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In a joint effort ONERA and DLR have assessed the interference effects of a generic twin-engine transport
aircraft configuration equipped with throughflow nacelles. Both experimental and theoretical investigations were
performed. The results showed that the installation of the nacelles had substantial effects on total forces at
cruise Mach number. With respect to the clean configuration, total lift decreased at constant incidence, and
total drag increased at constant lift. A detailed analysis of the flowfield revealed that for transonic flows the
installation of the nacelle influenced the complete upper wing surface. On the lower wing surface the flow was
considerably accelerated due to the propulsion system, and a supersonic region terminated by a shock wave
appeared. The nacelle pressure distribution was also substantially influenced by interference effects. Comparison
of experimental and numerical results showed that the solution of the Euler equations is well capable of simulating
the interference effects.

Introduction

E NGINE/AIRFRAME integration is a key feature in the
design and development of advanced technology air-

craft,1-2 and it is clear that it is highly dependent on power-
plant developments. It has been stated that the propulsive
efficiency of state-of-the-art turbofans still has a large poten-
tial of improvement through significant increases of the bypass
ratio (perhaps from 5 up to 15).3 Other propulsive concepts
are, of course, open rotors or high-speed propellers (UDF,
Propfan). All these concepts offer potential fuel savings of
up to 30% in comparison to current fan engines, but they will
have strong effects on propulsion/airframe integration and
even on aircraft configuration.

In order to deal with these challenges, there is an urgent
need to improve the understanding of the engine/airframe
interference mechanisms through careful analysis of local flow
behavior by means of wind-tunnel testing. There is also the
need to develop and validate computational tools aimed at
the prediction of interference effects caused by propulsion/
airframe integration.

During the last couple of years, both DLR and ONERA
have been working on these topics.4-5 In addition, some ac-
tivities based on a generic transport aircraft configuration
have been undertaken together. The propulsion units of this
configuration were represented by throughflow nacelles, for
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which strong interference effects were anticipated. In a first
step experimental investigations of this configuration were
carried out in one of the major European test facilities, the
S2MA wind tunnel of the ONERA test center in Modane.
After these tests, computations on the same configuration
were performed by DLR using the CEVCATS code for the
solution of the Euler equations. The aim of this article is to
report on the progress of this work.

Experimental and Theoretical Approaches
Generic Transport Aircraft Configuration

The configuration considered in this study is a twin-engine
aircraft that represents a typical modern wide-body transport
aircraft of Airbus-type. The geometry is a wing-body config-
uration derived from the DLR-F4 configuration.6

The design Mach number of the wing is M^ = 0.785 at a
lift coefficient of CL = 0.5. The main geometrical data of the
wing are the following:

Aspect ratio A =9.5
Taper ratio A =0.3
Leading-edge sweep <p =27.1 deg
Quarterchord sweep <p25 =25.0 deg
Dihedral <pD =4.8 deg

The shape of the fuselage is defined by a forebody, includ-
ing a cockpit, a cylindrical part containing the wing, and an
afterbody. The propulsion units were simulated by through-
flow nacelles. The nacelles are axisymmetric with nacelle lines
derived from CFM56-5 nacelles in a long duct version, and
the fan diameter is the same as in the three-dimensional na-
celle to achieve a realistic mass flow coefficient of e — 0.71.
The chosen nacelle location gives rise to quite strong inter-
ference effects, and the pylon is of symmetrical shape.

In the following the specific model described above will be
called the DLR-F6 configuration. Figure 1 presents a view of
the model in tailoff configuration including the main geo-
metrical dimensions.
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a)
wing reference area S = 0.1453m

aerodynamic mean chord c = 0.1412m

c: 133.6

b)

Fig. 1 Generic transport aircraft configuration: a) complete model
and b) throughflow nacelle.

Fig. 2 ONERA S2MA wind tunnel with DLR-F6 configuration.

Experimental Approach

The experiments using the DLR-F6 wind-tunnel model were
performed in the S2M A pressurized wind tunnel of the ONERA
center in Modane.7 The transonic test section has a height of
1.77 m and a width of 1.75 m. In order to reduce wall influence
it has perforated top and bottom walls.

Since very precise drag determination is required, the model
is mounted by a fin sting through a six-component balance
for overall force and moment measurements. Figure 2 shows

the generic transport aircraft model in the test section of the
S2MA wind tunnel.

For detailed analysis of the flow, the model is instrumented
with 344 static pressure taps, with 288 pressure taps located
in 8 spanwise sections of the wing. The nacelle is equipped
with 47 pressure holes in 3 equally spaced radial sections at
60, 180, and 300 deg.

Measurements
Tests were carried out for the following configurations: 1)

wing-body (WB), and 2) wing-body-pylon-nacelle (WBPN).
The tests cover a Mach number range

0.3 < < 0.82

as well as sweeps of incidence a, corresponding to the range
of lift coefficient

0.0 <CL< 0.6

at various Mach numbers.
The Reynolds number is kept constant, equal to 3 x 106,

by control of the total pressure. The transition is fixed on the
fuselage, the wing, and the nacelles by transition strips.

Total forces and moments are measured continuously dur-
ing a sweeps at a fixed Mach number. Pressure distributions
are measured on all components of the model at fixed Mach
number and incidence.

All force and moment data are corrected in the usual way,
including wall corrections and model support corrections.
Overall force and moment measurement repeatability has been
checked for the cruise Mach number Mx = 0.75. It appears
that the scatter of the drag coefficient is less than ACD =
±0.6 x 10-4.

Theoretical Approach
Besides experimental investigations, the analysis of inter-

ference effects is performed by numerically solving the Euler
equations.

Solution Scheme
The solution scheme applied is the DLR-code CEVCATS.

The code requires body-fitted structured meshes. The discre-
tization is performed using a central differencing cell-vertex
finite volume scheme with artificial dissipation. For time in-
tegration an explicit Runge-Kutta scheme is employed, and
convergence towards steady state is accelerated using local
time stepping, implicit residual averaging, and multigrid. The
code is written in a block-structured form and allows an ar-
bitrary application of boundary conditions on the block faces.
Details of the code structure may be found in Ref. 8.

Grid Generation
For the CEVCATS code, body-fitted block-structured meshes

have to be generated. Using the grid generation concept of
Ref. 9, a H-type grid structure in streamwise direction and
an O-type structure in spanwise direction is employed for the
wing-body combination. Nacelle and pylon are integrated into
this basic grid by introducing a subblock containing these
components. A three-dimensional view of the field grid around
the F6 configuration with nacelles is shown in Fig. 3. The
complete field grid for the WBPN configuration consists of
10 computational blocks with about 650,000 mesh points in
total.

Capabilities and Limits of the Theoretical Approach
Using the solution of the Euler equations, viscous effects

are neglected. This causes more or less distinct and systematic
deviations between experimental and computational results.
This is especially true for the inviscid simulation of the tran-
sonic flow around a lifting wing with significant rear-loading.



1024 ROSSOW ET AL.: PROPULSION INTEGRATION

Fig. 3 Field grid.
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WB
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Fig. 4 Wing pressure distribution with and without displacement
thickness: a) solution of Euler equations and b) solution of Euler equa-
tions with added displacement thickness.

Figure 4a shows a comparison of the experimental and com-
putational pressure distribution for the F6 wing-body com-
bination at a spanwise location of 17 = 0.377. The compu-
tational results were obtained by the solution of the Euler
equations with the CEVCATS code. The figure shows the
following: first, the shock is predicted too far downstream.
Second, in the computation a second shock arises, which is
not observed in the experiment. Third, the effect of the rear-
loading is overpredicted by the inviscid simulation. These
effects will lead to an overprediction of local and total lift
forces.

Figure 4b shows the pressure distribution for the same con-
figuration, but in this case viscous effects have been taken
into account by adding the displacement thickness onto the
wing geometry. The displacement thickness has been calcu-
lated in advance by using a boundary-layer code coupled with

a potential flow code.10 The calculated shock position now
agrees well with the experiment. The displacement thickness
of the boundary layer causes a decambering of the airfoil,
and thus the shock is moved upstream. Additionally, the sec-
ondary shock has vanished, although pressure is still some-
what underpredicted in the region aft of the shock. On the
lower surface, the overprediction of the rear-loading has been
reduced compared to the pure solution of the Euler equations.
Since the adverse pressure gradient in the rear-loading region
causes a thickening of the boundary layer, this tends to com-
pensate the camber in the aft portion of the airfoil.

It is important to bear in mind these limitations in the
following. In this study the capability to predict interference
effects is of interest, and this should not be confused with the
a priori known limitations of the theoretical method.

Results
Global Interference Effects

In this section the overall effects of the propulsion integra-
tion on total forces are described, in particular lift and drag
as deduced from the experiments.

Lift and Drag Coefficient
The installation of nacelles leads to a decrease of lift, il-

lustrated by CL(a) curves at a Mach number of M^ = 0.75
(Fig. 5a). For the cruise condition (AC = 0.75, CL = 0.5),
it is necessary to increase the incidence of the WBPN config-
uration by 0.5 deg to obtain the same lift as for the WB
configuration. The difference in lift coefficient between both
configurations is ACL = 0.06 (12%).

The development of lift vs incidence is almost linear for
the WB configuration. At a given incidence, the loss of lift
due to the nacelles is nearly constant for a range of a from
approximately -1 < a < 2 deg. For lower incidences, the
difference in lift vanishes.

Assuming that nacelle and pylon have a negligible contri-
bution to the total lift, the loss of lift may be explained by
modifications of the flowfield on the wing due to the nacelle
and pylon interference.

The polars CL(CD) show an important increase of drag due
to the presence of nacelles for the cruise Mach number M^
= 0.75 (Fig. 5b). For the cruise lift CL = 0.5, the additional
amount of drag is ACD = 42 x 10~4 ( + 14%). The minimum
value of drag for the WBPN configuration is obtained at a
higher lift than for the WB configuration. This indicates a
stronger interference effect of the nacelles on drag for low
lift coefficients.

The variation of drag with Mach number at cruise lift CL
= 0.5 is also different for both configurations (Fig. 5c). In
addition to the general increase of drag due to the propulsion
units, the slope of the curve CD(Mach) is steeper for the
WBPN configuration. The reduction in the drag rise Mach
number for the WBPN configuration is probably caused by
the appearance of shock waves on the lower surface of the
wing, in the region of nacelle and pylon, for higher Mach
numbers.

Installation Drag
In the case of transport aircraft studies, an important pa-

rameter for the performance analysis is the installation drag
coefficient CDinst. This coefficient is defined by

(complete model) — Ĉ
-Z) (clean wing)

^D(nacelles internal drag)

The internal drag of the nacelles is deduced from special
calibration tests. It has to be subtracted because it does not
belong to the drag balance in the thrust and drag accounting
procedure.

Therefore, the drag increment due to the propulsion units
Q>inst includes the external drag of the nacelles, the drag of
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Fig. 5 Total force measurements with and without nacelles: a) lift
coefficient, b) drag coefficient, and c) drag at cruise lift.

the pylons, and the interference drag. The interference drag,
which represents the drag difference between assembled and
isolated components (wing, pylon, and nacelle), must not be
confused with CDinst.

The CL(CDinst) curve for the cruise Mach number (Fig. 6)
shows that CDinst is almost constant, at a value close to 30 x
10-4, for values of CL from 0.3 < CL < 0.7. For lower lift
coefficients, it increases drastically. As will be discussed later
this may be explained by the appearance of shock waves or
local separations on the lower wing surface inboard of the
nacelle installation. As the same figure illustrates, at a lower
Mach number of M^ = 0.6, CDinst has a much weaker evo-
lution at low CL.

Detailed Analysis of Interference Effects
In this section a more detailed analysis of the interference

effects based on the surface pressure distributions will be
made. Both experimental and computational results will be
used. In order to limit the amount of data to be presented,
the investigations are focused on transonic flow at the cruise
Mach number Mx = 0.75 and a = 0.98 deg, which corre-
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Fig. 6 Variation of installation drag with lift coefficient.

Configuration:
WB / WBPN

cl

0.80

0.60

0.40

0.20

0.00
a) 0.00 0.25

Cl

0.80

0.60

0.40

0.20

WBPN

"engine position

0.50 0.75 y/s

0.00
b) 0.00 0.25

_ _ WB
—— WBPN

engine position

0.50 0.75 y/s

Fig. 7 Spanwise lift distribution with and without nacelles: a) ex-
periment and b) calculation.

spends to cruise lift of CL = 0.5 for the WBPN configuration
in the S2MA wind tunnel.

Local Lift Behavior
Figure 7 shows a comparison of the variation of local lift

in spanwise direction for the WB and the WBPN configura-
tion. Figures 7a and 7b display experimental and computa-
tional results, respectively. In the case of the experimental
results the location of the measuring sections is marked by
triangles and circles for WB and WBPN. The configuration
with installed nacelle shows a significant loss of lift compared
to the clean configuration. At the pylon location, the slope
of the local lift curve is discontinuous. This is caused by the
fact that on the lower wing surface the pylon separates the
flowfield between inboard and outboard side. Both experi-
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Fig. 8 Sectionwise pressure distributions with and without nacelles: a) experiment and b) calculation.

mental and calculated results exhibit the same qualitative be-
havior. The calculation, however, overpredicts the local lift
of both WB and WBPN by roughly 30%. Nevertheless, the
amount of lift loss caused by the installation of the nacelle,
for both experiment and calculation, is in the range of 10%.
This indicates that the calculation is well able to account for
the interference effects.

Pressure Distribution on the Wing
To get more detailed information on the interference ef-

fects, the flowfield will be analyzed using the wing pressure
distribution at spanwise sections closely inboard and outbord
of the pylon. Figure 8 displays measured and calculated pres-
sure distributions at the two sections for the clean and the
configuration with installed nacelles. Comparing the results
of the WB and the WBPN configuration one observes that
the installation of the nacelles has a significant influence on
the flowfield.

Lower Wing Surface
Inboard of the pylon, the main effect is a strong flow ac-

celeration for the WBPN configuration with respect to the
WB configuration, and a supersonic region is established. The
suction peak comes very close to the lowest pressure on the
upper wing surface. The supersonic region is terminated by
a shock wave. From 35% chord length further downstream,
the flow is decelerated compared to the clean configuration.

Outboard of the pylon, for the WBPN configuration the
flow is significantly accelerated in a small region close to the

leading edge. Further downstream, pressure is only mildly
reduced for the WBPN configuration. From about 25% chord
length the flow around the configuration with installed nacelle
is decelerated compared to the clean configuration.

The effects just described are present in the experiments
as well as in the computation. The difference in the pressure
distribution in- and outboard of the pylon is responsible for
the discontinuity found in the lift distribution of Fig. 7. This
difference between inboard and outboard pressure distribu-
tion is caused by the sweep of the wing. On a swept wing the
streamlines of inviscid flow are not straight lines but curved,
and therefore the pylon distorts the streamline pattern. In-
board of the pylon the streamlines are compressed, and thus,
the flow is accelerated.11 The flow acceleration is aggravated
since the nacelle is of long duct type and mounted very closely
under the wing. This creates a duct between wing, nacelle,
and pylon. Due to the change of cross section in this duct,
the flow is even more accelerated.

Due to this acceleration, on the lower wing surface a super-
sonic region terminated by a shock wave is created. This shock
wave and the subsequent separation cause the drag increase
of the WBPN configuration at low lift, as discussed in the
section about lift and drag behavior. Decreasing incidence
leads to a further flow acceleration on the lower wing surface,
and thus, to a stronger shock wave. Furthermore, the ap-
pearance of this shock wave leads to the reduction of the drag
rise Mach number, as observed in Fig. 5c.

Outboard of the pylon, the displacement effect of the pylon
and the location of the attachment line at the leading edge of
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Fig. 9 Computed lines of constant Mach number: a) without nacelles
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Fig. 10 Experimental and computational wing pressure distribution:
a) inboard of pylon and b) outboard of pylon.

b)

Fig. 11 Pressure difference on upper wing surface: a) experiment
and b) calculation.

the pylon cause a strong flow acceleration very close to the
wing leading edge. Due to the sweep of the wing, outboard
of the pylon streamlines are then widened,11 and no further
acceleration as observed inboard takes place.

Upper Wing Surface
On the upper wing surface one observes that the shock has

been shifted upstream by the installation of the nacelles. Note
that the shift in shock position has been well predicted by the
computation.

In order to further investigate the effect of the nacelle on
the upper wing surface, Fig. 9 shows lines of constant Mach
number for both the clean and the configuration with installed
nacelle. Since measurements were only performed at eight
span wise sections, solely computational results are displayed
in this figure. The figure shows that the presence of the in-
stalled nacelle influences the whole upper surface of the wing.
As outlined in Ref. 5, its presence leads to a local reduction
in incidence, and therefore, to a forward movement of the
shock. The flow on most of the upper surface is supersonic,
and therefore this local disturbance is propagated along char-
acteristics. Since the sweep of the wing is 27.1 deg, which
corresponds to the angle of characteristics at M = 1.12, the
local disturbance may be propagated over the upper surface
from the nacelle location up to the wingtip. Thus, the shock
moves upstream in this whole region. Due to a channel effect
between fuselage and installed nacelle, the change in inci-
dence occurs over the range from fuselage to pylon, and the
shock position is also influenced in that region. Therefore,
the shock is moved upstream on the complete upper surface.
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Configuration:
WBPN - WB

A(Acp) = 0.05

Lower wing surface
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Fig. 12 Pressure difference on lower wing surface: a) experiment and
b) calculation.

Comparison of Experiment and Calculation
Figure 10 shows a direct comparison of experiment and

calculation for the WBPN configuration in the sections just
in- and outboard of the pylon. The differences between cal-
culation and experiment are of the same nature as already
discussed when outlining the limitations of the theoretical
approach. Therefore, Fig. 10 confirms that the solution of the
Euler equations is well suited for the simulation of the inter-
ference effects. The suction peak inboard of the pylon on the
lower wing surface is as well predicted as the strong accel-
eration at the wing leading edge outboard of the pylon. Even
the deceleration of the flow on the lower surface in the rear
part of the wing, resulting from the installation of the nacelle,
is accurately predicted by the numerical method.

Display of Pressure Differences
The interference effects discussed above may be very well

displayed by visualizing the differences between the pressure
distributions of the configuration with installed nacelle (WBPN)
and the clean configuration (WB). Positive values of the pres-
sure difference AQ? denote deceleration of the flow, and vice
versa.

Upper wing surface. Figure 11 shows lines of constant pres-
sure difference between the two configurations on the upper
wing surface for both experiment and calculation. In the cal-
culated result the upstream movement of the shock is clearly
visible. For the experimental result the two shocks are not
that discernible due to the limited amount of pressure taps in
the shock region. Both the experiment and the computation
further show that the upstream shift of the shock takes place
over the whole upper surface.
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Fig. 13 Experimental and computational nacelle pressure distribu-
tion: a) outboard of pylon, b) pylon location, and c) inboard of pylon.

Lower wing surface. Figure 12 displays the pressure differ-
ences for the transonic case on the lower wing surface. It is
clearly visible that inboard of the pylon the region influenced
is by far larger than on the outboard side. The reason for this
may be found in the fact that fuselage, or even the symmetry
plane, and installed nacelle cause a channel effect at the in-
board region of the wing. Thus, acceleration of the flow is
not only very intensive closely to the pylon, but remains also
noticable further inboard.

Nacelle Pressure Distribution
Figure 13 shows a comparison of measured and calculated

pressure distributions at different sections of the nacelle cor-
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Fig. 14 Computed wing pressure distribution with and without jet:
a) inboard of pylon and b) outboard of pylon.

responding to the instrumentation of the model. The nacelle
pressure distribution is most severely influenced by interfer-
ence effects in the section at <p = 300 deg. The acceleration
of the flow in this section is related to the flow acceleration
observed inboard of the pylon on the lower wing surface. The
agreement between experiment and calculation is very good
in all three sections. In Ref. 12 it was already shown that the
solution of the Euler equations is well suited for the simulation
of the flow around isolated nacelles. This has been explained
by the fact that for the flowfield around a nacelle the mass
flow through the nacelle is the most important parameter,
and the mass flow is not severely influenced by viscous effects.

The solution of the Euler equations accurately models the
interference phenomena. The deviation of the pressure dis-
tribution in circumferential direction, caused by the influence
of the wing, is accurately predicted by the computation. Small
deviations between measurement and calculation occur only
at the nacelle leading edge. The reason for that may be two-
fold. On the one hand the mass flow may not be exactly
identical due to viscous effects acting on the internal flow.
On the other hand the grid density at the nacelle leading edge
may be insufficient to resolve the strong gradients there.

Jet Effect

For the assessment of the interference effects of a real
configuration the jet effect has to be considered. Therefore,
it is highly desirable to simulate the real physical jet conditions
in the experiment as well as in the computation.13 However,
the simulation of real jet flow requires large efforts. As a first
step towards the investigation of jet interference, here the
effect of an inviscid jet has been computed. Following Ref.
5, an actuator disk has been used to establish the jet boundary
conditions. The pressure ratio at the outflow face was spec-

AM = 0.05

Configuration:
WBPN

a)

b)
Fig. 15 Mach number distribution at nacelle location: a) without jet
and b) with jet.

ified to pjptot.ct = 2.4. The incoming mass-flow was pre-
scribed with aJCstream-tube area ratio of E = 0.71, which
corresponds to that of the basic throughflow nacelle.

Figure 14 shows the wing pressure distribution for the con-
figuration with jet and with throughflow nacelle for the sec-
tions just in- and outboard of the pylon. Basically, no signif-
icant differences are observed between the two cases.

An explanation for this result may be found in Fig. 15,
where the flowfield around the two configurations is displayed
by lines of constant Mach number in a section through wing
and nacelle at the pylon location. In Fig. 15b the jet is clearly
visible by the concentration of isolines. Note that in truly
inviscid flow, the jet boundaries should be given by contact
discontinuities, but the numerical dissipation has a smearing
effect. Since the nacelle trailing edge is located at about 50%
wing chord length, the inviscid jet has only a very small in-
fluence on the interference.
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Conclusions
In a cooperative research programme, ONER A and DLR

have performed a very detailed analysis of airframe/propulsion
integration of a generic twin-engine transport aircraft configu-
ration. The DLR-F6 configuration with long duct througnflow
nacelles as propulsion units has been chosen to investigate the
interference effects by both experiments and computations.

On the one hand experiments have been carried out in the
transonic test section of the S2M A wind tunnel in the ONER A
test center at Modane. Overall forces and moments have been
measured as well as surface pressure distributions on the wing
and the nacelles of the highly instrumented wind-tunnel model.

On the other hand computations on this configuration have
been performed using the CEVCATS-code, a multiblock mul-
tigrid Euler solver recently developed at DLR and currently
applied to complex configurations.

The results of both experiment and computation consis-
tently show substantial interference effects due to the instal-
lation of the nacelles on the configuration at cruise Mach
number. With respect to the wing-body configuration, total
lift decreases at constant incidence, and total drag increases
at constant lift due to the installation drag. In addition, the drag
rise Mach number for the complete configuration is reduced.

The analysis of the surface pressure distributions on the
wing and the nacelle reveals the main features of the inter-
ference effects on the flowfield at cruise conditions: the super-
sonic region on the upper wing surface is reduced over the
whole span leading to an upstream movement of the shock.
On the lower wing surface inboard of the pylon the flow is
accelerated in such a way that a local supersonic region closed
by a shock wave appears. In addition, differences in the pres-
sure distributions inboard and outboard of the pylon lead to
a discontinuous local lift evolution vs span. As far as the
nacelle is concerned, the pressure distribution is also modified
by the flow acceleration inboard of the pylon.

Comparisons between measured and calculated pressure
distributions demonstrate the capability of the Euler code to
correctly predict the interference effects due to the propulsion
integration, despite the fact that viscous effects are not in-
cluded in this approach. In addition, these computations re-
veal that an inviscid jet does not play an important role in
the interference effects on the investigated configuration.
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