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Abstract possible to perform Navier-Stokes analysis on dense
viscous grids around complex configurations in a day or

This paper addresses the use of the Constraind®©- Another important factor contributing to increased
Direct Iterative Surface Curvature (CDISC) designCFD usage has been the improvement in grid generation
method in the aircraft design process. A discussion dnéthods. In particular, the use of overset, unstructured
some of the requirements for practical use of CFD in th@nd Cartesian grids have reduced the time required to
design process is followed by a description of differenf€V€l0p grids around nearly complete aircraft
CFD design methods, along with their relative strength§°nfigurations from months to days in many cases. A
and weaknesses. A detailed description of the cDIsdird reason for increased use of CFD in the design
design method highlights some of the aspects of tpharocess is the improved accuracy achieved from the use

method that provide computational efficiency andOf Navier—Stok_es_co_des with new turbulence model_s.
portability, as well as the flow and geometry constraintVhile coupled inviscid/boundary-layer methods are still
capabilities. In addition, an efficient approach toadequate at cruise and other conditions where the flow is

multipoint design, the Weighted Averaging of primarily attached, Navier-Stokes codes are needed for

Geometries (WAG) method, is described and illustrated"® more demanding flight conditions such as buffet
using a couple of simple examples. The CDISC andnset, and the one- and two-equation turbulence models
WAG methods are then applied to a complex generi@a"e produced good correlations with experimental data

business jet geometry using an unstructured grid floW SOMe Cases.

solver to demonstrate the multipoint and  Even though CFD has produced some results that
multicomponent design capabilities of these methods. rival the accuracy of wind tunnel data, it has not
replaced the wind tunnel and is not likely to do so in the
near future. In spite of the improvements in
computational speed, the wind tunnel is still a much

During the last two decades, computational fluid . .
more effective means of acquiring the large volume of

dyna_mlcs (CFD) has becpme an integral, pe_rhaps gve&ua needed to evaluate a configuration across the flight
dominant, part of the aircraft aerodynamic design

5 . . : envelope. The wind tunnel is also used to obtain data at
procesé’ . The confidence in and reliance on

computational methods has increased for a variety Otpe edges of the flight envelope where considerable flow

: . separation is present. Although improvements have been
reasons. First and foremost, improvements to computer

. N made, CFD is still not consistently accurate enough to

hardware and flow solver algorithms have significantly i
. . . be the sole source of data at these flow conditions.

reduced the time required for flow analysis. For
example, the use of convergence acceleration techniques While CFD has not replaced the wind tunnel, it has
such as multigrid, along with multitasking on been elevated to a partner status in the design process
supercomputers and/or parallel machines, has madebecause of the improvements listed above and also
because of the unique contributions that it makes that
Senior Research Engineer, Senior Member of AIAA - cannot easily be duplicated in a wind tunnel. Although

! . . __CFD solutions are typically only obtained for a few
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in locating and diagnosing problem areas that lead tto develop and were used extensively in the MD-XX
poor aerodynamic performance. This capability alsqroject, but even they can present problems in juncture
points to what may be the most important advantage thaegions. The most promising approaches to quick grid
CFD has over the wind tunnel - the ability to rapidly generation for complex configurations appear to be the
develop configurations that have improved aerodynamianstructured and Cartesian grid methods, where grid
performance. While expert aerodynamicists in the pagjeneration times are measured in days as opposed to
certainly did produce configurations with good weeks or months. It should be pointed out, however, that
performance using cut-and-try approaches in the windhost design methods use grid perturbation methods, so
tunnel, the automated CFD design methods availablthat the ease of modifying a grid becomes more
today can produce significantly improved configurationamportant than the initial grid generation time. The set-
in much less time. This is not to say that expertup time for a design problem is also affected by the
aerodynamicists are no longer needed, but that they nogelection of design variables, constraints, etc., but as
have additional tools to help them achieve their goalsexperience in using the various methods is gained, this
These goals include not only producing a design withappears to be less of an issue. Code robustness is also
the best performance, but also reducing the timan important factor in reducing design cycle time. This
required to do so. This will be accomplished both byoften has to be traded against the desire for shorter
reducing the time to complete each design cycle as wellirnaround times since acceleration techniques such as
as by reducing the number of cycles needed to arrive atultigrid or larger time steps occasionally lead to less
the final configuration. stability in the flow solver. From the author’s
experience, it is best to specify flow solver convergence

The author had the opportunity to observe th : . .
. . . : evels between design cycles and the size of design
impact of CFD in the aircraft design process first-han
changes to ensure a successful code run even at the

in 1996 when he and other NASA personnel Wereex ense of speed, since submitting a second run after a
invited to participate on-site in the design of the MD- P peed, 9

XX commercial transport at what was then the Douglasft?:e failure generally takes longer than a slower first
Aircraft Company (DAC). This cooperative effort hada ~

two-fold objective: 1) to assist DAC in the application of One important issue that became apparent during
CFD analysis and design methods developed by NASAthe MD-XX design experience was the requirement for
and 2) to expose the developers of these methods to thecuracy in the design process. Accuracy is affected by
actual design environment so that future codes might bactors such as geometric complexity and fidelity, grid
more readily adapted into the design process. While theesolution, and modeling of the flow physics. For this
airplane project was eventually cancelled, the CFDzonfiguration, some designs were performed where
codes were successfully used to produce a configuratidhese factors were lacking and the projected benefits
with good aerodynamic performance, and participatiorwere not realized when the new configuration was
in the process yielded some insights into the strengthsnalyzed in the primary code used for drag evaluation.
and weaknesses of the CFD methods. These insight§his result made it clear that, while simpler
along with information gathered from discussions withconfigurations and grids may be useful for preliminary
designers and aerodynamicists from other companiestudies, a design method that uses the same grids and
led to the following list of desirable attributes in a CFDflow solver that is used for final analysis would be
analysis or design method that is to be used in a desidrnighly desirable.

project environment: quick set-up time, robustness,

. .. . A final observation relates to the need to include
short turnaround time, accuracy, and ease in interpreti bth flow and geometry constraints in the desian
the results. For design methods, the capability o 9 Y 9

. . . grocess. Unconstrained designs can give an indication
including geometry as well as flow constraints were als : . .
: : e . of ultimate potential improvements, but requirements
important features. Since this list is fairly generic, somqt L .

o : . ) rom other disciplines such as manufacturing and
specific comments on each item, particularly as it relates S .

. . . Structures will limit what can actually be obtained. Even
to design codes, will be given below. . S X
within the aerodynamic discipline, requirements from

Surface definition and grid generation are still theother design conditions can restrict the benefit that can
big drivers in determining the setup time for a designpe achieved at a primary design point. This points to the
especially for complex configurations. While need for a constrained multipoint design capability that
multiblock grids have been generated aroundan include these influences early in the design process.
configurations with multiple components, the process idt also became apparent during the MD-XX design
tedious, especially if point-matching at the blockexercise that a tool that would allow the designer to
interfaces is required. Overset structured grids are easiquickly assess how well a design met these constraints
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and design objectives would be very useful. In generalf advantages and disadvantages that the designer must
this was accomplished through various plottingconsider, all within the context of computer resource
packages, but the process was not very efficient.  Withnd time limitations. Some of the types of methods are
these observations in mind, the following section willdiscussed below, generally in order of decreasing time
discuss some of the types of automated CFD desigrequired.

methods that are currently available, their relative ) . . .
The first category of design method considered is
strengths and weaknesses, and how they can

complement one another in the desian process general search methods, such as genetic algoﬁtﬁms
P anp ' and simulated annealing methddEhese methods have

Design Methods been receiving more attention recently because of their
ability to search a design space that has multiple

In the aerodynamic design process, the followingMinimums. The methods are also very robust since only
three questions must be addressed: 1) what is the desirét® value of the objective function, and not its gradient
flow improvement?; 2) how can that improvement beWwith respect to the design variables, is required. The
obtained?; and 3) what factors tend to limit themajor disadvantage of these methods is that they
improvement? The first question usually relates to gypically require hundreds or thousands of analysis runs
global aerodynamic parameter such as lift or drag thd@ evaluate the design space for even fairly simple cases.
is, in turn, tied to a global aircraft parameter such aé\Iso, these methods do not try to locate the actual
range or fuel efficiency. This parameter is ultimatelyminimum, so that once the region of the minimum is

related to customer mission and/or cost requirements. found, a gradient-based method must then be used to

. . . search for the final minimum value.
The question of how to obtain the desired

improvement in the global aerodynamic parameter can  Probably the most widely used design methods fall
be approached in a couple of ways. The parameter camto the category of gradient-based optimization. This
be directly addressed in the formulation of an objectivdrocess involves computing the sensitivity derivatives of
function for optimization (e.g., minimize drag). This the objective function with respect to the design
approach has the advantage of not requiring any a prioygriables, estimating the design changes that will lead to
knowledge of relationships between geometry and flowimprovement, then making the changes and reevaluating
changes, but tends to be expensive since thithe new design. The simplest but most costly method for
information must be determined computationally. Oftendetermining the sensitivity derivatives is the finite-
however, the desired flow improvement is indirectly difference approadtf. This method typically requires
obtained by relating it to another flow characteristic.nundreds of analysis runs for a single 3-D design case.
For example, induced drag may be reduced (at least f@ne approach that reduces the time required to obtain
theory) if the spanwise loading is moved toward arthe derivatives, although at the expense of increased
elliptic distribution. Similarly, wave and viscous drag computer memory, is to compute the derivatives
components can be reduced by specifying chordwisanalytically. In some caseshe derivatives are already
pressure distributions that have reduced shock strengti@ailable as part of the flow analysis method, but in
and mild pressure gradients, respectively. This indirecgeneral additional code must be generated to
approach requires that the designer have a gOO@ifferentiate the flow equations. This coding can be
understanding of the physics that underlie the flowmanually generatéd or may be developed using an
improvement, but may allow designs to be obtained a@utomated method such as ADIFBRIn reference 11,
less expense if the relationships between geometrihe differentiation has been implemented in an
changes and these flow parameters are known. incremental iterative form that significantly reduces the
) high memory requirements usually associated with

In order to answer the second question, then, thegngitivity analysis. Another approach that appears to
de_5|gner must de_termme: a) what gets changed to try {0, aven more efficient is the adjoint meth®d®. Like
bring about the improved flow; and b) what are they,g analytic approach just described, this method also
magnitude and direction of those changes. The first pafhqyires additional coding to solve one or more flow
involves the selection of design stations and des'gﬁdjoint equations, but the additional memory

variables and, depending on the design method, can playq irements are nominal, and this approach can reduce
an important role in determining the ultimate cost of e ¢ost of determining the sensitivity derivatives for
design. The main factor in the cost of a designg,ch design cycle to about twice the cost of a flow
however, is tied to how b) is answered; i.e., what desig@qytion, This approach has been implemented with both
method will be used to determine the changes. A jer and Navier-Stokes flow solvers and the time for a
number of methods are available, each with its own Sfesign is reported to be about 20-50 equivalent analysis
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runs. Both the automated differentiation and adjointsent to the CDISC module via grid and restart or flow
approaches are closely tied to specific flow solvers andolution (such as PLOT3D) files. The surface
are thus not easily coupled with other codes. The finitecoordinates and pressure coefficients at the design
difference approach, in contrast, is very portable. stations are then extracted. For structured grids, this
. ef<traction is done within the CDISC module. For
As discussed above, an advantage of the genera L .
unstructured grids, it was necessary to develop auxiliary

search methods as well as the gradient-based methods IS . . .
codes to perform this function as well as to interpolate

that they do not require an understanding of the flo . . X
physics that relate to an improved design. Thus they c\;{rr]]e design changes back to the grid poﬁ?lt§hese

. . auxiliary codes have recently been extended to allow
actually be used to determine what flow state will lead tg, . : ) .
. . S .~ “design stations to be defined along geometric patch
improved aerodynamic performance. This information, L I - ; .

. R . .~ ’boundaries in addition to the original arbitrary cutting
whether obtained from optimization, analytical studies,

. . . . .planes.

or empirical data, is a crucial requirement for the third
category of design codes, knowledge-based methods. Once the required surface information is obtained,
These methods are usually much faster than the abovke target pressure distributions needed in the basic
approaches because the sensitivity derivatives arBISC module are developed by systematically
already known, at least approximately, so that the onlynodifying the current analysis pressures based on the
time involved is for the iterative application of the flow constraints. As an alternative, a prescribed target
design rules to determine a final configuration. Like thepressure distribution can be input, but experience has
finite-difference optimization approaches, theseshown that this approach is usually less robust and
methods tend to be modular and easily coupled witlslower to converge, since knowing in detail what the
different flow solvers. The Constrained Direct Iterativepressures should be at every point on the surface is
Surface Curvature (CDISC) design meth®d®falls  difficult. The constraint approach tends to modify only
into this category and will be described in thepressures in selected regions to achieve the desired
subsequent section. characteristics, allowing the flow in other areas to

The third design question, that of what limits thedevelop as required to maintain a reasonable geometry.

design, is usually expressed in terms of flow and  The flow constraints in CDISC can be grouped into
geometry constraints. Geometry constraints, such a3 general categories: 1) global, which influence multiple
thickness or leading-edge radius, are generally easy amgsign stations (e.g., spanload distribution); 2) section,
inexpensive to incorporate into a design method sincevhich affect values on both surfaces of an airfoil
they do not require information from the flow solver. (section lift or pitching-moment coefficient); and 3)
The only issue that can arise with some methods isurface, which are applied to a single aerodynamic
compatibility with target pressure distributions. This surface (shock strength or pressure gradient). Multiple
difficulty can usually be avoided by not specifying thepasses are made through the flow constraints in an
entire pressure distribution, but by prescribing onlyattempt to satisfy all of the requirements. Since the
characteristics such as gradients or maximum levels inonstraints can be prioritized, optimization can be
regions of importance. Flow constraints, such as lift osimulated by overconstraining a given value and letting
pitching moment, can be more costly to use, especiallthe CDISC module adjust it to the minimum value that
for the adjoint method which requires separate adjoinwill allow the higher-priority constraints to be satisfied.
equations to be programmed and solved for each flow

. . An example of a flow constraint that combines both
constraint (unless it can be expressed as a penalty to the . L T
o . section and surface characteristics is illustrated in figure
objective function). Also, the performance of the

configuration at off-design conditions can be used as 2. This constraint modifies the baseline target pressures

flow constraint, which adds at least one additional ﬂow?q d?f'”‘? an °p"”?“m .fsupercr_m_cal rooftop pressure
. : ._distribution for a given lift coefficient. To accomplish
solution per design cycle regardless of the design, . - ; X
method this, an empirically-derived expression for the
' maximum allowable supercritical compression gradient
CDISC Design System is adjusted in level, with the aft extent determined from

another expression for reasonable shock location, until
A flow chart for the CDISC design system is shownthe desired lift coefficient is obtained. For the design
in figure 1. The CDISC module (shown in gray), is result shown, the pitching moment was also constrained
indirectly coupled with a flow solver using a Unix to match that of the original airfoil, resulting in changes
script. After a user-specified number of flow solverto the pressures in other regions as well. The point of
iterations, the current geometry and flow variables aréhis example is that the flow constraints in CDISC were
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able to automatically produce a target pressur@rid521. For unstructured grids, the design changes are
distribution that met the lift and moment requirementdlinearly interpolated to the surface grid points, and the
while reducing the drag coefficient from 0.0166 tovolume grid is modified using the spring analb‘by

0.0100. It should be noted that, since the empirically- The new volume grid is then returned to the flow

derived expressions for the rooftop are related to theoIver and the solution is continued using the old restart

surface geometry, the target was redefined for eacﬁ\e. Since the old flow variables are assigned to points

design c;_/cl_e based on the current flow and geometr%hich may have changed locations, a spike in the
characteristics. . .
residual typically occurs, but the level usually drops

The CDISC module then uses the basic DISCquickly and by the final design cycle has returned to a
method® to modify the surface geometry to match thereasonable level of convergence. Since the flow solver
target pressures. This method was originally based otioes not have to be fully converged after each design
analytically-derived expressions relating a change irtycle, it is usually possible to obtain a well-converged
surface curvature to a change in surface pressumesign in 10-20 design cycles, which takes
coefficient. Recent studies have indicated that functionapproximately as much time as a single converged flow
based on Mach number give better results than thanalysis. While a minor time penalty due to multiple
original pressure functions; therefore these new Machrestarts is incurred with this indirect coupling approach
geometry relationships have been used for the resulss compared to a direct coupling of CDISC with the
shown in this paper. Since these relationships (one fdiow solver, it yields benefits such as ease of portability
subsonic local flow, one for supersonic) are knownand code maintenance as well as reduced flow solver
ahead of time, and the design can be converged imemory requirements. The CDISC module has been
parallel with the flow solution, the DISC approach is aindirectly coupled with several block-structured grid
very efficient way of solving this inverse problem. The Navier-Stokes flow solvers (TLNS3DMB, CFL3D?3,
method can be used at subsonic, transonic, or supersofaB3D?4, and FLOMG®), the OVERFLOW overset-
speeds and, although strictly valid only for attachedyrid flow solvef®, and with the USM3B’:28 and
flows, it has been successfully used for design at buffeFUN2D?° unstructured-grid flow solvers.
SP;:‘atnif)ndlt|ons when significant flow separation was Multipoint Desian with CDISC

The new design surface geometry is evaluated = As mentioned earlier, it is highly desirable for an
relative to the geometry constraints and, if violations ar%erodynamic design method to account for requirements
found, it is further modified to meet those constraints. |nmposed by other discip“nes as well as other flow
this sense, geometry constraints take precedence ovggnditions. While the CDISC method described in the
flow constraints, although in most cases both sets ojrevious section does allow for disciplines such as
constraints are met by the final design. As with the flowstructures and manufacturing to influence the design
constraints, global, section, and surface geometryhrough the geometry constraints, it does not generate
constraints may be specified and multiple passes argensitivity information that could be used in a multipoint
made through the constraints in an attempt to satisfy allptimization method. In order to provide a multipoint
of them. Some of the geometry constraint options thagesign capability that is consistent with the goal of using
are available include twist distribution, local or the same grids and flow solver that are used for final
maximum thickness, leading-edge radius, trailing-edg@nalysis, the following simple procedure, referred to as

included angle, volume, chordwise and spanwisghe Weighted Averaging of Geometries (WAG) method,
curvature, and a hard surface. The hard surfacgas developed.

constraint is used to define a region that the design

surface is not allowed to enter and will be illustrated ina A flow chartiillustrating the WAG method for a
later design example. two-point design problem is shown in figure 3. In this

procedure, geometries developed from designs at each
The final operation required before returning to theof the design points will be used as shape functions and
flow solver is to modify the computational grid to reflectcombined to minimize an objective function. The
the new surface geometry. For structured grids, thgrocess begins by performing a design at each of the
changes in surface geometry are linearly lofted alongesign points, then analyzing the resulting geometries at
grid lines between design stations. The volume grids argie other design conditions. An objective function is
then perturbed to reflect the surface changes eithgprmulated based on the drag coefficients at each design
within the CDISC module, or by using some auxiliary condition, and the function is evaluated for each of the
grid projection tools developed for use with oversetiwo configurations. For example, if the two design
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points were of equal importance, the objective function = Because this is such a simple approach, the
for a given configuration would simply be the average ofjuestion arises as to how it would compare with formal
the drag coefficients at the two conditions. At this pointmultipoint optimization. As part of a cooperative
the objective function is known for the two program with what was then the Defense Research
configurations and would indicate which of the two isAgency (DRA), CDISC-WAG and numerical
better for the mission, but there is no information aboubptimization were both applied to the dual-point design
how to combine the two geometries. A random guess aff a generic fighter wing/body configurati%‘h The

a geometry weighting factor could be made, but a moresurface grid used for the TLNS3D/CDISC Euler
accurate estimate can be obtained by assuming @mputations is shown in figure 5. The two design
quadratic variation of drag with geometry weighting points were M=0.9/C=0.45 and M=1.6/C=0.125,
factor, then computing the value of weighting factor thatwhich represented mild maneuver conditions at each
yields the minimum value of the objective function. Thepoint. The design was performed on the wing only and
WAG method automatically combines the two thickness, camber, and twist changes were allowed,
geometries using this weighting factor to produce a newubject to lift and maximum thickness constraints. Dual-
surface geometry. The new surface definition is fed intgoint designs were performed for a range of missions
CDISC, which then modifies the volume grid for one ofthat varied the weighting on the drag factors from an all-
the configurations. This blended configuration is thentransonic mission to an all-supersonic one.

analyzed at both design conditions, and a new geometry

weighting factor is computed. In determining the new The results from the two design approaches are
ghting P ’ 9 shown in figure 6, where the drag at each point is

factor, the assumption of a quadratic variation of dra%ormalized based on the drag of the baseline

with w_e|ght|ng fac_tor IS no Ionger used mst(_agd, aconﬁguration at those conditions, computed by the flow
curve-fit procedure is used to estimate a new minimumnj

o . : . dsolver used by each design method. This normalization
for the objective function. Convergence is obtaine . . !
was done in an attempt to remove discrepancies

when the new minimum is within a specified tolerance

of the previous minimum (typically .02 in weightin resulting from the use of different grids and flow
factor) P yp y 9NN soivers. The left end of the curve represents a design for

an all-transonic mission, with low transonic drag,(E

To illustrate the WAG approach, an airfoil has beenand high-supersonic dragggy). It can be seen that the
designed at start-cruise and end-cruise conditions usingvo design approaches gave similar results, with
the FLOMG code. The results are shown in figure 4CDISC-WAG doing a little better for missions weighted
where a weighting factor of 0.0 represents the endmore toward the supersonic design point and the formal
cruise design geometry and a weighting factor of 1.0nultipoint optimization having a slight advantage for
represents the start-cruise geometry. The dashed linémnsonic missions. The cost of generating the designs
show the assumed quadratic variation of drag away frorwas considerably different, however, with the numerical
each design point, and the solid line shows the resultingptimization procedure requiring several hundred flow
variation in objective function, which for this case was aanalyses per mission design, whereas CDISC-WAG
50/50 combination of the drag at the two designrequired the equivalent of 8 flow analyses for the first
conditions. The initial estimate had the minimum mission design, and generally only two more analyses
objective function occurring at a weighting factor of for each additional mission.
0.48, so the start- and end-cruise geometries wer%
blended using this factor and the new configuration was
analyzed. The resulting drag values at the start- and end- ) )
cruise conditions are plotted as a square and triangle, While the design examples shown so far have

respectively, and indicate that the quadratic estimatelgustrated the effectiveness and efficiency of the CDISC

were reasonable. The plus sign is the new compute@nd WAG design approaches, they have used simple

objective function and falls very close to the estimated@€0metries where the designs could have been
curve. A new minimum was computed using the@ccomplished in a reasonable amount of time using

additional data and the curve fit procedure, but since fPPtimization. CDISC has been applied to a number of
yielded the same weighting factor, no additionajcomplex cor_wﬁguratlons using large Navier-Stokes grids
multipoint cycles were needed. The combined dragts Part of either NASA focused programs or company
objective function for the multipoint design was reducedn-"ouse projects. While specific results from these

by about 2 drag counts over the best of the single poiﬂesign activities are either limited in distribution or
designs. proprietary, some general comments on the performance

of CDISC can be made.

esign Applications for CompteConfigurations
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As mentioned before, CDISC combined with thethe initial configuration anyway, with subsequent
OVERFLOW code was used in the design of the MD-Navier-Stokes analysis and re-design done if needed.
XX commercial transport. The designs were performed . . . S

) . . o . The surface grid for the generic business jet is
on wing/body/nacelle grids having over 5 million grid oL . .
. ) .~ shown in figure 7 (the grid has been mirrored across the
points and required only about 70 percent as much time . .
. . . . Ssymmetry plane to show the whole configuration). The
as the original converged analysis run. The final design

reduced the drag at cruise by several counts relative t%bjectlve of the following designs was to reduce the

the baseline wing (which already had goodcrwse drag of the aircraft while maintaining various

performance), and maintained good off-designﬂow and geometry constraints. No design conditions

characteristics. This CDISC/OVERFLOW system with were su_pphed W'th the_generlc business jet geome_try, SO
. . : two cruise design points were selected based in the
large viscous grids has also been used by Boeing-Lo

Beach personnel to work on nacelle integration issueﬁ%admg-edge sweep of 15 degrees and airfoil thickness-

for a Blended Wing Body advanced transporttso'Chord ratios ranging from about 0.15 at the root to

) . L : : 0.10 at the tip. The primary design point was M=0.75/
configuration. Significant reductions in wave drag have ~0.48 and the secondary design point was M=0.78/

been obtained and flow separation issues associated w ~0.42
propulsion/airframe integration are currently being -~
addressed. Finally, CDISC with OVERFLOW was The usual design approach with CDISC is to obtain
applied to a supersonic transport configuration that hadn initial analysis of the baseline configuration, then
already been optimized using a full-potential desigrevaluate the potential for reducing the induced, wave,
method. The OVERFLOW grid had over 13 million grid and viscous drag components. A solution was obtained
points and modeled the fuselage, wing, nacelle, antbr the baseline configuration at the primary design
diverters as viscous surfaces. At the supersonic cruigeoint, converging about 3 orders of magnitude and
point, CDISC was able to redesign the wing to achieveequiring about 2.6 hours of CPU time and about 140
additional drag reduction, probably because using th&W of memory on a Cray C-90. The resulting local
Navier-Stokes code allowed the design to be done witMach number contours are shown in figure 8. A
the nacelle/diverter shock system accurately modelednoderate shock can be seen on the wing, with strong
Design at the supersonic cruise point took slightlyshocks present on top of the fuselage just aft of the
longer than a converged analysis run, while designs atanopy and on the aft fuselage in the vicinity of the
the transonic cruise point required less time than a floypylon and nacelle. This would imply that reductions in
analysis at that same condition. wave drag could probably be obtained. An examination

. . . of the spanload indicated that it was already close to
Design of a Generic Business Jet " . .

elliptical and that there was little room for improvement

To demonstrate the application of the CDISC andn the induced drag. While the Euler/IBL method would
WAG design methods to complex configurations, anot allow direct evaluation of viscous drag problems due
generic business jet geometry was chosen. This separation, the issue was addressed indirectly by
configuration was supplied to NASA by Cessnadesigning for weak shocks and mild recovery gradients
personnel for the purpose of demonstrating gridon the wing and ensuring that shocks on other
generation capabilities and was not necessarily intendezbmponents were reduced below M=1.3 to avoid shock-
to have good aerodynamic performance. The geometinduced separation.
definition included a fuselage, wing, wing fairing, . s .
pylon, and flow-through nacelle. The USM3D flow Single-Point Whg Designs
solver was chosen for the design, and an unstructured The first design exercise attempted to reduce the
inviscid grid having about 780,000 cells was generateaving drag at the primary design point by using the
using the VGRID grid generation cotle A viscous optimum rooftop constraint shown earlier, along with
unstructured grid having about 1.3 million cells was alsamther constraints to maintain the section lift and
generated, but a problem in the USM3D viscous flowpitching-moment coefficients of the baseline wing. In
solver precluded its use in this exercise. Since viscouaddition to these flow constraints, geometry constraints
effects are very important for correctly modeling thewere imposed to retain the original maximum thickness
flow over supercritical wings at transonic speeds, theand thickness at two spar locations (x/c=0.3 and 0.7),
interacted boundary layer (IBL) capability was used.along with a leading-edge radius that is at least 90
The Euler/IBL approach requires significantly less timepercent of the original value. In addition, a
and memory than Navier-Stokes computations andnanufacturing constraint that the wing thickness be at
would probably be the preferred method for developindeast 10 percent of the distance from the trailing edge

(e.g., the wing must be at least one inch thick at a
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location ten inches ahead of the trailing edge) washus greater flexibility in reducing the combined drag
enforced from the trailing edge forward to the rear sparbjective function. Two approaches to computing the
The CDISC method was run for 20 design cycles andection drag were tried: simple pressure integration and
required about 2.0 hours. The resulting pressura wave drag estimation technique similar to the one
distributions and airfoils at semispan locations of 0.4described in reference 16. The latter approach produced
and 0.8 are shown in figure 9. The design pressure®sults that were more consistent with trends based on
match the rooftop targets very well and have reducetbtal drag values from USM3D, so it was selected for
shock strengths and recovery gradients at both stationthis study.

These results were obtained with very minor changes to

the airfoil sections and all of the constraints were met. The two design geometries were run at the opposite

design conditions and, by using the restart files from the
The convergence history for the initial baselinedesigns at those conditions, required only 150 flow
analysis and subsequent wing design is shown in figursolver iterations to reach convergence. The design and
10. The sharp spike in the residual at 50 iterations markanalysis results were then fed into the WAG module,
the beginning of the boundary layer interaction,which computed the wave drag values and determined
followed by steady convergence to the required level ajeometry weighting factors at each of the ten design
300 iterations. At this point, the design was initiated,stations on the wing. The weighting factors varied, but
and all three parameters in the figure changen general tended to use more of the M=0.78 design
significantly. By the end of the design, however, theairfoils. The new geometry was analyzed at both design
minimum residual has returned to its former level ancconditions and the resulting drag coefficients are plotted
the desired lift level has been recovered. The dragn figure 12, along with values for the baseline and the
though still showing some small oscillations, indicates goint designs. The multipoint design shows a consistent
reduction of about 11 counts relative to the baselinedrag reduction relative to the baseline at both design
Note that all drag values given in this paper have beepoints. The combined drag objective functions for the
corrected to account for small variations in lift betweenbaseline, M=0.75 design, M=0.78 design, and
the designs and the original baseline. multipoint design are 0.0236, 0.0232, 0.0229, and

The same set of flow and geometry constraints wag'0228’ respectively. It can be seen that, in spite of the
9 Y oor off-design performance of the M=0.75

then applied to the wing at the secondary design point configuration, all of the designs had better multipoint

M=0.78 and 920'42'.The wing shoc_ks were SOmGWhaéoerformance than the baseline. The M=0.78 design had
stronger at this condition as shown in figure 11. CDIS - . .
erformance very similar to the multipoint design as

was able to reduce the upper surface shock strengtl?s S
within the confines of the flow and geometry constraintsrnlght be expected from the weighting factors.
and achieved a drag reduction of just over 12 counts. The pressure distributions for the three designs at
While it is probably possible to achieve a greater draghe two design conditions are shown in figure 13 and 14.
reduction at this specific design condition, the optimumAt the lower design Mach number (figure 13), both the

rooftop constraint was purposely formulated to generat®=0.78 and multipoint designs have a mild double

target pressures that would also have good off-desigshock pattern, but the primary shock for the multipoint

performance. The weak shock on the lower surface atesign is weaker at each station. At the higher design
the inboard station (figure 11a) was increased slightly iMach number (figure 14), the multipoint design has

strength, and though the increase in wave drag wadightly stronger shocks than the M=0.78 design, but
insignificant, it could be of concern relative to they are considerably weaker than the shocks for the
separation and would have to eventually be evaluatel=0.75 design, which had higher drag than the baseline
using a Navier-Stokes calculation. at this condition.

Having obtained satisfactory designs at each of the A second cycle through the WAG method produced
cruise design points, the WAG multipoint design methodslightly different weighting factors, but did not improve
was then applied. A mission was arbitrarily assumedhe objective function. This approach that allows
that would assign equal weightings to the drag at eacbpanwise variation of the weighting factors is still under
design point. For this exercise, the WAG method waslevelopment, but in this case it seemed to produce a
modified slightly. Instead of simply using the total draggood multipoint design at the additional cost of about 2
for each configuration at each design condition tofull analysis runs after the 2 point designs were
determine the geometry weighting factors, the sectiombtained.

drag at each spanwise design station was used. Th&s .
. o o Lanopy design
allowed a spanwise variation in weighting factor an
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With a reasonable wing design in hand, attention  The final design exercise in this study addressed the
was then turned to the other regions on the aircraft witshocks in the aft-fuselage/pylon/nacelle area. A close-up
strong shocks. For all of the design cases that follow, theiew of the Mach contours in this area (figure 17)
multipoint design configuration, run at the primary reveals strong shocks on the fuselage near the trailing-
(M=0.75) design point, served as the baseline. Referringdge of the wing where the afterbody closure begins.
back to figure 8, a strong shock can be seen just aft dfhis includes a shock in the channel between the
the canopy along the crown of the fuselage. To reduckiselage, pylon, and nacelle, where local Mach numbers
the strength of this shock, a single flow constraint thaexceed the separation criteria of M=1.3. This design
limits the local Mach number to 1.1 was imposed. In thdocused on the channel region and was done in two
absence of any other constraints, this would have beestages in order to assess what component, if any, had a
an easy goal to achieve. In order to make the exercisgdominant influence on the flow expansion and shock.
more realistic, the following constraints were arbitrarily The first stage involved a local redesign of the fuselage
imposed: first, the nose geometry was fixed, assuminwith a flow constraint limiting the local Mach number to
that it houses avionic equipment; second, an interndéss than 1.1, as was done for the canopy design. For this
hard surface constraint was defined to simulate a cockpitase, however there was no hard surface constraint, so
space requirement; and finally, the aft end of the desigthat the fuselage could change as much as required. This
region was fixed just beyond the canopy to minimize thelesign was somewhat slower to converge than the wing
impact on the constant fuselage cross-sections thatesign cases, requiring 25 design cycles and taking
follow. Additional smoothing of the design region about the same amount of time as the original analysis-
beyond what is normally done in CDISC was includedonly run. A second design was then done, using similar
to ensure a smooth transition into the fixed portions otonstraints on the inboard side of the nacelle, while
the fuselage. allowing the fuselage design to continue to adjust to the
changing channel flow. For both of these designs, the

Mach number contours for a view looking down Ongylon airfoil sections and chord lengths were kept fixed,

the canopy area are shown in figure 15, with the righ ut the planform could change based on the new

half of the fuselage representing the baseline flow anS anwise locations of the pvlon/fuselage and bvlon/
the left half showing the results after 20 design cycles P Py 9 Py

The contours highlighted as dark lines begin at le'z&acelle Intersections.

and increase in increments of 0.1. It can be seen that the The Mach contours for the final design case are
design has reduced the extent and magnitude of the floghown in figure 18. The local Mach numbers on the
acceleration over the canopy, pulling the maximumfuselage just under the pylon and on the pylon itself
Mach number below 1.3, which should help preventhave been reduced well below the separation criteria.
separation. Pressure coefficients along the crown linEven though the design region did not extend down into
are shown in figure 16, with the actual design regiorthe high-Mach contours just above the wing trailing
extending from x/c=0.15 to x/c=0.60 on the plot. Theedge, the flow in this area also benefited from the
peak Mach number ahead of the shock near the middleselage modifications made above it. Figure 19 shows
of the design region has been reduced significantly, buhe baseline and final design pressure distributions and
could not achieve the target pressures because of tiggometries along a waterline on the fuselage just below
geometry constraints. In particular, the cockpit spacehe pylon. The strong shock was essentially eliminated,
constraint, shown by the dash-dot line, can be seen to it this required a fairly large geometry change.
active. In spite of these limitations, the new designObviously, constraints on internal volume or surface
reduced the drag of the configuration by about 2&urvature may prevent such a modification, and the
counts, with no significant change to the lift and multipoint performance would have to be evaluated, but
pitching moment. While this is considerably greaterCDISC was able to reduce the drag by 17 counts in this
than the drag reduction obtained on the wing, it is likelycase.

that a baseline configuration in a real design exercise

would have better performance and the mprovemenéYigure 20), the shock near x/c = 0.4 was reduced, but the

through design would be less. The reduction in shoc .
. . . _leading-edge peak was strengthened enough to cause a
strength, along with the softened compression region L .
2 ) : shock to form ahead of the beginning of the design
near the beginning of the windshield, should have a_ . _ . .
. . . ~.T1egion (x/c=0.16). This would explain why the second
favorable impact on the any flow separation occurring in, ~_. . . o .
this area design achieved very little additional drag reduction

beyond the 17 counts obtained with just the fuselage
Aft-fuselage design design. Being able to design all the way to the leading
edge would probably provide the opportunity for

For a station on the nacelle just below the pylon
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additional performance improvements, but constraints  As a final note, while CDISC cannot replace
on leading-edge radius and internal hardware woul@ptimization in cases where the relationships between
have to be included. It should also be noted that thgeometry changes, flow physics and improved
nacelle design was limited to the inboard side near thperformance are not understood, it appears to be a very
pylon, and that the issue of nacelle symmetry wouldefficient and effective approach when they are
have to be addressed. understood. It would seem that the roles of the two
approaches are therefore complementary, with

AI_though the pylon_wa_s n_ot designed in thlsoptimization helping to build a knowledge base that
exercise, the pressure distribution and geometry at aould be efficiently apolied by a method like CDISC. As
station about midway between the fuselage and nacellé ; y app y
is shown in figure 21. The strond shock on the IOWervvork continues to make both approaches more efficient,
surface and t%e modérate shocl? on the upper Surfaeéfective and user-friendly, the goal of viscous design of
have both been weakened as a result of the design of t Lé” configurations, even at high-lift conditions with all

channel between the fuselage and nacelle. Th%urfaces deployed, will become a reality.
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