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SUMARY

Applications of computational aerodynamics to aeronautical research, design, and analysis have
increased rapidly over the past decade, and these applications offer significant benefits to aeroelas-
ticians. This Paper traces the past developments by means of a number of specific examples, and projects
the trends over the next several years. The crucial factors that limit the present capabilities for
unsteady analyses are identified; they include computer speed and memory, algorithm and solution methods,
grid generation, turbulence modeling, vortex modeling, data processing, and coupling of the aerodynamic
and structural dynamic analyses. The prospects for overcoming these limitations are presented, and many
improvements appear to be readily attainable. If so, a complete and reliable numerical simulation of the
unsteady, transonic viscous flow around a realistic fighter aircraft configuration could become possible
within the next decade. The possibilities i using artificial intelliience conceots to hasten the achieve-
ment of this goal are also discussed.

1. :NTRODUCTION

The extraordinary growth in computer tecnnology of the past two decades has revolutionized the design
f modern aircraft, especially aircraft that cruise or maneuver in the transonic flow regime. There is no

need to belabor the contributions if computational fluid dynamics CFO) to solvino aeronautical problems,
as 3 large number of review papers nave been written on this suniect; Refs. i-7 are but a small sample.
Suffice it to say that the requirements and Potential benefits for predicting the performance and steady
airloads of advanced aircraft have been a major driving force in the development of existing CFO technology
and contemporary supercomputers; and that, as a result, impressive capabilities exist today. This paper
addresses the current status and the prospects for developing new CFD methodology to predict the aeroelas-
tic pehavior of future advanced aircraft. de will focus on the principal factors that will determine the
success or failure of computational aerodynamics to meet the needs of aeroelasticians, and on the future
developments that might be expected to alter these factors.

The demands of the aeroelasticity community on aerodynamicists are staggering. For dozens or even
nundreds of cases, they are asked to provide the three-dimensional, unsteady airloads on complex geometries
including external stores) at transonic flight conditions for which viscous effects are important, and to

couple these aerodynamic characteristics with the complex structural-dynamic behavior of the airframe.
-urthermore, these results are to be obtained quickly, and without significantly increasing the national
debt. Thus, calculating the flutter boundaries of flexible aircraft flying at transonic speeds is at least
an order of magnitude more difficult than the more widely publicized task of predicting the performance of
aerodynamic configurations in steady flight. Finally, aeroelastic calculations are more specialized, and
fewer people are working in this area, than in steady aerodynamics. Fortunately, there is clear evidence
in the 16 papers of this Specialists' Meeting, and elsewhere, that considerable progress has been and is
being made toward adapting and extending the latest CFD methodology for steady flows into the unsteady
domain. However, we will demonstrate that new thrusts, new ideas, and new levels of effort will be
reQuired to meet the aeroelasticians' future requirements.

One way to view the task of determining flutter behavior is to think of it as an exercise in simula-
*ion. That is, we want to avoid unacceptable catastrophes in real life by analyzing appropriate risk-free
simulations of the phenomena. One may note, in Passing, that this concept is more akin to the issues
facing the nuclear power industry than to those of predicting aircraft performance. The point is that we
wish to simulate a complex dynamics problem in solid mechanics which is driven by complicated, boundary-
dependent, and nonlinear aerodynamic forcing functions. We now have available to us highly developed
techniques for physical simulations (which we call wind-tunnel testing) and rapidly developing techniques
'or numerical simulation (which can combine large scientific computers, structural-dynamic analyses, and
computational aerodynamics). Each type of simulation has its strengths and its limitations, as indicated
,r Fig. I. The relative merits are frequently debated; but we shall not dwell on these issues here, except
o agrue for the judicious use both of experiment and computation to complement each other.

As discussed in Section 3, our projection is that complete and reliable numerical simulations will S
become possible within the next decade for complex configurations, and that nigh-quality physical experi-
ments will Play crucial roles in developing and validating these numerical simulations. However, the cost
f the complete simulations may well be excessive for the hundreds of combinations of flow parameters,

structural frequencies and mode shapes, and wing-store configurations that aeroelasticians will probably
want to analyze. Therefore, there will clearly be an ongoing need for less costly, more approximate simu-
lation methods, even though some accuracy may be sacrificed. The development and validation of such engi-
neering simulations will be greatly enhanced by an intelligent combination of the large-scale numerical
and Physical simulations.

The main thrusts of this Paper, then, are to demonstrate the rapid and continuing growth of cooputa-

tional aerodynamics, to indicate the principal areas that must be further developed if computational aero-
dynamicists are to provide significantly better tools for aeroelasticians, and to examine the requirements
for a complete, time-accurate numerical simulation of the insteady, transonic viscous flows around a
realistic lighter aircraft configuration. This Paper should be considered to be complementary to the
broader, z-omoanion review of 1. L. Peterson, entitled Trends 'n Computational Capabilities for Fluid
Dynamics' 'Ref. 2), given earlier at this Specialists' Meeting. No attempt has been made to review com-
orehensively the large and rapidly 3rowinq body .of literature on unsteady computational aerodynamics.
Rather, our somewhat random and parochial choice of representative examples largely reflects the research

6ith which we are most familiar and the results which are most readily available to us.
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Fig. 2. Unsteady flow regimes for transonic wings.

at lower reduced frequencies, where the shock-wave motion is the largest and the resultant unsteady aspects
if the fluid physics are the most complex.

Unfortunately, the current computational-aerodynamics codes that might be capable of capturing these
Iow-frequency complexities tend to have severe stability limitations with respect to the maximum time step
that can be used. This translates into long computational times per cycle of oscillation. In addition to
purely financial reasons, long CPU time impedes progress in several ways. First, it discourages new users
from trying unfamiliar codes and becoming comfortable with them; second, it discourages experienced users
from experimenting with the codes in new applications; and third, it limits code developers in their efforts
to refine, tune, and extend the methods.

An impractical conclusion that could be drawn from Fig. 2 is that aeroelastic at ijlyses would be simpli-

fied if the vehicles were restricted to subsonic speeds, or if the natural frequencies of the structures
could be increased by an order of magnitude.

2.1 Representative Calculations- 1974 and 1984

A better understanding of the current trends in computational aerodynamics can be obtained by tracing
the growth in capabilities that has occurred over the past decade. in this section we will note a few
examples that were particularly noteworthy as state-of-the-art circa 1974, and discuss the corresponding
capabilities today.

2.1.1 Steady flow, complex geometries

For many years, linear panel methods have been the primary tool for analyzing complete vehicles of
complex geometry. Figure 3 illustrates the degree of sophistication that has been and is possible. Larger
computers have enabled the use of more panels, with a corresponding improvement in the resolution of the
surface airloads. However, the primary advance in panel methods since 1974 is the present capability to
treat supersonic problems with the same surface representation that before could be done only for subsonic
cases. Figure 4 shows representative results (Ref. 9) for a fighter configuration with canards. The lift
of the aircraft is well predicted, but further improvements are required for predicting the drag.

Insofar as nonlinear methods are concerned, three-dimensional transonic small-disturbance calculations
of wing-body combinations were possible with the Bailey-Ballhaus code (Ref. 10) a decade ago. More compli-
cated configurations are routinely analyzed with full potential methods today, and Euler methods are coming
to the forefront; e.g., Refs. 11-13. Figure 5 shows the recent calculations of Jameson and Baker (Ref. 11).
These results have not been verified by independent calculations or comparison with experiment, and the
very coarse grid in the tail surfaces is probably inadequate for resolving the flow in that region. How-
ever, the influence of the body and tail on the flow over the wing is probably captured accurately enough
in this simulation.

2.1.2 Complex steady flow, simple aerodynamic shapes

Jameson's FL06 transonic potential-flow code (Ref. 14) for airfoils with shock waves came into general
use in the early 1970s; and by 1974, weak viscous corrections had been added (Ref. 15). 'ith regard to
viscous-dominated flows, in that era Mehta 'Ref. 16) treated the fully separated flow of an airfoil at high
angle of attack using the laminar Navier-Stokes equations, and computed the self-induced fluctuations as
well as the mean airloads. Today the stalled irfoil at hiqh Reynolds numbers remains an unsolved problem,
but this is mainly because f the turbulence modeling, and not because of the computational barriers.

A decade ago Deiwert 
1
Ref. 17) treated shock-induced separation on 3 nonliftinq airfoil with the

Reynolds-averaged Navier-Stokes equations, jsinq in aiqebraic rixinq-lpnqth model of the turbulence. That
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Fig. 3. Surface panel geometries for linear calculations.
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capability has since been extended to a lifting transonic wing by Mansour (Ref. 18), including both shock

waves and tip vortex formation (Fig. 6), and to afterbodies with propulsive jets by Deiwert and Rothmund

(Ref. 19) ,Fig. 7).
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Although Mansour's wing calculations were performed on a relatively coarse grid, several hours of CPU
time were required to obtain the results shown in Fig. 6. Furthermore, the agreement with the experimental
lata is only fair, and probably 10 times as many grid points would be required to resolve the details of
the flow. Nevertheless, this investigation represents a milestone in analyzing viscous wing flows.

The afterbody calculations shown in Fig. 7 provide a remarkable amount of detail by using only a
modest number of grid points. This capability stems from a high degree of specialized experience with
this particular code and this particular class of problems, and it illustrates the value of having skilled
experts to work with a family of codes. Even so, difficult cases with larger separation zones still give
problems (Ref. 20).

2.1.3 Unsteady inviscid flow

One of the showcase results of the mid-1970s was the calculation of Magnus and Yoshihara (Ref. 21)
for an oscillating airfoil with a strong shock wave, using an explicit Euler method (Fig. 8). Another
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Fig. 3. Euler calculations of a transonic oscillating airfoil (Ref. 21);
NACA 64A-410 airfoil, M - 0.72, _c/U. = 0.20.

Dioneering set of results was obtained by Caradonna and Isom (Ref. 22), using a three-dimensional, unsteady
transonic small-disturbance code, shown in Fig. 9. The two-dimensional small-disturbance code LTRAN2
(Ref. 23) also became available soon afterward, and it has been used extensively ever since. Each of
these helped pave the way for the computational capabilities that exist today, and they provided insights
into unsteady effects that could not have been obtained either by linear theory or by experiments.
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Fig. 9. Transonic small-disturbance calculations of a nonlifting helicopter blade tip (Ref. 22).

The unsteady transonic small-disturbance method has since achieved a high level of maturity in both
two and three dimensions. Also, approximate viscous corrections have been added, and the aerodynamic cal-
culations have been coupled with the structure (Refs. 24-27). Figure 10 shows the results of Guruswamy and
Goor2ian (Ref. 27) for a 1rw-aspect-ratio oscillating wing. These calculations, using 51,200 grid points
and 1024 time steps per cycle, required about 30 min of CPU time on a Cray XMP computer to compute three
cycles of oscillation.
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Fig. 10. Transonic small-disturbance calculations of the oscillating F-5 wing (Ref. 27);
M = 0.90, K = _c/U = 0.55.

The full-potential results of Malone et al. (Ref. 28) for the same oscillating wing are shown in
Fig. 11. :n this case, only 18,000 grid points were used, with correspondingly less resolution. The cal-
culations required several hours on a VAX 11/780 computer. Finally, the full-potential calculations by
*sogai and Suetsugu (Ref. 29), for wings with part-span oscillating flaps, may also be mentioned to illus-
trate the current capabilities for inviscid flows.

2.1.4 Unsteady viscous flow

Although unsteady effects on turbulent boundary layers were computed by several investigators in the
early 1970s, there were essentially no unsteady viscous results available 10 years ago that were of direct
interest to aeroelasticians. Today we can point to studies of oscillating airfoils and flaps using the
Reynolds-averaged Navier-Stokes equations with simple eddy-viscosity turbulence models that can be run in
an hoar or less on modern supercomputers. As an example, the calculations of Horiuti et al. (Ref. 30) are
shown in Fig. 12. This investigation also includes a study of the effects of wind-tunnel walls, which can
significantly alter the phase of the unsteady pressure distribution behind the shock wave.

Another recent Navier-Stokes calculation at transonic speed and a high Reynolds number (Fig. 13),
from Ishii and Kuwahara (Ref. 31), illustrates the growing CFD capability in Japan. It is interesting to
note that these results, which have not been validated by experimental comparisons, were obtained with no
turbulence model at all. Finally, the recent review of compressible Navier-Stokes solutions by Shang
(Ref. 32) may be consulted for further examples and for a comprehensive bibliography.

2.2 Cost and Capability Trends

The preceding examples indicate the growing capabilities to solve challenging aerodynamics problems.
Much of this progress can be traced directly to the extraordinary growth in computer technology, as dis-
cussed in Refs. 1-8. Computer speed, memory size, and cost are all important factors in assessing the
present and future capabilities for performing complex aeroelastic analyses. An overview of the trends
for these factors is given in Figs. 14-16, from Peterson (Ref. 8).

Figures 14 and 15 show that speed and memory capacity continue to grow more rapidly than the costs jf
the machines. Consequently, the relative cost of performing aerodynamic calculations is decreasing Jramati-
tally (Fig. 16). The improvements in algorithms and methods of analysis are more difficult to quantify than
are those in hardware; but the general trends are clear, and researchers are confident of further ;ains.
The net result is that the cost of performing a liven computation has decreased three or more orders of
magnitude per decade (Refs. 6-8), and this trend is orojected to continue for some time.
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Fig. 11. Unsteady full-potential calculations of the oscillating F-5 wing (Ref. 28);
M - 0.90, K - c/U_ 0.55.

An even more important trend, which is difficult to portray graphically, is the strong tendency to
attack increasingly difficult problems (and with greater confidence) as speed, memory, numerical methods,
and physical modeling improve. To paraphrase the oral version of Ref. 3, concerning the impact of CFD on
commercial aircraft design,

The total costs of computing have gone up, not down-we just do a lot more CFD than ever before
in the quest for superior, innovative designs.

This trend is also implicit in MacCormack's prediction (Ref. 33) that a Reynolds-averaged Navier-Stokes
solution for a complete aircraft will be obtained in 1985.

2.3 Summary of Current Status

The growth of CFD over the past decade has given us adequate capabilities to model compressible flows
with imbedded shock waves and weak viscous effects (i.e., at low angle of attack and without shock-induced
separation). This can be done on simple, but practical, bodies undergoing small-amplitude motions, in
free air or solid-wall wind tunnels. However, many of the codes have not been adequately validated and
calibrated. Also, we still have, at best, only marginal capabilities for strong vortices, strong turbulent
viscous effects, complex geometries in the transonic regime, or simulation of ventilated-wall wind tunnels.

The combined hardware and software costs of computing today's problems are not trivial, especially
when user-manpower costs are included. However, the relative costs of computations have dropped steadily
by a factor of about 1000 oer decade over the past 20 years. In addition, the growth in capability ind
the reduction in turn-around time for a typical calculation are even more important than *he cost trends
to nany segments of the aircraft industry. Except for the limitations of turbulence modeling, the 3how-
case problems of 1974 can be solved routinely in 1984.
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3. THE CHALLENGES FOR AEROELASTIC APPLICATIONS

Despite the progress that has been made in computational aerodynamics, there are definite limits to
what can be done practically, especially in aeroelastic applications. Also, the computing cost for the
aerodynamics part of a typical flutter simulation for a complex vehicle flying at transonic speeds could
exceed the structural-dynamics part by a considerable margin. In this section, we turn to some of the
pacing items and current limitations of CFD as they relate to aeroelastic problems. We shall also consider
the extent to which some of these limitations might be relaxed or eliminated, and indicate some areas in
which new developments could pay rich dividends.

3.1 Limiting Factors for Computational Aerodynamics

Figure 17 illustrates the most important pacing items in applying computational aerodynamics to aero-
elastic problems. Grid generation, turbulence modeling, and computer hardware and software were identifieo
in Refs. 5 and 6 as primary pacing items, and this will remain true for the foreseeable future in almost
all areas of CFD. Current applications are limited by both computer speed and memory; the relative impor-
tance of each can be debated for aircraft performance predictions and design. However, as we shall see,
the roles of the algorithm and solution methodology tend to be more important in time-dependent Problems
than in steady-flow predictions. This is because smaller time steps are often needed for stability con-
siderations than for accurately capturing the unsteady features of the flow.

GRID GENERATION TURBULENCE MODELING COMPUTER POWER

SOLUTION METHODOLOGIES AND ALGORITHM DEVELOPMENT

ACCUACY,

THIN-LAYER -

c~zz-N rVIER STOKES STABILITY/

EULER /

FULL POTENTIAL
E TAGRID SPACING

AEROELASTICITY - LACK OF CFD-SKILLED ENGINEERS AND MANAGERS

Fig. 17. Pacing items in computational fluid dynamics.

Another novel aspect of aeroelasticity is less of a technical issue than a management one; namely
the shortage of engineers and research scientists who are specialists in both computational f!uid dynamcs
and structural dynamics. To a certain extent, the rate of progress can be expected to be proportional to
the level of effort expended and to the skills of the people exerting the effort. :n addition, there are
even fewer managers who have been trained in both these disciplines.

Insights into the magnitude of the challenges, and prospects for nonlinear aeroelastic applications,
can be obtained by analyzing the factors that determine the solution times. or CPU requirements, :r 3 tycr-
cal time-accurate, unsteady airloads calculation. For most CFC ethods, the CPU time can te expressed as

CPIJ = A WGT - N "

where

A = "numerical inefficiency' factor

WGT = number of operations per grid point Per time step

NG = number of grid points

m I for finite-difference, ;2 for panel iethods

NT = number of time steps 
= 

Inumber of time stepsciclel ,'number of cyclps' number if -pferpnce

lengths/cycle) ' number of cycles/,

= nondimensional time step 
= 
'J :.tL

FLOPS - number of floating-point .rithmetic ,perations nir 4nit time

i~



Here we introduce the efficiency factor A, to emphasize that the code may not take full advantage of
the computer being used; in practice it is a function of the programming efficiency, the degree of vectori-
zation, the coupling between the grid and the solution algorithm, the user experience, etc. Ideally, its
value should approach unity; but especially with the advent of supercomputers with novel architecture, it
could be much larger.

The number of arithmetic operations per grid point per time step, WGT, is a strong function of the
numerical method; that is, of the flow equations, the boundary conditions, the solution algorithm, and the
3rid. The quantity NG  represents the number of grid points for a finite-difference method, the number
if elements for a finite-element method, or the number of panels for a panel method. Consequently, WGTNG
represents the number of arithmetic operations that must be periorned at each iteration or time step;
although, in some instances with panel methods, NG log NG is a more accurate representation than Nd.

Ideally for aeroelastic applications, the total number of time steps, NT, would simply be the number
of time steps per cycle multiplied by the number of cycles needed to determine the flutter characteristics.
-owever, many nonlinear aerodynamics codes have stability or accuracy limits that are determined by a non-
aimensional time step, !7 = U ct/L. Thus the maximum permissible value of Lr typically depends upon the
_'m-vexitv of the problem. the algorithm, the grid, and the desired accuracy.

Znally, the computing speed, FLOPS, is a function of the computer clock speed and architecture, the

,ata ianagement tecnniques of the code, the memory requirements (in-core or external memory), and the solu-
::cn algorithm. thus it is clear that many different factors determine the CPU time, and the cost, of an
jerodynamic calculation.

EStImates Save been made of the solution times that would be required to run a wide range of contem-
carary t:me-accurate methods on modern supercomputers. Table 2 shows a breakdown of the factors in Eq. (1)

wr iang of moderate complexity undergoing three cycles of oscillatory motion and 25 chord lengths of
trive' Der cycle, running on a computer with a nominal sustained rate of 80 million floating-point opera-

- cer second. By moderate complexity,' we mean something a bit more complicated than the wing shown
- -7g. 6. This might include, for example, a relatively clean wing-body combination, a wing with a flap,

a 4ing with a tip tank or tip-mounted rocket, etc., but not a wing with multiple external stores. Other
assianptions are noted in the notes to Table 2.

TABLE 2. COMPUTATIONAL REQUIREMENTS FOR COMPLEX OSCILLATING WINGS

Flow model -NCPU, Memory, Notes
GT NG minutes million words

Nonlinear panel WGT ' G ' 2 - I
Q
' 0.05 60 2.0

Small disturbance 100 10' 0.06 8 0.6 b,5

Full potential 600 10' 0.04 23 2.0 1,0

Full potential
and integral B.L. 630 1O' 0.02 50 2.0

Euler 3000 I0 0.01 450 3.0 id

Puler and finite
.ifference B.L. 2000 2 I0' 0.01 600 6.0 1,e";

Thin-layer
Navier-Stokes 3600 10' 0.005 11,000 30

Reynolds-averaged
Navier-Stokes 4500 2 x 10' 0.004 35,000 60

Notes: z. A 2
b. A 3
. cT for time accuracy

. for stability limitations
e WgT includes 100 for grid generation

5.. increase in WGT for boundary layer
3. WGT 

= 
500 in viscous layer, 3000 in inviscid region

It should be mentioned that a time step limit of c 
= 

0.05 has been assumed as a rather subjective
estimate of what is required to resolve accurately unsteady transonic effects, including significant shock
wave motion. For cases which can be considered as almost linear perturbations about a nonlinear mean flow,

*much larger values might suffice. We also acknowledge that our estimates of the stability limitations on
Sc are very approximate, and the numbers given are intended to give a sense more of the relative values of
the various methods than of the absolute values. The important point is that, currently, the more sophis-
ticated the method, the more severe is the stability restriction on _T for highly nonlinear problems.

The solution-time requirements are compared 'raphically in Fig. 18. We note again that all of these
results are very approximate, accurate to one significant figure at best. In Fig. 18, the "time-linearized"
estimate refers to any of the numerous methods that are available for obtaining the harmonic components of
the unsteady airloads as a linear perturbation about a nonlinear mean-flow condition; i.e., Regime 3 in
Fig. 2. The estimates for the nonlinear panel methods Iwhich are based on Refs. 34-36, and private con-
ve~sations with Forrester Johnson of the Boeing Military Airplane Company and Larry Erickson of NASA Ames)

are even more approximate, as these methods have not yet been used to calculate the time-accurate evolution
of transonic flow fields.

C S
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Fig. 18. Solution times for a wing of moderate Complexity; 75 chords travel/case, 1984 algorithms,
80 flops.

Similarly, the estimates for combining an Euler method and finite-difference boundary layer are purely
speculative. They are based on the work of Van Dalsem and Steger (Ref. 37) with the steady full-potential
equation, and private conversations with them; however, this approach has yet to be implemented in an
actual unsteady, three-dimensional code. The basic concept is very attractive, however. The additional
number of grid points in the viscous layer and wake is assumed to be the same as the number in the inviscid
field, but the number of arithmetic operations per viscous grid point is only about 600. Therefore, the
average value of WGT decreases for the coupled system of equations, and the product of WGT and NG
increases only about 30%.

The information in Table 2 and Fig. lB implies that if the transonic effects are mild enough to fall
within the scope of the time-linearized methods, then extensive flutter analyses are probably affordable

now. But time-accuracy is expensive today for any nonlinear method, and is probably prohibitively so for
anything more sophisticated than the potential methods. This raises the question of what can be done, or

what is likely to be done, over the next few years to bring the costs of all the methods down to acceptable
levels.

* 3.2 Targets of Opportunity

Independent of the efforts of the CFD and aeroelasticity comunities, supercomputer technology can be

expected to increase the computation speeds from 80 to 250 nflops or more, within the next 3 years, and to
provide adequate memory to meet the requirements listed in Table 2. In addition, a number of specific
improvements can be readily foreseen in computational aerodynamics. Although many of these improvements
will take significant amounts of time and effort to develop and to validate, they represent advances that
are within our grasp.

3.2.1 Algorithm and numerical technique improvements

Equation (1) provides the basis for assessing the possibilities of significantly reducing the CPU times
for the various time-accurate methods. The main thrusts should obviously be to reduce the total number of
floating-point operations for each time step, as indicated in Table 3, and to decrease the total number of

time steps by increasing L: (Table 4). In the following discussion, it will be assumed that the previous
upper limit of T = 0.05, based on accuracy considerations, can be increased to .10 by a combination of
experience and improved grid techniques.

Nro linear anel methods-These methods have been under development for steady flows, where nulti-grid

techni e7 (Refs. 34 and 36). They would seem to be candidates for significant reductions in
the number of iterations required per timy jtep, and for reducing the dependence on the number of surface
panels or field grid points to perhaps N6 or NG log NC, instead of N2. Also, it should be possible to
increase the time step limit to 0.1, as noted above, and to remove the stability restrictions that seem to
affect current integral boundary-layer treatments of viscous effects.

Transonic small disturbance methods- On the other hand, this approach has already matured to the pointS
4 wohere the number of arithmtic operations required is not likely to decrease significantly below current

levels. Room for improvement exists primarily in decreasing A to unity by rewriting the existing codes
'Refs. 24 and 26), and by increasing 'Ti, as above. This car probably be done by treating more of the
'secondary' terms implicitly instead of explicitly. With additional experience, the same accuracy can
probably be attained with a 30-50%S reduction in the total number of qrid points, with a corresponding
reduction in CPU time.
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TABLE 3. REDUCING COMPUTATION TIMES

A VGT NG effective total operations/time step

Flow model Today Future
ops/time step

Reduce m
Nonlinear panel 2 - 10' Reduce WGT to 1 iteration/time step S
Small disturbance 3 10' Reduce A to 1.0

Full potential 6 lO' Reduce NG by 50% with grid adaption

Euler implicit 3 10' Reduce WGT by algorithm

Euler implicit plus boundary
layer 4 lO, Reduce NG  by grid adaption

Euler explicit 3.5 - 10' Reduce N, by grid adaption

Thin-layer Navier-Stokes 4 10 Reduce WGT by algorithm

Reynolds-averaged Navier-Stokes 9 xlO 
-  

Reduce NG  by grid adaption and zonal modeling

TABLE 4. REDUCING COMPUTATION TIMES

NR/oL = total number of time steps 5

Flow solver St today Future improvements

Nonlinear panel 0.05 inviscid increase to 0.1 by experience and grid adaption
Small Disturbance 3.02 B.L.
Full potential

-iler t-c'icit (includes B.L.' 3.02 (stability) 3.10 (remove stability limit)
- 3.32 C~Pncreae xS

l,-r 9e)l c t 3.31 stabililtyj
Navier-Stokes implicit 3.-35 vstabeiity7 2.1 &emove stability limit)

Full potential methods-The two ma'n ways to improve this approach are to reduce the number of grid
Doints required by using solution-adaptive grids, without increasing WGT, and to increase AT by means of
-he better grids. A likely additional improvement will be to include an integral unsteady boundary layer
formulation, with negligible increase in WGT and with no stability restriction on Or.

Euler methods-It may be possible to reduce the value of WGT by about a third for this approach, and

to halve NG by the use of solution-adaptive grids, as discussed below. For the implicit methods, the
severe time-step stability limitation should disappear. For the explicit methods, however, it is inherent
and will remain a severe handicap. On the other hand, the successful coupling of finite-difference boundary-
layer methods, as discussed above, seems likely, and this additional capability will undoubtedly be very
attractive to future users.

Thin-layer and full Reynolds-averaged Navier-Stokes methods-These methods are considered together
because of their similar numerical characteristics. The main difference is that the thin-layer approxima-
tion neglects the second derivatives in the streaimise flow direction, thereby reducing WGT by about 20%.
:t should be noted that any techniques for reducing WGT and NG  that are developed for the implicit Euler
methods above probably would be applicable here, too. However, the greatest gains will come from removing
the stability limit on AT, which could then be increased by up to two orders of magnitude.

In practice, the principal reason for going to the full Navier-Stokes method would be to capture some
separation phenomenon for which a finer grid in the streamwise direction would be required. This is
reflected in the larger value of NG, which is the main factor that makes the CPU time for full Navier-
Stokes so much greater than for the thin-layer approach.

Figure 19 shows the reductions in CPU times that could accrue from the algorithm improvements outlined
above, Plus the effect of increasing FLOPS from 80 million to 250 million. In all cases, the number of
grid Points has been halved, and the limit on t has been increased to 0.10.

:t appears that the nonlinear Potential-flow methods will become very economical, and that the more
sophisticated methods will no longer be out of the question 'or specialized aeroelastic analyses. Of S
course, Fig. 19 does not show the important factor of now rapidly the improvements can be realized in prac-
tice. For examole, the potential improvements of the small-disturbance approach are less, but they can be
attained much ]uicker, than those of the Euler and Navier-Stokes methods. Therefore, we must reiterate
'hat the range of 'low models described above r-presents widely different levels of maturity and, hence,
levels of confidence that ieroelasticians ire lkely to ascribe to them in Practical applications. This
would seem to suggest that the small-disturbance Ind full-aotential .odes wll remain much more Popular 'or
the next 'ew years, lespite the growth in speed Ind remory if the new supercomputers.

* owever, once they have been validated, the Euler and Navier-Stokes codes will help to provide new 5
anderstanding of and Insights into comolew 'low onenomena, is well is to -enerate lata bases which can be

6 5.
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improved algorithms, 250 mflops.

used to develop greater confidence in any of the more approximate methods. If this new capability is
oroperly combined with careful wind tunnel experiments, a major surge in unsteady computational aerodynam-
ics can be expected in the late 1g80s, and the projections listed in Table 1 will turn out to be pessimistic.

3.2.2 Grid generation improvements

An essential step in solving three-dimensional aerodynamic problems is the generation of a suitable
grid. This is one of the mast rapidly growing areas of CFD, and there have been several meetings in recent
years devoted exclusively to grid generation; e.g., Refs. 38 and 39. The recent survey by Thompson
(Ref. 40) is particularly noteworthy, and a broader overview can be found in Ref. 5.

Several contemporary concepts for generating grids are illustrated in Fig. 20. A significant advan- -

tage of some panel methods, and of the transonic small-disturbance method, is that the appropriate boundary
conditions can be applied on nonaligned grids; however, most of the more sophisticated methods rely on
body-conforming grids. The zonal modeling, or multi-block concept, appears especially attractive for com-
olex configurations.

The schemes for generating grids can be classified into two categories, algebraic and differential,--
oased on the types of equations that are used to compute the locations of the grid points. Although the
complexity may vary greatly, the algebraic methods are direct approaches. The differential methods involve
the solution of either the elliptic, hyperbolic, or parabolic partial differential equations; this is done
iteratively in the elliptic schemes, or noniteratively in the hyperbolic and parabolic schemes. Refer-
ences S and 40 include discussions on the degree of control that each method provides for varying the mesh
spacing, cell volumes and proportions, and skewness of the grid lines. The elliptic and "nonconformal"
algebraic schemes allow exceptionally high-quality grids to be generated about very general body shapes,
but they are the most computationally intensive and expensive. For this reason, the more simple types of
algebraic schemes and hyperbolic schemes seem better suited to the class of unsteady problems that requires
regenerating the grid at each time step.

The concept of adapting the grid to some feature of the solution, such as clustering grid points in
regions of large gradients, has considerable potential for obtaining the maximum accuracy with the least
number of grid points. Therefore, this is an area of active research in the CFD conmmunity. As an example,
Fig. 21 shows a solution-adapted grid and the associated laminar Navier-Stokes results (Ref. 41) for an
unusual bluff body. The hyperbolic scheme that was used in adapting the inner grid to the developing vor-
ticity field required only a small increase in the CPU time, due to the relatively small increase in WGT;-
but it permitted considerably better resolution of the flow field to be achieved near the corner of the-

body. It is work of this type that leads us to believe that the grid point requirements, and hence the
CPU times, can be reduced by a factor of two or more without sacrificing accuracy, as presented in Sec-
tion 3.2.1.

3.2.3 Turbulence modeling 4

I _J

The simulation of the dynamics of turbulence remains the foremost challenge in fluid dynamics today.
and turbulence modeling is probably the weakest link in the chain of computational aerodynamics technology.
The computational power available in the foreseeable future, in terws of both speed and storage, will ore-
eFude adequate resolution of the broad range of interacting turbulent scales (both spatially and temporally)
associated with most aerodynamic flow fields at flight Reynolds numbers. As result, turbulence modeling
has taken the approach of single-point losure of the Ceynolds-averaqed havier-Stokes equations, and no
single turbulence model exists that can be applied to ibudenera raretv 'f fows.
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F Fig. 21. Solution-adaptive grid for Navier-Stokes calculations of the flow past a parachute (Ref. 41).

As shown in Table 2 and FIg. 18, enormous computer resources are required to solve time-dependent
problems with finite-difference simulations of the Reynolds-averaged Navier-Stokes equations. Even the
solutions that have been published for steady flows have used grids whose fine spacing is limited to the
single direction nearly normal to the body, and hence fall within the spirit of the thin-layer approxima-

tion. This resulting computational process qualitatively simulates separated flows and flows with large-

• The recent survey papers on turbulence modeling for computational aerodynamics by Marvin (Ref. 42) and
Lomax and Mehta (Ref. 43) and the Proceedings of the 1980-81 AFOSR-HTT?4-Stanford Conference on Complex
Turbulent Flows (Ref. 4) indicate the current state of the art in this area, as well as what will be
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required in the future. Since no universal model exists, most researchers are now focusing their atten-
tion on creating a catalog of models based on fundamental building block experiments, and most of these
models are being carefully tested computationally to determine their capabilities and limitations.

An overview of turbulence models, ranging from essentially no modeling at all to the hypothetical full
simulation of turbulence, is given in Table 5. For unsteady flows of interest to aeroelasticians, only the
viscous-wedge representation of shock-wave boundary-layer interaction, integral boundary layer (velocity-profile modeling), and zero-equation eddy-viscosity models have been used up to now. In the larger domainn

of steady flows, the primary research attention has turned to multiple-equation eddy-viscosity and

TABLE 5. TURBULENCE MODELS

Model Physical Numerical Rearks
'Generality Compatibility

Viscous wedge ierv low Jery high Shock-B.L. interaction

Integral B.L. Low High Very good when highly tuned

Eddy viscosity

Zero eqn Low High Needs more tuning

2-eqn Medium Low tu nigh -WGT 20%, ?

Reynolds stress equations Hign Low 3-D separation?

Large eddy Very hign Low "?) Guidelines for above

Complete simulation Complete nth generation supercomputers

Reynolds-stress-equation models. Today, poth experiments and specialized large-eddy simulation calcula-
tions (Ref. (45) provide guidance. However, the current calculations of practical flows use turbulence
models that are "tuned" in conjunction with the numerical procedure for a specific class of flow problems.
As a result, validations by means of experimental comparisons are mandatory, and confidence in the absolute
values of the numerical predictions remains low.

In principle, the more general models should cover a wider range of flows with less "tuning." but users
of the large aerodynamics codes may not always feel that "bigger is better." Nevertheless, it would seem
that many of the nonlinear aeroelasticity problems will involve some degree of flow separation, and in three
dimensions. In such cases, the two-equation eddy-viscosity models may turn out to be the best compromise
between simplicity and generality. Some of the models in this category lead to stiff equations, and this
raises again the problem of restrictive values of _'. However, progress is being made to overcome this
limitation (Ref. 46).

From this brief overview, it is clear that turbulence modeling will remain a primary pacing item in

computational aerodynamics over the next decade, for both steady and unsteady applications.

3.2.4 Vortical flow modeling

Whereas the treatment of shock waves in transonic flow was a major focal point for computational aero-
dynamics in the 1970s, compressible flow fields with embedded regions of concentrated vorticity will prob-
ably gain prominence in the coming decade. Figure 22 illustrates some typical cases where vortices interact
with components of the vehicle. Such nonuniforiities in the flow can be expected to alter the steady and
unsteady loading and, hence, to have aeroelastic consequences.

FINITE UIFFERENCE VORTEX CAPTURING

;(RID PFOBLEMS

NJtMERICAL DISSIPATiON



Vortices Shed from shdp 'eadilng edges have been computed by a variety of methods; representative

examples can be found in the Proceedings of the recent AGARD Symposium on Aerodynamics of Vortical Type
Flows in Three Dimensions Ref. 471. within the context of the present emphasis on finite-difference CFD
methods, the direct approach ,e.g.. Rizzi and Eriksson Ref. 48) and Krause et al. (Ref. 49)) may be
thought of as vortex capturing. That 's. this approach is analogous in some sense to the more common

sho .-capturing methods that are used in many computational aerodynamics codes. As in shock capturing,
the cetails of the actual phenomenon are smeared over several grid points; thus, the solution in that
region is artificially grid-dependent and susceptible to the effects ot numerical dissipation. In the
case of concentrated tip vortices, for example, the numerical dissipation may destroy the core structure
and its large gradients faster than oould physical dissipation (Ref. 50.

Two alternate methods for modeling vortex flows are Shown in Fig. 23. By analogy with shock fitting
in transonic flows, these may be thought of as vortex litting. The upper part of the figure portrays the
nethod of Caradonna et al. QR ', wnicn perits :Oncentrated vortices to be introduced into potential-
'low 'orulations. The prescr'beo vo~te

• 'otnod shown in the lower half of the figure is due to Steinhoff
Ref. 52, and it has also been used u..esul'v fy Sr'n'vasan and McCroskey (Ref. 53) for potential.

ouler, and thin-layer Navier-StOKes arnalyses A* .nsteadv iiroii-vortex interactions. In these applica-
tions. the structure of the vortex 'S )rescribed. but its oath in space develops as part of the solution.

WAKE SHEET

BRANCH CUT

rO DEFINE
VORTEX -

al POTENTIAL FLOW VORTEX FITTING

4-

', CALCULATED FORCE FREE PATH)

bi PRESCRIBED -DISTURBANCE VORTEX FITTING

-2 Ater-ate methods of modeling vortex flows.

'"ear anel e"'ods e 4. vasew e'. 54 and vor'ex-ftlament methods (e.g., Rehbach (Ref. 55) and
.eorarl RelK :6 have feen isei t.) treat vortex-omnated 'lows. However, these techniques have not been
apolej t3 comcress nle "'cws jc to now. The combination of shock waves and regions of concentrated vor-

icty represents a thallenging but 'ruitful area of research )ver the next few years.

3.-.: Aerodynamic, structural couplnq

t s sometimes Ii'ficult 'or :omputational aerodynamicists to realize that their impressive results
ire merely the 'orcirg functions for compiex dynamic systems, and that aeroelastic analyses are often domi-
nated by structural cons'derations and calculat'on methods that are ouite alien to the world of CFD. And
is we nave noted previously, few specialists are highly skilled both 'n computational aerodynamics and
structural dynamics.

"Ie traditional oethcj )f predicting "utter boundaries has been to determine, first, the unsteady
jirloadS via Aerodynamic influence :oef''c'ents. These could be computed from linear theory as functions
cf the geometry of the wing, the Mac" number, the reduced frequency, and the simple, uncoupled motion of
he wing. This relatively simp le approach :an -t:ll be ised 'n the transonic regime, if the aerodynamics

can be considered as 'time inearized. and relatively modest computing power is required.

:f the unsteady components )f *he airloads depend nonltnearly on the structural motion, then some sort
f direct coupling is required and time-accurate :alculations must be performed, as indicated in Fig. 24.

:n this case. the computer-resource rpquirements r'se sharply Two-dimensional calculations of this type,
In which the structural equations cf motion and the transonic small-disturbance equations were integrated
simultaneously, have been reported by ;ur-swamy and van0 .De# 57), for example.

:f the series )r sequential couplng technique it ',. 's used. several iteration cycles for each
f'ght condition may be reduired to determine the "iutter boundaries. The results can be obtained faster
'f iector processing )r Dipelininq techn,ques are used, nut the solution methodologies for the structural
and aerodynamic parts can be iif'erent. In the )ther hand, 'l parallel coupling were used within each
time step, the numoer )f itertions woull oobably be 'es. However, the two parts of the program would
have to be totalli :ompat ble and woui have to be coded Very arefully if the computer resources were to
be tilized offect'vply.

-1* 'east 'Sr the nevt '.w dnir,, ',te. jierPncP rethid Ire "iel, t ermain the primary tool for

ina.jzing eD, l jn'eid9 I'uw f ''iv ind -rte-ment rethodl 'or analyz'no complex structures, and
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3.2.6 Display and ore- Ifi St-rath1

Simiply Jefining the ieometr 'f3. plp i-r rjf* )r ;urlt'on -ar oe i ornidable task. as attested
to by a recent symposium n ub:-(_* Pp' - idIdil~:on, the solution o)f three--dimenSional



aeroelastic problems r.vol es tie management of encrr"ous amounts of data, especially output data. This can
significantly affect the jroductivitv if the analyst who has to consume that data, make decisions about it,
and formulate new avenues of approach. Therefore, the need to digest efficiently this quantity of data
makes the development of optimal pre- and .ost-data processing procedures absolutely essential. Pre-,
intermediate-, and post-processinq of bulk data can only ce done effectively using high-resolution, hign-
throughput computer graphics devices. Thus, the efficient use If on-site supercomputers will necessitate
networking them with peripheral minicomputers which are linked with ,opnisticated interactive graphics work
stations, as indicated in Fig. 26.
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,eneration of tree-dimer onal . time-var',,t '-ta 'e yet another significant problem for the aero-
elas-'c'ian, namely, now tO 1isp!0 the lata )eaninf. or optimum understanding and analysis. Modern
oraphics lisplays are rnorovini j' a rapid , ae, onl Iwo- and three-dimensional, computer-generated color
pnotographs -an be used to irvat idvantaqe pefs 9 and 6sQ. Figure 27 is representative of current capa-
bilties. The wind tunnel -ode -t ', trst ,'-,resented bv the wire frame with hidden lines
remove 7' 7b. -owever . tt hadeo;oa,,; . ted ur'ace representation Fiq. '7c) is much more
,a'uable in dsuja -zmi the rode! in - soot , errors 'n the currace representation. Finally, the
_olz'--hajing reprecentdi;-n )f the 70inuted Qrsure :'>trsuton on the surface 'Fig. 27d) is an impor-
tant aid 'n eaminino he ,lution.

]raphicai O:spay ev'es Ind suporting :)ftware ire now ivai'able to ienerate three-dimensional
oolor movies. - both - ' In 'deo. These oar be invaluable tor visualizing an evolving sequence of
aerodynamic events, A,n aS "i.ttnr, and ',)r effect'-ey crpsent'c Ind describing these events to the
tecnica- communi t,.

:n -ddilt'jr. - I,--es are . s/arab>,e At rstantaneousl! producing hardcopy directly from the
jraphics device 'or ;n;., C7 or coy ,r 'r instant Jiewinq :f a color movie from video disk or tape.
However, the crcduct', s' ..c <olqr -xv'eS . -'Oenhve. Althouqh -ul2 color, three-dimensional hidden
line Movies &l 'P," ' '-'n' "'o.'1r' 1'e, t 'Ia, !)e nsioinlficant when compared to the computer
tme required to; ;en-.'te tid :aa *' r -" v e , nade. o'urthermore, the benefits to be gained
1 Om ucn A "IV'" .s', t r'oduso >5

n the 1, rce1''i A .,: . we 'eec *'. , Js,.e'i the "' tP, nardwarp and software, the complex algorithms,
the grais. the cry; .i' code''n,, 'he merodvnem, tr'j 'rz' xupl'ng. and the data processing that will be
nvolveo in ierrelast) simul~ati,. "n "h h - " e,," e -imulati,)ns will require vast expertise

and enormous resources, 'n te* r ,"th 'uman urO. 1m 'outer :apacity. The aeroelastician will need
niqhly developed Ski , nhe 4, np rerodynamlcs, structural dynamics, com-
)ute, c'ence. aynd time aaqeme'. :nceot; o f irtificial intelligence (Al) can

be ippi ed, espec ally the conce tit ep-' t n Refs 61 and 62.

x;:Iert ,ystems ire knowledqe-base r 'I In :)erf)r'n ;pecialized tasks at, or perhaps
beyond, the level of a human expert., 1hi i :r '-- a',e i o result of "domain-specific' knowl-
edge and stratelies, expert *,stems r' ',, :- -_ -,ems are jistinguisned from other
artificial intelligence ,rngrams, id 7r"!, r r Ie-, ', .,"..i, ''v 'heir abilitv to reason about their
r orocesses of infcrec", id *i, Cu,'",, , :. r t '' r 1'r; n A :rce ses These distinguishing

arcteristics ire made ooss;bI, ' o e r ,,. .r rn lo oSt expert systems. As indi-
ated 'n Fig. 28, the two major mrmpnent, ir ''w''- 'm, wiih in,1n',ts of Anmain-dependent facts,

rules. mnd neur'stc s, Ind a ;epaote . t . , P r , ,,- . ? i ''r , ,t ei to )rnceed efficiently

4 02"- " "
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matters that set exoerts start 'rom beginners, Are symbolic, inferental, and rooted in experiential
knowledge' Ref. 63). As indi-ateo in ;ig. 28, three-oimensional grid generation, nonlinear flutter
analysis, and data processing are three areas that seem ouite compatible with these characteristics.

The knowledge base for such applications would consist of facts such as flow solvers, structures
solvers, turculence models, vortex mode's, and grid-generatton schemes) and neuristics 'i.e., experience
and good judgment concerning flutter characteristics of aircraft. The inference procedures. wh V cannot
be jefined precisely at this point, would process the information that is calculated by the various stages
of the program and would mhake decisions ind draw conclusions based on the successive accumulation of new
facts, starting with Previous solutions. An important feature of the expert system is Its ability to
process information from many 'outside' experts, as indicated in Fig. 28.

It must be emphasized that constructing an expert system reQuires a substantial investment of time
and manpower. :stl'ates vat- anywnern l r ess than a year sor simple systems in a friendly environment
with existiho toos, to :5 years for somo -, systems in : manoinq environments where fsiamental research
and development is ecuired. %urthermore, :r 'eve' of perfornmance of various systems var'es greatly.
Some df the systems that already nave oeen built now routine>y solve practical oroblems, while others have
,ever made it beyono the research stage A necessary, Put not sufficient, condition for success seems to
be that experienced researchers and mature technologies must be used *or building almost any expert system.

a' Sny case. tne aotenta' payoff *rom the se on expert systems 'n the umercal veroelastic simulation
oraces> 5 wortm sf o ttenhion. hid 't warrants the a'location of resources is an investment in the future.

4. SUMMARY AND D3NCLS:NS

:orioutatiooa Aerodvnamics ,s row 3 we-established tool that is jsed throughout the world in the
jesign and ana>l', c modern 'iint venices. The past decade hds ,een impressve growth in the capabili-
ies 'or oredict'o static oertormance and airloads dver a wide .noe of conditions, as evidenced in the

examoles ,iven in Section 2. 
0
jrthe-nore, this growth seems to be -ustaining itself, both in terms of com-

outer speed and memory and :n the numerical methods. Except for the ' mitations of turbulence modeling,
the showcase problems of 1974 can be solved routinely today. Progress in the more specialized areas of
unsteady aerodynamics 3no flutter analysis has tended to lag the oevelopments in steady aerodynamics; but
the oace is iuickening, ind the potential 'or further improvements how seems to be even greater.

The primary factors that tr't computational aerodynamics in its applications to aeroelastic analyses
ire the costs of oerforming a large number of nonlinear calculations, -no the validity of the numerical
,imulations. The salioity is essentlal.o determined by the turuience modeling, by the ability of the grid
-3 resolve the relevant detais of the 'uow field, and by the Accuracy )f the finite-difference solutions
'n reoresenting the pnysical flow. The cost of the calculatlons is determined by the computer hardware and
software; oy the manpower reQuired to implement the codes and to digest the -esults; and, in typical
nsteady atons, oy the staoility restrictions )n the :'me steo that can be used for the more sophis-
2icatej ietrods of analysis.

ortunatelv, the trends are highly favorable 'or most of these limiting factors. The area of turbu-
lence mode''g is orobably tne one with the least optimism. although the manpower lnritations are of con-
ern. , e ana'ysis in ection 3 indicates that a complete, and perhaps juantitative, simu'ation of the

transcnic iscous 'low over complex configurations will become possible within the next decade. This goal
4,1' De ach'eve, however, only with the aid of high-dluality ohysica' experiments. That is. detailed
exoer'ients wil' have to :lay crucial roles in improving the turbulence and vor*ex modeling and in guiding
ind validat'no the numerical simulations, 4natever their levels of complexity.

However, the cost to calculate hundreds of combinations of 'low parameters, structural frequencies and
-ode haoes, and w'-g-store configurations will be high enough so that aeroelasticians will continue to
want -ore aooroxmate 'engineering" methods. The development of better, and less costly, more approximate
techniques wil7 be ireatly enhanced by an intelligent combination of the large-scale numerical simulations
and wino-tunnel exoeriments. Finally, the expert-system concept of artificial intelligence could Possibly
hasten te achievement of the aercelasticians' goals.
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