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Abstract

In view of the development of ultra-high
bypass engines, the aerodynamic interfer-
ence between ailrframe and engine becomes
more and more important. This study de-
scribes as a first step the flow field
around an Airbus-type configuration with a
conventional turbofan engine. Theroreti-
cally, the three-dimensiocnal Euler egua-
tions were solved using a cell-vertex
method using a multi-block structure.
Experimentally, a half model based on the
Airbus A320 and scaled about 1:10 with a
Turbo-Powered Simulator was investigated
at low speed. The results show good agree-—
ment between theory and experiment.

1. Purpose of Invegtigation

In aerodynamic design great interest is
focussed on an optimal adaptation of pro-
pulsion system and airframe in order to
achieve maximum efficiency from the moun-
ted engine. This requires a careful inves-
tigation of the interference phenomena
arising in the flow around a complete air-—
craft. Jet engine design tends to ultra-
high bypass ratios which can be realized
with lower specific fuel consumption. How—
ever, the large fan diameters required
cause even stronger engine-airframe inter-
action, The aim of the presented contribu-
tion is directed to start investigations
on ultra-high bypass engines. In view of

interaction, acoustics and landing gear
height, the shrouded fan appears more
promising than the unshrouded one. There-

fore, emphasis is laid on shrouded engines
in this paper.

The fundamental importance of engine-
airframe integration was emphasized during
the AIAA 22nd Aerospace Sciences Meeting
in 1984 by a special colloguium held on
this topic. The twelve invited papers and
five additional contributions were edited
by 8.N.B. Murthy and G.C. Paynter [1] and
are viewed as a standard on computation of
engine-airframe integration. $.N.B. Murthy
stresses in his preface that "the ration-
alization of aerodynamic integration of an
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alrplane in all aspects can be accomplis-—
hed only on a hybrid analytical-experimen-
tal-computational basis". Experimental
studies are seen to provide the basis for
verification of outputs £from numerical
codes and have to be of very high quality.

Recent theoretical investigations ap-
plyving potential flow egquations on wing-
body nacelle pvlon configurations are
known from E.N. Tinoco et al.[2], C. Ha-
berland and G. Sauer[3](panel methods),
Wang Diegian and S$.G. Hedman(4] (transonic
small perturbation method) and A.W. Chen
et al.[5] (full potential method). The
more complex solution of the Euler egqua-
tions was carried out for nacelle flows by
S. Leicher et al.[6], R. Radespiel et al.
[7] and N. Hirose et al.[8]. Experimental
data were shown by the authors mentioned
above in the cases of flight([2] and wind
tunnel{2, 4, 5, 6, 8] and, moreover, by
D. Eckert and W. Burgsmiller [9], W. P.
Henderson [10] and 0.C. Pendergraft Jr. et
al.f[111.

In the paper presented here the solu-
tion of the Euler eguations will be used
to predict interference phenomena between
aircraft and engine. The advantage of the
solution of the Euler equations with re-
spect to the potential flow model is that
the vortex sheet behind a 1lifting wing
needs not to be specified. Furthermore the
potential flow models do not allow entropy
rise through shock waves while mass, mo-
mentum, and energy are conserved. On the
other hand, compared to the solution of
the Navier-Stokes equations the calcula-
tion o©f inviscid flow fields by solving
the Euler eguations tends to be an order
of magnitude less expensive, and therefore
ags a first step in numerical simulation of
interference effects here the application
of an Buler code is preferred.

The special configuration considered
here 1s a twin-engine Ailrbus-type air-
craft. Dimensionless prarameters have to

be defined in order to be able to compare
the model investigation with the real air-
craft. The flow around wing-body and en-
gine was calculated by a numerical scheme
for the solution of the Euler equations,
Experiments were carried out on a half
model with engine simulation by a Turbo-
Powered Simulator at low speed. This in-
vestigation is to be seen as a first step
for understanding the interference effects
especially at low speed.



2. Parameters of Engine Simulation

Each model investigation requires the
consideration of similarity rules in order
to be able to compare the flow field
around the model and around the real air-
craft. From general wind tunnel testing
some parameters are known which are also
of importance in case of engine simula-
tion:

Mach number:

Reynolds number:
Rey = luvw/\)°° (2)

1l,, as a typical length of the model must
ngt be too small in view of the required
accuracy of the experiments.

Degree of turbulence:

Tu, = 100 v'?/vm (3)

Special parameters for engine simulation
are:

a) Kind of simulation: Jet engine simula-
tion is carried out by simple represen-—
tation of the nacelle geometry (trough
flow nozzle) or by modelling of nacelle
and Jjet. The best simulation can be
achieved by a Turbo-Powered Simulator
(TPS) which produces a stream tube up-
stream and downstream of the simulator.
‘In this case, some more parameters have
to be taken inte account which describe
the thrust (influence of jet downstream
of engine) and the stream tube upstreanm
of the engine (size of displacement).

b) The thrust coefficient is defined by
net thrust of fan and turbine, wing
area and dynamic pressure:

cp = Fy/ (Aya) (4)

The different types of engines - low
bypass and ultra-high bypass types -
are better described by the following
equation (see H. Grieb and D. Eckardt
[121) :
Cg = Fy/ (A Q) (5)

Between the two coefficients cp and Cq
the following connection is given:

CS = CT Aw/Aw (6)

¢) The stream tube area ratio is given by
the stream tube area far upstream and
by the highlight area

eqp = Au/Ayp = (D/Dgp) 2 (7)

However, it is not possible to realize the
true bypass ratio because the turbine is
driven by cold air in the wind tunnel.
There the total temperature at turbine

exit amounts only to 20 or 30% of that of
the aircraft engine. This fact seems to be
less severe since the fan jet is dominant
in view of interference with the airframe.

3. Theoretical Investigation

Governing Eguationsg

The three-dimensional Euler eguations
for unsteady compressible inviscid flows
may be written in integral form using a
cartesian coordinate system as

fffg?wdv:~ ﬁ%‘ T as, (8)
\ a8V
where
P od,
pu - pug + pl,
W ={pv| , F = | pvd + pfy
ow owd + piy
PE OHQ
In equation (8), p, o, u, v, w, E and H

are the pressure, density., cartesian ve-
locity components, total energy and total
enthalpy, respectively. V denotes an arbi-
trary control volume fixed in time and
space and 8V is the closed boundary of the

volume. F represents the tensor of flux
density and § is the outward facing normal
along 38V. The unit vectors of the carte-—
iian coordinate system are given by TX,

i T and the velocity vector is hence

v z

- id i 1l

g = ui, + Vly + wig . (9)
Applying the integral mean value theorem,
equation (8) can be converted to

_afé;-f{ds
gdv

The term on the left-hand side of equation
(10) represents the integral mean value of
the rate of change of W in the control
volume V, and the right-hand side is the
flux per volume of mass, momentum and
energy through the surface of V. Together
with the equation of state

(10}

p = PRT (11)

which relates the pressure to the compo-
nents of W, equation (10) forms a system
of five equations for the unknowns p, u,
v, w and E.

Solution Method

The discretization of equ. (10) follows
the method of lines, di.e. the discre-
tizations in space and time are done sep-
erately. The physical domain aground the
aerodynamic body 1s divided into hexahe-
dral cells by the generation ¢f a body-
fitted grid. The discrete wvalues of the
flow quantities are located at the cell
vertices of the mesh cells, as proposed in
[13]. The numerical analogue of the inte-
gral eguation (10) then reads:
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where i,j.k are the indices of a certain

grid point in the computational dcmain,
i3,k denotes the convective fliux given

by %n approximation of the surface inte-

gration in equ. (10), and Dj ; x is a
2 y v Iji
dissipative operator.
" The approximation of the convective

flux at a vertex 1,j.k is accomplished by
first evaluating the fluxes through the
surfaces of all cells surrounding node
i,3.k. On regular 3-D body fitted grids a

vertex has eilght neighboring cells in
commen, shown in Figure 1. The surface
integration is evaluated for each cell

using an arithmetic average of the flux
guantities at the vertices to determine
the values on a cell face. Then the fluxes
of all cells having node 1i,3j,k in common
are summed up to give 6i,j,k'
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Fig. 1 Arrangement of cells in a regular
three-dimensional mesh

As this discretization scheme leads to
central difference approximations for the
governing equations, additional artificial
dissipative terms are necessary to damp
out high frequency oscillations. Here &
blend of second and fourth differences at
the flow variables as described by
A, Jameson et al. [14] is used to form the
dissipative operator ﬁi,j,k'

The spatial discretization results in a
system of ordinary differential eguations
in time which is solved by an explicit
5-stage Runge Kutta time stepping scheme.
Since interest is focussed on steady flow

fields, various techniques, 1like local
time-stepping, implicit residual aver-
aging, and enthalpy damping [14], [15] are

used to accelerate the convergence to the
steady state.

In order to treat solid surface bound-
aries a flow tangency condition 1is en-
forced by projecting the velocity vector
at & surface grid point onto the surface.
Far field boundary conditions are imple-
mented using the concept of characteris-
tics variables described by D.L. Whitfield
and J.M. Janus [16]. The specification of
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theé engine operating conditions is done
following R. Radespiel [17] by defining
the stream tube area ratio and the press-—
ure ratio pt'/pw and the temperature ratio
th/Too at the engine outflow boundaries.

The algorithms are implemented in the
DLR code CEVCATS. This code is written in
a block-structured form which allows cal-
culations with a nearly unrestricted num-
ber of grid points on arbitrary grid
topologies. The details of the multiblock
structure implemented in the program are
found in reference [18].

Grid Generation

The approach of generating regular
body~fitted, blockstructured meshes is em-
ployed. The use of regular Dbody-fitted
grids exploits the advantage of mapping
the physical domain into a hexahedral com—
putational domain, where the computational
coordinates i,3,k may be taken as pointers
for storage arrays leading to a well defi-
ned data structure. As it 1is not always
possible to map the physical domain into a
single computational block the physical
domain-is subdivided intc a number of zo-
nes which are then separately mapped into
computational blocks. Connectivity between
the blocks is achieved via data transfer
across corresponding block faces. This so-
called multi-block approach allows a high
flexibility for complex configurations.
Using the multi-block approach one has at
first to decide about a global grid topo-
logy which allows an embedding of neces-
sary subgrids around the different compo-
nents of a complex configuration. In the
present work an H-0 mesh topology was
chosen for the global grid around the
wing-body configuration. In this grid the
H-type structure is emploved in streamwise
direction and the O-type structure in
spanwise direction. In such a grid all
aerodynamic surfaces will be represented
by slits. Due to the H-topology a sub-
block in the global grid can easily be de-
fined in order to allow an embedding of
the grid around the engine.

For the grid around the engine also an
H-type structure in streamwise direction
is employed. The H-grid generated for a
section of the engine may then be rotated
to form a polar grid around the whole en-—
gine. This polar subgrid has to be fitted
into the global grid.

In the present study the generation of
field grids 1s established by the solution
of an elliptic system of equations. Ellip-
tic grid generation was mainly influenced
by the work of J.F. Thompson et al. [19].
The present approach to elliptic grid
generation 1is Dbased on the work of
T. Sonar and R. Radespiel [20]. However,
it was found necessary to use a different
concept for the control of grid propor-
ties:

The elliptic generation system commonly
used is given by

ve? = gt p, i=1,2,3 (13)



where Ei are the curvilinear coordinates,
g'l are the corresponding diagonal compo-
nents of the covariant metric tensor, and
p; are the source terms necessary to
control grid properties. As the source
terms are not known a priori they have to
be determined iteratively. In order to do
g0 here at first a sheet of so~called tar-
get points 1s constructed. These target
points define the desired position of all
grid points c¢losest to the boundaries of
the domain. During the iterative solution
process the deviation between target
points and the actual position of the grid
points 1s used to form an update of the
source terms. This strategy resulted in a
guite robust generation system, and to-
gether with a successive grid refinement
strategy the generation of a global H-O
grid around the wing-body configuration
required only 6-7 minutes on a (Cray XMP
for a grid with about 240 000 mesh points.
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Fig. 2 View of grid section through engine
and wing
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Figure 2 shows a section of the grid
through engine and wing. In this work no
attempt was made to generate a mesh around
the pylon. Figure 3 gives a perspective
view of the grid arocund the complete wing-
body-engine configuration. It should be
noted that at this stage of the work the
fitting of the engine's subgrid into the
global grid was achieved using only alge-
braic technigues rather than elliptic
generation.

A detailed description of the elliptic
grid generation system developped during
this work may be found in [21].

4. Set-up of Experimental Investigations

Gecometry of the Model

The i1nvestigations were carried out
with a wind tunnel model in tail-off con-
figuration as shown in Figure 4. This mod-
el named ALVAST is a half model to get re-
latively large dimensions for later in-
vestigations with flaps. It is designed
following the Airbus A320 and scaled about

1:10 giving a half span width of
b = 1.714 m and a reference wing chord of
lp = 0.41 m.

Cihedral » 4.8°

358

Fig. 4 ALVAST half model

The engine is modelled by a Turbo-
Powered Simulator (TPS) of the type TDI
441 with a fan tip diameter of Dp = 127 mm
and with an axisymmetric inlet, see
Figure 5. Unfortunately, a simulator of
true scale was not available for these
experiments. With respect to CFM 56-5A1,
the scale of the used simulator was about
1:13.

Typical parameters of this TPS are:

Fan-tip diameter Dp = 127 mm (5")
Rotational speed N = 45000 min~ !
Total pressure ratio mnp = 1.55

Fan mass flow mp = 2.11 kg/s
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Fig. 5 Scetch of wing installed TPS

For a given speed of V_, = 60 m/s, the ¢
of the TPS amounts only to 60% compareg
with that of CFM 56 due to incorrect sca-

ling as mentioned above (Figure 6). The
thrust coefficients calculated for the

real engines namely the CRISP conception
and the CFM 56 agree because these two en-
gines have to fulfill the same purpose,
i.e. to drive the A320 Airbus type. In the
case of the stream tube area ratio, the
TPS simulates well the one of the CFM 56
engine.

25 |
\
\
20 |- \
\
t \ CRISP
1S \ CFMS6-5A1
= \
o PS 441
w0l X
S
//
05 |

Q A i i i H
5
o= 40m/s Vg =60m/s V,=85m/s
H=0m H=z12m
I |
Znd segment
ir climb
JF 2t
\
1_
0 !
0 0.05 0.10 0.15 0.20 025 0.30
qu—-’-
Fig. 6 Thrust coefficient and stream tube

area ratio
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Data Aguisition

The experimental investigations include

the calibration of the TPS in the Cali-
bration Tank Goéttingen (ETG) . see
Baumert et al. [22]

the test of the separate engine - pylon
(EP) configuration in the Low-Speed Tun-
nel Gdttingen (NWG)

the test of the wing-body configu-
ration in the NWG

(WB)

the test of the wing-body engine pylon
(WBEP) configuration in the NWG

The measurements were performed mainly for
a free-stream Mach number of Ma, 0.17 at
different angles of attack and various
thrust coefficients. This Mach number cor-
responds to a velocity of vV, 60 m/s ang
to a wing Reynolds number of Rej 1.6-10
Some Measurements were also carried out at
Ve 40 m/s. Due to the limited tunnel
speed of the NWG, it was not possible to
run the tests in the second segment climb
range, see Figure 6.

The degree of turbulence amounts to
Tu 0.3 %. The boundary layver transition
was not influenced by any artificial trip-
ping device.

Force and pressure distribution meas-~
urements were carried out during NWG test-
ing. EP, WB or WBEP configuration was
mounted on an external six-component ba-
lance. A large number of pressgure taps was
provided on the surfaces of wing, body and
engine-nacelle and connected with a Scani-~
valve system {(wing body) or with a PSI
system {engine). More details are given by
W. Baumert et al. [23].

The surface pressure of wing and na-
celle 1is shown here by the pressure coef-
ficient

it

c (P -~ Pu)/% (14)

)
Qoo

with

0.5 p,v2 (15)

The integration of the wing pressure coef-
ficient determines the normal force coef-
ficient of the wing section considered:

cy F qucpd(x/l) (16)
x/1

Lift and drag coefficient are defined as
usual:

H

Cr, L/ (Awqw) (17)

i

D/ (Ayd.) (18)

Cp
Mass flow and rotational speed of the si-
mulator were referred to standard condi-
tions:



il =n 2 e (19)
red pta° Tt,s
- Tr.s
Nred =N Tt (20)
with
pe g = 101 325 Pa
Ty g = 288,15 K

The diameter of the stream tube far up-
stream of the engine is given by
i RT,

D TV, P

o =

(21)

5. Results

Theoretical Results for Cruise and Take-
off Conditions

The major part of the calculations pre-
sented in this paper was performed for the
geometry of the ALVAST windtunnel model
and a TPS representing the propulsion
unit. The wing o©of the ALVAST-model was
discretized using 30 cells in spanwise di-
rection and 40 cells in chordwise direc-
tion on each the upper and lower side of
the wing. The body was represented using
126 cells in streamwise direction and 36
cells 1n circumferential direction. 36
cells were placed chordwise on the outer
nacelle and 42 cells in the same direction
on the core engine. The rotation of the
sectional engine grid was performed using
48 sections in circumferential direction.
The far field,was located about three wing
spans away from the body. In total the
number of grid points amounted to 375000,
and 18 computational Dblocks were used.

The first calculation was performed
for typical cruise conditions with an on-
flow Mach number of 0.75 and an angle of
attack of 0.84°. The area ratio e for
the nacelle inflow conditions was taken to
0.71.

No attempt was made to get a realistic
simulation of the fan jet and the core jet
at the engine outflow boundaries. The re-
ason for this lies in the numerical vis-
cosity dinherent in the sclution method.
With the discretization scheme used here
it is not possible to resclve the jump in
velocity between Jjet and outer flow as a
digcontinuity. But the numerical dissipa-
tion, either introduced artificially or by
the discretization scheme itself, forms a
shear layer which has no physical meaning.
Moreover, the formation of the shear layer
will depend heavily on the grid resolution
in this region, and certain interference
effects may only be of purely numerical
nature. In order to exclude such uncer-
tainties no jet flow was modelled and an
isentropic pressure ratio ptj/pw and a to-
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tal temperature ratio Tp4/T, Of unity
were prescribed at the engihe outflow pla-
nes.

It is worth to mention that this model~
ling has a small influence on the pressure
distribution at the outer nacelle surface,
as was already shown in [17].

In order to judge the interference ef-
fects caused by mounting an engine under
the wing calculations were performed for
either a wing body combination with and
without engine. To allow a fair compari-
son the grid size of both configurations
wasg identical, in essence the grid of the
configuration without engine was the basic
global mesh of the configuration with en-~
gine. This was done to remove uncertain-
ties related to grid dependence of the so-
lution as far as possible.

The pressure distributions obtained for

these onflow conditions are shown in
FPigure 7, for the upper (left) and lower

surface (right) of the wing. The solid 1li-
nes are related to the wing-body-engine
configuration (WBE) and the dashed lines
correspond to the configuration without
engine (WB). In this figure the sectional
positions of the pressure distributions
correspond to the spanwise location of
grid points, however only every second
distribution 1s shown to allow a more
clear presentation. It can be seen from
the figure that close to the root section
of the wing the WBE configuration exhibits
a stronger shock than WB alone. But fur-
ther outboard the shock of WBE moves up-
stream and seems somewhat weaker than com~
pared Lo WB.

ENGINE POS.

UPPER SURFACE LOWER SURFACE

w8E

I

Fig. 7 Comparison of wing pressure distri-
butions for wing-body (WB) and
wing-body-engine configuration
(WBE) at Ma, = 0.75, a 0.84°,

€I{IJ:: 0.71



Figure 8 shows the spanwise 1lift dis-
tribution obtained for WBE and WB in this
case. Surprisingly there is only a small

-0 WBE -——=— B

cL
@

-]
{/ Engine position

. !
-0 .1 .2 .3 4 .5 .6 7 .8 .9 1.0
Y8 - 15000 -50000

Fig. 8 Comparison of spanwise 1lift distri-

bution for WB and WBE at Fig. 10 Lines of constant Mach number for
Ma. = 0.75, o = 0.84° € = 0.71 WBE at Ma, = 0.75, a = 0.84°,
> R egp = 0.71
HL :

deviation in regions of y/b > 0.5, i.e.

not there where the engine is mounted but . . . )
further outbocard. This peculiar behaviour streamwise section of wing and engine.
is better understood if one looks at the The Dbroken curves indicate lines of
pressure distributions at four different Ma = 1, and the increment was chosen to

spanwise sections, as given in Figure 9. AMa = 0.05. One clearly sees that no Jet
was modelled.

o e The next calculation was performed for
y/b=0.33 subsonic flow conditions with an onflow
Mach number of 0.171 and an angle of at-
tack of 6.9°., The area ratio for the fan
inflow conditions was €yy; = 2.11. These
flow conditions may occur éuring take-off.
Figure 11 shows the sectionwise pressure
e A g el i d distributions in the same way as done for
1 \\\/A - \\\,/\ the cruise conditions. It is interesting

] to note that in the region between engine

4 and body close to the root section the
1 1 suction peaks on the upper surface are
14 1 higher for the WBE configuration than

y/b = 0.265

WBE -—~—— ¥8

Fig. 9 Comparison of wing pressure distri-
butions for WB and WBE at selected
sections, at Ma, = 0.75, a = 0.84°,
€HL = 0.71

It can be seen that in the region where
the engine is mounted (y/b = 0.354) the
loss of 1lift due to the smaller supersonic -ce i
region of WBE on the upper wing surface is
compensated by the distribution on the
lower surface, where the lowest pressure
of WBE is always higher than that of WB.

UPFER SURFACE LOWER SURFALE

It has to be reminded that in the present e WBE - WB

investigation the pylon was not taken into

account and therefore this behaviour may Fig. 11 Comparison of wing pressure dis-
occur. Figure 10 gives a contour plot of tributions for WB and WBE at
lines of constant Mach number for a Ma, = 0.17, a = 6.9°, ey, = 2.11
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those of WB. This may be caused by a local
acceleration of the flow due to displace-
ment effects of body and engine. However,
in the vicinity of the engine the suction
peaks of WBE are significantly reduced
compared to WB.

cL
@

.0 Lt .2 .3 .4 5 .8 .7 .8 .9 1.0
¥/B
Fig. 12 Comparison of spanwise 1ift dis-
tribution for WB and WBE at
Ma,= 0.17, « 6.9°, eyr, = 2.11

Figure 12 shows the spanwise 1lift dis-
tribution. The ¢y, values of WBE are always
lower than those of WB except between
y/b = 0.45 and 0.55. This may be caused by
the singular lines in the mesh which occur
due to the embedding of the engine's sub-
grid into the global mesh. In the case of

transonic flow this grid irregularities
C @ Pressure Distributions
kv~ for « indicated |
’X
| pd
1.0 o }
“
7
05 //x’
v,
. Symb. [m?ﬂ
o 60
X L0
0 |
0° 4° 8° o 12°
15
cL
10
05
0
0 0.05 0.10

c

D

13 Lift and drag coefficient for WB
from experiments

Fig.
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had no influence on the solution, but when
calculating such low Mach number flows the
damping proporties of the solution scheme
are heavily degraded and local oscilla-
tionsg can occur. A remedy for this may be
a higher concentration of grid points in
that region and further more an elliptic
mesh generation procedure for the embed-
ding of the subgrid of the nacelle in or-
der to control the grid spacing properly.

However, even for this case a converged
solution was obtained within 600 time
steps. Thig amounted to about 2.5 hours
CPU time on a Cray XMP for WBE. For the
transonic flow case only 400 time steps
were necessary to drop the residual in all
blocks by about three orders of magnitu-
de.

Experimental Results for Take-off Condi-
tions

Wing Pressure Distribution

The influence of the engine on the
pressure distribution of the wing shall be
considered on some lift-coefficients. To
judge the wing behaviour on 1lift and drag
Figure 13 shows cr, and ¢y for the WB-con-
figuration for two velocities V.. Reducing
the upstream velocity V, leads to higher

drag as a result of the lower Reynolds
number (8 to 10%).
0.8
CN
07
06
05 ' :
a=33°
08 , cr08
i A ‘
Cn
0.7
06
Model Engi
Symb Cor?dite;on Ccrrw‘ i‘?ign Vg =
[ WB off 50
X1 weep W fm/s]
05 * * .
0 02 0.4 086 08 1.0
y/b
Fig. 14 Influence of engine condition on

normal force coefficient from ex-
periments



The interference effects caused by the
engine will be demonstrated on results of
the wing pressure distribution. For a 1lift
coefficient of ¢y = 0.6 (a = 3.3°)
Figure 14 shows the normal force coeffi-
cient cy as the result of the integrated
wing pressure distribution (see Figure 19)
at different sections of the wing. The re-
sults in the lower diagram are given for
two different engine conditions (wind mil-
ling WM and maximum rotational speed Npax)
in comparison with the distribution of tﬁe
WB configuration. In both cases (WM and
N. ax) the main influence of the engine on
tﬁe force coefficient Ty is given at posi-
tion y/b = 0.38 that means at the outboard
side of the pylon, section D4.

Changing the thrust coefficient of an
engine simulator there are different pos-
sibilities, namely by the thrust or by the
dynamic pressure d,, see eqgquation (4).
Here the thrust was changed by changing
the rotational speed at constant dynamic
pressure. 1t should be noted that there is
a coupling between the thrust coefficient
Cp and the stream tube area ratio e
which cannot be demonstrated independently
by the experiments.
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Fig. 15 Influence of engine simulation on
wing pressure distribution from
experiments
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The second possibility of changing the
engine thrust coefficient is demonstrated
in the upper diagram of Figure 14. For the
WB configuration no influence of the Rey-~
nolds number on the cy distribution 1is
shown at different upstream velocities V..
But for the WBEP configuration, the lower
velocity V, leads very clearly to a stron-
ger engine influence by increasing the
thrust coefficient from cp = 0.45 to
cp = 1.1, see Figure 6 by changing the
reference velocity V..

The influence of the engine interfer-
ence on the wing pressure distribution of
the most important section D4 at different
angles of attack is demonstrated in
Figure 15, here for the thrust coefficient
cp = 0.45 {Nmax)' The engine effect does
not change compared to the results before,
i. e. the engine interference effects re-
main on the leading edge region of the
wing at different angles of attack. In the
complete o range the reduction of the nor-
mal force coefficient caused by the en-
gine 1is nearly constant, see Figure 16.

15
V= 60m/s
CN
wB
10

P WBEP (N, )
05 vd
e
A7
Ve
r'd :
Section D4
05 L0 8o 120
[5 4

Fig. 16 Influence of engine simulation on
normal force coefficient from ex-
periments

Nacelle Pressure Distribution

Figure 17 allows the comparison of the
EP and the WBEP configuration at N s
a = 0°. The fuselage displaces the %%ow
and causes a 0.07 lower c, at WBEP compa-
red with EP (outside front region, ¢ = 60°
and 180°). At ¢ = 300° the ¢ values
agree: the displacement effect o? the fu-
selage 1s compensated by a certain "block-
age" in the "corner" between wing and na-—
celle. The rear part of the outer nacelle
pressure 1is also influenced by fuselage
and wing, in parparticular at ¢ = 300°.
Here the nearby wing dominates due to
sweep and dihedral at this location, in
contrast to ¢ = 60°.
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Fig. 17 Measured nacelle pressure distri-
2u518§, Npax' Ve = 60 m/s,

From extensive testing, the location of
the nacelle stagnation point was evaluated
and plotted in Figure 18. The stagnation
point moves linear along the surface coor-
dinate outward with increasing rotational
speed, stream tube area ratio and thrust
coefficient (upper diagram). It also va-
ries linear with the angle of attack de-
pending on the circumferential location
(lower diagram). The results of EP and
WBEP configuration agree with respect to
the accuracy of the stagnation point eva-
luation.

Further, it 1is assumed that the wing
causes a deviation of the streamlines in
the region of the nacelle. This 1local
angle of attack cannot be analyzed with
these experimental data.
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Fig. 18 Location of nacelle stagnation
point, V, = 60 m/s, from experi-
ments

Comparison of Theoretical and Experimental

Resgults

As test case for the comparison of
theoretical and experimental results the
onflow conditions Ma, = 0.171 and a = 3.3°
are used. A constant thrust coefficient of
cp = 0.45 was achieved at a rotational
speed of Npax in the experimental investi-
gation, for the theoretical simulation
€y, 2.11 was prescribed at fan inflow. In
tge left hand part of Figure 19 the pres-
sure distribution at the four sections ob-
tained by the measurements is given. The
interference effect caused by the engine
can clearly be seen in the reduction of
the suction peak at the leading edge. Par-
ticularly section D4, i.e. the first out-
board section next to the pylon, shows a
reduction o©of the suction peak by
Acp = 0.65.

The right part of Figure 19 shows that
the calculated pressure distributions of
the configuration without engine corre-
spond quite well to the measured pressure
distributions of the clean configuration.
The calculated minimum pressure coeffi-
cients in all sections are Ac, = 0.2 hig-
her than the measured values. Looking at
the configuration with engine, the inter-
ference effects caused by the engine seem
somewhat underpredicted compared to the
exXperimental results. This may be mainly
caused by two reasons: First, the calcula-
tions do not take into account the pylon.
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Fig. 19 Comparison of wing pressure distributions, calculation and experiment

The displacement effect of the pylon to-
gether with wviscous effects at the junc-
tions engine-pylon-wing may cause interfe-
rence phenomena which are not accounted
for in the calculation. Second, the inter-
ference effects probably caused by the
jets of fan and core engine are not consi-
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Fig. 20 Comparison of nacelle pressure

distributions,
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dered. Due to the fact that in this study
only the inviscid flow field has been cal-
culated the entrainment effect of the jet
could not be simulated. However, the main
engine effects are well described by the
theory.

—— e~

60
180
300

i

{1

calculation and experiment



Simulating only an invisgcid jet by a
non-isentroplic pressure ratio Pt'/Pw will
have no effect on the wing presgure dis~
tribution as long as the jet does not
touch the wing and it i1s almost aligned
with the mean flow direction. This was
confirmed by numerical studies performed
in parallel to this work. Therefore, in
order to avold effects of a numerically
generated shear layer, only an isentropic
pressure ratio was prescribed at the out-
flow boundaries of the engine, and no in-
terference effects ©f the jet are model-
led.

A further comparison of measured and
calculated results was performed for pres-
sure distributions at different circumfer-
ential sections of the nacelle. The left
part of Figure 20 shows the experimental
results, and the right part the theoreti-
cal data. The asymmetrical behaviour of
the pressure distribution at » 60° and
300° was discussed at Figure 17 already.
The same tendency can be found in the cal-
culated pressure distributions. Unfortu-
nately, there are no tappings in the range
of the suction peak found theoretically.
Therefore, the results at xXy/ly = 0.19 may

be compared. The calculated values lie
only Acp = 0.03 over the measured ones at
e = 60° "and 300°, the deviation amounts to

Fig.

21 Perspective view of grid around
configuration of wing body and
ultra-high bypass engine
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Ac 0.10 at ¢ 180°. Furthermore, the
s18pes of the pressure distributions at
the different angles show the same beha-
viour as in the experiment. Only at the
trailing edge of the nacelle the calcula-
ted results tend to higher pressures due
to the missing viscid jet modelling. But
besides that deviation the agreement bet-
ween measured and calculated data is ex-
cellent.

These results confirm that some inter-
ference effects are correctly simulated
already by the calculations of the invis-
cid flow field as done in the present
study.

6. Conclusions

The interference of airframe and en-
gine was studied theoretically and experi-
mentally on an Airbus-type configuration.
The three-dimensiocnal Euler eguations were
solved by a cell vertex method using a
body-fitted grid. The flowfield around the
complex geometry of body, wing and engine
was discretized with a Dblock structured
mesh. The engine operating conditions were
specified by the stream tube ratio of the
fan flow and by an isentropic pressure ra-
tio ptj/pm and the temperature ratio
Tes/Tew = 1 at the engine outflow bound-
aries. Pressure distributions on wing and
nacelle were computed at both cruise and
rtake-off flight conditions.

The experimental investigations con-
cerned a half model based on the Airbus
A320 and scaled about 1:10 with a Turbo-

Powered Simulator at low speed. The main
results may be summarized as follows:
1. At cruise condition, the computed pres-—

sure distribution shows a stronger
shock close to the wing root section
for the wing-body engine configuration

(WBE) than for the wing-body configura-
tion (WB) alone. The gpanwise 1ift dis-
tributions look very similar because

upper and lower side deficiencies com-
pensate each other.

at take-off condition, the suction peak
is higher at the wing root and lower in
the engine region when WBE 1is compared
with WB. The surprising higher local
1lift coefficient near the engine may be
caused by singular mesh lines and cor-
responding damping problems at low
speed.

Experiments at low speed show a clear
reduction of the normal force coeffi-
cient due to the engine. This effect is
strengthened with increasing thrust
coefficient of the engine. This holds
for the complete range of angle of
attack considered here, 0° to 12°.

a

The calculated and the measured wing
pressure distribution agree fairly well
except 1in the wing front region. At
suction peak, the calculated pressure
coefficient is slightly higher at the



WB configuration compared with the
measured one, but by the same amount
lower at the WBE configuration at two
stations each dinboard and outboard of
the engine. This may be caused by the
facts that the calculation does not in-
clude pylon, jet and flow viscosity.

5. The calculated and the measured nacelle
pressure distributions agree even bet-
ter than those of the wing.

Since the development of Jjet engines
tends towards ultra-high bypass ratios,
the next step will be the theoretical and
experimental investigation of the interfe-
rence of the existing model with an UHB
engine. Figure 21 shows the grid of such &
configuraton. Due to the considerable
bigger nacelle diameter, stronger interfe-
rence effects are expected. The optimum
geometric arrangement has to be determined
in view of the direct operating costs of
such an airplane.
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