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Abstract

The aerodynamic interference effects of three different
wing mounted engine concepts, namely a conventional tur-
bofan, a very high by-pass ratio turbofan, and an ultra high
by-pass ratio ducted propfan are investigated by the solu-
tion of the Euler equations. Due to the interference of fan
jet and wing, the ultra high by-pass engine shows the larg-
est interference. A variation of position reveals for both the
very high and the ultra high by-pass ratio engine a potential
for a close coupling of engine and airframe.

1. Introduction

The aerodynamic performance of an aircraft has great in-
fluence on the fuel consumption, and therefore strongly af-
fects the emissions of the propulsion system. In order to re-
duce emissions for an enhanced environmental compati-
bility it is necessary to increase the lift to drag ratios of ad-
vanced future aircrafts. Furthermore, the propulsive effi-
ciency of state-of-the art turbofans has still a large potential
of improvement, which may be realized by significantly in-
creasing the by-pass ratio (perhaps from 5 up to 15) [1] .

However, the higher by-pass ratios require larger fan diam-
eters, and care has to be taken that the interference effects
caused by the installed engine do not degrade the aerody-
namic performance too severely. Therefore, airframe / en-
gine-integration becomes a key technology in the design
and development of advanced aircraft. For wing-mounted
engines the problem is additionally aggravated by the fact
that the larger engine diameters and the restrictions placed
by the available length of the landing gear require a closer
coupling of engine and wing.

Recently, numerical methods are more and more used to
gain insight into the elements playing a role in the interfer-
ence process [2] , [3] . It has been shown that already the
solution of the Euler equations is capable of predicting es-
sential effects caused by the installation of an engine [4] .
‘When solving the Euler equations viscous effects may effi-
ciently be estimated by considering the displacement thick-
ness of the boundary layer on the wing [S] . Provided a
flexible grid generation procedure is established, a numeri-
cal method allows the efficient investigation of different
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engine concepts and different engine locations. The influ-
ence of the propulsion concept on the acrodynamics of the
airframe may be studied, and positions causing too strong
effects on the flow around the wing may be identified.

In the present contribution, the interference effects of three
different engine concepts, namely a conventional turbofan
engine, a very high by-pass ratio turbofan, and an ultra
high by-pass ducted propfan are assessed. The special con-
figuration considered here is a twin engine Airbus-type air-
craft. The geometry of the wing body combination corre-
sponds to the DLR-ALVAST wind tunnel model
Experimental and theoretical investigations of this wing
body combination were carried out for low subsonic speeds
[6] . A theoretical investigation for the interference effects
of a conventional TF and a UHBR engine on the ALVAST
configuration was performed for transonic speeds [7] . The
present study establishes a consequent continuation of this
work.

Currently, there is a trend towards VHBR engines as the
propulsive concept of the near future. Such an engine may
be viewed as lying between the conventional turbofan and
the UHBR concept. Therefore, it appears appropriate to
compare the interference effects of a VHBR engine to
those of a TF and a UHBR engine.

Besides the comparison of the three engines, a systematic
variation of the position of the VHBR and the UHBR pro-
puision systems will be performed in order to identify pos-
sible aerodynamic limitations for the locations of the en-
gines.

2._Analysis Tool

The investigation of the different engine concepts and in-
fluence of different engine positions is carried out by the
solution of the Euler equations. With respect to solving the
full potential equation, the advantage of the solution of the
Euler equations is that mass, momentum, and energy are
conserved. Additionally, for the Euler equations the vortex
sheet behind a lifting wing needs not to be specified, and
the geometry of an inviscid jet comes out as part of the so-
lution. On the other hand, compared to the solution of the
Navier-Stokes equations, the effort for the generation of
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computational grids and the computer time required for the
calculation tends to be an order of magnitude smaller, and
essential interference phenomena may already be observed
in inviscid fiow [4] .

&1 Solution Scheme

The Euler equations are solved in integral form in order to
ensure conservation for the discrete equations. The physi-
cal domain around the aerodynamic body is subdivided
into hexahedral cells, and the discrete values of the flow
quantities are located at the vertices of the mesh cells.
Since this discretization leads to central difference approxi-
mations, additional artificial dissipative terms are intro-
duced to damp out high frequency oscillations.

Time integration is performed using an explicit 5-stage
Runge-Kutta time stepping scheme. Since interest is fo-
cussed on steady flow fields only, various techniques, like
local time stepping, implicit residual averaging, and multi-
grid are used to accelerate convergence towards steady
state.

The algorithms are implemented in the DLR-code CEV-
CATS. This code is written in a block-structured form and
allows an arbitrary application of boundary conditions on
the block faces. Details of the code structure may be found
in{8].

For transonic flows over wings the neglection of viscous
effects leads to a systematic error when comparing the so-
lutions to experimental results [4] . Therefore, in the
present study viscous effects are estimated by adding the
displacement thickness of the boundary layer to the wing
geometry. This concept has been introduced in {9] for wing
body configurations, and in [S] the extension for the calcu-
lation of interference effects has been shown. The displace-
ment thickness of the wing alone is computed with the
FLO22VIS code {10}, which consists of the FLO22 code
from Jameson [11] , and the 3D boundary layer integral
scheme from Stock [12] . Due to the addition of the dis-
placement thickness the wing geometry is widened and the
wing is not closed at the trailing edge. As outlined in (5],
the addition of the displacement thickness moves the shock
wave further upstream, and the rear loading is reduced,
thereby resembling more closely experimental results.

2.2 Gri neration

The basis for an investigation like the one intended in this
study is a fast and flexible grid generation procedure,
which allows an easy change of engine type and position.
Here the mesh generation system of [13] is used for the
generation of body-fitted, block-structured meshes. The
mesh generation system in [13] was especially designed for
the generation of grids around transport aircraft with wing
mounted engines. The grid topology in this grid generation
system is chosen such that a change of engine type or posi-

tion does not require a change of grid topology. Changes in
the grid due to different engine concepts are limited to a
confined region around the engine itself. To achieve this,
an H-type grid structure in streamwise direction and an O-
type structure in spanwise direction is employed for the
wing body configuration. Engine and pylon are integrated
into this basic grid by introducing a sub-block containing
these components. For this purpose a specified region is cut
out of the global grid to allow the substitution of the sub-
grid containing the propulsion components. As a topology
for the subgrid around engine and pylon also an H-type
structure in streamwise direction is employed, and in cir-
cumferential direction with respect to the engine axis a po-
lar grid topology is applied. The outer boundary of the po-
lar subgrid is adapted in order to match the cut out region
of the global grid.

A three-dimensional view of the resulting field grid around
a wing body combination with conventional turbofan en-
gine is given in Figure 1. The region of the polar subgrid
containing the propulsion components can clearly be seen.
Note that using the above described mesh topology the glo-
bal H-O grid around the wing body configuration may be
left unchanged when introducing different subgrids for dif-
ferent engine types and locations.

The complete field grid around the wing body configura-
tion with engine and pylon consists of approximately
650,000 mesh cells and 11 computational blocks. The sur-
face mesh on the wing has 40 cells in spanwise direction,
and cells are concentrated at the pylon location. 144 cells
are used around an airfoil section. For the engine 64 cells
have been employed in circumferential direction.

nfigur I
The special configuration considered here is a twin-engine
Airbus-type aircraft. The geometry of the wing body com-
bination corresponds to the DLR-ALVAST wind tunnel
model [14] , and a sketch of the configuration with an ad-

vanced engine is given in Figure 2. Three different types of
engines will be investigated, namely

. a conventional turbofan (TF) with a by-pass ratio of
H=5

. a Very High By-pass Ratio (VHBR) engine with a
by-pass ratio of p =11

] a Ultra High By-pass Ratio (UHBR) engine with
by-pass ratio of 1t = 23,
The conventional turbofan engine is scaled in accordance
with a CFM-56 engine installed on an Airbus A320. The
geometry of the UHBR engine corresponds to the DLR-
CRUF simulator {15] , which had been used on the AL-
VAST model for experimental and theoretical investiga-
tions in the framework of the BRITE/JEURAM program
DUPRIN [16] . The dimensions of the VHBR and UHBR
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engines are chosen such that they represent propulsion
units with a thrust of about 30,000 Ib.

The position of an engine under a wing may be specified by
the distances xp and H, where xg is the horizontal distance
between leading edge point of the wing and upper trailing
edge point of the nacelle, and H being the vertical distance
between these two points, as sketched in Figure 3. The po-
sitions of the three different engines investigated here are
given in Figure 3, where the basic position of the engines
are denoted by 1. The position of the TF engine is that real-
ized in the experimental investigations of [16] and corre-
sponds to a representative location of a conventional en-
gine. The basic position of the UHBR propulsion unit is
also taken from [16] . The interference effects of the two
engines at these positions have already theoretically been
investigated in [7] for the same transconic flow conditions
as will be considered here. Therefore they serve as the ba-
sic reference positions. The basic position of the VHBR
engine is chosen such that the horizontal distance xg agrees
with that of the turbofan engine, and for the vertical posi-
tion the engine axis of the VHBR is located at the same po-
sition as the UHBR engine.

For all configurations, the pylon is of symmetrical shape.
The leading edge of the pylon is defined by a straight line
connecting the wing leading edge with the nacelle at a
specified chord length. Varying the engine position varies
the inclination of the pylon leading edge, however the
thickness of the pylon is always kept constant. Thus the in-
fluence of a varying pylon shape is kept to the smallest
amount possible.

Figure 4 gives a sketch of the three basic engine positions,

and in Figure 5 the surface meshes for the three configura-
tions are presented.

4. Results
For the investigations of the interference effects represen-
tative cruise conditions are chosen, and the freestream con-
ditions are set to M., = 0.75 and o = 0.84". In order to rep-

resent engine operating conditions, the incoming mass flow
has to be specified at the fan inflow face, and at the engine
outflow faces the pressure and temperature ratios have to
be prescribed.

The incoming mass flow is given by the stream tube area

ratio g, = » with A being the cross-sectional area

Ay
AmL
of the stream tube at infinity, and Ay the area of the na-
celle at the highlite position. The outflow conditions are
determined by the jet pressure ratio P;/P,, where Py; de-
notes the total pressure in the jet and Py is the ambient

static pressure, and the temperature ratio Ty /T, , with

T,; being the total jet temperature and Tyg the total ambient
temperature. In the numerical simulation, the temperature
ratio is always set to unity, i.c. only cold jets are simulated.
Furthermore, no attempt has been made to simulate the
correct by-pass ratio. Instead, at fan and core ontflow faces
always identical boundary conditions are applied. Table 1
gives the conditions specified in the computation for the
different engines.

The presentation of results is split into two parts: First, the
three propulsion concepts will be compared at their basic
positions. Since a comparison for the TF and UHBR en-
gine was already performed in detail in [7] , here mainly
the effects of the VHBR engine will be pointed out. Sec-
ond, for the VHBR engine and for the UHBR engine a
variation of the engine position will be carried out to ex-
plore other possible locations and to find limitations in po-
sition due to unacceptable interference effects.

41 C . f Engine C
Figure 6 shows spanwise lift distributions for the ALVAST
wing-body combination equipped with the three different
engines. The spanwise location of the engine is always
kept constant, and the positions with respect to the wing
leading edge are those indicated in Figure 3 as VHBR Posi-
tion 1 and UHBR Position 1. As a reference the lift distri-
bution of the configuration without engines is included in
the figure. The installation of the engines leads to a loss of
lift over the complete wing surface, as already noted in [4]
, [7] . Inboard of the pylon, the installation of the UHBR
engine causes a larger decrease of lift than TF and VHBR,
for the latter two no differences occur in this region. Out-
board of the pylon up to the wing tip, the lift decreases with
increasing engine dimensions, i.e. the UHBR engine
causes the largest loss in lift, and the lift loss due to the
VHBR installation lies between that caused by TF and
UHBR.

A more detailed analysis of the interference effects is pro-
vided by sectionwise pressure distributions. Pressure distri-
butions will always be shown at a spanwise location
closely inboard of the pylon (y/b = 0.33), and one closely
outboard of the pylon (y/b = 0.38). The position of the
spanwise sections is included in the sketch of Figure 2. To
allow a better estimation of the engine interference, Figure
7 shows a comparison for the configuration with turbofan
engine and for the clean configuration without engine. In
both sections the shock wave is moved further upstream by
the engine installation, and in [7] it was pointed out that
this effect takes place over the whole spanwidth due to the
propagation of disturbances in the supersonic part of the
flowfield. On the lower wing surface a distinct difference
between the inboard and outboard pressure distribution is
observed for the installed case. In [7] this effect has been
explained by the distortion of the streamlines on a swept
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wing due to the presence of the pylon.

Figure 8 shows the corresponding pressure distributions for
the configuration with the three different engines installed.
On the upper wing surface a clear trend is observed: in-
creasing the engine dimensions successively from TF to
VHBR and to UHBR moves the shock wave more and
more upstream. The larger the engine the more the local in-
cidence of the flow relative to the wing at the engine posi-
tion is reduced. Due to the propagation of disturbances in
the supersonic flowfield on the upper wing surface, the lo-
cal reduction of incidence causes an upstream shift of the
shock wave on the whole upper surface, leading to the suc-
cessively reduced lift distribution outboard of the pylon in
Figure 6.

On the lower wing surface TF and VHBR show qualita-
tively a similar behaviour. However inboard of the pylon
for the TF engine the flow is stronger accelerated in the
first 30% of the chord as for the VHBR engine. Since the
TF engine causes lower pressures as the VHBR engine in-
board of the pylon, the lift loss due to the more upstream
shift of the shock wave is compensated, as can be seen in
the lift distribution of Figure 6. Outboard of the pylon dif-
ferences between TF and VHBR are only small. The inter-
ference effects caused by the UHBR differs significantly
from those observed for TF and VHBR, especially inboard
of the pylon. Due to the fan jet which passes very closely
under the wing, the flow is substantially accelerated and
causes a region of very low pressure inboard of the pylon.
This low pressure region is responsible for the additional
loss of lift inboard of the pylon. Outboard of the pylon the
flow acceleration is much less pronounced, however still
stronger than for TF and VHBR engines.

Figure 9 shows the Mach number distribution of the flow-
field around the configuration with UHBR engine in a
cross-section inboard of the pylon location. The inviscid jet
can be identified by the concentration of iso-lines at the jet
boundaries. Note that due to the numerical dissipation the
jet boundaries are not given by crisp discontinuities. The
region of strong flow acceleration for the UHBR engine
due to the closely passing jet under the wing can clearly be
seen in the figure.

4.2 Variation of Engine Position

The higher by-pass ratios necessary to achieve better spe-
cific fuel consumption require substantially larger diame-
ters as conventional turbofan engines. Installing these en-
gines on todays aircraft may be prohibited by the available
length of the landing gear, since due to the larger dimen-
sions the required off-ground distance may become too
small. Therefore, these engines have to be located as
closely as possible under the wing. Additionally, the length
of the advanced propulsion concepts increases, and it may
be desirable to also reduce the horizontal distance to the

wing leading edge. Figure 3 gives a view of the different
positions investigated in this study. From Ref [17] a bound-
ary has been included for positions where the interference
drag becomes not acceptable. This boundary served as a
guide line for the selection of the positions being investi-
gated here. In Table 2 the different geometrical parameters
of the engines and their positions are summarized.

Variation of R Position

As already mentioned, the basic position of the VHBR en-
gine, denoted as Position 1, is defined by the same horizon-
tal distance xg as realized for the turbofan engine. The ver-

tical distance H of Position 1 was chosen such that the axis
of the VHBR coincides with the axis of the UHBR engine
given in Ref. {16] , see Table 2.

In order to establish a closer coupling of engine and wing,
first the vertical distance H was reduced such that H is
identical for turbofan and VHBR, yielding Position 2. For
Position 3 the location of the axis of the VHBR was re-
quired to be identical with the axis of the basic turbofan.
With this further reduction the position is very close to the
boundary line indicated in Figure 3. Note that the horizon-
tal distance for Positions 1, 2, and 3 is identical.

In Figure 10 the spanwise lift distribution for the three po-
sitions is displayed. The differences caused by the geomet-
rical variation are only marginal. The reason for this some-
what surprising result may be found when regarding the
pressure distributions in Figure 11. A clear trend may be
observed: moving the engine closer to the wing leads to a
more and more upstream shift of the shock wave on the up-
per wing surface. On the lower wing surface, the flow is
less accelerated when moving the engine closer to the
wing. This behaviour is observed in both spanwise sec-
tions. Concerning the lift distribution, these two effects
counter-balance each other: the loss of lift due to the up-
stream shift of the shock is compensated by the pressure
gain on the lower surface. The main result of the vertical
variation is that a closer coupling of VHBR and wing does
not severely deteriorate the acrodynamics of the wing.

The axial length of the VHBR engine substantially exceeds
the length of the turbofan engine. For the same horizontal
position xg of the nacelle trailing edge, the leading edge of
the VHBR engine is located far more upstream than that of
the turbofan. At this horizontal position, the leading edge
of the VHBR is even located further upstream than the
leading edge of the UHBR at its basic position. It therefore
may be desirable to also realize a closer coupling in hori-
zontal direction. Based on the vertical distance of Position
3, the VHBR engine is horizontally moved closer to the
wing into Position 4, see Figure 3. At this position, the
trailing edge point of the nacelle lies downstream of the
wing leading edge. Figure 12 gives a comparison of the
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spanwise lift distributions calculated for Position 3 and Po-
sition 4. Inboard of the pylon, Position 4 leads to a loss of
lift, whereas outboard differences are negligible.

The pressure distributions in Figure 13 show that the down-
stream shift of the engine position reduces the influence on
the upper wing surface, since the shock wave also moves
further downstream. On the lower wing surface, the influ-
ence of the propulsion system is now however more pro-
nounced. Inboard of the pylon, the flow is strongly acceler-
ated due to the location of the nacelle trailing edge
downstream of the wing leading edge. The downstream po-
sition of the engine changed the cross-section of the duct
formed by nacelle, pylon and wing, and thus aggravated the
channel effect responsible for the flow acceleration the first
15% of the chord length. Further downstream the flow is de-
celerated with respect to Position 3. Outboard of the pylon,
the same tendency is observed, however the effect is not that
strong as on the inboard side. Compared to Position 3, the
interference caused by Position 4 tends to be more severe. It
is however instructive to compare the pressure distribution
of VHBR Position 4 with those of the basic turbofan, as
done in Figure 14. Both configurations show a very similar
behaviour, and with respect to the turbofan, even the inter-
ference effects of the VHBR at Position 4 appear to be ac-
ceptable. This is confirmed by the comparison of lift distri-
butions in Figure 15.

Variati f the UHBR Positi
The basic position of the UHBR engine was defined in [16] .
Since the leading edge of the nacelle is located further up-
stream compared to the turbofan engine, the UHBR engine
is moved successively closer to the wing in horizontal direc-
tion. This variation is given by the UHBR Positions 2 and 3
in Figure 3. The backward shift of the engine shows a clear
trend in the spanwise lift distributions displayed in Figure
16. Moving the engine closer to the wing continuously re-
duces the lift. The pressure distributions in Figure 17 also
show a clear dependency on the engine location: the more
downstream the position, the more the flow is accelerated on
the lower wing surface. This holds especially for the inboard
side of the pylon, where the jet effect is quite strong for Po-
sition 1 already. Shifting the engine downstream decreases
the pressure even further, and the resulting pressure gradi-
ents may become too unfavourable. On the upper wing sur-
face, the influence of the variation of position is negligible.

Regarding the large diameter of the UHBR engine, a reduc-
tion of the vertical distance to the wing is desirable. Based
on the horizontal location of Position 1, the axis of the
UHBR engine is moved to the position of the axis of the
VHBR engine at VHBR Position 2.

This new position is referenced as UHBR Position 4. Figure
18 presents a comparison of the results from Positions 1 and

4. The lift distribution for the two positions is almost iden-
tical, and so are the pressure distributions, not presented
here. This shows that there is still a potential to locate the
UHBR engine closer to the wing in vertical direction. This
will alleviate the problems associated with the installation
of such engines, also with respect to the strong influence of
viscous jet effects observed during the investigations of
[16].

3. Conclusion

The interference effects of a twin engine transport aircraft
with different propulsion concepts have been investigated
numerically. The analysis has been performed by solving
the Euler equations using the DLR-code CEVCATS. Vis-
cous effects have been considered by adding the displace-
ment thickness of the boundary layer to the wing geometry.
The geometry of the wing body combination investigated
was given by the DLR-ALVAST wind tunnel model. The
first part of the study dealt with the comparison of the inter-
ference effects of a conventional turbofan engine, a VHBR
engine, and a UHBR engine. In the second part of the study
the positions of VHBR and UHBR engine were systemati-
cally varied to explore limitations for the location of the
engines. The analysis lead to the following results:

. At their basic positions, TF and VHBR engine show
similar interference effects. The effect of the more
upstream shift of the shock wave by the VHBR
engine is compensated by the less accelerated flow
on the lower surface, compared to the turbofan
engine. The UHBR engine shows the most
upstream shift of the shock wave, and on the lower
wing surface the fan jet of the UHBR engine causes
a significant region of low pressure.

. The variation of the VHBR position showed a rela-
tively small effect when reducing the vertical dis-
tance to the wing. Taking the vertically closest
position and shifting the engine downstream
increased the interference effects, but they are still
comparable to those caused by the basic turbofan.

. The variation of the UHBR position revealed that
shifting the engine downstream severely increased
the jet interference with the wing and enlarged the
low pressure region on the wing lower surface.
However, taking the basic upstream position and
moving the engine vertically closer to the wing had
essentially no effect. This may alleviate the prob-
lems encountered by the technical installation of
such engines.
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Figure 4: Sketch of Engines
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Engine TF| VHBR| UHBR xp/C | HIC | Hyy/C Diail?t;arlc
Py/Po 20 19 17 VHBR(1) | 0052 | 0.19| 043 0.1
Table 1: Engine Operating Conditions VHBR(2) | 0052 | 016| o041 051
VHBR(3) | -0052 | 012 037 051

VHBR@) | +005| 02| 037 051

UHBR(1) | -041| 011| 043 0.65

UHBR(2) | -035| 011| 043 0.65

UHBR(3) | -030| 011] 043 065

UHBR) | -041] 007| 039 0.65

Table 2: Engine Positions
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