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Abstract

In the process of aircraft development the main tasks of
engine integration have changed with the progress of air-
crafts and engines. The interference effects of turbofan
engines increase with increasing bypass ratio. Therefore
detailed investigations are required in order to avoid
greater drag coefficients consuming the advantages of
the new engines. Today’s best experimental tools for
these interference investigations are ‘Turbine Powered
Simulators’ (TPS). Unfortunately, these simulators are
not able to simulate the whole spectrum of characteristic
features of a full scale engine correctly and simultane-
ously. Usually, these differences are deemed negligible.
In this investigation results of a numerical comparison
between a modern turbofan under real conditions and
one TPS of Deutsche Aerospace Airbus GmbH, Bremen
(DA) are presented. The turbulent, axisymmetric three-
dimensional engine flow is simulated numerically by
using a finite-volume Navier-Stokes code. The influence
of the Reynolds number on the aerodynamic quantities is
demonstrated both for the actual engine and its scaled
down version. The comparison of the scaled down actual
engine and the simulator shows differences of the jet
characteristics and the drag coefficients.

The results present an insight into the possibilities and
restrictions of experimental engine simulations.

Introdyction

New powerplant concepts for civil aviation aircrafts
must meet the increased demands of the leading airline
companies. Therefore the engine development objec-
tives tend to larger specific power, longer lifecycles, less
noise emissions and a more economical fuel consump-
tion. These goals can be achieved effectively by increas-
ing the propulsion efficiency and therefore by increasing
the bypass ratio(l-?,

Today engines with a bypass ratio of about 6 are in serv-
ice. The latest developments like the ADP (Advanced
Ducted Propfan) of Pratt & Whitney will have bypass
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ratios of about 10-15. These engines are developments
of the existing turbofan technology. Because of the
greater fan diameter - compared with conventional tur-
bofans with the same thrust - the integration of these
engines is an important and difficult task.

The interferences between the engine, its suspension and
the nacelle have an important influence on the flight
characteristic. The interference drag of the engine and
the nacelle of a conventional turbofan is in an order of
about 5-10% of the total drag. Only if the high fuel sav-
ing potential of the future engines are not consumed by a
higher interference drag the improvements of the
advanced engines can really be exhausted. Therefore the
exact prediction of the interferences becomes a main
problem.

The numerical treatment of the complex and interactive
flow between engine, pylon, wing and fuselage is
extremely difficult and requires high qualifications of the
computer codes used. Today it is possible to calculate
these flow fields with Euler codes to obtain first
trends®.

Due to this situation the windtunnel experiment using
engine simulators gains an increasing importance for
both airplane and engine development. Great demands
are made on these experiments. If the drag of the whole
airplane is in the order of about 300 drag counts the drag
share of the engines is in the order of about 10-15 drag
counts. The aim of these experiments is not only the
determination of the engine induced drag but also the
determination of the differences between different con-
figurations, i.e. drag in the order of about 1-3 drag counts
must be determined exactly.

Today’s best tool in engine simulation for air-breathing
engines is the ‘Turbine Powered Simulator’ (TPS)®.
The fan of a TPS is driven by a high pressure air turbine.
The driving air expands in the turbine and simulates the
primary jet of the actual engine. Unfortunately, despite
its high technology standard such a simulator comprises
some limitations for the simulation quality. These limits
arise as a result of the scaling down process from the
actual engine to the simulator and are of pure technical
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auu cnergetical nature only. The bypass ratio, the thrust
partition, temperature and velocity ratios of primary and
secondary jet and the simulation of the massflows are
quantities with a direct influence on the simulation qual-
ity®,

In this investigation the differences between an turbofan
engine and its windtunnel simulator under realistic con-
ditions and with correct boundary conditions are shown.
The flows of the idealized (axisymmetrical) engines are
calculated with a blockstructured 3D Navier-Stokes
code(® adapted for these calculations. It is necessary to
use a Navier-Stokes code because the complex flow of
an engine is characterised by several interactive phe-
nomena like the plume and the entrainment effect,
boundary and shear layers. Euler codes are not able to
produce a realistic picture of these viscous and highly
turbulent flows.

All calculations are performed at the Mach number
M=0.17, corresponding to an operating point of the take-
off phase. This operating point was selected because of
the higher drag of the airplane and higher interference
effects of the engine and the wing with extended flaps
during this phase compared with cruising conditions.
Many investigations of the take-off phase are performed
in wind tunnel experiments with engine simulation.
Therefore it is necessary to simulate the engine for this
phase correctly, in order to determine the interference
drag.

Navier-Sokes Solver

Governing Equations

The time dependent Navier-Stokes equations can be
written in integral form using a cartesian frame of refer-
ence as

E%jjj U avol+|[[ Her ds (1)
Vol s

where U is the solution vector of the volume-averaged
mass, momentum and the total energy

U = (p,pu, pv, pw, pE)7 )

with u, v, w being the components of the velocity, the
density p and the total energy E

E=e+%(u2+v2+w2) (3)
with the mass averaged internal energy

_ 14
‘= pk-D @

where p is the pressure and x denotes the ratio of the
specific heats. The unit normal vector of the surface § of
the volume Vol is denoted by #; H is the flux tensor.

The turbulent flows in this investigation were calculated
with the algebraic turbulence modell of Baldwin &
Lomax” with modifications according to Granville®
considering the pressure gradients, since the k — ® two
equation turbulence model according to Wilcox® is still
in preparation up to now.

Solution Scheme

For the discretization of the full Navier-Stokes equations
the finite-volume scheme is used, which has been devel-
oped by Jameson et al. 19 for the Euler equations. Here
the physical domain is divided in hexahedral cells. The
discrete values of the flow quantities are located in the
center of the cell. The discretization in space and time is
done seperately. The fluxes across the cell faces are aver-
aged from neighbouring cells which is equivalent to cen-
tral differencing. Artificial diffusion terms are used to
stabilize the solution. These damping terms are the blend
of second and fourth order differences!9). After the dis-
cretization of the Navier-Stokes equations with respect
to space the integration in time is performed with a line-
arized four-stage Runge-Kutta scheme. Since we are
only interested in steady state solutions, the method of
local time steps is applied to accelerate the convergence.

Boundary Conditions

In order to describe the problem under consideration it is
necessary to match the boundary conditions. Besides the
‘classic’ boundary conditions for the description of
walls, wakes and the far field we newly implemented
some conditions for the description of axisymmetrical
engine flows allowing realistic calculations with parame-
ters provided by the engine manufacturers.

At fan inflow faces the flow quantities are calculated as
functions of the static pressure. At engine outflow faces
like the fan- or turbine-exit area the momentum pu, the
temperature 7, the spin B and the radial velocity compo-
nent w are fixed as functions of the radius, according to
the theory of characteristics. The boundary condition for
centerlines allows the treatment of non hexahedral cells
occuring at the centerline combined with a special han-
dling of the border cells. The periodic boundary condi-
tion saves a lot of CPU-time and memory. It is possible
to take rotating walls like the spinner into consideration.

Due to the complex geometry and the algebraic turbu-
lence model it is necessary to divide the physical domain
into several blocks. At the time the code was developed
one reason for the block structure was the lack of suffi-
cient CPU-memory. Today we use an in-core version
when we perform calculations on a NEC-SX3 avoiding
the time consuming I/O of the block management.
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Grid Generation

In this investigation body-fitted, block structured meshes
are used. Using an interactive grid generation tool of
Ronzheimer et al. !V an H-type grid structure in stream-
wise direction is generated. Since the consistency of
cell-centered schemes is sensitive to irregularities and
discontinuities'!? the generation of the grids is estab-
lished by the solution of an elliptic system of equations.
In regions where great flow gradients are expected the
density of grid nodes is increased distinctly.” Since
axisymmetrical flow is calculated, only two grid planes
in circumferential direction are required. Therefore the
threedimensional grid is generated by rotating the twodi-
mensional grid about the centerline by two degrees.

Verification

The new implemented boundary conditions are verified
with experimental data presented by Mason et al.!® for
nozzle flows. The numerical calculations are performed
for a free-stream Mach number of M=0.4 and two nozzle
pressure ratios of p,./p..=2.0 and p,/p..=2.9. One result
of the verification is shown in this investigation. At
seven planes behind the nozzle exit area pitot pressure
ratios have been measured with a probe. The location of
these planes is shown in figure 1, D denotes the diameter
of the nozzle exit. In figure 2 the pitot pressure ratios
P/ P... are plotted versus the dimensionless radius at the
above mentioned planes for the nozzle pressure ratio of
P,/ P..=2.0. The symbols represent the experimental
data, the lines show results of the Navier-Stokes calcula-
tion.
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Fig. 1: Measurement planes behind the nozzle
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Fig. 2: Pitot pressure ratios behind the nozzle

The numerical results correspond verry well with the
experimental data. Therefore it is possible to calculate a
realistic picture of the jet mixing process.

Actual Engine

Figure 3 shows the full scale engine used in this investi-
gation. It is a modern turbofan engine producing a thrust
of about 25000 1b. It meets the power requirements for
the A320. It is a high bypass turbofan engine with a
bypass ratio of about 5.5 and a fan pressure ratio of
about 1.6. It has a full length nacelle with a common
nozzle.

Fig. 3: Full scale engine

For the numerical calculation only the 12 o’clock section
of the engine is used. In order to determine the Reynolds
number effect of the calculation two calculations were
performed: the full scale engine and a scaled engine. The
scale of MM=1/13.6 is the same like the scale of the
TPS. The scaled down engine is also used for compari-
son with the TPS results. Therefore no Reynolds number
effects will occure within the comparison.

Results

Grid Generation. The grid used for the calculation of the
turbofan consists of 12 computational blocks and of
about 47000 grid points in total. A detail view of the
block structure around the engine is shown in figure 4.
The far field in front and normal to the engine is about 3
nacelle cords away and behind the engine about 10
nacelle cords away. In streamwise direction 168 grid
points are distributed on the nacelle surface. The nozzle
exit area is represented by 70 grid points in radial direc-
tion. In contrast to the actual engine the trailing edges of
the nacelle and the core cowl are not blunt. Further no
struts or other installations like thrust reversers are taken
into consideration.

Fig. 4: Block structure of the full scale engine (detail)
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The averaged mean thermodynamic parameters used for
the calculations are listed in table 1 both for the full
scale engine and the scaled engine and are compared
with the results of the calculations. The differences bet-
ween the provided and the calculated data are due to the
inviscid calculations used for the determination of the
exit planes conditions of the fan and the turbine.

provided calculated
scale
full scale full scale MM=1/13.6

fan pressure ratio

i, 16 16 16
nozzie pressure ratio

Dy nozzte’ Pes 1.55 1.55 1.5488
nozzle temperature

T, K] | 414 411.77 411.38
jet velocity

Byorate [m/s] | 307 304.99 306.84
fan mass flow

Mpan [kg/s1 | 362 360.27 1.641
bypass ratio

I 53 53 53
netto thrust

F [kNT | 90 89.1 0.485

Tab. 1: Comparison of actual engine parameters with
calculated ones

scale
full scale | MM=1/13.6
Cpp -0.857637 -1.03486
cpe | 3.3243E-03 3.36889E-02
cp -0.8854313 -0.996173

Tab. 2: Drag coefficients

Pressure and Drag Distribution. The pressure distribu-
tions on the actual engine nacelle surface (full scale -

dashed line and scaled - solid line) are shown in figure 5.
The pressure coefficient c, is used:

S et
Popr2 Wk

The differences in pressure distribution on the outer
nacelle surface are negligible. The stagnation point on
the nacelle is located for both Reynolds numbers at 1.4%
of the cord length on the outer surface. The acceleration
of the air around the full scale nacelle leading edge is
larger than the acceleration at the scaled nacelle. In both
cases separation occures at the inlet contour.

&)

For a better comparison the drag coefficient cp, is calcu-
lated as

Cp = Cp,t+Cpy (6)

with the drag coefficient c,, depending on the static
pressure
_ 1

p/2 uimr’
and the drag coefficient c,. depending on the skin
friction:

2 (p=p) AL Q)

Cpp

1 i
Cpp = = T, A; 8
P p/2 knr? 2w A ®)
The skin friction coefficient ¢,
TW
C; =~ 9
T pr2 w2 ®

is shown in figure 6 for the full scale nacelle and in fig-
ure 7 for the scaled nacelle. Both distributions are simi-
lar, the quantitative differences are due to the influence
of the Reynolds number onto the skin friction. Both con-
figurations show a small secondary separation at about x/
L=0.1 for the full scale engine and at about x/L=0.09 for
the scaled engine.

5.0 T T Y
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200 755 0.5 1.0

x/L

Fig. 5: Nacelle surface pressure distributions

0.02 ' g T

Cy

0.01T A

0.00 \ Y

-0.01} ;

i 1 4

0.0 0.5 1.0
x/L

Fig. 6: Skin friction distribution for the full scale nacelle
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Inlet Flow. In figure 10 the inlet Mach number distribu-
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Fig. 7: Skin friction distribution for the scaled nacelle

The differences between the drag coefficient cp of the
full scale and the scaled nacelle are due to the large dif-
ferences of the inlet flow. Table 2 shows the calculated
drag coefficients both for the full scale and the scaled
engine.

To investigate the effect of the engine and its jet on the
flow field around the engine we look at the pressure dis-
tribution at three planes above the engine (z/L=0.3, 0.4,
0.5). The three planes and the engine are shown in figure
8. The considered region includes the standard location
of the wing. In figure 9 the pressure distributions are
shown for the scaled engine. The influence of the engine
and its jet decreases with increasing distance. At x/L=0
the influence of the stagnation point is dominant,
Between x»/L=0.5 and x/L=1.5 a significant pressure rise
occures. The air is decelerated for about one engine
length beginning at the rear nacelle.

w3 1.0

x
05F
0.0

-1.0 0.0 1.0 2.0 3.0 4.0 50
x/L

Fig. 8: cp)-planes above the engine
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Fig. 9: Pressure distributions above the scaled engine

tion is shown for the scaled engine. The difference
between two isolines is AM=0.05. The air is accelerated
around the leading edge of the nacelle starting at the
stagnation point located at the outer surface . At 2.1% of
the cord length the flow separates. The bold line repre-
sents u=0 n/s. Due to the separation a large area occures
where the Mach number is higher than 0.7.

Jet _Characteristics. The jet characteristics of the full
scale and the scaled engine are very similar, the differ-
ences are negligible. Therefore the jet characteristics are
shown for the scaled engine oaly. In figure 11 the ratios
of the

Fig. 10: Mach number isolines scaled engine inlet
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Fig. 11: Mach number, temperature and stagnation
pressure profiles of the scaled engine jet
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Fig. 12: Mach number isolines of the scaled engine
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Fig. 13: Streamlines behind the scaled engine

Mach number, the temperature and the stagnation pres-
sure of the jets to the free-stream values are plotted as
functions of the dimensionless radius at eight planes
behind the fan nozzle exit: x/R,=0, 1, 2.5, 5, 10, 20, 35
and 50. The Mach number isolines around the engine are
shown in figure 12 (AM=0.05). In figure 13 streamlines
starting at the trailing edges of the core cowl and the
nacelle are shown. Note, however, that the radial coordi-
nate is scaled up ten times for better visualization. The
primary and secondary jet show the expected character-
istics. The wakes of the nacelle, the core cow!l and the
plug disappear quickly. The hot jet of the turbine flow is
mixed with the cold fan flow within about one nacelle
length. At xp/R ;=50 the stagnation pressure ratio distri-
bution is nearly even, the jet disperses.

IPS
For the simulation of the actual engine a TPS TDI11500
of Tech Development Inc. is used by DA. The simulator
has been used for wind tunnel experiments at several
Airbus models; the scale is MM=1/13.6. Figure 14
shows the TPS without the nacelle and the cowlings. The
nacelle is similar to the actual one, i.e. the leading edge
shape is the same like the actual one, but the inlet is
about 25% longer than the scaled actual one. The nozzle
shape is modified, the diameter is about 3.4% greater
than the scaled actual one. The spinner of the TPS has an
elliptic shape in contrast to the actual conical one. The
core nozzle is extended about 5 mm out of the fan noz-
zle. Therefore in contrast to the actual engine an
unmixed version results from this modification. The

mean quantities of the simulator are listed in table 1 for
the operation point under consideration (M=0.17).

fan pressure ratio 7, 1.605
fan nozzle pressure ratio p, ruo.p0/Pe 1.46
fan nozzle temperature 7‘, F K] 332
fan jet velocity #p,qz,1. [m/s] | 2823
fan mass flow myg,, Tkg/s] 1.53
turbine nozzle pressure ratio p, ,.,,.,/P.. 136
turbine nozzle temperature 7—", T K] 186
turbine jet velocity #g,,,,. [m/s] | 1774
turbine mass flow m, [kg/s1 | 0.71
mass flow ratio mg/m; 2.15

Tab. 3: Mean quantities of the simulator

Results

Grid Generation. The complete grid for the DA-TPS
consists of 13 computational blocks and about 64500
grid points in total. A detailed view of the block struc-
ture around the TPS is shown in figure 15. The design of
the far field boundary is the same for both the TPS and
the actual engine. In streamwise direction 163 grid
points are distributed over the nacelle surface. Both noz-
zle exit areas are represented by 77 grid points in radial
direction in total. The trailing edges are blunt and no
struts or rakes are taken into account. '

iy,

R e

AR R 2 'ﬂ\“ g

Fig. 14: Sectional view of the TPS TDI1500
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Fig. 15: Block structure of the DA-TPS (detail)

Pressure and Drag Distribution. The nacelle surface
pressure distribution is compared with the scaled actual
one in figure 16 (TPS - solid line and scaled engine -
dashed line). The stagnation point on the TPS nacelle is
located at 0.9% of the cord length. The difference of the
location is due to the different mass flows of the scaled
actual engine and the TPS. The fan mass flow of the TPS
is used only for the simulation of the secondary cycle.
Therefore less air flows through the TPS inlet.

The pressure distributions on the outer nacelle surfaces
of the TPS and the scaled engine show only small differ-
ences. The acceleration around the leading edge is in the
same order for both engines. Due to the smaller mass
flow of the TPS the flow separates at 6% of the cord
length. Since the TPS inlet is longer than that of the
scaled engine the separation reattaches in front of the fan
at 25% of the cord length. These effects of the TPS inlet
flow are also shown for the skin friction coefficient in
figure 17.

The drag coefficients are listed in table 4.

Cpp Cpe Cp
-0.615076 | 3.6233E-2 | -0.578843
Tab. 4: Dag coefficients of the TPS
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Fig. 16: Comparison of nacelle pressure distributions
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Fig. 17: Skin friction distribution TPS nacelle
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Fig. 18: Pressure distributions above the TPS

The effect of the TPS on the surrounding pressure distri-
bution is shown in figure 18. The same planes are used
(see also figure 8). The effect of the stagnation point of
the TPS is of about the same order as for the scaled
engine. A significant difference occures in the region
after the nozzle. The flow of the TPS is accelerated in the
region 1<x/L<1.75. Such an effect doesn’t exist for the
scaled engine. After this acceleration a strong decelera-
tion occures.

Iniet Flow. The inlet Mach number distribution of the
TPS is shown in figure 19. Again the increment between
two lines is AM=0.05 and the bold line represents u=0
m/s. The accelerated air separates at 5% of the cord
length. For the TPS the separation occures later com-
pared with the scaled engine, since the mass flow is
smaller and the contour of the nacelle doesn’t change.
The region of the secondary seperation is larger than for
the scaled engine. It is located between 13% and 16% of
the cord length (see also figure 17). The flow reattaches
at 25% of the cord length. Since the mass flow is smaller
a highest Mach number of about 0.5 occures in the TPS
inlet.
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i
Fig. 19: Mach number isolines TPS inlet

Jet Characteristics. The Mach number distribution
around the TPS is shown in figure 20 ( AM=0.05). In
figure 21 the ratios of the Mach number, the temperature
and the stagnation pressure of the jets to the free-stream
values are plotted as functions of the dimensionless
radius at eight planes behind the fan nozzle exit: x)/
R;=0, 1,25, 5, 10, 20, 35 and 50. In figure 22 stream-
lines starting at the trailing edges of the core cowl and
the nacelle are shown. The radial coordinate is again
scaled up ten times for better visualization.

The TPS jet can be divided in axial direction into three
zones: In the first zone (O<xp/R <~10) the fan jet mixes
with the TPS wake flow; a thick shear layer results. Both
the Mach and the temperature profiles of the primary jet
don’t change significantly. The wake of the plug and the
core cow!l disappears. It is, however, not yet clear wether
the sudden widening of the secondary jet at about xp/
R =8 (=x/L=1.8) is physical or a numerical effect. Nev-
ertheless, the effect is also shown in the pressure distri-
butions above the TPS (figure 18). In the second zone
(~10<xp/R ;<~30) the shear layer of the fan jet disap-
pears and the core of the primary jet doesn’t change,
only the width of the shear layer increases slightly. In the
third zone (xp/R>~30) the jet disperses. The profiles of
all quantities become more and more even, i.e. the flow
becomes more and more homogeneous.
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Fig. 21: Mach number, temperature and stagnation
pressure profiles of the TPS jet
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Fig. 22: Streamlines behind the TPS

Fig. 20: Mach number isolines of the TPS
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Conclusion

In this paper the results of a numerical investigation are
presented. The flow fields about a turbofan engine and
its wind tunnel simulator are compared. The simulation
quality of the TPS technique is reduced since its jet char-
acteristics and its effects on the surrounding flow field
show significant differences to the scaled down actual
engine. Since the interference of the engine and its jet
with the wing can change the flight characteristic signifi-
cantly it is important to match these effects of the engine
as good as possible. This requirement gains an increas-
ing importance for high bypass engines with engine inte-
grations close to the wing.

The largest differences of a TPS and an actual engine
result out of the TPS jet. It is a jet with about 0.6 kg/s
more mass flow compared with the scaled engine. The
cold primary jet with a high density is isolated by the fan
Jet but the mixing procedure of the TPS jet differs from
the actual one. The differences of the inlet flow of the
TPS and the scaled engine lead to different drag coeffi-
cients since the friction drag coefficient is similar for
both engines. These effects have an local character and
they don’t influence the interference effects in the rear
part of the engine.

Only three-dimensional axisymmetrical engine flows are
calculated because of the basic character of this compar-
ison. Nevertheless it is possible to calculate the three-
dimensional unsymmetrical engine flows to obtain a
more realistic picture for example of the inlet and the
nozzle flow, of course, at the prise of a higher numerical
expenditure.
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