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Table 2 Summary of optimum results, stacking sequence of
symmetric 24-ply laminated walls
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horizontal and
vertical wall,
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Outer ply, 0

0
0
0
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-15
15

-15
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-45
45
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Optimum
horizontal

wall,
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-15
0
0
45

-45
45

-45
0
0
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-30

Optimum
vertical

wall,
deg

15
-15
-15
-15

30
-30

30
-30

0
0
15

-15

after optimization represents a compromise between the con-
flicting requirement^ ;of reduced elastic twist and reduced
transverse displacements. This is observed by noting the in-
clusion of ±30-deg plies in both the horizontal and the vertical
walls. The reductions in all of the tip displacements are attrib-
utable to the improved ply-stacking sequence and the increased
thickness of the airfoil caused by larger chords, which in turn
increases the box beam height.

Concluding Remarks
The results of a multiple design point optimization proce-

dure for design of high-speed proprotors were presented. The
procedure was based on multilevel decomposition and a mul-
tiobjective formulation that used the K-S function technique.
Aerodynamic performance was the objective of the upper level
and the structural response was improved at the lower level.
Optimization was performed simultaneously to include design
criteria from high-speed cruise, hover, and takeoff. A nonlinear
programming technique was used at the upper level and a sim-
ulated annealing algorithm was used for the discrete optimi-
zation problem at the lower level. The optimum results were
compared with a reference rotor. The following are some im-
portant observations:

1) The multilevel optimization procedure significantly im-
proves the aerodynamic and structural response of the high-
speed proprotor blade at all three flight conditions.

2) Optimum planform distributions represent compromises
between the conflicting requirements of the three flight con-
ditions. At locations near the root and the tip, the optimizer is
driven by the geometric constraints imposed on the problem.

3) The simulated annealing algorithm successfully mini-
mizes the tip displacements by altering the composite plate
stacking sequences in the horizontal and vertical walls. The
optimum stacking sequence represents a compromise between
reduced elastic twist and reduced transverse deformation. This
is manifested through the selection of ±30-deg plies in both
the horizontal and the vertical walls.

4) A combination of improved stacking sequence and larger
chord values leads to reduced elastic deformation in the opti-
mum configurations.
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Behavior in Stall from Flight Data
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Introduction

A ERODYNAMICS associated with aircraft flight in stall
and poststall regimes are of increasing interest. Compu-

tational fluid dynamic methods1'2 and a number of semiempir-
ical models3'4 have resulted in a significantly improved mod-
eling of unsteady stalled flow. Much of the research work is,
however, based on wind-tunnel data from unsteady airfoil tests
and only a few applications to identification from flight data
have been reported.5'6 Moreover, analysis in the stall and post-
stall region is more or less confined only to the longitudinal
dynamics. Recently, based on a state-space representation of
unsteady aerodynamics at high angle of attack,7 the problem
of stall identification from flight data pertaining to the longi-
tudinal dynamics has been addressed.8 Flight analysts have,
however, encountered cases in the past where an aircraft in
stall is known to have exhibited large excursions in the
lateral-directional motion. This behavior is attributed mainly
to the significant sideforce and yawing moments generated be-
cause of formation and shedding of the forebody vortices.9'10

In this Note, the stall model is extended to asymmetric un-
steady flow phenomenon and applied to identify, from flight
data, the lateral-directional behavior of the C-160 aircraft.
Both dynamic and quasisteady stall maneuvers are analyzed.
It is observed that different flow separation points on the left
and the right wing surfaces adequately characterize the pro-
nounced variations in the lateral-directional motion of the
quasisteady stall.

Stall Modeling
The trailing-edge stall is a dominating phenomenon on

wings having sufficient thickness (tic > 0.15; where t repre-
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sents wing thickness and c the wing mean aerodynamic chord),
and undergoing a relatively slow variation in the angle of at-
tack (d < 0.02 V/c; where a is the rate of change of angle of
attack and V is the freestream velocity). The associated loss of
circulation because of trailing-edge separation introduces a
nonlinear behavior in the lift coefficient CL and the incremental
drag coefficient AC0, which can be approximated using Kirch-
hoff s theory of flow separation4:

CL = CLa[(l + V*)/2]2 sin a (la)

ACD = CLa[(\ - V*)/2]2 sin a tan a (Ib)

where CLa is the lift curve slope and x G [0, 1] is a dynamical
variable describing the location of the flow separation point
along the chord on the upper surface of the wing; x = 1 and
x = 0 correspond to the attached and fully separated flow,
respectively. The unsteady stalled flow conditions can be con-
veniently described using a single ordinary differential equa-
tion7'8:

Dynamic stall identification Quasisteady stall simulation

dx
— - T2a) (2)

where TJ and r2 are the time constants representing the tran-
sient and the quasisteady aerodynamic effects, respectively.
The steady flow separation point x0 may be determined from
static wind-tunnel tests, or can also be identified from flight
tests using the approximation8:

*b(«) = (a - a*)]} (3)

where the parameter a^ defines the static stall characteristics
of the airfoil, and a* defines the breakpoint corresponding to
*0 = 0.5.

In Ref. 8, Eqs. (1-3) are applied to the C-160 flight data in
the high-lift region. A good match between the model output
and the measured data for pitch rate, angle of attack, and nor-
mal acceleration shows the ability of the model to satisfactorily
identify the longitudinal behavior in stall. However, the same
cannot be stated for the lateral case where poor simulation
quality, specifically in quasisteady stall approach, for the
lateral -directional time histories is observed (Fig. 1, discussed
later in the text). The C-160 aircraft flight data reveal that the
quasisteady stall is accompanied by an uncommanded left roll
off, which is apparently because of the unequal lift caused by
the different flow separation behavior on the left and the right
wing.

Asymmetric Aerodynamic Modeling
To account for the asymmetric flow separation on the two

wing panels, the rolling and yawing moment coefficients are
suitably modified as follows to account for the additional mo-
ments arising from the different flow separation points:

C, = C/o + C//3/3 + Crf* + Clrr*

+ (l/2b)[(CN)L - (C*)JAy

Cn = Cn0 + Cn/3j3 + Cnpp* + O

+ (\!2b)[(Cc)L -

+ Cl8r8r

(4a)

Cndr8r

(4b)

where b is the wingspan; Ay represents the moment lever arm
equal to half the wingspan; da and 8r denote the aileron and
rudder deflections, respectively; /3 is the angle of sideslip; p*
and r* are the normalized roll and yaw rates, respectively; and
C/C) and Cn(i) are the aerodynamic derivatives. The suffixes L
and R represent parameters for the left and the right wing,
respectively. The normal force coefficient CN and the chord
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Fig. 1 C-160 dynamic stall identification and quasisteady stall
simulation: — , flight measured; — , estimated.

force coefficient Cc can be obtained by resolving the forces on
the airfoil as follows:

(CN)L,R = cos a + sin a (5a)

(5b)

Equation (4), incorporating the lift and drag differentials, leads
not only to a parsimonious model, but is also based on the
physical interpretation of the force/moment phenomenon. This
approach appears to be preferable compared to the other ap-
proach of modeling the rolling and yawing moments because
of asymmetric unsteady flow through additional aerodynamic
derivatives.

Stall Identification
Equations (2) and (3) describing flow separation point, and

Eqs. (4) and (5) describing the asymmetric aerodynamic mod-
eling, are used in conjunction with the longitudinal model to
identify the C-160 flight data in stall.8 The unsteady model
equations are implemented into the 6-degree-of-freedom
model formulated in Ref. 11. Maximum-likelihood identifica-
tion algorithm for nonlinear systems12 is used to identify the
stall parameters a\ and a* for the left and right wing panels,
and the time constants TI and r2. All other parameters of the
basic aerodynamic model pertaining to the attached flow con-
ditions are kept fixed during estimation.11

Plots on the left side of Fig. 1 for the dynamic stall identi-
fication show an acceptable match between the estimated and
the flight measured responses for the longitudinal variables,
the pitch rate q, and the angle of attack a, as well as lateral
variables, the roll rate /?, the yaw rate r, and the bank angle
<f). The variations in the lateral -directional motion are ob-
served to be small. Also shown is the estimated time variation
of XL and XR, which defines the location of separation points
on the left and the right wing, respectively. It can be seen that
as the angle of attack increases, the trailing-edge separation
progresses towards the leading edge, showing a maximum flow
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separation of about 50% at an angle of attack a « 23 deg.
Furthermore, the marginal difference between XL and XR sig-
nifies that the flow separation on the two wing panels is more
or less symmetric during the dynamic stall maneuver.

Plots on the right side of Fig. 1 depict quasisteady stall
simulation carried out by keeping the stall parameter values
identified from the dynamic stall maneuvers fixed and adjust-
ing only the initial conditions to match the new flight condi-
tion. Results indicate discernible mismatch in lateral variables
/?, r, and <j> responses, whereas flight variables q and a are
fairly well simulated. This inability of the dynamic stall model
to adequately predict the lateral motion of the quasisteady stall
is attributed to the asymmetric effects that are insignificant in
the dynamic stall maneuver, but have a very strong influence
on the lateral-directional behavior during quasisteady stall
maneuver. Note that to minimize the errors associated with the
identification of long time segments, the 70-s time segment of
the quasisteady stall is split into two. Figure 1 and the sub-
sequent plots, however, depict only that portion where signif-
icant variations in the flight variables are observed.

To account for the aforementioned discrepancies, the asym-
metric unsteady stall model proposed in this Note is applied
to analyze the quasisteady stall maneuver. The stall parameters
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Fig. 2 C-160 quasisteady stall identification: —, flight measured;
—, estimated.

deg/s

Fig. 3 Influence of cross and cross-coupling derivatives at high
a: —, flight measured; —, estimated.

#! and a* for the left and the right wings and the time constant
T2 are estimated separately. The capability of the present for-
mulation to satisfactorily identify the lateral-directional mo-
tion of the quasisteady stall is evident from the comparison of
the estimated and flight measured responses shown in Fig. 2.
The asymmetry in flow separation is clearly observed from the
plots of the separation points XL and XR. Such an effect could
possibly be because of the two engines equipped with four-
bladed propellers rotating in the same direction and influencing
the flow separation in an asymmetric way. Furthermore, the
estimated values of the stall parameters differ significantly
from the values identified from the dynamic stall maneuvers.

Although the basic phenomenon of asymmetric flow sepa-
ration is well captured with the present formulation, minor
discrepancies are observed in the time history match shown in
Fig. 2. It is known from literature that cross and cross-coupling
derivatives can have significant influence on aircraft motion at
high angles of attack.10 A judicious inclusion of such deriva-
tives into the model equations can result in a better prediction
of the stall behavior. Figure 3 shows an improved match with
the cross derivatives C/r and Cnp, and cross-coupling deriva-
tives Clq and Cnq included into the estimation model. However,
more data need to be analyzed to positively conclude that the
inclusion of these additional derivatives actually improves the
predictive capabilities of the model.

Conclusions
The unsteady stall model is extended to identify the lat-

eral-directional behavior in stall from flight data. Additional
rolling and yawing moments arising from the differential lift
and drag because of unsymmetric flow separation on the left
and the right wing are included in the estimation model in a
simple, but physically representative, way. The results dem-
onstrate the model's ability to identify the longitudinal and
lateral dynamics in stall. Analysis of the C-160 flight data in
the high-lift region indicates that unlike in dynamic stall, the
flow separation behavior in the quasisteady stall is highly
asymmetric, producing significant roll and yaw without any
input from the pilot. Furthermore, it appears difficult to arrive
at a single stall model that can adequately predict both the
quasisteady and the dynamic stall behavior of the aircraft.
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Airfoil Design Utilizing
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Introduction

A N aerodynamic design scheme using parallel processors
has been developed that significantly decreases the pro-

cessing time required to optimize a desired performance. The
parallel optimization scheme, when coupled with a flow solver,
evaluates the aerodynamic performance of numerous geome-
tries simultaneously. A test case was conducted utilizing the
parallel optimization scheme and a similar sequential optimi-
zation scheme to design an airfoil to match the pressure dis-
tribution corresponding to a known shape. This design appli-
cation demonstrates the practicality and versatility of aero-
dynamic design via optimization using parallel processors.

Computational fluid dynamics (CFD) has become a valuable
engineering tool in both aerodynamic analysis and design. Air-
foil optimization uses multivariable calculus to minimize an
objective function selected by the designer. If the objective
function is continuous, which is usually the case in airfoil de-
sign, the desired performance of the airfoil is optimized as the
objective function is reduced.

Optimization methods for airfoil design have many advan-
tages, including the flexibility of the designer to choose various
design performance criteria and to use different types of flow
solvers. However, their main disadvantage is the amount of
computer processing time required for the design criteria to be
optimized. Flowfield calculations over various geometries of
airfoils that evaluate their aerodynamic performances consti-
tute the vast majority of the computer time required.

To significantly speed up the design, the required processing
time must be reduced. An investigation into gradient-based
optimization schemes reveals that airfoil design can be treated
as a parallel problem and can take advantage of the capabilities
of parallel supercomputers. Parallel processors are used to con-
duct multiple CFD solutions for different airfoil geometries
simultaneously to reduce the time required for airfoil design
via optimization.
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Quasi-Newton Optimization Using
Parallel Processors

An objective function appropriate for airfoil design is based
upon the aerodynamic performance of the airfoil. Numerous
evaluations of the objective function / are necessary for the
gradient calculations and for line searches to locate a mini-
mum. Since each objective function evaluation requires a CFD
solution, the vast majority of computational time needed to
design an airfoil is spent calculating the flowfield around var-
ious airfoil geometries.

Kennelly1 developed the optimization routine QNMDIF
based upon a quasi-Newton method and used the routine in
airfoil design. In this research, parallel processors are used to
simultaneously calculate the flowfields over multiple airfoil ge-
ometries for the estimation of the gradient vectors and in di-
rectional searches for minimum objective functions. Conduct-
ing the gradient calculations and line searches in parallel
greatly increases the speed and efficiency of the design pro-
cedure.

The parallel quasi-Newton optimization routine, PARQNM,
assigns multiple processors to simultaneously calculate objec-
tive functions with different sets of design variables. For a
second-order-accurate estimation of each component of the
gradient, two function evaluations are required. For example,
the first gradient component is estimated from the central-dif-
ferencing calculation

Sf

2A*! (D

For n design variables, 2n processors are used in PARQNM to
calculate all forward- and backward-difference function eval-
uations in parallel for the estimation of the gradient vector.

The method of gradient calculation used in PARQNM has
several advantages over the method used in the sequential
quasi-Newton routine QNMDIF. Most importantly, all function
evaluations are done in parallel instead of sequentially. Also,
the central-difference estimation of each gradient component
used in the parallel routine is more accurate than the forward-
difference estimation used in QNMDIF. In QNMDIF, if the
forward-difference estimation of the gradient fails to provide
a direction that reduces the objective function in a line search,
valuable processing time will be wasted before computing the
gradient derivatives based upon a central-difference approx-
imation.

A parallel line search was developed that minimizes a mul-
tivariable objective function more efficiently and many times
faster than the line search used in the sequential optimization
routine. After the direction of search P is calculated based
upon the gradient vector, the new set of design variables X
becomes a function of a scalar q as shown in Eq. (2):

= Xk + qPk (2)

Different values of q are assigned to the processors in equal
intervals between its minimum and maximum values selected
by the designer. Each processor then simultaneously computes
the objective function for a unique set of design variables. The
new set of design variables corresponding to the minimum
objective function is then sent to all processors in a global
message.

The parallel line search conducts all expensive function
evaluations in parallel, unlike the sequential version that re-
quires numerous function evaluations calculated sequentially
using parabolic interpolation. Also, the parallel line search
helps protect against convergence to a local minimum instead
of a global minimum because of more function evaluations
along the line of search.


