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This paper presents a real-time drag optimization study of the aspect ratio 13.5 Common Research Model
(CRM) with a distributed mini-plain flap system. A surrogate aerodynamic model of the aspect ratio 13.5
CRM is developed based on an aerodynamic database computed by a transonic panel method to capture the
aerodynamic coefficients as functions of the angle of attack, flap deflections, and Mach number. A recursive
least-squares parameter estimation algorithm is designed to estimate the aerodynamic parameters of the sur-
rogate model. The estimated surrogate model is then used in an on-line drag optimization strategy based on
an adjoint method. The results of the real-time drag optimization indicate a drag reduction of 2.46 % for Mach
0.80, 3.37% for Mach 0.85, and 1.95% for Mach 0.88. The results show the convergence of all parameter
estimates.

I. Introduction

The aircraft industry has been responding to the need for more energy-efficient aircraft by redesigning airframes to
be aerodynamically and structurally more efficient, employing lightweight advanced composite materials for aircraft
structures, and incorporating more energy-efficient aircraft engines. Reducing airframe operational empty weight us-
ing advanced composite materials is one of the major considerations for improving energy efficiency. The Boeing 787
transport is an example of a modern airframe design that employs lightweight structures. Modern lightweight mate-
rials can provide less structural rigidity while maintaining sufficient load carrying capacity. As structural flexibility
increases, aeroelastic interactions with aerodynamic forces can adversely affect the aircraft performance significantly.
The increase in the wing aspect ratio in the modern transport aircraft also exacerbates the aeroelastic problem as the
wing twist under load can be substantial. This causes the optimal lift distribution for low-drag performance to deviate
substantially throughout the flight envelope. Cruise drag optimization control becomes necessary to compensate for
the aeroelastic penalty.

In the current practice, cruise drag optimization in modern transport design is implemented as a table-lookup
method for scheduling flap settings as a function of the aircraft gross weight, airspeed, and altitude. The table-lookup
method generally depends on a validated analytical model of the reference geometry of a particular aircraft design.
The analytical model must be validated with wind tunnel and flight test data to ensure the accuracy of the performance
prediction. Aircraft production variances, however, can result in varying performance characteristics among aircraft.
Different operating conditions such as gross weight, airspeed, and altitude could also contribute to the variability of
the aircraft performance. All of these possible variations can result in a wide range of performance characteristics and
uncertainty in the table-lookup method.

Real-time drag optimization strategy could hold promise and could provide more flexibility than the table-lookup
method. It is perhaps the ultimate goal of the adaptive wing vision to make aircraft ’smarter’ and truly mission-
adaptive. However, many technical hurdles must be overcome in order to realize this vision. In a larger picture, such
a strategy must be able to predict the aerodynamic performance very accurately by estimation using only data from
sensors and flap inputs. The sensors themselves must be able to reliably and accurately measure the aerodynamic
performance parameters. The performance estimation has to be coupled to the flight control system which sends
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commands to the flap actuators. The real-time drag optimization must be able to compute in real-time the optimal
flap configuration and aircraft states. Then, the outputs from the real-time drag optimization are to be translated into
commands to be processed by the aircraft flight control system and or flight management system. This strategy has
been examined in a recent study which proposes a real-time model identification technique based on the recursive
least-squares method to construct an on-line surrogate aerodynamic model of a flexible wing aircraft.! A wind tunnel
test has been conducted in 2017 and 2018 to validate the real-time drag optimization strategy. This test successfully
demonstrates the real-time drag optimization which was able to achieve up to 9.4% drag reduction for off-design cruise
conditions.?3

This paper further explores this real-time drag optimization strategy for an aspect ratio 13.5 Common Research
Model (CRM) developed by Boeing under a NASA contract with the NASA Advanced Air Transport Technology
project. The aspect ratio 13.5 CRM is developed from the original aspect ratio 8.3 CRM.* The aspect ratio 13.5 CRM
configuration employs a distributed mini-plain flap system which comprises 11 small trailing edge flaps positioned
along the wing span. These mini-plain flaps can be used for a drag optimization strategy. Figure 1 illustrates the aspect
ratio 13.5 CRM configuration.

Figure 1. Aspect Ratio 13.5 Common Research Model (Credit: The Boeing Company)
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Figure 2. Real-Time Drag Optimization Framework

Figure 2 illustrates a real-time drag optimization framework which comprises a control system, an onboard aerody-
namic model identification, a model excitation, and a real-time drag optimization. The control system sends command
signals to the wing to change the angle of attack and flap positions. The onboard aerodynamic model identification
performs a real-time parameter estimation via a recursive least-squares (RLS) algorithm to estimate the sensitivities of
the lift, drag, and pitching moment coefficients with respect to the angle of attack and individual flap positions. These
aerodynamic sensitivities are then used to construct an onboard surrogate aerodynamic model for use in the real-time
drag optimization. The model excitation provides an input set of commands of the angle of attack and flap positions.
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The real-time drag optimization performs the optimization to minimize the trim drag for a target off-design trim lift
coefficient. The real-time drag optimization is based on an adjoint method.

II. Aerodynamic Database and Onboard Model

The aerodynamic model is provided by Boeing. The data comprises the lift, drag, and pitching moment coefficients
as functions of the angle of attack, the flap deflections, and the elevator deflection for Mach 0.80, 0.85, and 0.88. The
database is computed by Boeing TRANAIR code. The baseline aerodynamic data are for the wing-body configuration
alone. The aerodynamic coefficients for the mini-plain flaps and the elevator are presented as increments to the
aerodynamic coefficients for the wing-body configuration.

Figures 3, 4, 5, 6 respectively show the lift coefficient Cy, the drag coefficient Cp, the pitching moment coefficient
Cp, and the lift-to-drag ratio L/D for the clean-wing configuration without flap deployment. It is noticed that the lift
and pitching moment coefficients are quite nonlinear with respect to the angle of attack in the normal cruise angle of
attack between 1° and 3°.
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Figure 3. Lift Coefficient C;, vs. Angle of Attack o of AR 13.5 CRM
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Figure 4. Lift Coefficient C; vs. Drag Coefficient Cp of AR 13.5 CRM
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Cm vs. a of AR 13.5 CRM
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Figure 5. Pitching Moment Coefficient C,, vs. Angle of Attack o of AR 13.5 CRM
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Figure 6. Lift-to-Drag Ratio L/D vs. Lift Coefficient C;, of AR 13.5 CRM

The maximum lift-to-drag ratio L/D ranges from 20 for Mach 0.88 to 27.5 for Mach 0.80 and occurs at a lift
coefficient of about 0.56 for Mach 0.80, 0.61 for Mach 0.85, and 0.52 for Mach 0.88. The design lift coefficient is
assumed to be 0.5. Therefore, the Mach 0.85 flight condition is further from the design point than the Mach 0.80 and
0.88 flight conditions.

Figures 7, 8, and 9 are the respective plots of the incremental lift, drag, and pitching moment coefficients for Mach
0.80 at the angle of attack of 2° where the aircraft is normally trimmed at. The incremental lift and pitching moment
coefficients are generally linear with respect to the flap deflection. The incremental drag coefficient follows a parabolic
relationship.

Figures 10, 11, and 12 are the respective plots of the incremental lift, drag, and pitching moment coefficients for
Mach 0.85 at the angle of attack of 2° where the aircraft is normally trimmed at. The behaviors of the incremental lift,
drag, and pitching moment coefficients follow the same trend as those for Mach 0.80.

Figures 13, 14, and 15 are the respective plots of the incremental lift, drag, and pitching moment coefficients for
Mach 0.88 at the angle of attack of 2° where the aircraft is normally trimmed at. The incremental lift coefficient shows
a considerable nonlinearity. The incremental pitching moment coefficient also exhibits some degree of nonlinearity.
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ACL vs. § of AR 13.5 CRM for Mach 0.80
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Figure 7. Incremental Lift Coefficient AC; vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.80 and Angle of Attack of 2°
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Figure 8. Incremental Drag Coefficient ACp vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.80 and Angle of Attack of 2°
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Figure 9. Incremental Pitching Moment Coefficient AC,, vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.80 and Angle of Attack of 2°
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ACL vs. d of AR 13.5 CRM for Mach 0.85
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Figure 10. Incremental Lift Coefficient AC; vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.85 and Angle of Attack of 2°
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Figure 11. Incremental Drag Coefficient ACp vs. Flap Deflection § of AR 13.5 CRM at Mach 0.85 and Angle of Attack of 2°
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Figure 12. Incremental Pitching Moment Coefficient AC,, vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.85 and Angle of Attack of 2°

60f 17

American Institute of Aeronautics and Astronautics



ACL vs. § of AR 13.5 CRM for Mach 0.88
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Figure 13. Incremental Lift Coefficient AC; vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.88 and Angle of Attack of 2°
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Figure 14. Incremental Drag Coefficient ACp vs. Flap Deflection § of AR 13.5 CRM at Mach 0.88 and Angle of Attack of 2°
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Figure 15. Incremental Pitching Moment Coefficient AC,, vs. Flap Deflection 6 of AR 13.5 CRM at Mach 0.88 and Angle of Attack of 2°

Based on the aerodynamic database, the following onboard aerodynamic model is used in the real-time drag
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optimization:

CrL=Cry+Cr, @+ Cry8+Cr; 8, +Cp, 07 +Cp, & +Cry 52 (1)
Cp = Cpy+Cpo &+ Cp;8+Cp, 8.+Cp , 0 +Cp, 8+ Cp,, 52 )
Cin = Cing + Cong @+ Gy 8 + Cong B + G 0 + Gy 82 + i, 67 3)
T T
where 6 = [ &5 & -+ & ] is a vector of the mini-plain flap deflections, §> = { 8 &8 - & } is a

vector of the squares of the mini-plain flap deflections, and &, is the elevator deflection.
This model is valid only in the local region around the trim angle of attack of 2°. The nonlinear lift and pitching
moment coefficients reflect the nonlinear behaviors exhibited in the aerodynamic database.

III. Recursive Least-Squares Parameter Estimation

The onboard aerodynamic model contains the unknown sensitivities of the lift, drag, and pitching moment coeffi-
cients with respect to the angle of attack, the mini-plain flap deflections, and the elevator deflection. These unknown
sensitivities are estimated by a recursive least-squares (RLS) parameter estimation algorithm. It is assumed that the
lift, drag, and pitching moment coefficients can be synthesized from aircraft sensors. Sensor development is not within
the scope of this study. The RLS parameter estimation is performed in a two-stage process. The first stage is to apply
an excitation signal to the angle of attack to perturb its value from the current trim position while maintaining all
the flap deflections at their current values. This enables all the sensitivities with respect to the angle of attack to be
estimated by the RLS algorithm. In the second stage, the angle of attack is maintained at the current trim value, but
excitation signals are applied to all the flap deflections to perturb their positions one at a time from their current values.

During the first stage, the angle of attack « is perturbed twice by =Aa where A« is a chosen increment. During
this stage, all the mini-plain flaps 0; and the elevator §, are kept constant. A linear regression can be performed by
minimizing the error squared

2
3n ACL CLO C Lo CLaz
min J = Z ACp | — | Cp, Cp, |%— | Cp, of )
AC,, ; Cing Cu, Cma2
where 7 is the number of iterations and
AC, a Cry Cry 5 Crp Ciy 5
ACH | =| Cp |~ | Cby o, [ 5 ]—[ 5 5 || o o l 5 ] 5)
AC‘Wl Cm Cm5 Cmae ¢ Cm 52 C’"52 ¢

Note that ACy is computed using the current estimates of the aerodynamic sensitivities with respect to the flap
deflections and the elevator deflection and their current trim positions 6 and &,.

ACL Co, Cp, Cu, o?
For brevity, we denotey;= | ACp | .®a=| C;, Cp, Cpn, |-P (0;)=| o |- Then,the costfunction
ACy |, Ciy Cpy Cmy 1
can be written as
2
min J = Z [ —0,®( Oc,)} (6)

Taking the partial derivative of the cost function with respect to the parameter matrix ®, results in

a@T Z‘P o) [y, (a,-)@a} 9

The minimum error squared is obtained by setting 3 @T equal to zero, thereby resulting in
3n 3n

Y ®(a)@" ()00 =Y ()i ®)

i=1 i=1
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LetH, | =Y3" ®(0;)®" (o) and V,,_; = Y, @ () y; where n = 1,2,...,N. Then,

oy V=H"v,, )

n—1

where
3n 4 v3n a3 vin a2
Yiliop Yo Yo

1= 1

Hy1 = 2?210‘13 Z?ilo"z ):?zlai (10)

1
3 2 3 3
Yo Yoo Y1
I QPAC, B GPACH, B GPAC,
Vier=| L AC, Y aidCp, X 04AG, (In
LAC, XM AC), L AG
During the first iteration, n = 3 as there are three data points. During subsequent iterations, three more data points

per iteration are added. A RLS algorithm is developed to enable the current parameter estimation to take advantage of
the previous parameter estimates. The regression equation for the next iteration is formed as

ey = H,'V, (12)
But H,, and V,, can be written as
3n 3
H,=Y ®(a)®" (0)+ Y ®(04)®" () = Hy1 + Ho (13)
i=1 i=1
3n 3 (n—1)
Vi=Y ®(04)yi+) ®(ci)yi=Hy 105 '+ Vo (14
i=1 i=1

where Hy = Z?:] ®(0) @' (o) and Vy = Z?:] D (o) le are evaluated using the past data. Therefore, the RLS algo-
rithm can be written as |
0" = (H,_; +Ho)™" (Hn,le)ﬁf‘ >+vo) (15)

The sensitivities of the aerodynamic coefficients with respect to the flap deflections are estimated in the second
stage. During this stage, the mini-plain flaps and the elevator are perturbed one at a time by +£A8 where AJ is a chosen
increment. The angle of attack is kept constant during this perturbation. A linear regression can be performed by
minimizing the error squared

2
2n SCL CL5 CLgZ
: 2
min J = ZI 8Cp | —| Cp, |8i—| Cp, |6 (16)
=
5Cm i Cmg C’n52
T
where 0 = [ 8 & - O b } is redefined to include the elevator deflection and
5CL CL CL
5CD - CD - CD (17)
oCy, Cn Cn
where
CL Cr, Cr, Cr, Crs | CLy .
Cp |=|Cpy |+| Cpy |@+ ]| Cp, |07 | Cpy |6—]| Cpy, |6 (18)
C_1I11 Cm() Cma Cmaz Cm S Cm 52

But the flap deflection vector § for the perturbed flap k is expressed as

5 — ?j j#k (19
0j+A8& j=k
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where Ad; = +AJ during the perturbation cycle. Therefore, we see that

oCL CL5 CL52 CLSe CLaez
5Cp | =| Cpy | A8+ | Co, | A&+ | Cp, A8+ | Cpy | A8
8C Cng Conzo Con, Congg
where A8, = +A6.

o€y G, Cp, C )
L D m .
Wedenotezi= | 8Cp | .@5=| % % % | k=12-,12, and ®(AS) = [ A%
5 Cm CL 8t CD 5 Cm S A 6](_’ i

cost function to minimize the etror squared is

min J = Z [ -0)0( A5)}

(20)

, ] . Then, the

21

The parameter estimates of the sensitivities of the aerodynamic coefficients with respect to the flap deflections are

computed as
1
oy V=G, U

where

2n 2n 4 2n 3
2 ASE Y ASD

Gp1=Y ®A5)PT (A) = | o1 K Sk
i=1 Y ASk’i I Aak’l,

2n
U1 =Y @(A8)z] =
i=1

DIASEECL X A8 BCp, X A iBCy,
The RLS algorithm is also established as

n — n—1
0y = (Go1+Go) ' (Gu10f ™V +p)

where Go = Y2, @ (A5;) @' (A§;) and Uy = Y2, @ (AS;)z; are computed from the past data.

IV. Drag Optimization
To minimize drag, we consider the following cost function:
min J=Cp+ A (CL —CL) + A (C‘m — Cm)

where A7 and A, are the adjoint variables for the lift and pitching moment.
Evaluating the partial derivatives of the cost function yields

J
S =Cp, +2Cp 0~ M (Cra+2C12 @) = A (Con +2C @)
aJ

aJ
=5 = Cog +2Cp ;8. — 20 (Cuy +2C158.) = A (Cng, +2Cn 5 5 )
e € e 7
aJ -
2 —G-C
I ¢
aJ
2L _¢,-C
a),m m m
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»)8

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)
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where C,, = 0 at trim. Setting g—é and g—g to zero yields

N

Note that each the current iteration, A; and 4,, are computed from the previous values of & and §,. The optimal

-1
Cro+2Cr,0  Cpo +2Cy , 0 ] )

Cry, +2C1, 8 Cung, +2Ci, 6.

CDa + 2CDa2 (04
CD&» + 2CD52 O

flap deflections are then obtained by setting a%—ﬁ = 0 which results in
L. - T T T
8 = 5 [diag (Cog = AuCrpy = MGy )| (—Chy +MCL, + M) (33)

The flap deflections are subject to the position limits which require iy < 8 < Opax Where Oy, and Oy, are the
minimum and maximum flap deflection vectors.
Setting 9L —(and 2L =0 yields the lift and pitching moment coefficient constraint equations
dAL 9

CL=Cry+Cro0+Cryd+Cry 8+ Cr 0 +Cpyy 8 4+Cry 67 (34)

0= Cuy+Cing @ +Cng 8 + Cis, 8. +Cn_, & +Crpy 87 + Cingy 52 35)

from which o and J, can be updated using the current values of 6 computed from Eq. (33). Equations (34) and (35)
are nonlinear but can be solved using the nonlinear root search.

V. Simulation Results

Simulations of the real-time drag optimization are conducted. All the sensitivities are initially set to zero. The
target lift coefficient is 0.5. At each optimization iteration, the perturbations of the angle of attack and the flap de-
flections are carried out to estimate the sensitivities. Using the newly computed sensitivities, the drag optimization is
computed to obtain the trim angle of attack, the trim flap deflections, and the trim elevator deflections. The iterations
continue until the lift coefficient converges within a certain tolerance. Table 1 shows the results of the real-time drag
optimization for Mach 0.80, Mach 0.85, and Mach 0.88. The largest drag reduction is 3.37% corresponding to Mach
0.85. This is consistent with the fact that the maximum L/D for Mach 0.85 occurs at a lift coefficient that is furthest
away from the design lift coefficient of 0.5. A drag reduction of 2.46% is obtained for Mach 0.80 and 1.95% for Mach
0.88.

‘ Cp ‘ Cp Reduction ‘ o ‘ e ‘
Baseline @ Mach 0.8 0.01857 0% 2.51° | 2.45°
Drag Optimization @ Mach 0.8 | 0.01812 2.46% 2.69° | -0.49°
Baseline @ Mach 0.85 0.02152 0% 2.30° | 2.52°
Drag Optimization @ Mach 0.85 | 0.02080 3.37% 2.53° | 0.37°
Baseline @ Mach 0.88 0.02455 0% 2.25° | 2.50°
Drag Optimization @ Mach 0.88 | 0.02407 1.95% 2.06° | 0.80°

Table 1. Real-Time Drag Optimization Results for AR 13.5 CRM

Figure 16 shows the deflections of the mini-plain flaps for Mach 0.80, Mach 0.85, and Mach 0.88. Note that the
mini-plain flaps 4, 5, 10, and 11 are saturated at the maximum limit of 10° for Mach 0.88. The trend from the drag
optimization indicates that the lift distribution needs to be reduced at the inboard and needs to be increased at the
outboard toward the tip.

Figures 17, 18, and 19 show the convergence of the lift, drag, and pitching moment coefficients, respectively,
during the real-time drag optimization of the Mach 0.85 configuration. The drag coefficient converges rapidly after 5
iterations. The lift and pitching moment coefficients on the other hand start to converge after 12 iterations.
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Figure 16. Deflections of Mini-Plain Flaps for Real-Time Drag Optimization of AR 13.5 CRM for Mach 0.85
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Figure 17. Lift Coefficient C;, Convergence of Real-Time Drag Optimization of AR 13.5 CRM for Mach 0.85
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Figure 18. Drag Coefficient C, Convergence of Real-Time Drag Optimization of AR 13.5 CRM for Mach 0.85
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Convergence of Cm of AR 13.5 CRM for Mach 0.85
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Figure 19. Pitching Moment Coefficient C,, Convergence of Real-Time Drag Optimization of AR 13.5 CRM for Mach 0.85

Figures 20, 21, and 22 show the convergence of the parameter estimation of the sensitivities Cr,, and CLa2’ Cp,
and CDaz, and G5 and Cm(52 with respect to the angle of attack, respectively. The sensitivities CLaz’ CDaz’ and Cm52
are slower to converge than the sensitivities Cp,,, Cp,,, and G-

Figures 23 and 24 show the convergence of the parameter estimation of the sensitivities Cr; and CLsZ with respect
to the deflections of the mini-plain flaps, respectively.

Figures 25 and 26 show the convergence of the parameter estimation of the sensitivities Cp; and CD(‘;2 with respect
to the deflections of the mini-plain flaps, respectively.

Figures 27 and 28 show the convergence of the sensitivities G5 and Cmﬁ2 with respect to the deflections of the
mini-plain flaps, respectively.

Figure 29 shows the convergence of the parameter estimation of the sensitivities CLag’ Cr Cp. ,and

8¢’

Cps,» Cp

52’ 52’

Cm52 with respect to the elevator deflection.
The parameter convergence of the sensitivities with respect to the deflections of the mini-plain flaps and the elevator
is observed to be excellent with most parameter estimates reaching their constant values after about 10 iterations.

Estimates of CL and CL of AR 13.5 CRM for Mach 0.85
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Figure 20. Estimates of C;, and CLa2 Sensitivities of AR 13.5 CRM for Mach 0.85
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Estimates of C, and G, of AR 13.5 CRM for Mach 0.85
2

o

T T T

T

1 1 1

0 20 40 60

Figure 21. Estimates of Cp, and Cpaz Sensitivities of AR 13.5 CRM for Mach 0.85
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Figure 22. Estimates of C,,, and C,,,m2 Sensitivities of AR 13.5 CRM for Mach 0.85
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Figure 23. Estimates of C;; Sensitivities of AR 13.5 CRM for Mach 0.85
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Estimates of C, of AR 13.5 CRM for Mach 0.85
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Figure 24. Estimates of C;, 52 Sensitivities of AR 13.5 CRM for Mach 0.85

Estimates of CD of AR 13.5 CRM for Mach 0.85
8

7p10° : : : :
—o—MPF 1
——MPF 2
6 —MPF3 |
——MPF 4
sl o
MPF 6
h —v—MPF 7
4t S VS
o= —>—MPF 9
o MPF10
3»r —+—MPF 11
Al A
’
N

0 20 40 60 80 100
Iteration Number

Figure 25. Estimates of Cp; Sensitivities of AR 13.5 CRM for Mach 0.85
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Figure 26. Estimates of CDaZ Sensitivities of AR 13.5 CRM for Mach 0.85
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Estimates of Cm of AR 13.5 CRM for Mach 0.85
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Figure 27. Estimates of C,,; Sensitivities of AR 13.5 CRM for Mach 0.85

Estimates of Cm of AR 13.5 CRM for Mach 0.85
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Figure 28. Estimates of Cm(32 Sensitivities of AR 13.5 CRM for Mach 0.85
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Figure 29. Estimates of CLse , CLBZ ,Cp 5 2 CD52 s Cn 502 C,,,é2 Sensitivities of AR 13.5 CRM for Mach 0.85
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VI. Conclusions

This paper presents a real-time drag optimization study for the aspect ratio 13.5 Common Research Model devel-
oped by Boeing. The aircraft configuration is equipped with 11 mini-plain flaps. An aerodynamic database computed
by Boeing TRANAIR code is used in the study. An onboard aerodynamic model is constructed to model the lift, drag,
and pitching moment coefficients as functions of the angle of attack, the mini-plain flap deflections, and the elevator
deflection. A recursive least-squares parameter estimation is developed to estimate the sensitivities of the aerodynamic
model with respect to the angle of attack, the flap deflections, and the elevator deflection. The parameter estimation is
a two-stage process. During the first stage, only the sensitivities with respect to the angle of attack are estimated by
applying excitation signals to the angle of attack while maintaining the flap deflections constant. During the second
stage, the sensitivities with respect to the flap deflections and the elevator deflection are estimated by applying excita-
tion signals to the mini-plain flaps and the elevator. Simulations are conducted for Mach 0.80, Mach 0.85, and Mach
0.88. The results of the real-time drag optimization show a drag reduction of 2.46%, 3.37%, and 1.95% for Mach 0.80,
Mach 0.85, and Mach 0.88, respectively. The parameter estimation achieves an excellent parameter convergence.
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