic
grid-generation method, in which the control of the grid quality is accomplished by the forcing-function technique
of Hilgenstock. The flowfield is simulated by solving the Euler equations. An explicit three-stage Runge-Kutta
algorithm based on the Jameson’s finite volume scheme for the Euler equations has been developed that is ap-
plied to the multiregion H-type grids. The present method has been applied to isolated powered engine nacelles
and complex transport aircrafts consisting of low-wing/fuselage with wing-mounted pylon/nacelles. On the wing
surfaces the viscous effects are simulated by the employment of the viscous/inviscid interaction (VII) technique of
two-dimensional strip boundary layer. In this study the boundary-layer program uses an integral method to cal-
culate turbulent boundary layers. With the concept of an equivalent inviscid flow, the model of blowing velocity is
employed in the VII technique. The effect of the boundary layer on the outer inviscid flow is represented through a
transpiration boundary condition derived from the boundary-layer parameters. The main benefit of this treatment
is that the grid is generated only once in overall computing procedure. Computationalresults and comparisons with
experimental data are presented. The good agreement indicates that the present method is effective in predicting

the flows about powered engine nacelles and/or complex transport aircrafts.

Introduction

ITH the increment of the civil aircraft cruise speed, the in-

stallation of the propulsion system has become increasingly
important. It was proven by practice that the interaction between
the wing-mounted engine system and the airframe could have a sig-
nificant impact on the aerodynamic performance of an aircraft.! =
From a historical point of view, the interferencedrag and other neg-
ative effects relative to the engine installation on the high subsonic
transport aircraft were major factors that resulted in deterioration
of aircraft aerodynamic characteristic® For example, the engine in-
stallation effects on an advanced transport aircraft were spreading
over the major part of the wing span and did not limit within the
localregionnearby the pylon and nacelle *~® An increase in induced
drag could hence be caused by the change in the wing span loading
because of the presence of the propulsion system.

On the other hand, the quest for improved propulsive efficiency
for commercial transport aircraft in the form of the lower specific
fuel consumptionhas led to the further developmentof high-bypass-
ratio turbofan engines.> Consequently, the new concept engines re-
sultin larger fan diameters. For wing-mounted engines the problem
is additionally aggravated by the fact that the severe restrictions
placed by the minimum ground clearance and avoidance of increas-
ing length of the landing gear hence require a closer coupling of en-
gine and wing. Therefore, the aerodynamic interference effects on
airframe/propulsionintegration will become stronger. An inefficient
installationdesign could pose the risk that the aircraft performance
gains obtained from propulsive efficiency of new engine types are
easily negated or even overruled by losses caused by detrimental
airframe/propulsion interference effects.

Overall optimal design and integration of the propulsion system
into the airframe will result in an enhanced performance of the
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whole aircraft. Nowadays, the successful integration of the propul-
sion system on modern aircraft becomes a very challenging target
and an importantfeaturein the design and developmentof advanced
technology aircraft.®

In context with the high requirements for aerodynamic perfor-
mance of advancedcivil aircraft and the strong interactions existing
betweenthe airframe and the propulsionsystem, the accurate predic-
tion and careful analysis of the engine installationeffects are needed
to assess and further improve the whole aircraft performance in the
early or even all phases of the design process.

The experimental and theoretical investigations are effective ap-
proaches to attack the aforementioned problems. Historically, the
integration of propulsion systems was carried out principally by
the experimental approach. The main problems using this way to
optimize the airframe/propulsion integration are the very long pro-
cess and the enormous cost as well as the difficulty to localize the
origin of the problems in order to find the right solutions. With
the significant advances achieved in supercomputertechnology and
computational fluid dynamics (CFD) over the past two decades, the
numerical simulation of the flowfield around twin-engine transport
aircraft has become possible. At present, numerical methods have
the capability to solve independently many propulsion integration
design problems and have been frequently used to gain insight into
the elements playing a role in the interference process.! ™’

Timelinessis all importantin the design and developmentof civil
aircraft. The aerodynamicdesignis neverthe resultof a singledesign
process, but rather of a sequential refinement. On this account, the
CFD approach has the advantages that the wind-tunnel testing does
not have. CFD technology can give designer the freedom to look
at many different design options early and decide if a change is
beneficial. The bestand most promisingchangescan thenbe targeted
for always limited resources, resultingin fewer designs going to test,
with subsequentoverall cost savings.

Owing to its unique advantages, CFD becomes an efficient ap-
proach for the investigation of airframe/propulsionintegration. The
value of CFD is founded on the capability to describe with suffi-
cient accuracy the physical phenomena within the available time.
To deal with these challenges, there is an urgentneed to developand
validate computational tools aimed at the prediction of interference
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effects caused by airframe/propulsion integration. Hence, great ef-
forts must be made in the development and calibration of CFD
method, which could become a reliable substitute for the expensive
and time-consuming wind-tunnel testing investigation.

Because of the great generality of the flow-solving methods, it
can be argued in a certain sense that the main difficulty and task
in numerical simulation of a more complex flowfield are to de-
velop a means to produce a high-quality grid in a fast and efficient
way. This is especially true when the influence of different com-
ponents of an advanced transport aircraft on the flowfield is to be
investigated. When the CFD approachis employed to study the air-
frame/propulsionintegration, the generationof a high-qualitybody-
fitted structuredgrid having sufficient smoothnessand orthogonality
becomes the prerequisite and the key for this problem.

This paper focuses on the numerical simulation of the flowfield
over advanced twin-engine transport aircraft. The grid system is
generated using a multiblock matched grid technique. The flowfield
is simulated by solving the Euler equations. On the wing surfaces
the viscous effects are simulated by the employment of the vis-
cous/inviscid interaction (VII) technique of a two-dimensional strip
boundary layer.

The capability of the present method has been demonstrated in
the analysis of flows about isolated powered engine nacelles and
complex transport aircrafts consisting of low-wing/fuselage with
wing-mounted pylon/macelles. Comparisons of numerical results
and experimental data show good agreement, which indicates that
the present method is effective and robust in predicting the flows
about powered engine nacelles and/or advanced transport aircrafts.

Multiblock Grid-Generation Technique

For a general transport aircraft with wing-mounted engine na-
celles, it is usually difficult to produce a single-block, high-quality
body-fitted orthogonal grid with smooth and well-distributed grid
spacing in the field. To overcome such difficulty, a multiblock grid
approachcombined with a zonal flow solveris employed to generate
the grid about complex transport aircraft.

Choice of Grid Topology

The important step in the multiblock grid approach for complex
aircraft configuration is to decide about a global grid topology that
allows the necessary subgrids around the different components to
be easily embedded. The choice of an appropriate grid topology
should be done in a way that a change of engine type or position
should require as few changes in the overall grid as possible so that
the effort necessary for the investigation of a new engine conceptor
different positions will be kept to a minimum.

To achieve this purpose, an H-type grid structure in streamwise
direction and an O-type structure in spanwise direction are em-
ployed for the global grid around the wing/body combination. Thus,
changesin the grid caused by differentengine types or positions are
limited to a confined region around the engine nacelle itself.

Zonal Solving Strategy for Complex Flowfield

With the employment of H-type grid topology structure, zonal
solving strategy can be adopted to simplify the numerical simula-
tion of the complex flowfield because of its flexibility in handling
flowfields around complex configurations.

For the wing/body/pylon/nacelle case the flowfield is partitioned
into two major zones, an inner region for intake/exhaust flow of
engine nacelle and an outer region for the wing/body flowfield, as
sketched in Fig. 1. This decomposition for the domain is accom-
plished by introducing the nacelle inlet and exit tubes represented
by the dashed lines, which extend to the far field upstream and
downstream.

The zonal, multiblock structure combined with the use of H-type
topology allows the grid-generationtechniqueto be applied for com-
plex configurations in a fast and flexible way.

Multiblock Point-Matched Grid Technique

The basic idea of the multiblock grid technique is to decompose
the domain into different appropriate blocks, and then subgrids are

Fig. 1 Flowfield decomposition for wing/body/pylon/nacelle configu-
ration.

generatedseparatelyin each block and patched smoothly along com-
mon boundaries to form the global grid for the complete aircraft.
Thus, a one-to-one correspondence of grid points on both abutting
block boundaries will be maintained. The philosophy for the de-
composition of main domain for complex wing-mounted transport
aircraft can be described as follows.

Starting from a simple grid around base configuration like a
wing/body combination, the grid of more complex configuration
can be generated using a cutout technique. Local blocks are cut out
of the wing/body grid and filled with a new grid that describes the
new components. Such a local block grid system must be required
to fit to the boundaries of the cutout block.

In this study pylon and nacelle are integrated into the global grid
by introducing a subblock containing these components. After gen-
erating the global wing/body grid, a specified region has to be cut
out of the global grid to allow the substitution of the subgrid con-
taining the pylon and nacelle. The corresponding coordinate lines
of the global wing/body grid together with the engine inlet/exit
tubes as well as pylon/engine nacelle itself form the boundaries of
this subblock. If the outer boundaries of this subgrid have then to
be adapted to smoothly match the boundaries of the cutout region
of the global grid, the final patched grid will be smooth and con-
tinuous. Using the grid-generation method described in the next
section, this can be easily achieved by prescribing the grid an-
gles consistent across the common boundaries between abutting
blocks.

The topology for the subgridinsidethe engine nacelleis an H-type
structurein streamwise directionand a polar grid topology (O-type)
with respectto the engine axis in circumferentialdirection. (Figure 9
gives a front view of the field grids at different stations along the
body axis direction, which shows the resulting topology for the
preceding procedure.)

Elliptic Grid-Generation Method

The global grid about the wing/body combination and the sub-
grids around/inside the engine nacelle are mainly obtained by
using the elliptic grid-generation method with forcing-function
control 3° The symmetric successive overrelaxation (SSOR) tech-
nique is adopted to solve the elliptic equations, which are given in
Ref. 9.

Forcing-Function Control Technique

The forcing-function control technique of Hilgenstock® is em-
ployedin this work. This methodis aniterative procedurethat adjusts
the boundary forcing functionsto meet a prescribed angle (spacing)
constraint at the boundary. The main idea of this technique is to
use the difference between a desired angle (spacing) and the actual
angle (spacing) during the iteration to estimate the corrections to
be added to the forcing-function terms. The forcing functions are
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incremented from some initial values based on the local relative
angle and/or spacing error. The update procedure then becomes

n+ 1 n+ 1 n+ 1

o =eh H AT, gy =)+ Ag),

n+ 1 n+ 1

O =Pk T Ay

n+1

o))

where the Agp, A @y, and A g are computed dependingon whether
they are controlling the angle or spacing at a given boundary.

To avoid excessively large values for the corrections, the tanh
function is used to damp the corrections. The corrections to the
forcing functions can then be expressed in the following manner:

AT - itanh(fdesired - factual ) (2)

f desired

where f denotes the angle or spacing. The correction terms should
change the sign from the inner boundary to the outer boundary.

With the employment of the forcing-function control technique,
full control over grid angle and/or spacing with respect to any or
all boundaries of the domain can be achieved. These characteristics
of the present algorithm are especially important for the multiblock
grid approach. With the forcing-functioncontrol technique the grid
lines can be easily matched along the common boundaries between
abutting blocks.

Numerical Procedure

The numerical approach to generate the grid consists of the fol-
lowing steps: 1) Generate an initial grid by an algebraic method
based on transfinite interpolation.2) Assume values of the forcing-
function terms at the boundaries. 3) Change the forcing-function
terms at the boundaries by Eq. (1) so that they are closer to the
values needed for the desired grid. 4) Interpolate these new forcing-
function terms between the two boundary surfaces into the field
along &, n, ¢ directions, respectively. 5) Solve the elliptic system
by SSOR technique. Steps 3 to 5 are then repeated until the desired
grid is reached.

The iteration process described in step 5 is called the inner it-
eration, whereas the iteration 3 to 5 is called the outer iteration.
A change of forcing-function terms occurs only in the outer itera-
tion while in the inner iteration the forcing-function terms are kept
constants.

Euler Flow Solver

The unsteady, three-dimensionalEuler equationsin integral form
are solved by using an explicitthree-stageRunge-Kutta scheme with
alocal time step. Details of the numerical algorithm can be found in
Refs. 10 and 11. Implicitresidual smoothing and enthalpy-damping
techniques have been employed to accelerate the convergence. For
powered engine nacelle simulation,in which the outer flowfield and
the nacelle exhaust flow have different total enthalpy, the enthalpy-
damping techniqueis not used in the case of powered simulation. In
the presentmethod the Euler flow solverhas been structuredto allow
the analysis of complex flow within the framework of multiregions.

Interactive Boundary-Layer Method

The VII techniqueis applied on the wing surfaces by two-dimen-
sional strip theory to account for viscous effects. The boundary
layer over the fuselage and pylon/nacelle surfaces is not calculated.
Because the chordwise grid lines on the wing surfaces are nearly
aligned with streamlines, the two-dimensional strip theory can be
applied along cell face centers at a series of spanwise stations in the
framework of central finite volume scheme.

Integral Boundary-Layer Equations

The two-dimensional, compressible integral boundary-layer
equations, as shown in Ref. 12, the integral momentum equation,
and the integral mean-flow kinetic energy equation are employed:

1 d, L, &di, C
— —(pa20) + == =L 3
peu? dS(p e ) u, dS 2 ®)

1 \ &t du,
L (pu?67) + =Zp 4
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where S is the distance along the boundary-layerstrips of the wing
surfaces and the subscript e refers to the inviscid flow quantities
evaluated at the edge of the boundary layer. The velocity at the edge
of the boundary layer u, is known and can be provided by the Euler
analysis. The quantities 6%, 6, 5, and 6* are the displacement,
momentum, density, and kinetic energy thickness, respectively. The
variable C is the skin-friction coefficient, and D is the dissipation
coefficient, which can be expressed as

1 ]
D= Zf (L) ay (5)
peu; Jo 0y \Ue

in which 7 is the total shear stress.

Because there exist more unknowns than the equations, the solu-
tion of Egs. (3) through (5) requires the closure of the set of equa-
tions. Here, closure is obtained by employing a series of relations
given by Whitfield in Refs. 12 and 13.

The two-dimensional integral boundary-layer equations are
solved using a fourth-order Runge-Kutta method.

Blowing Velocity Model
The important integral quantity 5* can be expressed as

1
Pelle

&=

5
f (peut, — pu) dy 6)
0

The displacement thickness has the physical interpretation of be-
ing the distance the external inviscid streamlines are displaced by
the boundary layer. Two approaches can be used for coupling the
inviscid and viscous flow solutions, displacement approach, and
blowing approach. The displacement approach requires a robust
grid movement scheme, whereas the wing geometry and the grid
system remain unchanged in the blowing approach.

The interactiveboundary-layerschemeusedin this study employs
the surface blowing velocity to account for the effect of displace-
ment thickness. In this case the effect of the boundary layer on the
inviscid flow is represented through a transpiration boundary con-
dition derived from the boundary-layer parameters.

With the blowing approachthe surfaceblowing velocity V,,, which
will be the boundary condition on the wing surfaces in inviscid flow
calculation, is computed from the boundary-layer edge values of
density p, and velocity u, and the displacement thickness &* as
follows:

1 d
Vn zzﬁ(peue&k) (7)

Use of Eq. (7) affects only the surface boundary condition in the
inviscid calculation and thus does not require significient modifica-
tions to the Euler solver.

Viscous/Invscid Interaction Procedure

The interactive procedure developed for the airfoil boundary-
layer calculation in Ref. 14 is applied here for the wing boundary-
layer calculation. As shown in the flowchart Fig. 2, the iteration
procedure consists of the following steps:

1) Give an initial guess for the displacement thickness &*.

2) Input 8* to the inverse boundary-layer calculation to obtain
the viscous edge velocity u., and deduce the density p., from the
viscous edge velocity.

3) Compute the blowing velocity at the wing surfaces by Eq. (7).

4) Perform the Euler solver to obtain the inviscid surface tangen-
tial velocity.

5) Compute the new displacementthicknessdistribution.By using
the inviscid surface tangential velocity as the edge velocity just
outsidethe boundarylayer, the new 6" is obtained from the following
update procedure including a relaxation parameter w:

500 =50 4 o5 (u0] 1) ®)
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Fig. 2 Flowchart of viscous/inviscid interaction.

This update procedure® for the displacement thickness is the key
link thatallows an inverseboundary-layercomputationto be coupled
with the Euler solver.

Steps 2 to 5 are then repeated until convergenceis obtained when
the new and old 6" differ by less than a specified tolerance.

Starting from the 800th time step, the boundary-layer calcula-
tions are performed for each strip every 10 iterations during the
time stepping of the Euler solver. After processing all strips the
blowing velocity has been updated at cell face centers on the wing
surfaces. For most calculations 1500 time steps are sufficient to get
a converged solution.

Boundary Conditions and Simulation
of Powered Engine Nacelle

To define the problemunder consideration,the specificationof ap-
propriateboundaryconditionsis necessary. Various boundarycondi-
tion typesexistin this study: first the physicalboundariesand second
the artificial point-patched boundaries between abutting zones.

Far-Field Boundary Condition

At the far-field boundary some special boundary conditions must
be imposed. First, these conditionsmust bring the information of the
undisturbedflow into the computationaldomain. Second, the distur-
bance emanating from the model can propagate into the freestream
without reflection. In this study the theory of characteristicsis em-
ployed to construct the boundary conditions. Implementing details
of far-field boundary conditions could be found in Ref. 10.

Body Surface Boundary Condition for Inviscid Flow

At the solid surface boundary for inviscid flow, the impermeable
boundary condition is applied, i.e., the normal flux at the body sur-
face is zero. Therefore, the static pressure needs to be solved only,
which can be obtained from the field by extrapolation. Because the
pressure is spread along the surface normal direction, the accuracy
of the boundary treatment will be increased with the simplified com-
putation when the grid lines are orthogonal to the body surfaces.

Wing Surface Boundary Condition in VII Technique

With the employmentof the blowing approach, the no-flux bound-
ary condition through a solid surface applied in the inviscid flow
calculation is modified to allow a prescribed surface blowing ve-
locity condition. At the wing surfaces the boundary condition is
changed to enforce a normal blowing velocity, accounting for the
addition or subtraction of mass flux through the surface to maintain
the growth or decay of displacement thickness along the stream-
wise direction. In effect, these viscous surfaces are treated as flow
through boundaries.

LI, LI, AND E

Zonal Boundary Condition

In this study the grid lines between abutting zones are smoothly
point-matchedtogetheralong the common artificial boundaries with
a one-to-one correspondence of grid points. This treatment simpli-
fies the communication of the flow information between abutting
zones. The flux across each cell face at these algorithmic bound-
aries is physically continuous and conservative; the corresponding
cell valuesare obtained from the appropriatecells of the neighboring
zone in each computationalregion.

Fan Inlet Face Boundary Condition

The boundary conditionat the fan inlet face should yield the mass
flow, which is specified by the engine data at the flow condition to
be evaluated.'®!° The mass flow at the fan face is defined as

mfan = Pranqfan Afan = P G Aoo (9)

The mass-flow ratio of the air-intake (MFR) can be specified as

MFR = _AOO = & ﬁ_Aﬁ]n

(10)
AnL Po oo AnL

where Ay is the cross-sectionalarea at highlightand Ag,, is the fan
face area.

The treatment of the fan inlet face boundary condition is very
similar to inflow/outflow boundary conditions at the farfield by the
characteristic theory. The only difference comes from the way in
which the outside information is specified.

From Eq. (10) and the freestream total conditions, the outside
information at the inlet can be easily prescribed. Equation (10) can
be expressedin terms of Mach number at the fan My, and M, using
isentropic relations and one-dimensional energy conservation.

MFR =(A g/ Ap) Mo {1+ [(7 = 1y72]m2, } 7770207

fan

X (po! P )0/ G0 ) (11)
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Fig. 3 Computational grid at meridian for CRUF model.
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Fig. 4 Surface-pressure distributions along outer cowl, inlet cowl, and
fan-jet cowl for CRUF model.
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Equation (11) can be solved iteratively for My,,. Then the other
variables such as temperature, density, as well as static pressure at
the fan face, can be determined from isentropic relations. These
data are used to determine the boundary condition at the fan face
using the same characteristic procedure as in the case of far-field
conditions.

Jet-Exit Boundary Condition

Total pressure ratio (PR) and total temperature ratio (TR) of
the exhausting jet along with MFR define the engine operation
conditions.!~!* These must be specified in the numerical simu-
lation. In the real engine the inlet mass flow is divided into the fan
jet and core jet flows. The fuel is added to the core jet flow. In the
case of turbofan engine, the fuel mass is relatively small and can
be neglected. Therefore, the fan jet and core jet mass fluxes can be
specified by the bypass ratio (BR). Knowing the PR, TR, and the
BR at the jet exits, the outside information can be readily prescribed
as the case of the fan inlet face.
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Fig. 5 Computational grid at meridian for TPS model.
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Fig. 6 Pressure distributions on outer cowl, fan-, and core-cowl sur-
faces for TPS model.

Numerical Results and Discussion

Flow Simulation of Isolated Powered Engine Nacelle

To verify the ability of present method for general powered en-
gine nacelle simulation, two engine nacelle models were chosen for
analyses by using the Euler solver.

Counter-Rotating Ultra-High-Bypass Fan Simulator (CRUF) Model?’

This geometric configuration was taken fromRef. 20. The contour
curves of this geometry and the computational grid at the meridian
plane are shown in Fig. 3.
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Fig. 7 Sketch of NASA TP-3168 low-wing transport model.
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Fig. 10 Wing surface-pressure distributions for NASA TP-3168 model.

Fig. 11 Surface grid for AE100 transport aircraft model.

The flow was analyzedat M =0.80, o =0.0 deg with the engine
conditions: MFR =0.914, at the jet PR =1.0 and TR =1.0. The
computational pressure distributions are compared with the Euler
results of Ref. 20 along the outer cowl, inlet cowl, and fan-jet cowl
surfaces, shown in Fig. 4. Good correlation has been achieved in
this case.

NAL-AERO-02-01 Turbine-Powered Simulator Model"

This geometric configuration is an axisymmetric fan-jet engine
nacelle model used in the Turbine-Powered Simulator (TPS) exper-
iment. The contour curves of this geometry, in a two-dimensional
plane, were taken from Ref. 19. A half-body configuration was
simply constructed by rotation around the axis. The geometry and
the grid at the meridian plan are shown in Fig. 5. The constructed
grid consists of four blocks. For this powered engine nacelle major

Fig. 12 Front view of surface grid for AE100 aircraft model.

wing
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core-cow!
bifurcation

core-cow!

Fig. 13 Sketch of pylon/nacelle geometry.

boundary surfaces include spinner, fan inlet, fan cowl, fan-jet inner
cowl, fan-jet exit, core-jet outer cowl, core-jet inner cowl, core-jet
exit, and core-jet spinner.

The numerical simulation has been performed at M =0.8, a =
0.0 deg with the following engine conditions: MFR =0.497,
BR =1.822, total pressure ratio and total temperature ratio of fan
and core jets are 1.343,0.921, 1.109, and 0.612, respectively, which
were taken from the experimental data.



LI, LI, AND E 475

Figure 6 shows pressure distributionson the outer cowl, fan-, and
core-cowl surfaces. Comparison shows that the computational re-
sults represented by solid line agree very well with the experimental
data denoted by symbols.

Flow Simulation for Advanced Twin-Engine Aircraft

To validate the numerical method, two transport aircraft config-
urations consisting of low-wing/fuselage with wing-mounted py-
lon/nacelles were chosen for analyses. To get detailed information
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on the interference effects, the wing surface-pressure distributions
are shown in the analyses.

Prototype Model of Transport Aircraft NASA-TP-3168*

A sketch of this model is shown in Fig. 7. The engine nacelle is
installed at the wing 40% semispan location. The flow-through na-
celle representsa very high bypassratio or superfan engine nacelle.
The two primary components of the nacelle are the fan cowl and the
centerbody. Figure 8 shows the surface grid of this model. The field
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Wing/Body Configuration: M = 0.82, « = 3.0°; Wing/Body/Pylon/Nacelle Configuration: M = 0.82, « = 2.45°
Fig. 14 Wing surface-pressure distributions for AE100 model.
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Fig. 14 Wing surface pressure distributions for AE100 model (Continued).

grids at different stations along the body axis direction are shown
in Fig. 9. The complete field grid for the wing/body/pylon/nacelle
configuration is about 750,000 grid points in total, correspond-
ing to 78 points around each of 50 spanwise airfoil sect-
ions.

The analysis was performed at the cruise condition M =0.77,
a=0.9 deg, and Re =2.5 X 10°. Detailed comparisons are pro-
vided in Fig. 10, where the computational surface-pressure distri-
butions are compared to the experimental data along several span
stations. The computed results are in general agreement with the
experimental data.

Twin-Engine, Low-Wing Transport Aircraft Model
for Chinese AE100 Project

The aircraft model for Chinese AE100 projectis a representation
of 115-passenger,twin-enginetransportwith supercriticalwing. The

geometry of this model is shown by the surface grid in Figs. 11 and
12. The engine nacelle is installed at the 31.4% wing semispan
location. Sketch of the flow-through engine nacelle, which repre-
sents a current-technology turbofan, is shown in Fig. 13. The two
primary components of the nacelle are the fan cowl and the core
cowl.

The pylon/nacelle can be installed on the wing in two possible
ways: 1) the symmetrical plane of the engine nacelleis vertical to the
horizontal plane, and 2) the symmetrical plane of the engine nacelle
is vertical to the wing plane. For the test model the pylon/nacelle is
mounted using 1) because of the structural requirements and con-
strains.

The analyses were carried out at different Mach numbers and
angles of attack for the WGBD and the WBPN configuration, re-
spectively. The Reynolds number is about 2.5 X 10°. Figure 14 dis-
plays comparisonsbetween the computational and the experimental



LI, LI, AND E

477

Table1 Computed aerodynamic coefficients for WGBD and WBPN

Computing conditions WGBD WBPN (1) WBPN (2)
Mo a Re C/ Cd C/ Cd C/ Cd
0.696  2.50 2.5 x10° 0.4700  0.0370 0.4514 0.0500  0.4521  0.0483
0.778  2.35 2.5 x10° 0.4830  0.0407 0.4655 0.0504 0.4665  0.0469
0.820 2.45 2.4 x10° 0.4990 0.0510 0.4815 0.0602 04795 0.0542
0 2=28.1%
Maximum
24N e e e Averaged
H
% 4
4
=
-4
-
-t
-8
M=0.696, Alpha=2.5deg ¥ oo WBPN(1)
10 A SR bt WBPN(2)
0 500 Time Stepping 1000 1500 ! 0 0.2 0.4 Xic 0.6 0.8 1
Fig. 15 Convergence history for WBPN computing.
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Fig. 16 Wing lift distribution in spanwise direction.

results. The wing surface-pressure distributions agree with the
experimental data very well. This indicates that the computation
is well able to account for the interference effects. The demon-
stration has been made that the simulation method in this study is
accurate and efficient. Figure 15 shows the convergencehistory for
the WBPN computing when M =0.696, o =2.5 deg.

Figure 16 displays a comparison of the variation of local lift in
the spanwise direction for the WGBD and the WBPN configuration
at M =0.82, o« =2.45 deg. The configuration with installed nacelle
shows a significant loss of lift compared to the clean configuration.
At the pylon location the discontinuity in the lift distribution is
caused by the fact thaton the wing lower surface the pylon separates
the flowfield between in- and outboard side. The difference in the
pressuredistributionin- and outboard of the pylon s responsible for
this discontinuity.

The comparisons of the WGBD and the WBPN results show that
the installation of the pylon/nacelle has a significant influence on
the flowfield over the wing.

The analyses indicate that it is necessary to modify the wing
surface near the pylon station, or the pylon surface shape, or the
specific installation of the pylon/nacelle on the wing.

Effect of the Pylon/Nacelle Installations for AE100 Model

The effect of the pylon/nacelle installations for AE100 model
was also analyzed. Table 1 gives comparisons of some computed
aerodynamic coefficients for the WGBD and the WBPN with dif-
ferent pylon/nacelle installation. The comparisons indicate that the
installation interference of the pylon/nacelle for the WBPN (2) is
decreased. Figure 17 shows comparisons of wing pressure distribu-
tions in the sections just in- and outboard of the pylonat M =0.82,
o =2.45 deg. For the WBPN (2) the pressure profile inboard of

Fig. 17 Comparisons of wing surface-pressure distributions with and
without pylon/nacelle (M = 0.82, o = 2.45 deg).

the pylon remains the same as the wing/body combination, thus the
induced drag will be less than (1).

Conclusions

This paper describes a numerical technique for simulating the
flows around powered engine nacelle and/or advanced transport
aircraft with wing-mounted flow-through nacelles. The method
is based on a multiblock point-matched grid-generation approach
combined with zonal solving strategy for complex flowfields.
The computing practice shows that the use of H-type grid topol-
ogy and the finite volume Euler solver coupled with boundary-
layer code is very effective, accurate and reliable for analyzing
the complex flowfields in the investigation of airframe/propulsion
integration.

In this paperonly the flow-throughnacellemodelsare investigated
in the transportaircraftexamples because of a lack of available data
for the case of the wing/body combination with pylon and pow-
ered engine nacelle. However, from the validation of the simulation
method, there are sufficient reasons to believe that further devel-
opment will provide a useful engineering tool for the aerodynamic
analysis of practical transport aircraft configuration in optimizing
the design of the airframe/propulsionintegration. Using the numer-
ical simulation, the design risk and costs will be reduced greatly at
an early project state.

The numerical calculations in the current study were performed
on aMicrocomputerPentiumI1400. For a full aircraftit usually takes
about 10 min of CPU time to generate a complete multiblock grid,
but requires a time-consuming manual geometry definition process
(about 2-3 days). In general, the flow simulation needs about 10 h
of CPU time for approximately 1500 time steps to converge. In the
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light of flow analysis, the present method has high efficiency and
demandsless computer memory and CPU time than the unstructured
grid approach, which often provides a powerful tool for the grid
generation about more complex configurations.

Several problems will have to be addressed in the future. The
most important of these are 1) the prediction and analysis of large
separated zones and 2) grid refinement and computation reduction.
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