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Far-Field Drag-Prediction Technique Applied
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One of the emphases of this paper was the enhancement of drag prediction as well as the decomposition of drag
into its physical components. The drag-prediction capability of the improved WBYVS code for transonic flow about
wing/body combination was verified by two approaches, code to code and code to experiment. The good agreements
indicate that the wing body viscous has the capability to assess the aerodynamic performance in the supercritical
wing design for civil transport aircraft. Another task of the present study was to redesign a supercritical wing
for a new regional jet aircraft by employing the improved code as an analysis tool for wing/body combination. To
accomplish this, a geometry-modifyingtechnique was employed to gradually improve the upper- and lower-surface

shapes of wing sections.
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friction drag coefficient of fuselage
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mean aerodynamic chord
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(Au, Av, Aw) = nondimensional perturbation velocity
components

0 = density

> = transverse surface downstream at a distance
where there is no streamwise pressure
gradient

o = surface of shock wave

Subscripts

n = component normal to shock

1 = conditions just upstream of shock

o0 = freestream conditions
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Introduction

HE assessment of aerodynamic performance is a very impor-

tantand demandingtask in the designand developmentprocess
of a civil aircraft. One of the most important parametersin the aero-
dynamic design process is the lift-to-drag ratio (L/D) in cruising
flight condition, which governs the efficiency of an aircraft. There-
fore, both the lift and the drag must be accurately predictedin order
to be able to maximize L/D of an aircraft by refining and improving
its shape.!

In general, the lift can be accurately obtained by using
Computational-fluid-dynamics (CFD) methods. However, the qual-
ity of the drag prediction also plays a key role in the evaluation
procedure. This is especially so in the early design stage when var-
ious configurations have to be investigated.

However, drag prediction is traditionally a difficult task, both
experimentally and numerically, and is one of the major challenges
in aerodynamics. In experiments, it is difficult to simulate all of
the features of the physical problem, for example, the Reynolds
number. Moreover, problems arise as a result of interferenceeffects,
in particular with the model support, and because of the difficulty in
measuring quantities that are small compared to the others involved
in the tests.

From the numerical point of view, even the tremendous progress
as a result of the most advanced CFD methods does not ensure drag
predictions with sufficient accuracy.> The most common technique
to calculate the total drag is based on the pressure and skin-friction
integration over the aircraft surface. This so-called near-field tech-
niquecanlead to an inaccuratedrag prediction for two main reasons.
First, the overall value of the pressure drag coefficient comes about
by the near cancellationof a larger force componentin the thrust di-
rection and a slightly larger force component in the drag direction?
The second reason is related to the numerical viscosity inherent in
Euler or Navier—Stokes (NS) methods, which affects the predicted
surface pressures especially in the stagnation region near leading
edge and in the recovery region near trailing edge. Errors in the
predicted pressures in these two regions have little effect on the lift
prediction, but significantly affect the drag prediction.' It is clear
that the near-field technique can be reliable only if the pressure dis-
tribution along the surface is predicted both with greater accuracy
and detail 3

On the other hand, there is a need in aircraftdesign and analysisto
identify the physical sources of drag. The near-field technique does
not allow the separation of the drag into its physical components.

A standard alternative to calculating drag is the far-field inte-
gration technique from which the total drag can be accurately pre-
dicted. The far-field drag analysis also enables the physical drag
sourcesto beidentified. This drag breakdown capabilityis especially
important in the design phase when the performance characteristics
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of the aircraft are being maximized by refining and improving its
shape. The efficiency of this design process can be greatly enhanced
when the physical mechanisms, whereby the drag is created, can be
identified.*>

In this paper a far-field technique was applied as an improvement
to an Euler/boundary-layercode for the purpose of drag prediction
in the supercriticalwing design for civil transportaircraft. The main
advantage of this technique is that no detailed information on the
surface geometry of the configuration is required. It also allows for
the decomposition of the drag into its physical components, that is,
the drag can be expressed as the sum of the following three compo-
nents: wave drag, induced drag, and viscous drag. This decompo-
sition is useful in formulating techniques for accurately evaluating
drag using CFD method.

Another task of the present study was to redesign a supercritical
wing for a new regional jet aircraft by using the improved code to
assess the aerodynamicperformanceof the wing/body combination.
To accomplish this, a geometry-modifyingtechnique was employed
to gradually improve the upper- and lower-surface shapes of wing
sections.

Flow Solver

The flowfield solutions for wing/body combination are obtained
by Euler/boundary-layercoupled code WBVS. A brief description
of this flow solver and the grid-generation technique is presented
next. Details of the WBVS code can be found in Ref. 6.

The WBYVS is structured to allow the analysis of complex flows
in multiple regions. The multiblock O-H type grids are generated
with an elliptic grid-generationmethod that uses a forcing function
control technique. A boundary-layerprogram, which is coupled to
the Euler flow solver, uses an integral method to calculate turbulent
boundary layers, and thus simulates the viscous effects on the wing.

The capability of the WBVS code for the evaluation of the wing
pressure distributions was well described in Ref. 6.

Far-Field Drag Analysis Method

In principle, the far-field drag computation is based on the mo-
mentum theorem. However, for the Euler or NS method the straight-
forward applicationof the momentumtheoremleads only to the total
drag, and the drag components cannot be extracted.

The drag decomposition can be achieved by taking into account
the second law of thermodynamics, which implies that entropy in-
creases and total pressure decreasesonly across a shock wave along
a streamline of an inviscid nonisentropic flow. It is then possible
to show that the drag can be expressed, not exactly but to a very
good degree of approximation, as the sum of the following three
components’:

Cp = Cpy + Cp; + Cp, (D

These components are briefly described as follows. The detailed
derivations of the formulas can be found in Lock.?

Wave Drag
Wavedrag canberelated to the entropyincreaseacross the surface
of a shock wave through the Oswatitsch drag integral:

Ts
Dwave ==

v Asp(V - n) do 2)

shock

This expression of the wave drag is obtained by assuming that
the static pressure is unmodified far downstream.

In Ref. 3 Lock gives a simple formula for wave drag, which
involvesonly conditionsjustupstreamof the shock. Following Lock,
the wave drag coefficient can be expressed in the form

1
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Induced Drag
The induced drag can likewise be derived from the momentum
theorem by assuming that entropy does not vary along streamlines.
The nondimensional perturbation velocities are

Au = (u - uoo)/uoc)a Av = (U - Uoo)/uoo

then the induced drag can be expressed as follows**:

P V2,
D induced = )
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Thus, the induced drag coefficient can be expressed as
Coi = [2/ (05 V2 S) | Dinducea ®)

Viscous Drag

Because the viscous effects on the wing surfaces are simulated by
means of the viscous/inviscid interaction technique in the WBVS
code, the viscous drag can be obtained from the boundary-layer
parameters.>*

Following Lock, the viscous drag caused by the wing is predicted
by first calculating the components of momentum thickness of the
boundarylayerson both upperandlower surfacesat the wing trailing
edge. The local values of viscous drag coefficient Cy,(z) are then
obtained by using the method of Squire and Young, modified to
allow for the effects of compressibility and trailing-edgesweep.>*”

Now, the total viscous drag coefficient can be received by inte-
grating the viscous drag contributions along the span direction z:

Cszf %Cdv(z) dz €)
span

Drag-Predicting Capability of WBVS

Traditionally, the aerodynamic forces have been measured using
strain—gauge balances in experiments. This approach is very good
for measuring the lift, but the drag of a civil aircraftat typical cruise
angles of attack is often more difficult to measure because of the
presence of the model sting or support. Moreover, no experimental
results are available for the drag components of a wing/body con-
figuration. In this section two approaches were used to verify the
drag prediction and breakdown capability of the WBVS code for
transonic flow about wing/body combination.

Code-to-Code Comparison

First, a potential flow code coupled with a boundary-layer so-
lution boundary layer wing fuselage was employed to verify the
present drag-prediction method. This code is suitable for comput-
ing transonic flow over a wing/body combination and takes into
consideration the viscous effects on the wing and thin separation
zones.

Clearly, there are some limitations in this approach. However,
this is a necessary first step in the assessmentof the drag-prediction
capability for the WBVS code and also gives indications of the
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Fig. 1 Comparison of WBVS and BLWF drag results.

\\\\,
=
R

R
R
R
N

N

o
XX
SR

Fig. 2 Surface grid for DLR-F4 wing/body configuration.

computational resources that are required for drag prediction on
more complex configurations of engineering interest.

The analysis was carried out by simulating the flow around the
AE100 wing/body combination. The results of the WBVS code,
in terms of wave drag, induced drag, viscous drag and total drag
(not including the friction drag of fuselage), are compared with the
BLWFcodein Fig. 1. The comparisonsdemonstrate that the WBVS
has the capability to evaluate drag components.

Drag Prediction for DLR-F4 Wing/Body

To further verify the numerical accuracy of the improved WBVS
code, the DLR-F4 wing/body configuration®® was used as a test
case, to which extensive experimental and CFD studies have been
devoted. Figure 2 shows the surface grid of this model. The flow
condition selected for this analysisis M =0.75 and Re = 3.0 x 10°.

Table1 Computed results about total drag and its components

C Cy Caw Cai Cay Crp

0.0489 0.01843 0.00013 0.00110 0.00770 0.0095
0.1081 0.01871 0.00005 0.00148 0.00768 0.0095
0.1671 0.01933 0.00005 0.00209 0.00769 0.0095
0.1965 0.01973 0.00005 0.00247 0.00771 0.0095
0.2260 0.02020 0.00005 0.00291 0.00774 0.0095
0.2853 0.02145 0.00014 0.00401 0.00780 0.0095
0.3445 0.02284 0.00022 0.00525 0.00787 0.0095
0.4016 0.02446 0.00027 0.00671 0.00798 0.0095
0.4556 0.02620 0.00031 0.00827 0.00812 0.0095
0.5069 0.02806 0.00038 0.00992 0.00826 0.0095
0.5528 0.03021 0.00051 0.01161 0.00859 0.0095
0.5664 0.03091 0.00054 0.01216 0.00871 0.0095
0.5985 0.03321 0.00131 0.01352 0.00888 0.0095
0.6218 0.03465 0.00167 0.01456 0.00892 0.0095
0.6377 0.03603 0.00224 0.01531 0.00898 0.0095

In Fig. 3 computed pressure distributions are compared with ex-
perimental data at various spanwise stations for a lift coefficient of
0.6. Table 1 gives the computed results about the total drag and its
components at various lift coefficients, where the component Cg,
is obtained with an equivalent fuselage in engineering fashion. The
comparison of the computed total drag with experimental data is
shown in Fig. 4. The good agreement indicates that the improved
code has the capability to assess the aerodynamic performance in
the supercritical wing design for civil aircraft.

Wing Design for NRJ Aircraft

About five years ago the AE100 project was proposed for the
development of a 100-seat transport aircraft. A supercritical wing
was designed, and high-speed wind-tunnel tests were carried out
with a wing/body model to confirm the performance of the wing at
high Reynolds number. This project was followed by a new project
to develop a new regional jet (NRJ) aircraft. In the present work a
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Fig. 4 Comparison of computed total drag with experimental data for
DLR-F4 wing/body configuration.

redesign of the supercritical wing based on the AE100 wing using
a geometry modifying design technique is made to adapt it for the
NRI.

Main Ideas of Modifying Design Process

Accordingto the designrequirements, the area of the high-aspect-
ratio supercritical wing for NRJ is 60 m?, which has been greatly
reduced than the 100 m? of AE100 wing. Therefore, the mission of
currentdesign processis to reproduce wing geometry within manu-
facturing limits (for example in terms of spar depth and particularly
spanwise smoothness) while achieving an optimum aerodynamic
performance.

The design of the NRJ transonic wing was carried out in two
phases:

1) Several typical airfoil sections located across the span of
AE100 wing were chosen to define an initial wing for the NRJ wing
planform. The NRJ wing surfaces were linearly lofted between these
sections.

2) Careful modifications of defining sections for the supercritical
wing were performed to accomplish the design task within con-
strains especially imposed by structural and operational require-
ments because of the small wing area.

For the evolving design as modifications to the upper and lower
surfaces of wing sections were made, some constraints were pre-
scribed to ensure that the wing remained practical from a structural
perspective. These constraints are listed here:

1) Retain the upper surface shape as well as the corresponding
pressure distributions resembling as AE100 wing furthest.

2) The physical depth of rear spar at any spanwise station has a
reasonable value demandedby actuator sizing and trailing-edge flap
design.

3) Between front and rear spars, there would be no significant
regions of inflexion, and the available fuel volume would be main-
tained.

4) Shift the position of the maximum relative thickness backward
properly in order to increase the physical thickness at the rear spar.

5) Suitably retain the aft loading inside the kink of the wing if the
physical depth of rear spar has a sufficient value.

6) Further weaken the aft loading and hence reduce nose-down
pitching moment.

7) Furthermore, the wing is to have a generally smooth and ac-
ceptable curvature in both a chordwise and spanwise sense.

The main ideas about current modifications on initial wing are
shown in Fig. 5.

In this study wing-section geometries were gradually modified
by changing the abscissa at the modification interval accordingto a
stretching function based on a power law. After each modification
the new sectional shapes were smoothed using an additional pro-
cedure based on Chebyschev polynomial with a least-squares fit in
order to make the resulting wing shape amenable for fabrication.

Table 2 Design results about total drag and its components

Wing G Cy Caw Cai Cay Crp

Initial 0.5385 0.02443 0.00047 0.01002 0.00674 0.0072
Final  0.5402 0.02460 0.00040 0.01021 0.00679 0.0072

\l\'\\t_t/

2 04 0.6 0.8 1
X/C

Fig. 5 Guidance of current geometry modifying design.

Fig. 6 Surface grid for NRJ wing/body combination.

Design Results and Discussion

The geometry of NRJ wing/body combination is shown by the
surface grid in Fig. 6. The design condition selected for this analysis
isM = 0.78 and C;, = 0.54. The Reynolds numberis Re = 1.5 x 107.
Figure 7 shows the sectional geometries of the resulting wing as well
as the corresponding pressure distributions after updating the wing
sections about 10 adoptable design cycles.

The design results about the total drag and its components are
given in Table 2. The order of the drag and its components is rea-
sonable qualitatively. Because of its ability to identify physical drag
sources in detail, the far-field drag analysis technique greatly en-
hanced the design efficiency. What modifications should be made
on the wing surfaces was often dependent on the general analysis
of drag components in the present design practice.

The changes met the designrules in general. The designed lift-to-
dragratio is about22, which must be validated by the wind tunnelin
next step before the wing goes to application. The front spar depth
of theresulting wing was generally reduced because of considerable
lower surface changes in the modifying design process.

The aft loading was decreased, and the fore loading was further
increased. Hence lesser nose-down pitching moment was obtained.
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Fig. 7 Comparison of initial and redesigned wing sections.

Conclusions

One objective of this paper was to bring a far-field drag prediction
technique into the WBVS code. This method allows the identifica-
tion of various physical drag sources and can ensure better accuracy
than the often-used near-field approach. Furthermore, the far-field
approachisless dependenton discretizationsand numerical schemes
in the Euler solver. This technique allows the aerodynamicdesigner
to gather detailed information on the sources of drag. Therefore, the
efficiency of the design process for a civil transport aircraft can be
greatly enhanced.

As anothertask of the presentstudy, a supercritical wing for NRJ
aircraft was redesignedby using the improved WBVS code to assess
the aerodynamic performance of the wing/body combination. The

modifying design exercise described in this paper was restricted
mainly to making the wing more practical to structural design.

It must also be emphasized that the present design work is very
preliminary. Wing design is an all-around process in which sev-
eral facets should be coordinated each other for a tradeoff. Further
investigationon the NRJ transonic wing is currently underway.
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