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ble assistance in analyzing and interpreting much of the
theoretical data from FLEXSTAB and other sources. Also his
suggestions as to style, organization and content were much
appreciated.

Special thanks also go to Capt. Edwin H. Jessup and
Capt. John A. Wright, fellow students, for the use of their
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NOTE: The symbols used in this report are standard and
defined in detail in reference 6. Only nonstandard
or uncommon symbols are shown below.

§ymbol

CLg = Crg + 2CLy

CDG = CDﬁ 4+ 2CD1

]

CMg = CMg + 2Cvy

N.P.

N.W.

Definition

FLEXSTAB speed
stability derivatives

Moment arm of thrustline
Neutral point

No winglets

Perturbed pitch rate
Dynamic pressure

Time to double amplitude
Time to half amplitude

Characteristic rolling
mode time

Characteristic spiral
mode time

Nondimensional velocity
Velccity of the c.gq.
True airspeed (fps)
With winglets

Dynamic pressure ratio
of the vertical tail

Used interchangeably as
horizontal stabilizer
deflection
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3 Abstract
“ﬁ; :
% Using the Boeing TFLEXSTAB digital computer system, %
% rigid and elastic models of the winglet configured KC-135A
% are made. With a rigid analysis, the winglets reduce total
-i drag from 2 to almost 8% with improvements both laterally ;
Q and longitudinally in static stability. Dynamically, the 2
§ rigid winglet model is more stable laterally but slightly g
E more oscillatory longitudinally. The lateral dutch roll §
é mode damping ratio increased with winglets from 3 to 12% ;
“? with only a 3% increase in frequency. he effect of short-
’; ening the vertical stakilizer on the rigid winglet model ;
% reveals less stable values for C ng and Cp, and some- ﬁ

what less lateral & ability than the baseline model.

Elastic static stability is still improved both laterally

and longitudinally with winglets; and dynamically, tue

winglets improve lateral stability wich very little effect
longitudinally. With aeroelastic effects, the overall ben-
efit derived from winglet application to the model is less.

However, no significant detrimental effects due to winglets

are found.
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STABILITY ARND CONTROL CHARACTERIGTICS

OF THE WINGLET CONFIGURED KC-135A

I. Introduction

Background

In view of the recent fuel crisis, there has been
considerable renewed interest in ways to improve the
aerodynamic efficiency of large aircraft. Research in
this area is critical when it is realized that energy
use for commercial aviation alone has tripled in the past

ten years. Even though fuel allocations for the most

part have disappeared, fuel prices remain high, compris-
ing, for example, as much as 40% of the direct operating
costs of the commercial airplane (Ref 1:19). Also there
is no promise that fuel allocations, and their crippling
effect on aviation, will not reappear in the future.

For these reasons, research and development efforts are
currently being concentrated on ways to improve the energy
efficiency of existing and future aircraft designs.

One aerodynamic concept being studied is the use of
winglets, which are small, nearly vertical, aerodynamic
surfaces mounted at the wing tips. This idea has been re-
viewed extensively by Dr. Richard T. Whitcomb at the NASA
Langley Research Center as an effective method of increas-
ing aerodynamic efficiency. Winglets were found to cause

a net reduction in induced drag by lessening the downwash

[

W
.
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H
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intensity of the wing tip vortices. NASA calculations and
% wind tunnel tests have shown potential for a 4 to 6% fuel
savings by current jet transports modified with winglets
{Ref 1:26).
A design study of winglets for the KC-135A and the
C~141 azircraft, conducted by tha Boeing Commercial Air-

plane fCompany for the Air Force, showed a 15.5% reduction

in induced drag for the KC-135A. Boeing also discovered

that winglets were more effective than wing tip extensions |
by 15.7% in reducing induced drag (Ref 2:iii). This re-

sult was also verified by NASA Langley reseavrch.

5.
i
B
e
=

In the NASA research program, a study was made using

ey

a tailless full-span wind tunnel model of a representa-

Rt e
-

tive jet transport airxcraft. Analysis of the model was
made both with and without winglets. Their conclusions

were that winglets were stabilizing both laterally and

longitudinally. NASA also concluded that increases in
the directional stability of a winglet-configured aircraft

presented the possibility of reducing the vertical tail

St i OV WY P S vy
S fzislas USRI I L St s

surface, thereby resulting in a further decrease in drag

(Ref 3:7).

The U.S. Air Force, in close association with the

R R RO {TOC IO

Boeing Company, is now giving serious attention to the

actual application of winglets to an existing line air-

t P pre ey A
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craft. The airplane selected to be retrofitted and flight
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tested for this purpose is the Boeing KC-135A. The
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winglet to be used is the one designed specifically for

this aircraft by the Boeing Company. The proposed winglet
application is shown in Fig. 1.

In view of the approaching application phase of wing-
lets to the KC-135A, considerable work must be done in

analyzing and prﬁiicting the stability and control charac-

(PR

teristics of the aircraft in its winglet configuration.
The beneficial effect of induced drag reduction must be i

compared carefully with any detrimental side effects that

may be discovered. Stability and control, aerocelastic H
effects, and handling qualities predictions for both long- g
itudinal and lateral aircraft motion are necessary before

the comprehensive flight testing phase begins.

Research Objectives

The primary objectives of this report are to:

1. construct a valid rigid and elastic mathematical
model of the Boeing KC-135A aircraft both with and without
winglets,

2. analyze the incremental effect of winglets on
aircraft static and dynamic stability and control,

3. investigate the aeroelastic effects of winglets,

and

0 ] et o ot ot a S DN A AP S AT LAY ok
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4. evaluate the overall beneficial versus detrimental

effect of winglets.
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Scope

Static and dynamic stability and control predictions,
using two rigid KC-135A models, one with and one without
winglets, are accomplished for five different flight con-
ditions. These are specified in Table 1. The three cruise
flight conditions, one heavyweight climb condition and the
approach configuration with 30 degrees of flaps are repre-
sentative of this aircraft's operational mission profile
and are chosen for this reason.

As an additional part of the rigid stability and
control study, the upper quarter of the aircraft's verti-
cal stabilizer on the winglet model is removed for flight
condition 2A. This is done to investigate the effect on
the lateral-directional stability of the winglet configured
model.

Aeroelastic effects prove to be important factors with
the addition of the winglet to the wing tip. However,_ due
to time considerations and limited availability of struc-~
tural data on the KC-135A, the aeroelastic analysis is
essentially confined to one basic aircraft weight and cen-
ter of gravity location. Nevertheless, aeroelastic effects
on static and dynamic stability are oﬁserved for three

different altitudes and dynamic pressures as shown in

Table 2.

With only a few exceptions, all of these case stu-

dies of the KC-135A stability and control are conducted

oy SEA= st A
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Table 1

Rigid Model Flight Conditions

PRI T

a——e——— -

Cruise Cruise Cruise Climb Approach
Flight Condition 1 2 2A 3 4
Altitude (feet) | 28,500.| 45,600.| 28,500.| S.L. S.L.
Mach Number .77 .77 .77 .422 .211
Gross Weight 284,000.| 130,000.f 130,000.| 297,000.| 130,000.
c.g. in $ ¢ .242 .321 .321 .247 .321
Flaps (degs) 0 0 0 0 30°
y (degs) 0 0 0 4.01° -2.5°

‘fable 2
Elastic Mrdel Cruise Parameters

Flight Condition Cruise 1 Cruise 2 Cruise {
Altitude (feet) 30,000. 45,000. 10,000.
Mach Number .77 .77 .422
q (psf) 261.67 128.59 181.45

Gross Weight

Center of Gravity

268,000 1bs

.23 ¢
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using two models--onc with and one without winglets. This
allows the overall incremental effect of the winglets on

the aircraft to be observed.

Analytical Tools

The analytical tools that are applied in satisfving
the objectives of this report consist of three digital com-
puter routines--FLEXSTAB, CALMAT and STATVAR.

FLEXSTAB is the primary analytical device that is used
in this report. It is a program system which actually con-
sists of fourteen separate programs of varying ccmplexity
(Ref 4:3-11), not all of which are used in this study.
FLEXSTAB has the capability to evaluate static and dynamic
stability, trim state, inertial and aerodynamic loading,
and elastic deformations of aircraft flight configurations
at both supersonic and subsonic speeds. All of these fea-
tufes of the system are used in this report; however, only
for subsonic and near transonic flight regimes. More spe-
cific information about FLEXSTAB is‘contained in Appendix D.

CALMAT is an individual computer program written for
this report to calculate the aircraft stability deriva-
tives and control matrices for insertion into the state
variable time histories program. CALMAT also uses sub- )
routines to calculate the eigenvalues and eigenvectors of
the stability derivatives matrix as explained in Appendix B.

STATVAR is the state variable time histories program

used to analyze the aircraft dynamic modes and responses
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to vontroller inputs. Details concerning this program are

given in Appendix C.

Where needed, these digital computer programs are

executed using a Control Data Corporation (CDC) 6600 compu-
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ter with both off line 2ad on line access to a CalComp
plotter.
¥
g Assumptions
4 The overall assumptions made in this report are the
% direct result of the analytical tools used and the approach
% to mathematically modeling the aircraft.
§ FLEXSTAB uses linear theories to perform all of its
? critical calculations. Therefore, consistent linear aero-
%i dynamic, structural and dynamic analytical methods are used.
% The linear aerodynamic method incorporated is that intro-
i duced by Woodward (Ref 5). This method has been extended
i i1 FLEXSTAB to include subsonic flow, low-frequency unsteady
; aerodynamics, and arbitrary wing-body-nacelle-tail arrange-
g ments. Also viscous flow effects are neglected as with all
% ’ linear aerodynamic potential flgw programs.
25 The structural portion of FLEXSTAB used in this study
;'é consists of a structural elastic axis'program that uses
§ g beam theory to predict structural deformations éﬁe to aero-
g dynamic loads (Ref 4:1). The aircraft fuselage, and aero-
ﬁ dynamic surfaces are divided up into elastic axis segments ;
g which are assumed to have constant stiffriess properties. :
i: Both CALMAT and STATVAR, employed in the dynamic ana-
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lysis, use the uncoupled linearized aircraft perturbation
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equations of motionr, with the inherent assumption that dis-
turbances to the aircraft steady state flight condition

are small. This method is commonly used in most stability
and control problems and yields good results when compared
to more exact methods. These equations are developed and
discussed in detail in Appendix A.

2n implicit assumption in STATVAR exists in that the
program uses a numerical integration technique to predict
the aircraft response to control inputs. The assumption is
that the value of the control input over a sufficiently
small time interval is constant.

Due to time considerations, much of this analysis is
conducted using a rigid airplane model. The rigid assump-
tion in this case is not very aood; however, a constant
awareness of its limitations in analyzing stability and
control data does alleviate some of the problems it causes.

The models us:d in this analysis have no under wing
mounted engine nacelles as does the actual aircraft. Again,
this is a time and also a computer cost consideration in
the modeling process. Thg incremental effects of the wing-
lets are of primary concern, and the magnitude of the inter-
related effects between the winglets and the engines is
assumed to be negligible. A ficticious engine, however,
is modeled using the fuselage as a nacelle in such a way

that the thrust vector, located at the aircraft tail, acts

along the fuselage reference line.
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Since the principal acrodynamic interactions are be-
tween the wing and the winglet, thickness effects of the
vertical and horizontal tail are ignored. The thickness of
the winglets and the wing are modeled using airfoil defini-
tions from two Boeing documents (Ref 2 and Ref 7).

In order to evaluate the aeroelastic effects of the
winglets, the structural model used is a modified model
taken from a FLEXSTAB case study of the Boeing 707-320B.
Again, this was done primarily due to the lack of pertinent
structural information on the KC~135A. The 707-329B and
the KC-135A are geometrically cimilar with the exceptions
of a longer fuselage and slightly higher aspect ratio wing
in the case of the 707-320B. The tail sections and fuse-
lage contours of both aircraft are identical. Therefore,
the assumption is that the elastic properties of the two
aircraft are nearly the same. However, by shortening the
fuselage and wing of the 707 stiructural model to make it

cbmpatible with the geometry of the KC-1i35A, the result is

a stiffer aircraft. Also, on the winglet configured elastic

model, the winglet is maintained rigid.

Approach Procedure

The first step in beginning this evaluation was to
obtain as much geometric, static and dynamic data on the
Boeing KC-135A and the Boeing winglet as possible. This

information was found in a Boeing document on -135 Series
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aircraft (Ref 7) and in a Boeing report on winglet design
and analysis (Ref 2).

Having the necessary information on ‘the aircraft and
the winglet, mathematical models of the KC-~135A with and
without winglets were made using the appropriate programs
in FLEXSTAB.

The programs required in the modeling process are the
Geometry Definition (GD), Aerodynamic Influence Coefficient
(AIC), Internal Structural Influence Coefficient (ISIC),
Elastic Axis Plot (EAPLOT), and Stability Derivatives and
Static Stability (SDSS) program.

Using a scaled representative drawing of the KC-135A,
the GD program is used to calculate a geometric description
of the aircraft, This data is required for use in almost
all of the subsequently used FLEXSTAB programs. The AIC
program uses the data from the GD model to calculate the
theoretical aerodynamic definition. This is done by using

aerodynamic influence coefficients that satisfy the compres-

sible potential flow equations. The ISIC program calculates

E mass distributions, stiffness and flexibility‘of the modi-

fied 707-320B structural model. Having the inertial,

structural, aerodynamic and geometric properties of the model
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!
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defined, the SDSS program predicts the rigid and aeroelastic

stability and control characteristics needed to complete

S R A AT

much of this analysis.

o

After completion of the basic modeling process, the

model without winglets is validated with the actual aircraft
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by comparing aercdynamic data and dynamics obtained from
flight tests (Ref 7).

Using the rigid models, which allow more ease in chang-
ing gross weights and center of gravity locations, the five
flight conditions of Table 1 are compared with and without 3
winaglets.

Aeroelastic effects are compared separately using

M

structural models. Elastic to rigid ratios for CLy+ Cmgy: :
Cmq, Cmas, Cmg s CnB' CYB' CQB, Cgp, and Cpy are calculated
for three values of dynamic pressure; 128.5%, 181.69 and

261.67 psf and are faired over a pressure range from 0 to

300 psf. Deflections of the wing due to the winglet and !
the resulting effects on stability and control are observed |
for these same dynamic pressures.

The next section contains a detailed discussion of
the FLEXSTAB modeling process and a validation of the model

against existing flight test data.
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IT. Validation of FLEXSTAB Computer Model

Introduction

% nen n HEAID A SETA AN Whies A s ba

This section attempts to validate the FLEXSTAB geometry
and structural models in oxder to represent them as reason-
able mathematical approximations of the actual aircraft.
Comparisons between the FLEXSTAB model and flight test data

are made for the stability and concrol derivatives and the 3

longitudinal and lateral dynamic modes.

Airplane and Winglet Geometrv Definition

From the aircraft dimensions shown in reference 7, the
RC-135A geometry is modeled using the Geometry Definition
(GD) program of FLEXSTAB. This program produces the three-
dimensional baseline model shown in Fig. 2. The fuselage
slender body and thin body aerodynamic surfaces such as
the wing and tail occupy the same relative locations as
those defined by the actual aircraft (Ref 4:31).

The panelling scheme that is used on the model in
Fig. 2. follows the summary of guidelines given in the
FLEXSTAB user's manual (Ref 4:47-48).

. The interference body,'also shown with the model,

is extended one-half of the root chord in front of the |
wing leading edge. Its purpose is to account for the

upwash effect ahead cf the wing attachment at the fuse-

lage (Ref 4:39). \
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Dihedral angles on the wing and the horizontal tail

are 7° as shown on the plet. What is not shown, however,
are the fuselage camber definition, the wing incidence

angle and the wing thickness definition. These are input

into the GD program and are included by FLEXSTAB where

necessary in all program calculations.

oo s

2irfoil definitions are input into the GD program at

i
o

five spanwise locations in order to define the wing thick-

ness. Tail thicknesses are not defined on the model.

The winglet is modeled from geometry and airfoil de-

finitions of the Boeing KC-135 winglet design of reference

5
P
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2. Airfoils are defined at three spanwise locations from

G

s

root to tip. The winglet twist distribution shown with the

dimensions in Fig. 3 is also input. The dihedral angle,

WA

e v

é with reference to the horizontal plane, is 70°. Fig. 4

é shows the winglet configured geometry model of the KC-135
E used throughout this report. A FLEXSTAB plot of only the
} winglet is shown in Fig. 5. R

; In order to model the 30° of flaps needed for flight
é condition 4 in the rigid analysis, the camber of the air-
g foils at the respective flap locations along the wing is
'E@ modified. This is done as shown in Fig. 6. Fealize that
.Qg this differs from the actual aircraft flap geometry, how-
'sé ever, in that the result is a slotted flap arrangement.

ji . The actual aircraft uses fowler flaps. The differences that
% : result because of this are believed to be negligible.
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Fig. 3. Boeing Winglet Dimensions and Twist Distribution
(From Ref 2:112&196) .
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The aircraft control surfaces are modeled in the Sta-
bility Derivatives and Static Stability (SDSS) program of
FLEXSTAB by defining hingelines and designating represen-
tative panels. TFig. 7 shows the essential control surfaces
for the model. The entire horizontal stabilizer defines
the elevator in order to observe more realistically the
trim conditions that result for the various flight condi-
tions. The rudder is defined with the same geometric di-
mensions as the actual aircraft; but like the vertical
tail, it has no thickness. The inboard aileron, designated
by only one panel, is also shown. As far as aileron control
is concerned, the KC-135 uses spoilers as well. However,
for the steady state equilibrium flight conditions studied
here, the inboard aileron is believed to be all that is
necessary. The spoilers cannot be modeled using the linear-

ized potential flow equations of FLEXSTAB.

Airplane and Winglet Structural Definition

The aircraft structural definition used in this report
is a modified version of the Boeing 707-320B structural
model provided by the Control Criteria Branch of the Air
Force Flight Dynamics Laboratory.

The 707 model is a comprehensive structural represen-
tation of this aircraft. However, it differs in wing and
fuselage geometry from the KC-135A. Also, the -135 geometry

model, as defined here, has no underwing engine mounted

20




5

|

'

u..‘ o TN DU lN‘p‘ u
2 [T IR L QL 5D
2 | L AFSSTTN g3Ta0n ONCDNE

i

.,“W

3
{

Y ) “
{ ] ;
3 .m
% _ .

mu* S3IHONI SIXY-X °

«wwm.w“ ~wn ey e Meamy S| Meuy Mav & h

1 ey _@om ewn mE oo Y } } } } k7 i

A

it =

WM,.. L w2 O

i g =

mm {em? o
i ~ 3 %

. @ F wer t

4 e &
£ o £
t./ u - o

) g | g
£ e &)

w.n, 4] 4

M S3HON] SIXY-X .m m ~N E
” . 5 ;
B "e
: B :

k - rol= 4§

L g m

y F e o ;
; i 1 SY=]

4 ) e ¢ - Lo 3

L R z v o ;

/ b o @ T oww .Iﬂl.bn.m ¢
2 | £ & ;

N l..lm  wes -3 w

E o @ ¢ =0 :

P .*..W £+ wwe T wm 8

[\ ' o= 4

,, v L) " orems - m

v .mu. LR o4

[\ - ) b o w*b m ]
kO

—

]

]

—

8

L |
Y MR . PR

.
Jeaoh

g

- [

e Em S Y S R LR I TR et i e

vy s sE O i S e b A e R S R R R



AR, Emtia e 3 b AR AR T satsomr %

-

RIS g A
e

T R o B A R A

nacelles. The 707 structural model is modified by making

changes in fuselage, wing and engine configurations.

<t

Fuselage modifications to the 707 model amount to

shortening the fuselage structure by 16.83°. This is done

WSS

TITIR
RATIE

just ahead of the wing root and just aft of the root trail-

ey

ing edge. The structurel integrity defined along the wing

SAB RS

root and at the tail is not affected by this change. Also,

PH pas

the shortening is accomplished by combining fuselage elas-

=3
Ey
N

tic axis segments with nearly the same elastic properties.
When masses are involved, these are lumped together and

positioned in the middle of the shortened interval. This
same procedure is used on sectioﬂs in front and aft of the
wing. The center of gravity location of the model remains

nearly unaffected. However, the result is a stiffer fuse-

lage than the 707 model, which, for the shorter KC-135, is
a reasonable approximation.

The wing is longer spanwise on the 707 model by. 5 over
the KC-135. The structural elastic axis along the entire
wing is therefore compressed 5° to make it conform in the
same proportion to the -135 wing. 1In addition, this is ne-
cessary in order to align the stronger wing structure with
the KC-135 chord segments where engines are normally mounted.

Even though the -135 geometry model has no wing-mounted

engines, there is still a requirement to model the engine

= support structure along the wing.
The engines on the 707 model create a different problem,

however. With modifying the entire structural model, there

22
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is still a need to represent the engine structural weight
effect on the wing. This is done first by numerically
calculating the combined center of gravity locations for
each engine and strvt. Two rigid "dumbbells" of appropriate
length with total engine and strut masses are then placed

at the required elastic axis points on the wing. The re-
sult is shown in Fig. 8. Realize that FLEXSTAB does not

require that the aircraft structural definition fall entirely

within the boundaries of the geometry model. Consequently
the engine center of gravity locations may be positioned
where required, which for the KC-135 model is in front of
the wing leading edge.

The final result of these modifications on the 707-320B

structural model is shown in Fig. 8. Figures 9 and 10 show
the model's representative fuselage and wing stiffness
properties.

In adding the winglet to the structural model, the
elastic axis of the wing is extended, with the same out-
board stiffness, to the wing tip. Three elastic segments
of nearly rigid stiffness are then added along the winglet,
ending at the nominal winglet center of gravity location
defined in reference 2. Here the 190 pound mass of the
winglet is added. Note that the exact elastic axis of the
winglet is not modeled here. As a result, the axis used

is given rigid properties. Nonetheless, the winglet weight

effect on the elastic characteristics of the wing is

23
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achieved. TFig. 1l shows the structural definition with
winglets added.
For details on FLEXSTAB internal structural modeling,

see reference 2.

Model Comparisons With Flight Test Data

Rigid. Having a physical model of the KC-135 aircraft
without winglets, its rigid flight characteristics are
compared in Table 3 to flight test data from reference 7.
Note that this flight test data is semi-elastic since the
longitudinal derivatives include elastic effects while the
lateral derivatives do not.

In studying Table 3, realize alsc that Mach number,
altitude, flight path angle, center of gravity location,
gross weight and mass moments of inertia for the rigid
model are not calculated by FLEXSTAB but are input by the
user in defining a given flight condition. All of the other
model values shtown are calculated by the program. )

Trim conditions, even with the model's fictitious fuse-~

lage reference line engine, compare fairly weil. Trim

A A8 % Y o
Patiprs el St
ot b e it s

.
SRS 22594 LY A 25t
u
B Al Syl TT e iy s

angles of attack and thrust required show the least dif-
ferences in flight condition 1. Nevertheless, the other
flight conditions also show good correlation with the flight
tast trim values.

£ Looking at the longitudinal data for the f¥:I.-ht condi-
%A tions shown, only significant stability and contr... deriva-
tives are compared. The best correlation here.in seen in CLa'

Cm

i q and Cmg, however, are also close in magnitude.
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Table 3
Validation of FLEXSTAB Rigid Computer Model
With Flight Test Data

au.";“”i"'“'f"'_'?:'ﬁaﬂ. 7 Lo N s oy R Ty =
g L e b S e e e e SO

e
———— - e

Flight Condition [ 1 3 4
(rigid model) ' \cruise) (climb) (flaps 30°)
Common Flight Parameters
Mach Number W17 1 .422 .211
Altitude, (ft) 28,500 S.L. S.L.
y (degs) 0 4,01 -2.5
c.g.cC .242 . 247 . 321
Ixx X 106 (sl-£t2) 2.93 3.17 2.05
Iyy X 106 (sl-ft2) 4.66 4.72 2.46
Izz X 106 (s1-ft2) 7.48 7.7 4.36
Ixz X 106 (s1-ft2) 0 0 0
Aircraft Weight 284,000 297,000 130,000
Longitudinal Data

*F.T. FLEX *P, T, FLEX *F.T. FLEX
8Brrim (deg) 2.40  2.52 7.00  7.07 =10 .07
T1 (1lbs) 16,352 16,323 38,800 45,910 3,000 13,080
CLy (1/deqg) .0825 .0986 .0715 .0837 .0781 .0791
Cmgy kl/deg) -.015 -,0212 -.012 -.0173 -.0175 -.0106
Cmg (1/rad) -14.65 -18.27 -13.35 -15.636| -14.05 -.4.252
CLy .426 .416 .463 .460 .811 .804
Cpy .024 .024 .025 .039 .091 .117
Cng (1/rad) -6.57 -10.22 -5.47 -6.79 -5,52 =-6.23

*Flight Test Values (Ref 7:6.52)

Lateral Data

Cyg (1/deg) ~.0133 -.0116 -.0122 -.0105 -.0134 -.0102
Ceg (1/deg) -.0035 -.0025 -.0031 -.0022 -.0040 -.0022
Cng (1/deq) .0028 .0034 .0024 .0029 .0023 .0026 -
Cep (1/rad) -.3450 -.4969 -.3150 -.4428 -.3850 ~-.4277
Cny (1l/rad) -.1940 -.2926 -.1720 -.2648 -.1860 ~.2580
Cysr (1/degqg) .0046 .0076 .0041 '.0064 .0040 .0061
Czék (1/deqg) .0006 .0007 .0005 .0006 .0005 .0005
-.0002 -.0036 -.0002 -.0030 -.0002 -.0028

Cngg (1/deq)

* (From Ref7:7.4)
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Laterally in Table 3 more flight test derivatives are
available, and since they are also rigid, closer compari-
sons with the FLEXSTAB values are expected. Note that in
general all the flight test values shown are reasonably
close in magnitude to the FLEXSTAB lerivatives with the
exception of Cngp.

Table 4 shows the longitudinal and lateral dynamic
modes comparison. Longitudinally, the phugoid and short
period modes are fairly compatible with the flight test
datz shown. Only flight condition 3 shows a significant
discrepancy where FLEXSTAB calculates a phugoid damping
ratio that is less than half of that for the actual air-
plane. This dynamic mode, however, does not play a signi-
ficant role in this report.

Laterally, the model dynamics <o not compare as close-
ly. Dutch roll damping is consistently higher for the
model, and as a result, the times to half amplitude shown
are lower. Also, for all flight conditions, the model has
an unstable spiral mode whereas the flight test data indi-
cates a stable spiral throughout. The rolling mode shows
the best correlation as Table 4 indicates.

Elastic. Table 5 shows the model's mass moments of
inertia and center of gravity locations ccmpared with hoth
the KC-135A aircraft values and those of the 707-320B
structural model. 1I,, compares very well with the same
value for the actual KC-135. 1Ixx and Iyy do not correlate
as well, however.
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Table 4
Dynamic Modes Comparison

|

{4

. Flight Condition 1 3 4

b (rigid model) (cruise) i (climb) (flaps 30°)
- Short Period *F.T.| FLEX | *F.T.| FLEX | *F.T. FLEX
g wp (rad/sec) 1.67| 1.99 1.54| 1.81 1.39 | 1.17
. period (sec) 4.07| 3.49 4.93| 4.17 6.12 | 9.24
- Zs.p. : .386! .418 .558| .556 .676 | .814
& T 1/2 (sec) 1.07| .835 .805| .687 733 | .726
3 Phugoid

3 wn (rad/sec) .0571| .065 |. .086| .094 157 | .151
- period (sec) 109.7| 96.59 72.8: 67.13 39.5 |[41.66
i o .0339{ .0240 .028| .011 .055 | .080
| T 1/2 (sec) 355.0) 439.2 285.0 |663.96 79.0 |{57.08
2 Dutch Roll

9 wn (rad/sec) 1.43| 1.57 1.31 1.39 .95 | .92
. period (sec) 4.4 4.03 4.81 4.59 6.6 | 6.98
: . R. <656 .129 .063| .184 .069 | .198
E T 1/2 (sec) 8.6 3.41 8.4 2.71 10.5 | 3.82
'E 'SEiral

% T 1/2 (sec) 84.6 junstable 60.8 junstable|! 44.8 |unstable
~g ‘ - Roll

iJ T 1/2 (sec) .700| .558 .510 | .434 .520 | .545
¥ * (From Ref 7:6.55 & 7.43)

|
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Table 5-
Mass Moments of Inertia Comparison

T e T TS B S b 58St e e
S DR .vgs@mm,_m‘::yy»»;uji-%&_g?éﬁw%is@w»»mma?ﬁﬁié&wﬂﬁﬁwt

gL
s e S B

*RC-1358 | KC-135A Boeing
Aircraft Model 707-320B
G.W. (1lbs) 268,500 268,500 268,500
c.g. ¢ .25¢c .23c .25¢c
Ixx X 108 (s1-£t2) 2.90 3.694 4.928
Iyy ¥ 106 (s1-£t2) 4.60 3.716 4.966
I, X 106 (s1-ft2) 7.35 7.256 9.746
Ixz X 10° (s1-f£t2) - .252 .245
*(From Ref 7:1.4-1.5)
Table 6 shows the elastic model comparison with the .

actual aircraft. This is done for elastic cruise condition

1 only. No significant improvement is seen here over the
rigid model comparison. anR again shows the greatest
discrepancy.

Dynamic modes for the elastic model are not compared

because the stability derivatives show the same relative

correlation as the rigid model.

Conclusion

Since the primary objective of this report is to inves-
tigate the incremental effect of the winglet on the Boeing

KC-135A, the correlation shown in this section between the

o ey

FLEXSTAB model and the actual aircraft is adequate.
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The detailed analysis of the winglet effect on the

model in the following sections should do well in predict-

ing the trends in aircraft stability and control that will

come out of future flight tests.

Table 6

Elastic Model Comparison With

Actual Aircraft

Cruise Condition 1 Common Flight
Parameters
Mach Number 77
Altitude (feet) 30,000
Aircraft Weight 268,500
Longitudinal Data
F.T. FLEXSTAB

eBtrim (deg) 2.4 2.6
T1 (lbs) 19,536.39 19,502.00
CLy (1/deg) .0825 .0964
Cmy (1/deq) -.0150 -.0201
Cmg (1/rad) -14.65 ~17.1325
Cry 421 .421
Cpy , .031 .031
Cmg (1/xad) ~-6.57 -9.1353

Lateral

F.T. FLEXSTAB
Cyg (1/deq) -.0133 -.0137
Cep (1/deq) -.0034 -.0024
Cng (1/deg) .0024 . 0044
Jp (1/xad) -.3600 -.4275
Cny (1/rxad) -.1940 -.3524
CYGR (1/deq) .0052 .0052
Cesgr (1/deq) .0005 .0004
Cngg (1/deg) ~.0002 ~.0025
33
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ITI. Rigid Model Analysis of the

Incremental Effect of Winglets

Introduction

The rigid analysis to follow contains a detailed eval-
nation of the winglet effect on drag and on static and
dynamic stability and control. A brief study of the effect

of reducing the vertical tail on the winglet model is also

made.

Because aeroelastic effects are significant, decisive
conclusions from the results of this section alone cannot
be made. A rigid study is useful, however, in that it re-
veals trends in stability and control, trim states, and dy-

namic behavior with the addition of winglets.

Winglet Effect on Drag Coefficient and Lift Over Drag, L/D

The primary objectives of the Boeing winglet desiga are
to develop drag coefficient reductions and subsequent im-
provements i-. 1ift over drag ratios. Referring to Table 7,

these objectives are satisfied for each of the flight condi-

tions tested.
Notice that flight condition 2A showed the greatest

improvement in L/D and largest total per cent decrease in
drag. The 5.58% increase noted in L/D, and the 5.02% reduc-
tion in drag for flight condition 1 compare well with the

Boeing wind tunnel results shown in Table 8.
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Table 7
Winglet Effect on Drag and L/D

Flight Condition 4

(rigid airplane) 1 2 2a 3 (Flaps 30°)
Mach Number M .77 .77 - .77 .422 .211
Altitude (feet) 28,500 45,600 28,500 S.L. S.L.

h
Lift Coefficient .416 .427 .191 .460 .804
C11

% Total Drag 5.02 5.26 7.89 4.09 2.32

Reduction
¢ Increase in 5.58 5.61 8.58 4.34 2.47
Lift/Drag, L/D

Table 8
Boeing Wind Tunnel Model Results
and FLEXSTAB Flight Condition
1
i
Boeing F. C. 1

Mach Number .77 .77

. M
Altitude (feet) 30,000 28,500

h .
Lift Coefficient .426 .416
Cry

$ Total Drag 7.0 5.02

Reduction
¢ Increase in 8.4 5.58

Lift/D._ag, L/D
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Static Steady State Stability

Definitions. As used in this report, static stability

is defined as the tendency of an aircraft tu develop moments
or forces which oppose an instantaneous perturbation of a
motion variable from a steady-state flight condition. Steady
state motion is defined as motion for which speed and ro-
tational velocity remain constant with time in a body-fixed
coordinate system (Ref 6:5.1).

Static Stability Criteria. The winglet effect on static

stability will be evaluated using the significant static
stability criteria shown in Table 9. Also, mention of hand-
ling qualities considerations will be made where appropriate.

Longitudinal Static Stability. The longitudinal static

stability derivatives discussed here, and shown in Table 9,
are Cr,, and Cpy. In addition, the winglet effect on the
aircraft aerodynamic center location and the resulting effect
on static margin is studied.

From Table 10, it can be seen that a positive winglet
effect on CL, is consistently noted. The implication is’
that, with winglets, the aircraft reaches a required lift

coefficient at a smaller angle of attack than without wing-

lets. This is shown graphically in Figure. 12.

Of great interest to static stability is the position
of the aerodynamic center in its relation to the aircraft
center of gravity. As shown in Table 10, the winglet

effect moved this point aft in all cases from 7 to 8%.
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Table 9
Static Stability Criteria for Selected
Longitudinal and Lateral Derivatives

Perturbation Opposing Force or

Variable Units Moment Coefficient
w (fps) CLy > 0

= W <
o o (degs) Cmg 0
g = L (degs) Cnpg > 0

uj
Table 10

Winglet Effect on CLy, Xac: Cmg, and
Stabilizer Trim, 6s

Flight Condition 1 2 2A 3 4
(rigid airplane) (Flaps 309
¥ Increase in CL, | 3,14 | 3.14 | 3.14 2.87 2.78
$ Aft Shift in Xac | 8.19 8.3 7.98 7.23 7.08

$ Increase in

, N e B2 e ey %
N M o i s RS SRR e B de oy R o, ST mbnmm:sﬂmm

Static Margin 17.43 28.13 27.69 15.85 24.03
% Neaative In-
crease in Cmg 21.23 31.58 31.01 19.08 27.36
i Negative In-
crease in Sstrim 28.5 38.5 51.81 [19.62 46.41
37

sl

i

*




disias

ey

KR

——
o

TROR

A RS

“"I"‘u T

SARIA R L

3

Tl

AT 2 .
BRI BT

SRS

o e R gm0 ] o A Lo Lt 6. A e el e s - %Zm!fm\ﬁd . s
Sl T srs,
% 2t = A ot el et

KC-135A FLEXSTAB Model Flight Condition 1

o ~No Winglets
A~With Winglets

(] -l
L

o
L ]

T ———
R O s e e e
SRR

EROS AN 3
¥

0 2 b 6 8 10
Angle of Attack, Alpha (degs)

Fig. 12, Winglet Effect on Lift vs. Angle of Attack
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Since the winglet increases the effective angle of attack
of the outboard wing, this essentially moves the center of
lift distribution for the total wing aft. This has a stabil-
izing effect in increasing the aircraft static margin and

pitch stiffness, Cmgy:
Cmg = CLg{%cg - Xac)

where (Xazc - §cg) is defined as the static margin. Table
10 shows that ’py increases negatively from 19 to 31%.

The stabilizing changes in Cp, and Cr, noted thus far
with the winglet model are significant. However, when viewed
in another way they reveal a slight trim penalty. Referring
to Figure 13 for a .242c center of gravity location, the
winglet model shows a smaller range of useful trim lift
coefficients and angles of attack for a given range of hor-
izontal stabilizer settings. Note also that because of the
more negative nose down pitching moment due to angle of
attack, a more negative stabilizer setting is required for
trim with winglets. This trend is consistent and can also
be seen in Table 10.

Lateral Static Stability. The significant lateral

static stability derivative analyzed hcre, and indicated in
Table 9, is an' which defines the yaw stiffness of the
aircraft. However, the winglet effect on CYB' CgB, Czp and
Cny along with Cng is also shown.

As indicated in Table 11, the winglets cause a positive

increment in yawing moment due to sideslip, Cng. Note that
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Table 11.
Winglet Effect on Lateral Stability
Derivatives
Flight Condition 1 2 2A 3 4
\rigid model) (Flans 309
%t Negative Increase
in Cygq 14.¢€6 14.66 14.66 14.29 13.73
% Positive Increase
in Cpqp 5.88 6.25 6.25 6.90 3.85
$ Negative Increase
_in Cpg 28.0 28.0 30.77 31.82 22.73
% MNegative Increase
in Cgn 12.5 12.38 12.53 11.38 11.06
% Negative Increase

NOTE: The negative side force components on the winglets

act behind and above the aircraft center of gravity. 4

a positive C“B is a necessary condition in Military Airworth-
iness Requirements (Ref 6:5.11). 1In comparing the incre-
mental change in this derivative due to winglets, it is small
but stabilizing for all five flight conditions.

Observe in Table 11 that all the changes in the other
lateral derivatives shown are also stabilizing.

Summary. In the longitudinal caée, positive winglet
effects were observed in Cry and Chnge The slight trim penalty
caused by Cp, and Cp, was explained in Fig. 13.

Laterally, it was noted that the winglets have a posi-

tive stabilizing effect on lateral static stability.
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Control Characteristics for Steady State Flight

The next area to be analyzed regards stability and
control effects with winglets. The control aspect of
stability encompasses two requirements:

1. sufficient control power, and
2. no extraordinary pilot effort (Ref 6:5.19).
Both of these are considered in the following analysis.

Longitudinal. Here, the slight trim penalty with

winglets has already been discussed. As indicated in Table
10, the stabilirer trim setting required with winglets was
more negative. Again, the reason for this is the more nose
down pitching moment effect of the winglets.

Referring to Appendix E, Table I, the control deriva-
tives Cm§,» CLgg and CDg, are the same with or without wing-
lets, which is not surprising. Apparently, the winglets
are too far outboard from the tail to have any influence
on the effectiveness of the horizontal stabilizer.

Another practical consideration for longjitudinal stabil-
ity and control is stick speed stabilitv, or %3—:}. Assuming—
an unpowered ~lide and a shallow glide angle, the uncoupled

aircraft lungitudinal equations become
mg = (CLO + CLuu + CLGSGS)E’:S and (1)

where equation (2, is the moment trim condition (Ref 6:5.21).

Solving equations (1) and (2) for 6. and &, the rasult for

S
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8g can be differentiated with respect to Cp such that

9d8s _ -Cmgy (3)

aCr, CLaCNGS - CmaCLGS

(Ref 6:5.22)

Since Cy, = — 3CL = - 4" ___ From this relation stick
gs’ Vp pSVp3

speed stability becomes (assuming constant Mach number)

Bés' aCL = 4 Cma (4)
= %CLln Wp  #5B% CLolmso=Cmglhig

QJ

Since the winglet effect caused little or no change in Cmsg
or CLGS' the changes in stick speed stability shown in Table
12 are due to changes in Cm, and CL,. Looking at equation

(4) in another way:

VplM  CLCmss—CLs,
Cing,
where —— = (% - % = g.M.

-

Consequently, eguation (5) can be written as a function of

static margin and Cmss and Crg_:

aés| _ 1
= 6
N Le.
S.M' b

From Table 10, the winglet effect consistently increases the
alrcraft static margin, which results in decreasing the

denominator of equation {6). Consequently. the stick speed
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Table 12
Winglet Effect on Stick Speed Stabiliity

Flight Condition 1 2 2a 3 4
(rigid airplane) (Flaps 309

% Increase in
Stick Speed

Stability, 14.29 23.08 20.59 15.48 25.41
abe
Vp

stability increase of Table 12, due to the winglets, is veri-
fied. The implication of this increase, from a pilot's view-
point, is that more positive elevator deflection is required
to cause a change in speed from a given trim speed, Vpjy -

The effect of stabilizing increases in static margin on
longitudinal control is evident.

Lateral. Looking at lateral-directional stability and
. .mtrol, the winglet had almost no effect on the rudder
control derivatives Cysrr Cnggr and ClGR' as can be seen
in Table I of Appendix E. However, some small changes were
noted in the inboard aileron control effectiveness as shown
in Table 13.

Of scme concern here are the FLEXSTAB calculated deri-
vatives of rolling moment due to aileron, ngA. These
values, for both models and all flight conditions, were
negative. This is not compatible with flight test data
in reference 7 nor is it reasonable physically. The ex~

planation fcr this sign reversal is not understood and is
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Table 13
Winglet Effect on fnboard Aileron Lateral
Control Effectiveness

Flight Condition 1 2 2A 3 4
(rigid model) : (Flaps 30°)
% Decrease in

Cy (less 29.0 29.0 29.0 25.26 23.86
p031g§ve)
% Decrease in
negative)
% Increcse in

Cn5A (less 3.23 2.46 3.78 2.11 1.02
negative)

difficult to analyze due to the complexity of the FLEXSTAB
computer system. The aileron control derivatives anA
and CYGA' however, are acceptable.

Also important to lateral-directional stability and
control is the capability to maintain straight and level

flight with engines out. This is crucial to {lying qual-~

ities requirements in that this must be accomplished at -
bank angles ¢3 < 5° for all speeds larger thaﬁ 1.2Vgta1l
(Ref €:para 3.4.12).

Flight condition 4 provides a fairly realistic ex-
ample for which engine out handiing characteristics can be
evalﬁated. In this approach configuration, the model has
30° of flaps and is at 130,000 pounds gross weight. Also

for this condition
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v 140 knots and

]

Vstall 107 knots (From Ref 9:6-2B)

e o« 1.2Vg4a11 = 128.4 knots < 140 knots

The minimum control speed, with rudder boost on, is 116
knots for a standard day at sea level (Ref 10:1A9-14).
Having satisfied the airspeed requirements for an engine
out approach, it is assumed that the bank angle is also
less than 5°. Using the simplified approach to the lateral
control problem about the z axis only, the following equa-
tion results for zero sideslip rudder deflection:

6r = —~NT (Ref 6:5.39) (1)

Also assuming no pilot action at all

—NT
3 . (Ref 6:5.39) (2)
ma% ~ Cngasp
Having Bmax, an approximate way of determining the amount
of lateral control needed to counteract any "sideslip in-
duced" rolling moment is available:

§p = ~Ctpbmax (Ref 6:5.39) (3)
Note that equations (1), (2) and (3) come from the lateral-

directional equations o.. motion (Ref 6:5.36). Using these
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simplified relations, it is possible to determine the &g
and §p required with and without winglets to counteract the
yawing and rolling moments created after.engine failure.
4 Instead of using the questionable CgéA FLEXSTAB deri-

vative, a control wheel derivative, Cgéw, from reference 7

T

is used. This includes, in addition to the inboard aileron,

et
LM R L o

the effect of the outboard ailerons and spoilers, on rolling

moment.

L,

oo

s

Using the approach configuration of flight condition

VTR

4 and the engine out condition shown in Figure 14:
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No Winglets With Winglets

Np = 150,747 £t-1lbs Nt = 145,814 ft-1bs
-.0028 = .0027

néR deg g deg néR deg =~ ' Tdeg

T fmeg UMW Taeg | T Taes R Taeg

3 (Q = 66.04 psf, S = 2433 ft2, b = °0.83 ft.)

T
SRR

*{From Ref 7 :7.4)
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G.W.=130,0001bs
CeZe=.3218

| © Ty=T,=T,=32701bs no winglets (NW)

E | _ T1=T2=T3=3163lbs with winglets (WW)
b

3 ,2527.2feet a2=46.1feet

i Np=a,Ty*a,Ty-a, To=a, T,

- o N, =46.1(3270)=150,747ft-1bs

L Tvw

E Np =46.1(3163)=145,8141t-1bs
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5
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FLIGHT CONDITION 4 Flaps 30 Degrees

?: Fig. 14. Yawing Moment for OQutboard Engine Failure
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Evaluating 6R,

Bmax

Bmax

Bmax

Bmax
Sw

8w

Pmax and {w for each model

n”

n

R’

1]

1

n

No Winglets

~150,747

(-.0028) (66.04) (2433) (130.83)

2.56° for 8 = 0°

-150,747

(.0026) (66.04) (2433) (130.83)
, for S = 0

-(-.0022) (-2.76)

.00065

-9.34°

With Winglets

-145,814
(-.0028) (66.04) (2433) (130.83)

2.48° for B = 0°

-145,814
(.0027) (66.04) (2433) (130.83)

z2.57° , for ég = 0

=(-.0027) (~-2.57)
.00065

~10.68°

§r and §, are, in both cases, within their respective mechan-

ical limits.

Note that even though the maximum sideslip

and engine out yawing moment is less with winglets, the re-

quired control wheel deflection is slightly more.

Also,
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if ORyax 1S allowed to define the minimum directional
control speed, it can be seen from the above calculations
that this speed would be slightly less for the winglet
model. This is considering the same amount of rudder de-
flection as that required by the baseline configuration.

Steady State Maneuvering Flight. Since all the flight

conditions tested in this report are for symmetrical flight '
only, the maneuvering characteristics involve pull ups only.
Based on this, FLEXSTAB calculated the elevator per g
derivative %%9. This derivative is required to be less than
zero by handling quality requirements in reference 8. It
has the proper sign for both models over the entire range
of flight conditions observed.
A small negative increment in elevator per g is consis-
tently noted with the winglet model. Although this model
is statically more stable, the implication here is that it
is slightly less maneuverable longitudinally. This same

result is also reflected in the increase in stick fixed

maneuver margin definecd as

XRef|d8e _ 5 _ =
[ Eflin__ = 0 ng

See Table 14 for changes in these parameters.

Summary. It was seen tha* the winglets created a re-
quirement for a negative increment in horizontal stabilizer
trim angles. The added nose down pitching moment tendency

from the winglets is the primary cause of this effect and
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Table 14
Winglet Effect on Longitudinal Control
Parameters Steady Pull-Up

Flight Condition 1 2 2h 3 4
(rigid airplane) ! (Flaps 30°)

% Aft Shift in
Stick Fixed Man-

euver Point, 7.95 8.03 7.47 6.79 6.25
3de = ¢
on

% Increase in
Maneuver Margin 16.00 24.32 20.75 13.30 14.50

% Decrease in
Longitudinal
Control/G, 17.41 25.83 22.08 14.47 15.54
ase
on

results in a slightly reduced Cj, and a trim range for the
aircraft. Also overall increases in stick speed stability
were noted. Laterally, the winglets had no effect on
rudder effectiveness and only a small effect on inboard
aileron effectiveness. An engine out example revealed lesé
yaw induced sideslip and rudder required but slightly more
control wheel deflection with winglets. Maneuvering in a
steady state pull up, the winglets were found to offer in-
Creases in maneuver margin along with increases in elevator

required per g.

Dynamic Stability Analysis of Winglet Effert

Introduction. Dynamic stability, as defined in this

report, is the tendency of the amplitudes of the perturbed
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motion of an airplane to decrease to zero or to values
corresponding to a new steady state, at some time after

the disturbance has stopped (Ref 6:6.1). Using this defi-
nition, the effect of the winglets on the dynamic stability
of the FLEXSTAB model is evaluated. Note again that the
dynamic stability, studied in this report, uses linear small
perturbation theory.

Because of time considerations, aircraft dynamic modes
with and without winglets are compared in detail for Flight
Condition 1 only. Also for this flight condition, sample
model resporses to longitudinal and lateral control inputs
are looked at. Here, changes in the state variables are
plotted versus time. However, in an attempt to evaluate
the overall dynamic effect of the winglets for all of the
flight conditions tested, tables showing the winglet effect
on various dynamic mode parameters are provided.

General Effect of Winglets on Dynamics. By way of some

éeneral remarks, the winglets, when applied to the rigid
model, provide no significant stabilizing effer ¢ on the
longitudinal modes. As can be seen in Table 15, the de-
crease in short period damping ratio varies from ovér 6 to
11 per cent along with an 8 to almost 13% increase in un-
damped natural frequency. However, time to half amplitude
did decrease very slightly.

The pitch damping derivative, Cmq, is important to
stability in that, along with Cp , it determines short

period damping (Ref 6:5.16). For all the flight conditions
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Table 15.
Winglet Effect on Short Period Dynamic
Mode and Cmq

——

Flight Condition I 2 Z2A 3 4
(rigid model) (Flaps 30°)

% Increase in Un- .
damped Natural .05 |12.75 {11.81 8.29 8.55

Frequency, wn

$ Decrease in 10.32 }14.87 |17.44 [10.07 17.69
Period, T

$ Decrease in
Time to Half

Amplitude T 1/2 .24 .44 .47 .87 1.24
$ Decrease in

Damping Ratio 8.37 |11.59 |10.13 6.65 6.63
£s.p.

% Change of

Negative Incre- 3.1 2.96 2.82 2.85 2.6

ment in Cmq

observed, the winglets resulted in a small stabilizing change
in Cmq, also shown in Table 15.

As far as the phugoid mode is concerned, almost no
change is noticed due to the winglets. This long period
dynamic mode is influenced primarily by changes in Cpy,
which, from Appendix E, Table I, is almost totally unaffected
by adding winglets to the model.

Laterally, the winglets are consistently stabilizing to
the dutch roll, spiral and rolling characteristic modes.
Referring to Table 16, a 5 to almost 14% decrease in time to
half amplitude and a 3 to 12% increace in damping ratio is

observed for the dutch roll mode. 1In Table 17, an average
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Table 16
Winglet Effect on Dutch Roll Dynamic Mode

Flight Condition 1 2 2A 3 4
(rigid model) (Flaps 30°)

% Increase in Un-
damped Natural 3.18 3.01 2.59 2.88 2.40

Frequency, up

% Decrease in .
Period, T 2.98 2.74 2.42 2.18 2.15

$ Decrease in
Time to Half 13.62 12.50 11.44 9,23 5.24

Amplitude T 1/2

%t Increase in
Damping Ratio 12.4 10.28 9.80 7.07 3.03

tD.R.

Table 17
Winglet Effect on Rolling Dynamic Mode

Flight Condition 1 2 2A 3 4
(rigid model) (Flaps 30°)

$ Decrease in
Time to Half 9.86 9.77 10.43 10.14 10.28

Amplitude, T 1/2

10% decrease in the time to half amplitude is seen for the

rolling mode. As for the stabilizing effect on the spiral

o 55 o i BT A P AT A A R e e A I S e b i
S0l A ARSI AR A SRR i 2% iy D
P A L L

mode, the rezder is referred to Appendix E, Table I.

Flight Condition 1 Dynamics. Before analyzing the dyna-

mics of flight condition 1, the flight parameters defining

it are reproduced below:
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Altitude = 28,500 feet
Mach = .77
Gross Weight = 284,000 pounds

c.g. in % ¢ = .242

This cruise configuration has stability and control deriva-
tives, from FLEXSTAB, tabulated in Table I of Appendix E.

Using the FLEXSTAB data for flight condition 1, CALMAT
calculated longitudinal and lateral stability derivatives
matrices, control matrices, and the necessary eigenvalues
and eigenvectors, from which STATVAR time plots of the cha-
racteristic dynamic mode shapes were made.

Before going any further, it is necessary to point out
that the eigenvalues calculated by CALMAT are somewhat dif-
ferent than those calculated by FLEXSTAB. Table 18 reflects
these differences. The greatest variations between CALMAT
and FLEXSTAB are in the real spircl roots and the real parts
qf the phugoid roots. A possible explanation for these dif-
ferences is that CALMAT uses equations of motion that assume
CD&, CDq, Cyé, Cgé and Cné are zero. FLEXSTAB, on the other
hand, includes these derivatives; and as listed in Appendix
E, the computed FLEXSTAB values are not 2ze:x. . Because these
modes have small roots and are easily controlled, these diffe-
rences are relatively unimportant. Note that the short
period, dutch roll and rolling roots of CALMAT and FLEXSTAB

compare quite well,
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Table 18

Comparison of CALMAT and FLEXSTAB Eigervalues

Flight

Condition 1

No Winglets

With ¥Winaleis

Short Period

Short Pericd

CALMAT (-.8322 + 1.80513) (-.8333 + 2.01023)
FLEXSTAB (-.8297 ¥ 1.80293) (~.8321 ¥ 2.0080j)

Phugoid Phugoid
CALMAT (-.0024 + .06493) (=.0022 + .06413)
FLEXSTAB (-.0016 + .06507) (~.0015 + .06423)

Dutch Roll Dutch Roll

CALMAT (-.2126 + 1.55743) (~ 2464 + 1.5021j)
FLEXSTAB (-.2030 + i.5590j) (~.2350 + 1.605903)

Spiral Spiral
CALMAT (+.0027) (+.0009)
FLEXSTAB (+.0044) (+.0026)

Roll Roll
CLLMAT {-1.2514) (~1.3815)
FLEXSTAB (-1.2430) (»1.3780)

As mentioned previously, the winglet effect longitu-

¢inally is confined to the short period mode of oscillation,

with almost no effect observed on the phugoid mode. Figure

15 shows the winglet effect on the short period. It re-

veals that the winglets increase the relative amplitudes of

ths angle of attack a and pitch angle 6 state variables, with

only small changes noted in phase angle relationships.

Looking at time history plots in Figures l6a and 16t from

56

R R R T T T T e T T T N T T TRy A TRy “meg

ol




ST H I m '
R S S

| e SE g & 5 “g042°_]
Sormemi di’y (not visib fe)

- e A LR
' No Winglets o -0 o 7 2{ R st

1 e ‘«\. u (no+ visib f»)
3 : el s LT I T T T
b LTI _o(___f/? 730
' === __'...f_.::::ff:"__ —
" - !~ : V.. ——— -—_.—:--__ - ——
{ — ———— o= z{ 0 =66.34°
; — - , : ;

B I l ] ; PR —

_1' 1 . 3 — - ——

k:

 — I m.;:::::.““ —_— g

‘ i — ; ey iﬁ -4/ 8507 =7

3 _ e — “—3’-’¢§71 fnoa‘ ‘vis 6/2 e

o e BV SIS 2

= — ! 7.’::££U- PP .__._:J___:________._:
5 With Winglets j—————— — T
E i — __.__.2".'- (F (noﬂ‘ ws:é/e}

: ST e ]
¥ [ . H ny

e e e '"\1-\-;—“"_1""_’?_:51 O’aﬂ

“;' 1 . \'-"\_;_a'("""‘""" I SO I S

iy X »,
A &

i . _ ]
| e t “‘Q'__:r—‘-'—"-"'“ - '-'—66—570

. e
4 ﬁ
B ; ; ;
3 R N ™ 1 ~t
A‘E — ; i_ — i o
R} L T 1 7 H T
b ~ : — x . : :
s

g

.7y

i;

Ee

A

Fig. 15. TPhase Angle and Magnitude Plots of Short Period
With and Without Winglets

| 57




5
M $39TSUTM 3NOYZTM PUB YITM POTISd 3I0YS JO S30Td Rzo3sTH ouyyl °*B89T °STd

o
o

D
\=]
o

00°2¢ " 00°v3 009t 068 60°2¢ 00°¥2 00°9t  00°8 0

021
00°1-°

}
02°0~
(S33¥930)

00N
(S33¥930)

r—

S
08°0

o
o't

T R R e e S T e

58

[
o

.
o
o

00°cE 00°¥2 go°9gt ’ oo°a "00°2e 00°v2 00°91 00’89 0

e

0e*0
I
)
08 0-°

= i s ———
05°0
(338/14)
05°0
(J33S/14)

L

oe"t

n N

839 T3UTM UITM 838 T3UTM ON

08

U

"t

e e
AR Mg ok

S

R et l((%lr(t
B, 7
. P < ek 3 ” WS ] T SO e . < 2 o T » e TR B ot e e P il habd i g it . o Vs 5 B
\ h o S B TR e A S R AR posuita bttt naee s ittt O S IR GRS Sl sl it i (R e e e L S RS




=

B, R Gt
kil

CARE RSSO

eotad
AN,

g

R

R

r«&"ﬂ

o

)

T BT TR R

T O T SRTRT

T L

pr e 3

pe=

3

: (P43U0D)
mpwaucﬂzpsospﬂzucmgvﬂzvo«nmmpuonmuompoam»uopmﬂmmsﬂa.poa 914

gg-ze 00°v2 00°91 po°8 oo.o_ 00°2¢ oo°ve 00°9! go°‘s oo.o_
L L i 1 ~ 1 t 1 i -
o w
o_. o
]

—Inﬂlu- 4
Ry |
Eu ?
% . 8

o g . 8

'y

oo.mm oc.wu 00°9t 00’8 oo°o, 00°26 o0°v2 00°9¢ oo”u cmh
L '

—

00°0

)

00°a
{335/93C)

r—

00°y

r—=

00°y

,. 0
mywamcﬁz ON

0

S33TSUTM UITM

v

g0 v-> oL‘0

(3357930}

(533¥930)

e - B et e A S8 R
7
SOAPTs s dhon i K B e L s I ,:.e.n..:.iax R Bt 2 1L M da VR i Apa Syt RTTN s . AP o s Az I Jhag . -\ .
A o Lasibe ey ool A B e R O AN PO P A oy Y (r OV S R S s L SR S B e R 2 ¢ciais et R et
»

AT AT 2&#
. o e

59

XA,

RrIe

e o

e

T WREIE AP FaT




et

Gistiging

pt e

.

T g,

STATVAR, the amplitude differences in o and 6 are also appa-

rent. Almost no differences, however, in amplitudes or

phase relations are seen in u and gq. The overall conclusion

is that the effect of the winglets on the short period mode
is small. Table 19 shows the short period dynamic charac-
teristics.

Laterally, the winglet effect on the dutch roll mode
is the most important. The spiral and rolling modes are
nonoscillatory and are usually well within the pilot's cap-
ability to control. Suffice it to say that the winglets
are stabilizing to these modes as can be seen in Table 20.
The derivative Cp, usually has the most effect on spiral
stability while Cep primarily affects the rolling mode (Ref
6:6.77-6.85). The winglet effect on these derivatives is
also shown in Table 20.

As previously noted, the winglet effect on the dutch
roll lateral aircraft mode is stabilizing. For flight con-~
dition 1, the overall effect of the winglets on this dynam%c
mode is shown in Table 21. From this, it can be seen that
the directional stability derivative Cng, which normally has
a strong effect on dutch roll frequency and damping, changes
little with winglets. Consequently, the dynamics shown in
Table 21 are mostly affected by changes in Cnr and CYB (Ref
8:134). These derivatives have a powerful effect particular-
ly on dutch roll damping (Ref 6:6.77-6.85).

The dutch roll mode shapes for flight condition 1 are

shown in Fig. 17. Here it can be seen that little change
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Table 19
Winglet Effect on Short Period Dynamic Behavior

e Ert g KPR R
AP

.Flight Condition 1
(rigid model) No Winglets With Winglets

et bt B
RS e

3 wns.p. (rad/sec) 1.99 2.17
CS.p- '418 .383

RO

Ts.p. ) 3.49 3.13

AR

(s

3 Table 20
Winglet Effect on Spiral and Rolling Modes

foissir

Flight Condition 1
(rigid models) No Winglets With Winglets

i/ Sana
AFTSRSENEENG LN
[,

)
e

Spiral Divergence
T2 (secs) 156.35 2€3.42

ey

Rolling Time to
Half Amplitude .558 .503

Cep (1/rad) ~.4969 ~.5590

i Cny (1/rad) -.2926 -.3161

SO S G g
EPAINRAO T e

X
%

e At sttt o,

u
s

in the state variable relationships results. The amplitudes
of B and 6 ure reduced slightly along with small changes in
r and ;. Also phase angle relationships remain fairly
constant with or without winglets. Figures 18a and 18b

show the dutch roll state variable response versus time
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Table 21
Winglet Effect on Dutch Roll Dynamic Behavior and
Selected Lateral Derivatives

Flight Condition 1
(rigid model) ‘ No Winglets VWith Winglets

wnp,r, (rad/sec) 1.57 1.62
ID.R. .129 .145
Tp.r, (sec) 4.03 3.91
f Tp.r.1/2 (sec) 3.414 2.949
] Cny (1/rad) -.2926 -.3161
: Cyg (1/deg) -.0116 -.0133 ‘
- Cng (1/deg) .0034 .0036 |
2
i using the real parts of the eigenvectors shown in Fig. 17
i as initial conditions. Here the amplitude differences are
i ' more easily seen. The greatest apparent winglet effect is

in reducing the amplitude of 8. ‘
Figures 19 (a & b) and 20 (a & b) attempt to show the
winglet effect on the longitudinal and lateral state varia-

bles for two control inputs-~a 20° elevator impulse and a

e b T A i

i

¥
paa

10° rudder impulse.

s

In Fig. 19 (a & b), the model's response to a 20° ele-

% ' vator impulse shows only small differences in the changes

s *

b of the state variables compared with and without winglets.*

5 *Note that, 20° of elevator here is actually 20° of stab-
v ilizer which exceeds the mechanical limits on the actual air-
b craft. The s:abilizer was used for amplification purposes.

3
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The most noticeable difference is in u. Its peak value is
slightly greater without winglets. Also, to a lesser ex-
tent, the amplitudrs of the other variables are less with
winglets although this is difficult to see.

Laterally, for impulsive 10 degree rudder inputs, the
winglets do not appear to affect the frequency cr magnitudes
of the state variables. This is shown in Fig. 20 (a & b).

Summary. The overall winglet effect on the longitudi-
nal dynamic modes was felt primarily in the short pericd.
Here decreases in damping ratios varied from over 6% to al-
most 12%. Laterally, the dutch roll mode was more stable
with winglets. Damping ratios increased from 3 to 12%.
Positivz effects on the rolling and spiral modes were seen
also. As far as the model responses to control inputs are
concerned, only very small changes in the state variable

responses were seen with winglets added to the model.

f a Shorter Vertical Tail on the

——

Analysis of the Effect
¥Winglet Model

Introduction. As it aftects lateral-directional a-4

§ynamic stability and control, the purpose of this section
is to Investigate the pos<iihility of reducing the vertical
stabilizer on the wir jlet coafigured aircraftr model as
shown in Fig. 2. No reducticn of the rudder control sur-
face i:welf is invelved.

2:cause the shortened \ertical stabilizer has no thick-
aess definition, FLEXSTALE, in its calculations, shows no

effect on the longitudinal characte' lstics of the model.
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Also, no obhservation of the additional drag reduction in-
volved can be made. In reality, such a reduction would be
small, and the primary interest here is in lateral stability
and control. It has been proposed that the added lateral
stability provided by the winglets could make the shortened
vertical tail ccnfiguration of Fig. 21 feasible. The com-
plete data calculated by FLEXSTAB for tiis model is shown
in Table II of Appendix E.

In making this analysis, the lateral characteristics
»EZ the short tail configuration are compared with those of
the full tail model with and without winglets. This is done
only for flight condition 2A, defined as cruise equilibrium
flight at 28,500 feet cltitude, .77 Mach number and 130,000
pounds gross weight.

Lateral-Directional Stability. Here selected lateral

stability derivatives are discussed. These are Cygr CnB'
Cgs, Cgp and Cpy.

From Table 22, it can be seen that the side force deri-
vative, CYB' becomes less negative with the short tail ‘
winglet model. This is not surprising due to the strong
effect the vertical tail surface has on this derivative.
However, CyB with this configuration, is a less stable value
than that calculated four the full tail model without wing-
lets by 4.3%. Also, when compared to the full tail winglet
model, this difference in CYB is 17.16%.

The vaw stiffness derivative, Cnp, moves in a less
stable direction by shortening the vertical +ail. When
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Table 22
Lateral Derivatives Comparison With
Short Tail Winglet Model

Flight Condition 2A N.W. W.W. W.W.
(rigid models) (full tail) (full tail) (short tail)
Cyg (1/deg) -.0116 -.0134 * -.0111 :
Cng (1/deg) .0032 .0034 *  .0024 ?
Cag (1/deg) -.0026 -.0034 -.0029 g
Cgp (1/rad) -.4959 -.5577 -.5533 g
Cny (1/rad) -.2677 -.2851 * ~-,2237 é

*Note that these *alues are less stable than those for the
no winglet model in the first column.

compared to the full tail winglet model, énB is 29.41% less
stable. Cng is a less stable value than that for the full
tail model without winglets by 25%.

Czﬁ, or the dihedral effect derivative, becomes 14.71%
less stable than the same value for the full tail winglet
::del) shown in Table 22. Notice that here the winglets are
ahle to create a compensating effect on this derivative to
make it 11.54% more stable than the value calculated for the

baseline mode..

~
.
: 'i
b g
2 1
1

The destabilizing effect of reducing the vertical tail
had the least effect on Cep- Again, the winglets still
have a strong compensating influence on this derivative by
ﬁaking it 11.57% more stable than the value show. for the

no winglét model.
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- Cny, Or the yaw damping derivative, is not as stable
ii with the.shorter tail when compared to either of the full
% tail models. Here again, the winglets fail to offer a com-
§ pensating effect. Cp, for the short tail winglet model is

16.44% less stable than the same value for the baseline

3 configuration.

= Lateral Control. Because of the 12% reduction of the

vertical tail area, the result is a less effective aero-

dynamic surface. The value of Sy, the planform vertical

USSR ot Sl i

i
3

tail area, is smaller. This effectively reduces the rudder

'g control authority as Table 23 indicates. Note that
%'i o = C agLny oV

g Yér Lav SRV 5 ’
£
] (Ref 6:4.44)
4 - Sv Zv

- Cor (= Clgy®erv 32

. (Ref 6:4,40)
3 and o = -Cp. aspny oY XVs

2 NSR Lay®SR? & &=

| ' (Ref 6:4.79)

S xSt e tatn

These equations show the linear dependence of CYGR' ClGR'

and Cpg, on Sy. For a given dynamic pressure, ny = av ;

"

1°]
the rudder deflecticn required in controlling a yawing mo-~

ment, rolling moment and side force is increased. Note

that the percentages shown in Table 23 are independent of
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Table 23
Short Tail Effect in Reducing Rudder Authority

Compared to Full Tail Models

Flight Condition 2A
With or Without Winglets

(rigid nodels)

*3 Decrease in CYGR 12%
(less positive)

% Decreas~ in Cog 21.43%
(less positive)

*%$ Increase in CnGR 11.76%
{less negative)

*Note that these reductions in rudder effectiveness in side-
force and yawing moment are comparable to the 12% reduction
of the vertical tail.

winglets. It was noted earlier that the winglets themselves

have almost no effect on rudder authority.

Dynamic Lateral-Directional Stability. Table 24 shows

the comparison of the short tail model dynamics with both

of the full tail model configurations. Her2 the effect of

the shorter vertical tail is primarily on the dutch roll and

spiral modes. No effect is noted on the rolling mode.
Looking at the dutch roll mode in Table 24, the short

tail model has a longer time to half amplitude and a smaller

undamped natural frequency than either of the other two

full tail wmodels. Damping ratio, however, falls between

the value for the baseline model and the full tail winglet

model. This value is 3.27% better than the baseline
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Table ?4
Dynamic Modes Commarison With
Short Tail Winglet lModel

Flight Condition 2A N.W. W.W. W.W.
(rigid models) {full tail) (full tail) (short tail)
Dutch Roll

wp (rad/sec) 1.93 1.98 1.66
period (sec) 3.3 3.22 3.83
ZD.R. .153 .168 .158

T 1/2 (sec) 2.36 2.09 2.65

Spiral (FLEXSTAB) (S=-.0034) (5=-.0049) (s=-.0064)

T 1/10 (sec) 675.68 . 470.42 358.3

T.1/2 (sec) 203.4 141.61 107.86

Spiral Approximation| (S=-.0604) (S=-.109) (S=-.1044)

T 1/10 (sec) 28.12 21.18 22.06

T 1/2 (sec) 11.48 6.36 6.64

Roll
i 1/10 (sec) 1.242 1.113 1.113
T 1/10 (sec) .374 .335 .335

configuration. When comparing the full tail and short tail
winglet models, there is a 5,95% reduction in damping ratio
caused by the shorter vertical tail. The overall net effect

is a less stable dutch roll mode.
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As far as the spiral mode is, concerned, the FLEXSTAB
vaiues in Table 24 show a large increase in spiral stabil-

ity for the short tail winglet model over both of the full

tail configurations. This is an unexpe ted result, parti-

cularly after having noted the consistently less stalle
derivatives discussed for this model earlier. Using the
spiral aprroximation shown in reference 6, page 6.54, a

more reasonable trend is found in comparing the three models.
Because this approx.imation ignores the angle of bank degree
of freedom, the large differences in the magnitudes of the
time characteristics compared to the FLEXSTAB values are
somewhat expected. However, the important point of the
comparison is that the spiral for the short tail winglet
model is less stable than the full tail winglet model, which
is a more intuitive result. Without a more detailed ana-
lysis, the contrast among the FLEXSTAB calculated spiral
mode characteristics is not understood.

Summary. Reducing the vertical tail by 12% on the wing-

let model results in less stable values for CYB' an' Cge,

CYB' an' and Cp, were noted to be .2ss sta-

ble than those values calculated for the full tail baseline

model.
As for lateral control effectiveness, the shorter tail,

and hence smaller Sy, revealed reductions in rudder authority

for Cyggs Casp and anR. This was verified by equations from

reference 6.
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Dyramically, the dutch roll mode for the shortened
vertical tail model was less stable than either of the twe
full tail models. Improvements in spiral stability, with
the short tail winglet model, actually surpassed that of
the full tail winglet model. This result was very surpris-

ing and is not understood. If one can accept the : ‘'wari-

B L4,

son made with the spiral approximation, the FLEXSTABR results

o

seem questionable. Finally, the rolling mode remained un-

I
rf‘.‘

5,

Rt

affected by the change in the vertical tail.
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IV. Elastic Model Analysis

Introduction

As mentioned earlier, aercelastic effects, particularly
with large aircraft such as the KC-135A, are significant.
Furthermore, the weight of the winglet and its aerodynamic
forces and moments create additional elastic deflections
of the wing. These deflections yield somewhat different
winglet effects than the rigid model analysis of the pre-

vious section.

Winglet Effect on Drag Coefficient and Lift Over Drag L/D

As with the rigid analysis, the winglet produces drag
reductions and improvements in L/D ratios. However, using
the elastic models, these improvements are much less as shown
in Table 25. For all the cruise conditions observed, drag
reductions due to winglets amount to only 1.3%. Consequently,
L/D ratios are not greatly improved either. In reducing
drag, the elastic winglet model is 4 to 6 per cent below

the figures for the rigid model.

Winglet Flastic Effect at the Wing Tip

In order to place the following part of this section
into a proper physical perspective, some discussion of the
elastic winglet effect on the wing is ‘ded.

Table 26 shows the "washout" angles and fuselage

reference line angles of attack with and without winglets.
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A Stady .

%

Winglet Effect on Drag and Lift/Drag, L/D

Cruise Condition 1 2 3
(static elastic models)
q (psf) 261.67 128.59 181.69
Mach Number, M .77 .77 .422
Altitude (feet), h 30,000. 45,000. 10,000.
Airplane Lift
Coefficient, Cg, .421 .849 .603
% Increase in L/¥ 1.45 1.39 1.54
% Decrease in Drag 1.31 1.29 1.29
Table 26 |

"Washout" Angles and Angles of Attack

Cruise Condition

1

‘q=261.67psf)

2

(q=128.57psf) | (g=181.69psf)
)

' 3

(static elastic models) | N.9. |w.w. | N.w. [w.w. | N.W. [w.w.
"Washout" Angle at the -3.1 ~4.1 -2.9 -3.9 -2.9 |-3.8
Wing Tip (degs)

Angle of Attack ]

of Fuselage (degs) 2,573 12.583] 7.262 |7.212] 5.71615.687

"Washout," as used here,
the structural y-axis of the wing, i.e., leau.ng edge down. :

Note that the model without winglets displays a fairly
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constant -3° "washout" at the tip. The winglet model has
a degree more "washout.”" This effect is due to three things:

1. a small spanwise shift in the pressure distribu-
tion outboard along the aft chord section o/ the
wing,

2. an aft chordwise shift in pressure at the out-
board wing, and

3. the aerodvnamic loads created on the winglet.
All three of these phenomena create forces which add an in-
crement in negative torque at the wing tip. Fig. 22 demon-
strates, graphically, the aft shift in pressure at the wing

tip for cruise condition 1. This effect is not seen in-

board on the wing. In fact, the chordwise pressure distri-

butions on the inboard wing sections are the same with or

without winglets. Also in Fig. 22 there is a small spanwise

movement of pressure implied along the aft chord section

of the wing. Average pressures for each chord section were

taken and plotted along spanwise locations of the wing in

an attempt to show this over the whole wing.- However, this

effect is found to be very small and confined only to the

most outboard section of wing panels. It should be pointed

oﬁt that pressure plots of the outboard wing are somewhat
degraded by neglecting the viscous interaction at the
juncture of the wing and the winglet.

Perhaps the greatest contribution to the increase in
"washout" at the tip comes from the aerodynamic forces on
the winglet.

Since the vortex diffusing effect of the

winglet results in a more 1lift effective outboard wing,
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the elastic winglet model experiences greater bending and i

consequently more washout due to the sweep of the wing.
The sweep effect is shown in Fig. 23.

Referring to the designated chord sections on the
FLEXSTAB winglet plot of Fig. 24, winglet chordwise pres-
sure distributions for a rigid flight condition sample of
the previocus section are shown in Fig. 25. As expected,
the pressure is generally higher at the leading edge then
tapers off moving aft for each chord section shown. Looking
at Fig. 26 for the winglet on the elastic model, however,
the reverse is shown. There is a larger pressure rise
indicated towerd the trailing edge of th2 winglet. This
effect, and the fact that for an airfoil the pressure 4dif- }
ferential is normally highest at the leading edge, make !
tﬁese results questionable. No explanation for these
elastic winglet pressure distributions is available. The
wingliet pressure plots on the rigid medel, however, seem
credible.

Referring again to Table 26, observe the almost negli-
gible winglet effect on angle of attack. This is a "washout"
effect which was absent in the rigid analysis. Where an
angle of attack re. uction was consistently observed for
the rigid winglet modcl because of a more lift effective
outboard wing, the elastic winglet model's increased
"washout" tendency reduces this effect. Nonetheless, the

winglet still offers some vortex diffusing ¢f£fects at the
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Moving outboard along the wing, the effective angle of attack
decreases with the deflection of the elastic axis. This

creates the outboard wing washout tendency as shown for the
streamwise segment BA'.

A
."«"*; o

3 . Fig. 23. "wWashout" of a Swept Wing Due to Bending
‘ .
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elastic wing tip, yielding the small performance improve-

ments noted in Table 25.

Static Steady State Stabilitv

Using the definitions and criteria for static steady

3
W
o

state stability defined in the previous section, the elas-

tic winglet model is evaluated longitudinally and laterally

T T LA R 1o

by comparison with the baseline model.

Longitudinal Static Stabilitv. Referring to Table 27,

all cruise concitions show an aft shift in aerodynamic

AT SN P LR A S S

center location due to winglets. These figures are roughly

e

3 to 4% less than those noted for the rigid model. Also,

important to point out in Table 27, is that the static

eVt

A

margin increased 7 to 11%. This has a positive stabilizing
effect on Cp, from equations previously related. Realize
that this increase in static margin is little affected by

the winglet induced aft shift in the overall ceater of

ISR SRR A

gravity location of the model. This value is only +.0022c

SR

aft. Consequently, any weight perialty effect due to the
winglet is negligible in this case.

From Table 28 there is a large difference between the

TR R B B TR

Rk
USSR P S

>yt

St

rigid Cr, increase with winglets and that noted using the
elastic model. In fact, the elastic increases are almost
negligible. This degradation in the elastic winglet effect
on Cr, is again due largely to the "washout" effect at the

5 wing tip.

IR £ 6 05 A R Lt s A Tl T £, 44
SR L SR SRR B A Tty

Having noted increases in both static maréin and CLgy,

Ak

Cmg becomes more negative by the amounts shown in Table 28.
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Table 27
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Winglet Effect on Aerodynamic Center Location

Cruise Condition _ 1 _ 2 _ 3
(static elastic models) {(q=261.67psf)| (a=128.59psf)| (0=181.69psf)
% Aft shift in Aero- *(7.92) -*(8.40) *(7.05)
dynamic Center 3.59 5.98 4.61
% Increase in *(15.08) *(15.79) *(13.39)
Static Margin 7.08 11.60 9.09
*rigid model changes
Table 28
Winglet Effect on Cmg @nd Cr, Derivatives

Cruise Condition 1 2 3
(static elastic _ . _

models) (q=261.67psf) | (g=128.59psf) | (a=181.69ps¥f)
¢ Increase in Cj, *(3.25) *(3.41) *(2.89)
(more positive) .68 1.76 1.30

$ Decrease in Cp *(18.64) *(19.56) *(16.30)
(more negative) 8.00 13.98 10.42

*rigid model chaiges

Alsc comparing the clastic effect on Cmy to the rigid wing-

let effect, the stabilizing improvement for the elastic

model is significantly less.

In concluding this discussion of longitudinal static

stability, it is interesting to observe the elastic effect
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on selected longitudinal derivatives versus dynamic pres-

sures shown in Fig. 27. Note that Cpmy is the most affected
by aeroelastic effects. Cmg with winglets appears to remain
the same as the rigid value over the interval of dynamic

pressures shown. No explanation for this behavior is avail-

SN b A ko 2 i e AU BN ST SRR i

able.

z Lateral Static Stability. Table 29 shows the winglet

effect on selected lateral stability derivatives. MNote that

AETRAT

the winglets have a stabilizing effect on all these values.

In comparing the winglet induced changes with the rigid

% changes that are observed, it is seen that the winglet

i effect on CyB and Cp, is nearly the same. More changes are
§1 observed due to elastic effects on CnB' CQB and Clp-

é Fig. 28 shows the elastic to rigid ratios calculated

f with and w tlhout winglets for the three cruise conditions

7
53

s

observed. Nc+e that for the model without winglets, Ceg
1rs ¢o imp.'.ve its ratio with the rigid value with

S increasing dynamic pressure. The explanation for this is

probably due to the additional dihedral of the wing due to

; bénding. With winglets on the elastic model, however, the

e ot in'y
P

elastic to rigid wvalue of CgB decreases almost linearly

with increasing dynamic pressure.

(e
R
- MMM’ -

Summary. As far as static stability is concerned, the

winglets contributed stabilizing effects to Cry.and Cp,.

PP "
RS RIS MR v Y

Laterally, the winglets were stabilizing to all the deriva-

T
reflasinsn:

tives considered.
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Lateral Elastic to Rigid Ratios With and Without
Winglets vs. Dynamic Pressure
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Table

29

Winglet Effect on Lateral Stability Derivatives

St

B

=

EENt 7 ek TS

[

Cruise Condition | _ 1 _ 2 _ 3 :
(static elastic (q=261.67psf) | (q=128.59psf) | (gq=181.69psf) B
models)
% Decrease in Cygp *(15.52) *(15.52) *(14.29)
(more ‘. .gative) 14.56 14.68 13.4
$ Increase in Cp *(11.76) *( 5.71) *( 6.67)
(more positive) 6.0 3.13 7.69
% Decrease in Cyg, *(30.43) *(28.57) *(25.00) f
(more negative) 4.76 21.05 11.11 |
% Decrease in Cg, *(11.96) *(11.88) *(10.75) f
. (more negative) 3.48 6.67 5.29 ;
3 % Decrease in Cp, *( 7.34) *(9.71) *( 6.54) g
e (more negative) 6.56 8.19 5.57 ﬁ
i e
s |
i *rigid model values
7 i
o i
4
3 Control Characteristics for Steady State Flight
Longitudinal. The winglets on the elastic model cause
no effect on the longitudinal contrel derivatives CLGS'

Cpgg and Cpgg as Table III in Appendix E shows.
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However,

since Cp, is more negative, there is a requirement for

T e e
-

A

more negative stabilizer trim.

On the elastic model, the f
2, winglet effect on Crmg is less. Consequently, the largest .
3
E increase in stabilizer trim angle required is only 123%. &
s ;}‘4
': 3 K3 . . . ; §J
s This is a significant change frc1 the 19 to 52% increase i %
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in trim angle required by the rigid winglet model. Because
the trim requirements are less for the elastic winglet
model, there is assumed to be little or no noticeable de-
crease in the range of useful trim angles of attack and lift
coefficients. The conclusion is that the elastic winglet
model experiences almost no trim penalty. The winglet trim
effect is shown in Table 30.

Using the same equations discussed in part III, the
elastic model with winglets has a 9 to almost 12% increase
in stick speed stability, %%%, also shown in Table 30.
Again, this comes about, Qirectly, from the increase in

static margin caused by the winglets.

Lateral Control. Consistent with the rigid analysis,

the winglet had no effect on the rudder control derivatives

CYGR' Casg and Cnsge This is shown in Table III of Appendix

E.

However, unlike the rigid analysis where small reduc-
¢ions in inboard aileron control authority were observed,
the elastic winglet model shows no change in Cysar CgsA
or CnsA comparec¢ to the baseline elastic model.

Steady State Maneuvering Flight. As with the rigid

analysis, all the elastic flight conditions studied here
are for symmetrical flight only. Consequently, the maneu-
vering characteristics are confined to pull-ups.

Table 31 shows the winglet effect in shifting the

maneuver point aft. These figures are approximately 2 to
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Table 30

Winglet Effect cn Longitudinal Control Parameters

Cruise Condition
{(static elastic
models)

1
(q=261.67psf)

2
(q=128.59psf)

3
(q=181.69psf)

% Increase in

Sstrim (more 6.87 12.03 9.54
negative)
% Increase in
Stick Speed 9.89 11.71 9.35
Stability, 23de

aVp

Table 31
Winglet Effect on Maneuvering Flight Parameters
(Steady State Pull-up Only)
Cruise Condition _ 1 _ 2 _ 3
(static elastic (q=261.67psf)| (q=128.5%psf) | (g=181.69psf)
models)
$ Aft Shift in *(7.66) *(8.26) *(6.68)
Maneuver Point 3.45 5.88 4.34
% Increase in *(13.83) *(15.14) *(11.68)
Maneuver Margin 6.43 11.05 7.79
$ Decrease in *(2.89) *(3.10) *(2.62)
C (more 1.48 2.10 1.64
negative)
% Decrease in *(15.39) *(16.82) *(12.99)
%%2 (steady pull- 6.64 11.89 8.30
up) (more nega-
tive)
*rigid model values
95
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4% less than those observed for the rigid model. Using %he
development in reference 6, maneuver point for a symmetrical

pull-up is defined as

:
i

M.P. = Xpc - CrgpScg (From Ref 6:5.61)
aw

RAERDAN st i

As indicated in Table 31, Cmq becomes more negative with

winglets and from Table 27 there is a winglet induced aft

rs3dinty.

shift in aerodynamic center location, Xazc. The result from
the above equation verifies what is shown in Table 31.

The elastic winglet model has less elevator per g,
however, which is also shown in Table 31. Equations showing
how this value is determined are in reference 6, page 5.6.

Summary. The control effects of the winglets on the
elastic model are less than the rigid model and in some
cases negligible.

Longitudinally, no trim penalty effect due to winglets
was assumed in view of the small changes in stabilizer trim
angle required.

Laterally, control effectiveness in both rudder and

aileron was unaffected by the addition of winglets to the

model.

3 " s
ERRT SRR 2
LRt S ST

Consistent with what was found in the rigid study, the

PERETE 2230t 1o B Dasdgoprtetodud s, o,

winglets resulted in increases in maneuver margin and in

elevator required per g for a symmetrical steady state pull-up.
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The Winglet Fffect on Longitudinal and Lateral Dynamic
Stability

Introduction. Due to time considerations, this dyna-

mic analysis is confined to studying just the winglet
effect on the primary dynamic aircraft modes. Responses

to control inputs are not provided.

Longitudinal. The elastic winglet model, as shown in

Table 32 proves to be less stable than the baseline model
in the short period longitudinal mode for cruise conditions
1 and 2. Although cruise condition 3 is not strictly less
stable in the short period mode, it is, nonetheless, more
oscillatory and less damped than the baseline configured
model. In general, the winglet effect on the short period
mode is small. Unlike the rigid analysis where the wing-
let effect on the phugoid mode was found to be negligible,
the elastic winglet model shows noticeable improvements in
dampinc ratios and in times to half amplitude for all three
cruise conditions.

Lateral. The winglet effect on all of the lateral
dynamic modes is stabilizing. However, these'improvements
are less than those noted in the rigid analysis.

The spiral and rolling modes are only slightly im-

proved with winglets. But, like the rigid dynamic analysis,

the dutch roll mode characteristics are considered the most
important. These are shown in Table 33, This winglet

effect 0a dutch roll stability comes primarily from winglet
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Table 32
Winglet Effect on Longitudinal Dynamic Modes
Cruise Condition 1 2 3
(static elastic models) ;| M = .77 M= .77 M= ,422
I 30,000 ft 45,000 ft 10,000 ft
Short Period
¢ Increase in Un-
damped Natural 3.47 6.3 4.45
. Frequency, @n
i % Decrease in Damp- 3.89 6.25 4.11
A ing Ratio, ¢g.p.
§ $ Increase in
A Time to Half .49 .45
3 Amplitude, T 1/2
F $ Decrease in 4.34 6.57
i: Period, T
X
:
j' Phugoid
3 $ Increase in
S Undamped Natural 4.33 1.45
e Frequency, wn
;
- $ Increase in Damp- 6.60 1.69
“ ing Ratio, Zp
p: % Decrease in
2 Time to Half 10.07 3.15
e Amplitude, T 1/2
3 F's
5?3 % Decrease in 4.10 1.57
;;% Period, T
x
o
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Table 33
Winglet Effect on Lateral Dynamic Modes

Cruise Condition 1l 2 3
(static elastic models)! M = .77 M= .77 M= .422
Dutch Roll 30,000 ft 45,000 ft 10,000 ft

$ Increase in Un-
damped Natural 3.75 2.02 2.58
Frequency, W,

$ Increase in Damp- 11.46 5.48 6.15
ing Ratio, Ip.R.

% Decrease in

E Time to Half 13.05 7.51 7.95
3 Amplitude, T 1/2

; % Decrease in 3.5 1.90 2.42
¢ Period, T

L3S

i Lrg KA

induced improvements in Cny and Cng noted earlier. Both of

oty ¥ b
IR

these derivatives have a strong effect on the damping and
natural frequency of this lateral mode (Ref 8:135).

Summary. The elastic winglet model is slightly less

stable in the short period mode but consistently more
2 stable in the phugoid. Laterally, the winglet effect on
the spiral and rolling modes was small. Also, only small

improvements were noted in the dutch roll dynamics.
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V. Conclusion and Recommendations

Using geometry and aerodynamic data on the KC-135 and
the Boeing winglet, a mathematical rigid and elastic FLEX-
STAB model was successfully constructed. The correlation
between the baseline model and available flight test data
was considered close enough to regard the model as a good
approximation of the actual aircraft. This flight test
comparison was made for both the elastic and rigid models
where the elastic structural definition consisted of a
modified 707-320B model. The winglet geometry was modeled
in detail with both thickness and twist definitions,
however, maintained as a rigid structural body.

In the sigid study of the winglet effect, the baseline
model was compared to the winglet configured version for
five flight conditions which represent the KC-135 mission
profile. The winglet effect on performance for the rigid
model showed a 2.32 to 7.89% decrease in total airplane
drag with an accompanying 2.47 to 8.58% increase in iift
over drag ratios. However, an increase in negative stabil-
izer trim angle was consistently noted with winglets. Also,

the range of useful trim lift coefficients and trim angles

of attack was reduced. This result was directly due to
increases in Cr, and to the winglet induced aft shift in
the aerodynamic center of the wing, which resulted in a

15.85 to 28% increase in static margin. Laterally, the

100
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winglets were stabilizing to C"B' In aircraft control, the
winglets had no effect on elevator authority, but some
small reductions in inboard aileron effectiveness were
noted. The rudder was unaffected by adding winglets to

the model.

Dynamically, the rigid winglet model displayed a 6 to
almost 12% reduction in the damping ratio of the short
period mode along with 8 to 13% increases in undamped natu-
ral frequencies. No effect due to winglets was seen on the

phugoid. Laterally, the rolling, spiral and dutch roll modes

S A W RN S AR T NS A RIS Bhitlo 3 (00 e sty s O S

were all more stable with winglets. In particular, de-

creases in spiral divergence were noted along with a

4 10% reduction in the rolling mode time to half amplitude.

AR e,

The dutch roll winglet effect was regarded as the most sig-

nificant, however, with 3 to 123 increases in damping ratios

&
oy

and 5 to 14% decreases in times to half amplitude.

S

Also included in the rigid analysis was an investiga-

o AP R
i e

tion of the lateral stability characteristics of the winglet
) model with a truncated vertical stabilizer. This resulted

in less stable side force and yawing moment derivatives

ROV

than for the baseline model. Reductions in rudder authority

it

below the baseline configuration were also noted. Dynami-

[ESTSRTOTY " NS,

cally, the short tail model was less stable in dutch roll

over the full tail model without winglets. No effect on

AN It P 1 a8

) the rolling mode was seen. The most remarkable result was

the large increase in spiral stability seen with the winglet

WA R Y

,,
A‘v
3
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short tail model over hoth of the. full tail configurations
compared.
Elastically, winglet performance improvements were

degraded primarily by the increase in "washout" at the wing

A A S RN,

tip. Here, winglet drag reductions for the three cruise

flight conditions studied amounted to only 1.3%, with only

S ot e A

2 1.3 to 1.54% increase in L/D. Trim requirements, however,

werc much less than those found in the rigid analysis. Con-

a
¥

sequently, the elastic winglet model showed no noticeabl:.
trim penalty. The winglets were stabilizing longitudinally
with 7 to 11.6% increases noted in static margin. Laterally,
the elastic winglet model revealed the same general trend

in improving stability.

Dynamically, the winglets had less of an effect in
reducing the short period damping ratio on the elastic model.
Winglets also had a stabilizing effect on the phugoid mode
with small increases in damping ratios and 3 to 10% decreases
in times to half amplitude. Lateral dynamic improvements
due to winglets were not seen in the spiral or rolling
modes. However, as with the rigid analysis, the dynamic
characteristics of the dutch roll mode improved with wing-
lets. Here, 5.48 to 11.46% increases in damping ratios
along with 7 to 13% decreases in times to half amplitude
were seen.

Generally, the overall winglet effect on performance
for the models used in this study was not as great as that

achieved in wind tunnel tests. NeQertheless, stability
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improvements both longitudinally and laterally were consis-
tently observed with winglets on the model. No significant
detrimental effects due to the winglets were observed

within the scope of this report. Due to the elastic model
limitations, more research into winglet induced aeroelastic

effects, particularly for asymmetrical flight conditionms,

AR PR AT st R

is needed. A final assessment of the benefits derived from

the application of winglets to the KC-135 versus the time

EHRRERIR

and cost of eventual modification can only be made from the

DN arods

LN

results born out of future flight tests.

e
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Airplane Small Perturb:i!ion Equations
Used in Dynanic Time Historyv Analysis

The dynamics of this report are concerned only with

'“*"“"*"‘"*‘““*A"’”M’W?ﬂ'ﬁ“‘?in&mmm I P e

small perturbations relative to a steady state flight

condition in which
a. no initial bank angle exists (69 = 0),

b. no initial side velocity exists (V; = 0), and

€. no initial angular velocities exist:

P1=Q1=Rl=ﬁ)l=él=$l=o
(From Ref 6:2.36)

Therefore the equations of motion become longitudinally,

m(u + W19) = - mgbcosb; + fa, + fo

3 %ﬁiff}:‘éﬁw‘rﬁw?#ﬂﬁ:éﬂf&ﬁw&mﬁ&i&mb&@{w#wfﬂ&fz@;mmmﬁ.&?ﬁ%’mww%%Mn‘.ﬁf\*w“"

m(w - Ulq) = ~ mgBsin@; + £, + sz
. (1)
Tyyd = ™a + mg <
. “ ;
q=28 :
(From Ref 6:2.36) :
and laterally,
m(é + Ujr - W1p) = mgécosB; + fAy + ny %
&
. : ;?
Ixxp'ngp = ip + 2 g
A - (2) ‘:{%
I22T = IxzP = np + ng EH
. 4%
P =¢ - r tanfy (From Ref 6:2.36) %
i
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These equations are then written in the stability axes

system. Therefore, W = 0 in both equation sets (1)

and (2).
The inertial transformation from an arbitrary body
fixed reference axis system to the stability axes system

is accomplished using this matrix equatiocn:

;“
b
o
ey

3 i [rorf__sint | catnie] [,

% Izzs = sinzal :.coszul ; sinZ%}’ IzzB (3)
ey [i/35intng | i/3stning | cosimn | |5uas

3

% Note that Iyy is invariant when a coordinate transforma-

5 tion consists of just a rotation about the airplane

"1 y-axis (Ref 6:.5.43).

; : From the derivation of the perturbed state forces and
? moments given in section 4.2 of chapter 4 in part one of
i Reference 6, the complete small perturbation equations of
? motion for steady state flight become those given in Table
i I. Note that these equations assume that CD&, CDq and

% (CTzu + 2CT21) are approximately equal to zero for the

longitudinal set and that C,., Cgé and Cné are approximately

Yg
zero for the lateral set (Ref 6:4.113). In the FLEXSTAB

characteristic equation rooting analysis, however, these

Sl Bt Y M Sy
N R B o
x
PRRCIFC MY 3 ST S FUT S

derivatives are not assumed to be zero. This accounts for

the small differences noted between the eigenvalues of

- FLEXSTAB and those calculated using CALMAT.
3 106
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In Roskam's discussion of dynamic stability and %

«

response, he develops what he calls “dimensional stabil- §

A

3

ity derivatives." These allow simpler forms of the &

: equations in Table I. The longitudinal equations are :
4 divided by m or Ivy where applicable and the lateral ¥
; equations are divided by m, Iy, and Izz’ respectively. a
B 2%
This results in the following forms of the perturbation %

%' equations in terms of "dimensional stability derivatives": i
1 Longitudinal-- 2
3 :
2 p
U = - gbcosB; + XyU + Xp, U + Xy + Xgele i

£
!

c
=
W
1l

- g6sinb; + Zjyu + Z,0 + 230 + qu + Zéeﬁe (4)

el
il

Myu + Mp,u + Mgo + MTaa + Mga + Mg + Mdeée

i d

4 8 =g

ig (From Ref 6:6.19)

; Lateral--

3 vV + Ujr = gécosby + YpB + Yp + Y,r + Ys,8, + Ygpoép

P - Alr = LBB + IAPP + er + L(SAGA + LGR(SR
)

-,‘ L) L) (5)
% r - Byp = NBB + NTBS + Npp + N.r + NGAGA + N6R5R

. $ = p + rtanfy

;7 where A, = 1 + 1 By =1I + I :

k-, d 1 xx’ “1 z2

5 | xz xz (From Ref 6:6.47)
Z} The dimensional stability derivatives of equations (4) and
% (5) are defined in Tables II and III of this appendix.

g Equation sets (4) and (5) can now be arranged in

e ' first order matrix form as shown in Table IV. In this

state space form

107

el gty S AR O ek e e s




R L L T T T T g e oy
EEL 3405, RS o, o M r SO, YOS

: ]

X =%+ B0 (6) {

where A and B are, respectively, the matrices of stability 3

and control derivatives. X is the column vector of the %

state variables and U is the column vector of the control 3
variables. |

The equations of Table IV represent the steady state %

uncoupled equations of motion in first order form as %

written in the stability axis system. This matrix equa- %

tion is used in all of the dynamic analyses presented

"
s

in this report. It is not necessarily the same form used

in the FLEXSTAB computer program system.
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Table II
Longitudinal Dimensional Stability
Derivatives

Xu = "qlS(CDu + ZCDl)(Sec-l)

Uy

X, = “EiS(CDa~CLl) (ft sec™2)

m

7. = -Els(cLu+chl) (sec™1)

mU3y

Ze = ’aiSCL&U
2mU3 -

(ft sec'l)

_ -g1SC
Zge = 117 7L8g (£t secT? or

XTu = qls (CTxu+ 2CTX1) (sec-l)
mUl
X§g = 'qlSCDde (ft sec”? or
™ ft sec—2deg-l)
_ -qiS(Cy, +C -
Zy = 18! Lo Dl) (ft sec 2)
m
Zq = —qKSCch (ft sec™1)

2mU3

M, = q18¢ (Cry*2Cmy) (££~1lsec™d

m ft Sec—‘deg—l) IyyUl
- - -1 —_ e
MTu - qlsc(cmTu+2CmTl) égz-l) Ma - qlchma (sec—z)
- o - 5. am2 -
MTQ = qlSCCmTa (sec 2) M& = qlsc Cm& (Sec 1)
lyy 21yyU)
Mg = alsszcmq (sec™1) Mg, = EiSECmae (sec™2 or sec™?2
2T9gU T deg™1)
yy“l YY
(From Ref 6:6.17)
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mable III
Lateral-Directional Dimensional
Stability Derivatives

==Elscyg (ft sec™2) q1SbCy, (£t sec™1)
m Yp = 2mU1 -
P, ._l .

Y, = EEEEEZE (ft sec™) q15Cysa (ft sec™? or
r 2mU] Y§p = - ft sec™2 deg
q1SCys, (ft sec? or g1SbC (sec™?)

YsR = - °R ft sec“2 deg"l) LB = (-z-—];-f;;&'@‘
91Sb2 -1 -
I (sec™™) Lo - gisb2Cgy (sec 71)
2IxxU1 T = T2IxxUy
- -2 = -2
_ 918bCeg, (sec = oOr q1SbCysy (sec” < or
a7 —_T"‘——A sec-2 deg~! Lsg = ZITOR gecm2 degl)
XX Txx
N = q1SbCng (sec'z) EiSanTB (sec™2)
g Izz NI~ T
q15b%Cnp (sec™) =
N = ; , q1Sb2Cp (sec™1)
P 212201 N, = —ze— L
r 2Iz2U1
EiSanGA (sec™2 or sec™? deg™1)
Nea = 12z
EiSanGR (sec=2 or sec™2 deg™1)
N5R =

Iz2
(From Ref 6:6.46)
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Lo pynabp bt

sy

;
!
i

Longitudinal--
R B Xu~ Xa 0 -gcos6; || u
& 24 2o Ult2q - gsiné1 ||
U1-26 U1-24 UL-24 U1-Za
. . . MaZy i MaZo M (Zg+ U))  _Magsin®
d Ma® * giop, Mo+ Omzg M YUrzg . UiZa ||
6] L o 0 1 o _|]e
B XéE Xsp 7]
Z8E Z8p Mop
. Ul-2q Uj-24
. Ma
Mg + MGZSE Mgp + Q28T ) | gy
U1-24 Ui-2q
Lateral--
T2l [ Y8 Yp Yp -1 goosel | [ o]
Ul U1 Ul Ul
. AjNp+Lg AlNp+Lp AjNxr+Ly 0 P
P 1-A18] T-A1B1 1-A1B
=
: BILE+Ng BlLp+Np  BlLr+Nr 0 .
1-A1B1 1-21B] 1-A1B1
K3 |0 1 tan@) 0 | L ¢
T Y6a YSR |
L3 L3 §A
+ A R
Néa Nigr | | R
where
Al = Ixz and Bl = Ixz
Ixx Izz
112
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Aircraft Equations of

Table IV

Motion in First Order Matrix Form
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Appendix B

Program CALMAT

CALMAT is a digital computer program that computes
and prints the stability and control derivatives matrices
for the longitudinal and lateral matrix equations of
Table IV in Appendix A. The program also uses A.F. Flight
Dynamics Laboratory EISPACK subroutines to calculate the
longitudinal and lateral eigenvalues and respective
eigenvectors of the stability derivatives matrices. This
function of EISPACK, used by CALMAT, is in effect a qha—
racteristic equation rooting analysis. After the roots
are calculated by EISPACK, CALMAT then computes and prints
the undamped natural frequency, damping ratio, period and
time to one half amplitude of each mode. Any unstable
roots are also noted and the time to twice amplitude is
computed and printed for these.

The program can be used to calculate either body
axes data matrices or stability axes matrices. As used
in this report, all data input to CALMAT are in the
stability axes system.

Data required for program execution makes up eleven
cards specified in Table I of this Appendix.

The matrices, eigenvalues and eigenvectors computed
by CALMAT are used in computing the modal time history

and time history due to controller inputs of each of
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the longitudinal and lateral state variables.

The program listing is shown in Table II and the

program flow chart in Table III.

inertia terms in appropriate axes system.

’ Table I

9 CALMAT Data Card Format

9

.

3 Card nu. Data Dimensions

\‘;

L 1 8, ap, T1 radians, pounds g

3

¢ 2 g, Uy, W1 psf, fps %

% 3 m, S, ¢, b, dp slugs, ftz, feet §

e ¥

E *4 Ixxs Iyye Izz slugs-ft?

e :

% 5 Crys Crge Cryr CLq, rad"l, sec-rad~1 }

“ cLGe' cLu g

- 1 -1 :

= 6 Cpy+ Cpgyr Cpur CDge rad *~, sec-rad :

gt 7 le, Crgr Cmyr Cmq: rad'l, sec-rad~1 :

k¢ Cous Cmge

L 8 CmT rad'l

31 a

P -1 ~rag-l

YéR - 4

é 10 Cige Cgp, Copr Cogar rad~l, sec-rad-l ;

. Cesr 3

5 11 Cngs Cnrgs Cnps Cny. rad™l, sec-rad~l E

;7 CnGA' anR :;

b ] ]
*Mass moments of inertia must be input in the principal 3
axes system of the aircraft. The program uses the trans- g
formation of equation (3) in Appendix A to compute 3

K
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Table II
CALMAT Program Listing

PROSRAH TALVAT(IHMPUT=/30,dUTIT,Ta%€5=IN2JT,T42€6=0UT2YT)
DIMTNSION f(u,?), CASI(R)

REAL My IXX IVY, [Z27,IX7 3 MU ATy UTA 4D, 0,401 4137, T,L 2,12,

LLDAL LR, T T, 02,02 38,030 A (e gy a4) 4 OMIGN (L) 22 TA(G), THALF (),

1RTI51,90162,22TIN(L) , P22, T2(4)

SOMOPLEX JIOGVAL(4) 320 170 (% ~)y dIRK(H) 42T15,C7I5VAL

1 RITA) Ly (RASTU(I) 4I2t,3)
I (ZOF(5LINCITY 4%2,7) STID “rIMPUTATICNS ZO4OLETZ™

b FIRUAT 15A10)
I20UNT=)
RIAD*, THTTA,ALDHA,TY
RIAN® 2,1, H
RIAI® M ,5,C422,27,07
RIA®, IXX,y TYY, 127
ANGLE=,034&G+2.244
SIXX=NDS(ANGLI) ¢ #2° IXX4SIN(ANGLI)*v 28127
SIZZ=SIH(ANZLI) *# 2 IXX+CIS(ANGLI)**24122
IXZ2=45%SIMN (2 (ANGLI) I *(IXX-T172)
IXX=STXX .
1272=5122

Coes¥ves v ONGITUDINAL CALSULATIONS

C1=2%S/7(4+W)
C2=(0.~1,)*C1
C3=32%V
Co=C2%CHAC/2,
C53=CL1*M*CHAC/IYY

T £5=25U
C?=25%CHAC/2,

- RTAI*,0L1,CL4,5LA2,CL2,C.02,0.Y
RIAT*,CN1,C0A,CIU,CNNZ
RIATI*,OML , 04,5440,y 24U, 22
RZAI*,CHTA
STXL=UD1=(M® 32,174) *SIN(THIT A /(N*3)
CTXYU=(04-24) *2TXL
CqTL=(0.4=1,) #2341
GYTU=(0e=1,) *TTXU*0T/CHAC
(U=322(CIU+2,°CIY)
XTU=21% (CTXU+2,*CTXL)
AR=33*(COA-SLY)
X2E=C3*CONE
TY=224(CLU+2,%CL 1)
ZA=T3I® (CLA+CDY)
ZAD=24%CLAD
TQ=3%4CLA
ZIE=TI*CLOE
4J=25*(C4U+2,°C11)
MTU=2S* (CMTU+2,*CHT 1)
HA325*CMA
MTA=26%CMTA
MAD=37*CHAD
nQ=c7eCH]
MIE=36°CYIE
0v1=T471000,
CONT=(0.-1,) *201/0TY
*X0T=C3*CO0T
CMOT2CuTL/0T L
HOT=C6%CHOT

EL

SR A

i

T P A A

o
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Tatle II (cont.)

A1, 1)=XUsxTU

R R B A A B S

5 A€1,2)=XA

6‘ B(1,3¥=2(0,-1,)%4

2 BCL,%)=(d,=14)%32,1765303(THITA) 3
2 DIN=3-78)

4 AL2,1)=29/054, :
. 8(2,2)=73/n5n {
bt A(2,3)=(J+72)/23N ;
& A(2,4)=(34-14) %32, 474 SIN(TAITAY /IIN i
: A3, 1) =MU+MTULHLD2U/ DN i
e A(3,2)=HTA+4A+ 1275747 31Y £
b ALy 3)=MN4MAD* (20 611) /DTN §
: A(3,4)=(04=14) 42732, 174*SI 'HTHETA) /DIN s
: Alu,1)=0,0 :
s 8(Ly2)=0,0 y
;; ACly3)=1.0

A ALy )=n,0 3
E: B8(1,1)=X02 3
¢ 8(1,2)=X7T ¥
E: B(2,1)=222/0%N £
3 B(2,2)=0,0 :
s B(3,1)=MIZ+44)*702/ 03N

e 3(3,2)=MIT b
5 B(Ly1)=0,0 3
; B4y 2)=0,0 3
2 PRINTS &
2 PRIYT* :
e PRINT* @
3 OINT*, " SHBLILLBSIIISPISEIINOIINIGIEISBISIBIBERERLY %
; {eservpsnnnns e %
| PRINT 7, (CASI(I), I=1,8) 3
E: 7 FORMAT (11X, 5010) 3
B PQINT'," XXX TSI R AL SR A YRS Y SYR YRS EI SR Y Y ¥ Z
Lessunrusvase P
& pPRINTS g
e PINT® g
2. PRINT*, “4ASS MOMINTS OF INZUIA IN STABILITY AXIS SYSTIu™ 3
3 : PRINT® . g
- : - PRINT®, “IXA="yIXX," 122=",122," IX2Z=", IX2 1y
b7 PRINT® g
3 PINT* g
ki PRINT®,“LONGITUIINAL A MATRUIX* %
53 PRINT® 2z
3 03 20 I=1,4 %
= PRUINT 8, (AL(I, N, J=1,) 2
bx 8 FORMAT (5Xy4F10,4) p
i3 PRINT® :
- 20. CONTINUE : §
: PRINT : ¥
3 . PRINT®, “LONGITUDINAL 3 4ATRIX™ &
gL PRINT® %
-8 03 30 I=1,& H
E: PINT 9, (B(I,J), J=1,2) 2
# . 8 FORYAT (5X, 2710e%) z
o PRINT® 5
2 30 29N;INUE 2
’ 60 To 103 116 5
g %
= %=
& ]
5 =
9 §
i §§
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Table II (cont.)

Cosssssnner ATEJAL CALSULATIONS

2

Ca=1*5/u
€9=18°337 (2, *N)

C10=2°3*373/1 £X

Cii=C1n+3a/(2.%)

C12=7%3*33/172

C13=312438/(2,*'})

E2IX7/7IxX

£21IX2/1772

RZAJ*, CYS5, CYe, TYR, IYJ1, riR
RiA*, C13, n1P, 212, 21231, O1IR
RTAI*, CN3, CMTIy CNP, CNR, TNI&, INOR
¥3=238*CVv) -
YP=29*ZlvypP

YR=79%CYR

YJAzZA*CYIA

YIR=28*CYIP

L3=310C13

L2=311%C1°

L=5114C1R

LDA=T10%C104

LDR=C10%C10R

N3=C12%CN

NTB=3124CNTR

NP=C13%CNP

N=313%CNR

‘NIA=C123CNH0A

NIR=3122CNDR

Hzl.~Z*F

At3,1)=Y3/7U
R(1,2)=(YP+R) /7Y
A(Ly3)=YR/YU=2.10
ACL,4)=32,17L%CIAS(THETAY /U
Al2,1)=(Z* (NALNTB)+LI3)/H
A(242)=(Z*NP+LD) /¥
R{2y3)=(Z*HI4LR) 7Y
Q(2,4)=0,0
AC391)=HV+NT IeF* (2% (NI#NTI) 4LR) 74
RAC342)=NP+F* (2P +LP) /M
R(3y3)=NR+F* (Z*NR+LR) /Y4
‘(31")=00 g

‘(“' 1)=0.0

‘(‘0,2)310 0

A QClg 3)=STH(THITA) /COS(THITR)
‘(‘0'!0’=Uo n

‘Bl1,1)1=YDA/U

8(1,2)=Y0R/U
B(2y1)=(SANDAMLNAY/H
B8(292)=(I*NDLIR)/H
B(Ip1)=NIA+F (2, 1)
B8(3,?)=NDR+F*3(2,2)

8Lty 2)=0,0
3(“0?)300 Q

-PINTe

PRINT® -

PRINT®, “LATEIAL A MATRIXT
PRINT* X - 17
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Table II (cont.)

30 40 I=1,b
PQI‘IY 1C, (A(I.J)’ J=1.‘0‘
FIR+aT (5%, 45194 1)
CER QA e
Wy SINTIMUE
gAINT*
pIINTe, “LATIAL g “wATRIX™
PRAIUT*
09 »3 Isl,t
PIIMT 1%, (Q(IyJ)‘ J=1’2)
3 11 FORIAT (53X 2F134 4}
oTITH
45 LRSIt
c“"""‘EIGE“VALUE SQWIUTATIONNGS

x 403 IOINT=ICOUNT+L

k Nzh

: INO=3

74 ) pINT*

b PIINT*, “CHARACTEIVISTIZ £348TION 2J0TING ANALYSIS™
b pPINT 1EC

150 FJQ%AT(II,iX,“ﬂAT?IX 8,7

4 00 300 I=3,N

3 WRITI(5,30D (811,31, 350N

4 301 FOR*AT(iX,&(lPSlﬁ.B))

4 300 CONTINUZ

3 cALL acstctu,a.:,tvo,a:sve;,i::vsc,uoa<)
- PIINT 170, (112140

5 170 F:RwA*t//,sz,uz"zisva:(~,t1,"1-.zsx)./)
3 ¢ HRITZ(6s3) (EIGUALID),I21,)

% 3 FORMAT(1X,8(1261545))

b PRINT 180, (I,I=1sN)

b 180 Foawar(//,rxs,a("szsvz:(",zi,"n'.zsxr,l)
ﬁ 03 3 I=1sY

: NRITZ(6,45) (SI3VES(I e d=1e )

5 FIRMAT(1X,8(12516.30)

Z §  CONTIMUE

_ 03 400 K=1,N

2 , EIGEIGVALK)

3 REI51=216

: IF (REIGL.GT.0.0) 6O 7O 333

REI;?“"(U!-’.')‘QEIG‘.

e
3 EtG:(ﬂ.-i.)'(ZIS+%EISZ)
b CZIFVAL=REIG1#II0 )
' 1F (ETGVAL (K1, 21, CZIGVAL) 0 T2 393
{t EtG=iIGVAL(K)':EIGan
i3 P01:=216
E o QUEGN (K} = SART(20M
3 zsra«u)=qsxaz/oaasu(x)
2 PERIOD(K)=2.‘3.1h1§93l(0455u(<)‘SQQT(1.-Z£TQ(K!"2))
i THALF(K)= .693/10ﬂEGN(<)‘ZEY5(K))
gL PRINT®
] PRINT® "IHEGH( "9 Ko™ =".0%zsw(<).”aao/szs'.' ) 22TAL 3 ™=
X 14 ZETRLK) ] . .
’ CPRINTS
paxut',-rt“,x."t=~,quzoacx),“5339',“ T172(" 9Ky V1 ="s THAL
4¢K),"SECS™
PRINT®

2
&
EA
s
[
b
>
N

e
by
;

E:

e
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Table II (cont.)

69 T, 400
398 PRRINTE
T2(<)=.633772151
PQI"T',"‘"‘?ISJAL(",(.")
gesErIe
PRINT®
59 10 463
339 PIRIZI(K) =1, /RI15G2
THALF (K)=,692721152

IS DIVERSINT

ORI

PQX“T‘,“T(",K.“)=“.PE?IO3(<),“9ECS‘,"
1(X),"SZC5"

OJINT®

400 CONTINUE
1F (ISOUNT.EQ2; 50 T3 1
60 70 2
END

19

e

W g2
Pl

P24

T2(%y Ky ") = T2(L)

TE72(" <) =", THAL
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Table IIT
CALMAT PFlow Chart

START

o R AT R

SRR s 14

READ

N

CASE (I) 3
:
/"~ READ e

Long~ :

STOP Derivatives g

5

X

CALCULATE g

(ﬁi READ 2
lev ag, T3 Rlng & Blong
[f READ PRINT 5
—_ Headings & -
q, "1, W1 A &B /' READ A
Derivative N
READ <=;> s
m,S,E,b,dT . iu
CALCULATE CALCULATE 4

(  READ Eigenv alues 5 2
Ixx/IyyrIlzz Eiq & Alat & Blat i
[ i | £

ey 3
CALCULATE PRINT - PRINT %
Tyxgr Ixzg: Eigenvales & Headings & 31
Eigenvectors Alat & Bilat i,

Izzg 5
é

&)

s

205 A

SRS SRS

120
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Appendix C

Program STATVAR

STATVAR is a digital program that numerically inte-
grates the longitudinal and lateral equations of motion
(first order form, Appendix A) of an arbitrary aircraft,
producing the values of the state variables as a function
of time. Inputs regquired are the integration time step,
the maximum time value desired, the dimensional stability
derivatives matrix, the control derivatives matrix and the
initial values of the state variables. Different schedules
and values of control inputs may be inserted by means of
two control function subprograms. Output consists of a
time listing of the state variables as well as CALCOMP
plots of the longitudinal and lateral time response. The
value of the time step T may be varied within a limited
range without seriously deteriorating the accuracy of cal-
culation, by adjusting the number of terms taken in the
expansion of er. .

Using the first order form of the equations of

motion as developed in Appendix A, they can be written as

=Ax +Bu (1)

Rl

where A and B are the matrices of stability derivatives
and control derivatives respectively. x is the column

vector of the state variables and U is the column vector

of the control variaonles.
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Taking the Laplace transform of equation (1) with

zero initial conditions and rearranging:
sX(s) -~ AX(s) = BU(s)
X(s) = (sT - K)~L180G(s) (2)
FPinding the homogeneous solution of equation (2)
X(s) = (sT - X)‘lfo
and taking the inverse Laplace transform yields equation (3):
R(t) = 171(sT - m~11%, = Pty (3)

where Pt = 1-1(sT - X)L, Pinding the particular solution

of equation (2) for an impulse
Flayso = (aT - A=l L
X(s)imp = (sT - A) B{l}

Let X(s)imp = H(s)*, where H(s)* is a matrix of transfer
functions between each of the state variables and control
variables:

Guse Cusy
e.q. H(s)* = (sT - )18 = AR

. . -

Gége .Gé5{:

Taking the inverse Laplace transform of H(s)* yields

equation (4):
i(ﬁ)imp =L l(sT - 1B = Atp
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It can be shown that an arbitrary control function can
be represented by a summation of impulse functions over
the time interval in question. Therefore, the particular

solution for an arbitrary control input can be written as

Al

t .
X(t)p = JeP(E - BT (1)dt

Summing the homogeneous and the particular solution gives

the complete solution:

- t —
X(t) = eAtib + 6eA(t - UET (n)ar (5)

It is this equation that is numerically integrated by

STATVAR.

Selecting a time step T, the nomogeneous solutions at

times tg =0, t3 =T and t2 = t; + T are
;E(to) = ;EOI

em;(_o . and

%

-
o
=z

1

X(ty) = eAlt1 + T)io = "Tx(tg)

This implies that x(tp) = ez (tn-1)
!
or -
2 X[k + 1371 = 2TX(kT).
%
. For the particular solution
: - . T — - -7 AT —
i ' x(T)p = 6eA(T - 7T)Bu(t)dr = eATée Bu (1)dt (6)

123

R, ot A AT L. o, e

petetpts

& ggf'.w\; (LIS TE

(o=




For small values of T, u(t) can be approximated by a

constant u{(0). Therefore

T .
x(D)p = (eKT(’)e“ATd‘r)ﬁaO)

o
o
b
- -3
bt |
B>
g
%
3
%
%
£
;%
=
B
hd
i
3
<
P

The complete solution is now Ji
_ o g - 5;
X(T) = e""x(0) + (eAT{)e“XTdT)Bu (0) and £
= T T
x(27) = e2ATX(0) + eZAT{(’)e—ATdT—B-E(O)
3 2T~ _
¢ + " TdtBu(T)}
; T

This can be written more simply as
X AT: AT} oKt 55

X(2T) = e*x(T) +1e ée dt} Bu(T)
or, in general
E - XT— KTT - ——
x[(k + DT = e Tx(xT) + (™ e ™PTar)E T (kT)
: 0
X[k+ 1)7] = AT \kT) + A-1 (AT - T)E T (k1) (7

H where eAT can be calculated by a Taylor series expansion:
3 R |
i. e .'I+AT+A 21+A 3‘T+.oooo-o'
Program STATVAR carries out the integration of the time id
domain equation (5) by iterating solutions of equation (7). 5
g 124
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The accuracy of the integrated solution of the state
variable equations is affected by the integration time

step T, the number of terms calculated in determining e/T

B
4
%

from the Taylor series expansion and by the type of

o R e et S 1 AN R S AN

control function used.
The error in the calculation of eAT is determined by

the size of the time step and the number of terms which

e RS Sl Ra (IR

are taken. In general, to maintain a desired maximum
error as thz size of the time step is increased, more terms
must be taken in the expansion. For example, for a T = .1
seconds, a four term expansion will vield an error on the
order of R4 E% ~ 24 x 10-6. 1If the time step is increased
to T = .5 segénds, then a four term expansion will yield
an error on the order of A4 x 10-3. Therefore, more terms
must be taken in order to maintain the desir=d error margin.

Also, in developing the iteration of equation (7), it
was assumed that u(t) was essentially constant over the
time step T. Consequently, a rapidly varying control
function, such 2s a sinusoidal input, will require a smal-
ler time step than would an essentially constant control
function, such as a step input or zero input.

See Tables I, II and III for input requirements, flow

chart and program listing.
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Table I.

% STATVAR INPUT REQUIREMENTS

9

% IFLAG: 0 < indicates longitudinal case only

%5 0 > indicates lateral case only

% = 0 indicates both longitudinal and lateral case
§ 0: indicates number of'terms to be calculated for ePT
% T: time step (seconds)

; TMAX: maximum time (seconds)

E IUNITS: = 0 indicates input angles in degrees

§ = 1 indicates input angles in radians
% M: number of rows of A matrix

‘% N: number of columns of A matrix

5

% MB: number of rows of B matrix

¥

z NB: number of columns of B matrix

AMAT(I,J): elements of A matrix
BMAT(I,J): elements of B matrix
*Note: The units of the A & B matrices must be compati-
ble with the units of X(I), FUl and FU2, e.q.,
radians with radians & degrees with degrees.

X(I): initial conditions of state variables

Control Function Subroutines

Various control functions may be inserted into the program by
inserting different control function subroutines.

gw FUl: elevator and aileron control functions

éﬁ FU2: throttle and rudder control functions

3 Some example control subroutines are included with the pro-
E: gram listing.
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START

READ IFLAG!

T, TMAX

READ
A MATRIX
B _MATRIX

EOF
yes

no

CALCULATE
AT

CALCULATE

A-l

[}

|conpITIONS |

‘READ
INITIAL

PRINT HEAD-
INGS AND
IC's

Table II

STATVAR Flow Chart

CALCULATE

X(t)

|

INCREMENT
TIME

PRINT X(t)
&

UPDATE
PLOT
ARRAY

{

PLOT LONG
TIME
RESPONSE

®
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PLOT LONG
TIME
RESPONSE
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Table III
STATVAR Program Listing

PI032AH STATYAR (INPUT=/38,7J72JT=/170,FLIT)

DIMTNSINN AMAT (a406) 33 18T (4,20, X () yUT(2) 51 (%), LA(8) 2 0L),

: 1 FAT(Ly4) g ATAT (40%) 35X (hal) g AH (4 L)y H(6y2) sHU(Ly 12, XD (1)
c 1 uP (2)

COMMOM/UFUNE /T, TELAL

COMMNM/L NG/ TLC395) ,U(395),0(305),1L (T25) ,TH(3I0S),NI(395),IT(203)

R R A it

w
:
%
b
z
%
3
2
B
3
%
¥

b 1 LaN(2)

- COMMONALAT /T2(305) ,P(3N05),°(705) 4332 (205) ,0H(T05),NA(TI5) 422( 315}
- 1 LAT(2)

E INTTGSR O

e N31 = 0

? NP2 = 0

1 READ® ZIFLAR, 0, T, THYAY, TUNITS
IF(TOS(SLTIMCUTY) 150,10
IF(TELAG.GTa ) RITAD 5, (LAT(T),1=1,2)
S FOR“AT(?a10)
RIAI* 44,0, 4P ,41
IF(ZOF(SLINMPUT)) (L0, 20

20 RIAT® L ((ANMAT (T4 0) 4yJd=1,),1I=
RIAN®, ((3MAT (T,J),0=1,47),T
NPLIT = TMAY/T/399,
NPTS = THMAX/T/N2LOT
IC(NPTSGT,292) 4°LOT=NPLIT+1

e CALL FATYATC(AMAT,IAT,4ZAT,4,N,0,T)

- DY 30 I=1,M

L4
:1,

)
4¥3)

5 00 20 Jy=1,¥

g 30 AT(T,J)=AMAT(I,))

! CALL MTIN(AI,H,7,LA,44)
; IT(N,7040.) G TO 150
3 RIAN*, (X(TI)y I=1,)

! TTHT=0,

% IPLOT =

E UT (LY = e4(TTOT)

: UI(?) = FU2(TTOT)

b

IF(TELAG) 60,460,510
W0 PRITUT 41, LOM(1),LON(2)
W1 FOPMAT(1X/17X,“LOMGTTUNINAL TIMZ 2ISPONSI“/20X, 2310//5%, " TI4I",7X
17Uy Xy “ALOHA" 3Ky 8, T ITA® 47X,y 0T "5 IX,IT ")
69 70 60
50 - PRINT 51, LAT(1),LAT(2) .
51 FOPMAT(IX/20X,“LATERAL TIMI 27SPONSI®/21¢,2810/ /5%, TI4I",5%,

8 0 el A P

g

D7
O

L17QETAS, TX 3P ANy "Ry Ay P 4Ty 3X 3" IH*yIX, "0R")
50 O a0
68 PRTIUT S1y"THIT C0*N™,y (X(I)oI=1,4)yJI(1),I1(2)
61 FOQ"'-TU.X 'A:.‘ ,?X,e% ‘;) 1Xy:30 “'?X,=9.5,1X,71-0o5,2 (ZXQFQOS))
CALL MATHULT (AT, ATAT, AH, 4y N, .
CALL MATYULT (A4, 3%AT,4,H,4,42)
70 UI(1Y = FULCTTOT)
UI(?) = FULTTID)Y
CALL MATHMULT (ZAT Xy GX9MyNy 1)
- CALL MATMULT (41T ,4U,9241)
CRLL MATADO(GX,4yX4Hy1)
- TTOT=TTOT +T
> . IECIUNITS.EN.M 6N TO 75
b 00 75 I=t,mM
5. XP(I) = X(I)*57,295

L C IR L LA

R s s S

SALH RIS

-

.
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Table III (cont.)

ue (1) UI(1)*57,29F
ye(?) = UTI(2)*57,295
IF(TELAG. LT, 1) XP(1)=X(1)
TF(TFLAG,LE. D) JP(2)=11T(2)

52 72 80
76 N2 7 I=1yM
77 X2(T) = X(1)
ue (1) = Ui(1)
ys(?) = UI()

80 PITUT A1, TTOT, (XP(I), T=1,4),"12(1),JP(2)
81 EOOUBT(IX,C1 0,6, 1%, FOe5,1Xy7 35,23 FFe591%X9F1045,2(2X,F3e5))
IF(IFLAG) 90,317,109
c

Cessvssy DAATT LONGITUDIMAL PLOT ARRAY
c
an IPLAT=INLOT+1
IF(IOLOT, LT, N2LOT) GO TO 35
IPLNAT = 9
NP1 = NO1+%
T1¢4PL) = TTOT

U(N2L) = XP (1)
AL (YP1) = ¥P(2)
LAY = X2 (3)

THNPL) = XP (L)
9z (NP1) =11P(1)
AT (MP1) =UP(2)
a5 IT(TTOTLT,TH2X) G7 T9 70

G0 TO 119
c
Cessevsy NDOATZ LATERAL PLOT ARAY
c

100 IPLOT = I2L0T+1
IF(IPLOTL LT, HPLOT) GO TO 135
IPLOT =0
NP2 = NP2+1
T2(NP2) = TTOT
8T (4P2) = X2 (1)
P(NP?) = XP(2)
R(MP2) = X°(3)
PH(NP2) = XP (&)
OW (\1P2) =UP(1)
03 (102) =Ue(2)
105 IC(TTOT.LT.TYAX) GO TD 70
GO TO 110
110 IF(IFLAG) 131,120,170
120 IFLAG = 1 -

62 7O 10
[
Cessvess 0L 0T STATE VARIAALES
e
130 CAaLL OQUTPLOT (NP1,NP2)
50 TO &

140 ST0> "“INSUFFICIZINT DATA CARDS®
150 STO™ “A M TRIX IS SINGULAR™
160 sT0? :

.ENT

129

- , . .
St den STt ek etz 2T DA, CARP aart bl x PO

2o i (f,&éﬁy Ve

P DU 2o

15,
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Table III (cont.)
SUAPAUTING CATMAT (AHAT, AT, 8747, 4,%,0,T)
DIMTNSION AMAT (191 gATNT (L3 L) AP (g +) 95 {4y )
DIMTMSTION IO, u) fESUTLhy%) y TAT (M) N) 5 AZAT(M,1)
INT G2 4,19
93 2 I=1,4
Ny 2 J=1,4
19(T, =) .
ATNT (I, ) =A¥AT (I, ) *T
73 3 I=1,M9
IX(7,T)I=IJ(T,0)¢+1
0 5 K=2,0
SALL YATSOW(AMAT,2PDH,4, YN, K)
Ny L4 T=1,%
00 =~ J=i,%
G(I,J)=(2A20H (T, JYR(T#8K))/FLOT(L)
GALL 4ATAID(G,ATMT, ASHH, 4, \)
99 3 I=f,M
00 3 J=1,M
ATHT (T, J) =2SUN(T, ))
0l 65 T=1,1
80 5 J=1,N
ASAT (T, ) =ATNT(T, D)
EAT(T,,JI=AFAT(I,JI+IN(Iy )
QI THAN
€N .
INE MATADD 7L/76 02T=t ETN LeS5++1%

%
3
:’%
g
é
i
%
g
g
i%

w-{

AHAR I

55 )

SUAdIYTINE MATAIN(A,7,5,4y V)
DIMENSTON ACMyN) 3 (M 1), 8 (4,0
DY 1 I=1,% 4
00 1 J=1,M 2
1 B(T43)=A(15J)+3(T4J) g
RETIN
£yn
‘INE MATPOW L 76/76 OPT=1 FTN 4eSehll

st benn N ret Sl

SYNCOUTINT MATPIN (R 4CyMeNy3J)
DIMTMSION A(H,‘I),3(’-,5),0(‘1,‘!\,'1(50,'4)
INTEGTR O
IS0MNT=1
Nl 1 ¥=1,4
no 1 J=1,%
D(Is)=A(1,J)
1 (I N)=A{IJ)
3 93 2 I=1,M
N3 2 J=1,N
ctl,J1=0
09 2 K=i,N
2 C(I,J)=C(I,J)*W(I,()‘1(K,J)
TSOINT=IZOUNTHL )
IF(ICOUNT GE L2150 TO 100
00 % I=1,M4
00 & J=1,4N

& DCXyJ¥=C(1,J)
3 713

100 CONTINUE
RETYIM
END
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FUMATION EAS T Table III (cont.)
INTZGTR M,2
A=1
99 1 K=i,N
1 A=3+K
FACT=A
ETIPN
yn
MATMULTY T4/ 74 02T=1 SIN LoD +ala
SYARQUTTINS MATMILT(A, 2,CyMyMyT)
DIYINSION 8(4N) 933(437)42(4450)9)(4,0)
INTICER My, 0
N) 4 I=1,H
Nl L J=1,1H
1 (I, N =A(I,43)
Ny 2 I=g,M
ny 2 J=1,0
C(I,3)=0
0 2 K=1,N ’
2 ClI,NN=C(I,I)+(T,K)*3(K,I)
QT THDY
ZMn
QUTPLOT 747748 noT=4 ETN Leo 40l
SUB20UTTNS QUTPLOT (MN1,N2)
COM4ON/ZL NG/TL(309) ,U{335),0(3I05),AL(303),TH(305),22(315) ,T(T96).

1 LIN(2)
SOMYOMN/LAT /772(3%03),P(3N5),5(3N5),3E(305) ,PH(I05),IW(335).72(305).
1 Lar(2)

CALL PLOTS(3IM
CILL PLOT (4. ,‘:-)t ,‘3)
IFM.z0,9) 60 T3 30

Cc

Cesasvyy | ONGITUDINAL VARIASLES

c
CALL SCALE(T1,4,,151)
LES)]

c

c.ll“OO DLOT 0:."_, OT

c

CALL PLOT (1, y14y=3
10 CALL AXTS (N4 ,0ey L1HT (STCONDD ,o1l,bas0ey TLINLSL) ,T1(N142))

CaL, AXIS (06 9044y 12HNT (DI5II3) 94125249900 9=204 32%)
. CALL AXTIS {4, 3043 10HDT (UNITS)y=10924330e9=194510,)

D% {NL1+2)=-20,

DE (ni+2)=21,

AT (t1+1)==10.

0T (H1+2)=10,

J1 = Ni/10

CALL FLINI(T1,03,-N1,1,J1,1)

CALL FLINS(T1, T y=N1y15J1,2) .

ClLL QY"aOL( 1.53,4 2. 10"0,125"‘0,‘1)

CALL SYM20L(14804249407y 324 044~1)

CALL SYN30L(2.0012. 9021’ 73’ 3.,‘1)

clLL SYP'\OL(E.Zl,Z. 902'0’125"‘0 ,’1)

CILL SYH’!OL(?.kZ,z. 9107’ ‘679 0.,'1)

- IF{MeEQet) GO TO 20
M=1
CAtL PLOT (6. 20e9=3)
60 T 10 131 i

P e e - PN s

T e ey~ e e 5 = e e s —~—rs.
T T T T 3 AR ; e N
e'x%ﬁﬁﬁﬂﬁﬁv$mm@k@?%ﬁﬂ&%ﬁﬁ%@@ﬁﬁ%ﬁﬁﬁﬁ@yﬁﬁﬁﬁﬁ@&@ﬂﬁ.

B e 2 v N S AR L e

P T A A S Y e



PO PN . s I e R R S A G

- =
1 Table III (cont,) g‘
4 . C ks
Ceesesss 0L g7 ALPHA 2%
c g
20 SALL OLOT (=5493e84=3) :3
CALL SCALT(ALy2.4"1,1) &
CAL'. A\(‘!S(m ,!1.,!‘1 ".’50"!’0 ,Tt(‘l“ﬂ.?l(‘ﬂ‘?)) ‘,:f‘
CELL AXIS(Me 90 g OHININRTTS) 3 #3,24930¢ 8L (NTHL), AL (HE+2)) L&
COLL FLTIT(TL,AL,=N1,1, 0,1) .
: CALL SYHSOL(Zo,?.,.ZS, ‘31,”.,-1) é
g;.-..u. oLNT THETA d
¢ i
{ COLL PLOT (R4 904y =3) %
! DALY SCALI(TH,2,,%1,1) 3
CALL AXIS (04 900 sLlY y=f9heye TL(N1+1),T1(N1+2)) &
SALL AXTS (0 904y QUINTHITTR) , 435245304, THIYL41) 5 THINL +2)) %
CALL FLINI(TY,THy~N1,1, 0,1} ’%‘
CALL SYMI0L(2¢9209e2L3ibbyNeg=1) %;3
g“““. :)L(\T ]J ;g
INZ ouTeLoT 74776 DERESY TIN LoS+41% 3
b
CALL PLOT (54434 0,=3) ES
CALL SCALZ( Uy249M1,1) jé
CALL AXIS( 04 900slH s=L19hs90u yT1(N1+1),T1(N1+2)) 3
CALL AXIS (e gNey94 (FT/SEZ),#2,2 .30ey U{NLI#+1), U(N1+2)) A
CALL FLINZ(T1, Uy=N1,1, C,1) ‘;g
CALL SYM3OL( 269269021y 48y04y=1) %
gowuuao oLOT 3
¢ g
CALL PLOT (FesNey=") i‘
CALL SCALZI( Ny2,,4%1,1) 'f"
CALL AXTIS (00 9legl™ g=l9be9 Doyt 1{NL+1),T1(NL1+2)) E
CARLL AXIS (04 9069 3H(0S5/S22) 93 #95249300y A(NL+1), Q(M1+2)) -
ClLL CLIN::(TI’ _),'Niyiq ﬂ,l) * ‘?;%
CALL SYHADL( 20926 9ePLy 4i9TNey~1) iﬂ;
CALL SYM3INL(=343592e39¢18,264LONGITUIINAL TIMT RISOINST,0,,425) &
Cll.l. SYHBOL('Z.B’Z.F).15,[.9“(1),0"’.0, b
CQLL SYH-’!OL(-i.'],?.."-,o 151L3N(7) ,00,10)
c
Ceessass | ATERAL VAQIABLES
b .
30 IF(ML.ENG 0) CALL 2LOT(0ey5e9=3)

cALL
LEZY

IF(N2.EN,0) G TN 60

s o g T B

SCALS(T25b, 3N2y1)

BN

AR Y

YN

2

SARZD
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AR

&%
c Table III (cont.) %
Cessesss OLOT TP, M 1
¢ CALL PLOT (74 =64 y=3) 3
- L - “Hey = 3
Y1) CAtL A;IS(“:;"..;lHT (S:COW“g)y‘il,k.,ﬂ.,TZ(VZOI),'2(“?03)) ?
cat. ﬂXIS(Oo,10,q“(nfﬁiiis),*qg?o,30¢,'?0-,20.)
nNdo (*12+4)=-20,
N(12+42)=20, ]
AN (C12+1)=-20, i
N4 ((M24+2)=720, ‘
J2 = nz/4n :
carL FLINT(T2,NRy=N2,19J2y1) 5
ceLL FLTNT(TZ,OH,-N’,i,JZ;?) é
caLt SYMWOL(io59p2-,a”b,1’3,1..-1) %
cALL QY"R’)L(L%'],?;,.Q?; ";1907'1) ’:
caLe SYM3AL(2:.7%5 %0 5421y 23y 0sy=1) ;
caLL eYMINL( 271y ,.710,1"5,’)- s=1) ;j
CALL °YF‘3’JL(".1¢’,2. 1.'17, 50, "o,'i'l %
TF(*,T0.,1) GO T 70 %
=1 %
CALL DLCT(FQ ,n.,"” i*
7079 40 3

e et sl BN A R SRR G T SO N A5

5
R

s
3
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3 Cosseesr vLUl 3=in
¢ TaLle III (cont. )
50 CALL OLOT (=fayleNy=12)
CALL SCALZ(R7,2,,%2,1)
CALL AXTIS (00 3Jaa1H s=1,80500 T2(N2H1),T2(MN242))
CALL AXTIS (06 9Ney IHIOINRETT) 9 475244304982 (N2+1),2(12+2))
CALL FLINE(T2,I,4='i%51y 1)
CALL SYMIOL(Z24e92¢9023) B29049~1}

o

c
NI OUTRLOT 76774 9eT=4 TTN Ga5+h14

< S

Ceesvvavy DLOT PHI %
G 3

CALL PLOT (64 30ey=3) :

CELL SCALZI(PHy24,%2,1) %

CALL AXIS(0e,Meg1¥ 5=1y5,4%.,72(N2¢+1),T2(N242)) F:

CALL AXIS (04 504, 9H(NIGOPEIC) 4 #2,2,4,30,49PH(N241),PH(N2+2)) §

CALL FLINI(T7?,24,~N2,1, 0,1) g

CALL SYM30L( 2092490235100y 0,,-1) ko)
¢ :
Cessemne N T O £
c

CQLL °L0"(-5u".0,-?)

CALL SCALZ( 2524 4N2,1)

CALL AXIS (N, 90aygiH g=148,,04,72(H2¢+1),T2(M2+2))

CAEL AXIS (R 3049 3H(NSR/STZ) 5 #342493049 P(NZ2+1), O(N2+2))

SALL FLINI(T2, 2,=M2,1, 3,1)

CALL SYM3O0L(2e92s9e21y 4390e9=1) b
g&vuu¢ls 21T R §l
¢ .

CALL PLOT (6. ’0.,’3)

‘CALL SCALZ( Ry2,,M2,1)

CALL AXIS (0437091 y=1s4e904,T2(N2¢2),T2(N242))

CALL AXIS (N, 4049349(326/SI0) 3434245304y UAN2+1), R(N2+2))
: CALL FLINZUTZy yp=241, Gy1)

- CALL SYM3IOL( 249269021y 45y04,=1)

L GALL SYM30L(=243042489418424% LATEAL TIMI RESPOMSE 04 4921)
y CALL SYM30L(=24592e55+25521T(1)04,10)

Y CALL SYM30L{=1¢732¢55415,L1T(2) 3% ,10)

80 CALL PLOTZ(ILUHUY)

RETURM i s
¢ .
© END

ON FUL 76776 0PT=Y FTN 4o3441% :

]
FUMSTION FUL(TTAT) {3

K ELEVATOP/ATLE0Y 2520 INPJT }
RITURM ) ‘%

- - END - . :
ON FU2 - 74774 097z . FIN 4e5+H1h .

FUNSTION FU2(TTIT)
THROITTLE/UIIER IMIULSE IV’UT
COMMON/ZUFUNMC /T, IFLAG i
TIMP = 0, £
FU2 = 0. N

" o SCTEmET—— P S N S
REEEATET G S ORI SRS 3 &y
[V S
(2]

IF(IFLAGY LEe Mo ANDTTOTLGE, TIMP ) FJ2 = 5, i3
IF(TFLAG: Ty A ANDTTOT,GI . TINPP) FJ2 = 4175 i
IF(TTOT LGS TIMI+T) FU2=0, {
RETUIN 134 H

.
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Appendix D

FLEXSTAB Evaluation, Flow Charts and Input Listings

This Appendix evaluates the FLEXSTAB programs used in
this report by discussing their overall effectiveness in
meeting the requirements of the previous sections. Flow
charts and input listings are also provided.

Generally, the use of the programs needed in this ana-
lysis is simplified by a wet«l written user's manual. Many
of the programs can be executed successfully only after
one or two trial and error attempts.

The Geometry Definition (Gﬁ) program of FLEXSTAB is
the easiest to understand and to use. However, some minor
improvements in the plotting of the model would he very
helpful. For instance, the fuselage camber definition
needs to be plotted in order to give the user a better
physical picture of his results. Also, as a minor change,
the slender body fuselage definition plot should be shown

closed at both ends. There is some possibility, in pre-

.paring the data for the fuselage definition, in which the

user may in error leave the nose and tail open. If not
desired, this creates erroneous calculations of the model's
stability and control characteristics. These problems are
avoided by using the program listing, but a more detailed
plot of the airplane is by far more efficient in spotting

errors.
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The Aerodynamic Influence Coefficient (AIC) program

of FLEXSTAB is, internally, the most complicated. This

PR

program uses the GD data to define the model aerodynamicaily.

gé
=
3
3
3
e
-
3
2

However, this is done for only one Mach number each time the

PRI AVCE

program is executed. Due to the high time and cost of exe-

I ATy L

cuting AIC, convenience in changing the Mach number for

ke the model is not available. This is a possible improvement

208

area needed in this program.

The Internal Structural Influence Coefficient (ISIC)

|
00 S et

8

program is far more complex than the GD program in

defining the physical characteristics of the model. It is

R e G RN

also the most difficult to use, particularly in trouble-

SV AR B P PR S

shooting errors in input data. For example, even though all

A g

the structural information input into ISIC must be defined

T3
—r—

z

gL
E
&

for all slender and thin bodies defining the model, the

program will execute successfully even when this requirement

o is not satisfied. Needless to say, this could have serious '
effects on subsequent programs where the results of ISIC
are used.

The Stability Derivatives and Static Stability (SDSS)

VLT v S S0 Yy B P S e Yo 0 SRS B

program uses the results of both GD and ISIC in its calcu-

R
&

3
B
bt
s,
2
e
b:
b
3

2

<
}'A :

lations. This program does not create significant problems

5
R 2 (NP SRR

in preparing input data but so. . improvement is needed in

SO TIASTL & oot fo 9T

clarifying the program's output. §

The static and dynamic stability derivatives that

are listed by SDSS are in the stability axes system of

136
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the model. Illowever, no where on the listing does it
indicate this. This creates problems if the data is sub-
sequently used for a dyuamic analysis, as it was in this

report, and the incorrect body axes system is used. How-

A
5
A
Y
o
B
3
¥
3
Fx
%
B
é
&£
‘}d
=i
by
X
Z
%

»
:%
£
b
b
N

ever, this is only a problem when a dynamic analysis uses

programs external to FLEXSTAB.

4 The stability derivatives on the SDSS listing are
generally quite clear and are shown in a standard format.
,— The one exception, however, is in the speed stability deri-

vatives. As listed by SDSS, CL(U), CD(U) and CM(U) are

QR NS

R WA 20 R YA

not the same as CLu, Cpy and Cm,. The FLEXSTAB values are:

PR SR

7 CL(U) = CLy + 2CL3 =
4
X CD(\U) = Cp; + 2Cpy 3
. &
' CM(U) = Cma + 2le
9 This is not clear on the output listing and some improvement i

® i b

here is also needed.

feg

p? in tabulating the rigid and elastic model FLEXSTAB
data with flight test values in section II, there is good
correlation seen in those values compared. However, refer-

ring to Appendix E, there are a number of other FLEXSTAB

derivatives that are shown but not used in this report.

Generally, these values are unsteady derivatives and are

74

not easy %o interpret.physically. They are assumed to

have little or no impact on the research objectives and

results of this study. Also lacking flight test or wind

YRR
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tunnel data for making comparisons precludes any attempts
to validate them. Note that the derivatives used in this
report are those included in the aircraft equaticns of
moticen discussed in Appendix A.

FLEXSTAB, with only a few exceptions, is seen to be
an accurate and effective analytical tool. It appears to
do well in predicting rigid and elastic aircraft character-
istics withir .e limitations of nonviscous linear potential
flow theory.

Figures 1 and 2 of this Appendix display the two
general program sections of FLEXSTAB. The cross hatched
sections shown were not used. CSample input listings for
GD, ISIC and SDSS are shown in Tables I, II and IIl, respec-

tively.
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Appendix E

FLEXSTAB lodel Data Tables
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Table IT . %

FLEXSTAB Rigid Short Tail Model Data (Flight Condition 2A) g

*Short Tail* ;

No Winglets With Winglets With Winglets 3

(Rigid) (Rigid) (Rigid) ;

Mach 77 77 77 8

h (ft) 28,500 28,500 28,500 3

V(£ps) 771.47 771.47 771.47 ;

¥

q(psE) 279.98 279,98 279,98 §

v (deg) 0.0 0.0 0.0 %

6p (deg) -.89 -.941 -.941 %

e:g:;

e (deg) 1.11 1,059 1,059 g

Y 2

c.g.C .321 .321 .321 %

6 _f 2 s

I, X 108 (s1-ft2) 2.05 2.05 2,05 %

&

*.< Iy X 108 (s1-ft2) 2.46 2.46 2.46 %

I, X 106 (s1-ft2) 4.36 4.36 4,36 %

6 F+2 - - - :

| I, X 10° (s1-£¢%) ?

H

Weight (1bs) 130000.0 130000.0 130000.0 e
Ty (1bs) 2600, 0 2360.0 2360,0
Sqrpoy (d€9) -.83 -1,26 -1.26

*Mass moments of inertia wrt principal axis system,
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Table IT

FLEXSTAB Rigid Short Tail Model Data (Flight Condition 2A)

- cont'd

No Winglets

Lateral

With Winglets

*Short Tail*
With Winglets

(Rigid) (Rigid) (Rigid)
Cyq (1/deg) -.0116 -,0134 -.0111
Cpg (1/deg) -.0026 -.0034 -.0029
Cyg (1/deg) .0032 ,0034 .0024
CYp(l/rad) ~.1786 -.3218 -.2976
Cgp(llrad) -.4959 ~.5577 -.5533
CNp(l/rad) .0135 ,0344 .0233
Cyp(1/rad) 6615 ,7532 6192
C,p(1/rad) .1892 2222 1975
Cyp (1/rad) -.2677 ~.2851 -,2237
Cysp (1/deg) 1.31 x 107" ,94 x 10~ 34 x 1074
Cop(1/deg) -5.74 x 10-* -5,9 x 10~* -6.01 x 107"
Cysa (1/deg) -1.32 x 10°*% -1,27 x 1074 -.99 x 107%
Cyop (1/deg) .0076 ,0075 ,0066
C,op (1/deg) .00084 ,00084 ,00066
Cyor (1/deg) -.0034 -,0034 -.0030
Cyp (1/rad) -.1784 .1746 ~.1988
C,p(1/rad) -.0022 ,0030 .001€
Cy (1/rad) .0036 .0036 .0104
CYﬁ(l/rad) -.155 -.133 -.1108
Czﬁ(l/rad) -.0097 .0055 ,0100
CNb(I/rad) .0669 .0637 .0532
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3 Table 11
b FLEXSTAB Rigid Short Tail Model Data (Flight Condition 2A) - cont'd
3 *Short Tail*
4 No Winglets With Winglets With Winglets
E: (Rigid) {(Rigid) (Rigid)
k CYf(l/rad) -.0171 -.0185 .0028 ]
G C,;(1/7ad) .0022 ~.0001 ,0019
CNi(l/rad) -.0192 -,0193 -.0275

Dynamic Modes Comparison

*Longitudinal*
Short Period
w_ (rad/sec) 2.37 2.65 2.65
Period (sec) 3,67 3.03 3.03
z .691 621 .621
s.p.
i T% (sec) .423 421 421
3 Phugoid
wn(rad/sec) .061 .060 .060
3 Period (sec) 103.74 104.53 104.53
% Cp .010 .011 011
A % (sec) 1135.44 1044,84 1044.84
. |
é”g *Lateral*
E i
% g Dutch Roll
3
A wn(rad/sec) 1.93 1,98 1.66
: Period (sec) 3.3 3.22 5.83
; ;DR .153 .168 .158

T% (sec) 2.36 2,09 2,65




- RN A R AT R e 8
e g e = TR SIERY | A r SR B 35 TSRO T

o e e T R 5

el a e e e

5,
. o §
= 1L0wﬁﬁ}&m&‘m@5ﬁﬁh§&mﬁ’ﬁ

Table 11

FLEXSTAB Rigid Short Tail Modcl Data (Flight Condition 2A) -~ cont'd

3
. . *Short lail* g
| No Winglcts With Winglets With Winglets %
3 (Rigid) _ (Rigid) (Rigid) %
E Spiral :
b )
T!/10 (sec) 675,68 470,42 358.3 g
TS (sec) 203.4 141,61 107,86 ;fg
o &
Roll i
L T/1¢ (sec) 1.242 1.113 1,113 2
T% (sec) .374 .335 .335 :
@
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Tablc 171
FLEXSTAB Elastic Model bata (cont'd)

Longitudinal bata for Cruise 3

CLGS (1/deg)
CDBs (1/deg)

Cyss (1/deg)

“L1

Cp1

Cn1

c

0
(=)

L3
5 (/rad)

(1/raaq)
(1/rad)

(1/rad)

o (1/deg)

(1/deg)
(1/deg)
(1/rad)
(1/rad)
(1/rad)

(1/rad)

. (1/rad)

(9]

. (1/rad)

(1/rad)
{1/rad)

No Winglets

With Winglets

ao sfas = - e x . W A .
SaalAET St Sl DO SN oyt o ATl I Lo/ o S SR £ e 4 3 P e

Rigid Elastic Rigid LElastic
.2401 .2073 .2509 2100
.0049 .0038 0044 .0033
‘-.0549 -,0419 ~-,0691 ~,0474
1.2883 1.1666 1,2927 1,1503
.1648 .1486 1629 . 1449
.0013 .0517 -.0022 0729
.0831 .0772 .0855 0782
.0129 .0122 0125 .0116
-.0184 ~.0144 -,.0214 ~.0159
9.7516 9.1391 10,0542 9,2709
.7448 .6773 6774 ., 5913
~15.8058 ~-14,7360 ~-16,2204 -14,9776
.0096 .0103 .0096 .0104
.0011 .0012 .0011 .0012
- .0281 ~.0267 -.0281 - -.0268
€720 .6025 .6893 .6034
.0868 .0775 .0874 .0765
-.0270 .00°0 -.0444 ,0020
-1,0139 -.50%6 -1.5030 ~.7633
-.2007 -.1246 -.2376 -.1368
-6.7647 -6.5758 -6,2265 -6.2853
-9,5543 -9.1060 -10.4705 .=~9,6547
-1.1385 -1.0723 ~1.207, -1.0996
~-4.4516 -4.3491 -3.4729 ~-3,7398
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if Table III

g FLEXSTAB [!-~ztic Modcl Data (cont'd)
b

: Static Stability Paramcters

CRUISE 1 No Winglets With Winglets

Static Margin (Rigid) .2235 . .2572
(Elastic) .1709 .1830

e Neutral Point  (Rigid) .4534 .4893
3 (Elastic) .4008 4152

LT A MW a2 e s umo

By Neutral Point Shift -.052% ~,0741
1 (Elastic-Rigid)

k- Maneuver Point (Rigid) L4779 ,5145
4 (Elastic) 4226 4372

KB 105 2y 8 8 SIBATIRY,

3 Maneuver Margin  (Rigid) .2480 ,2923
3 (Elastic) 1927 .2051

NS

Lengitudinal Control

3 Per G for Steady Pull-Up

E (Deg/unit load factor) .

N (Rigid) -3.4111 -3.9361
(Elastic) -2.8686 -3,0590

8 Stick Speed Stability .0091 ,0100
s (Deg/ft/sec)

S T R T T
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Table TIT
FLEXSTAB Llas*ic Model Data (cont.'d)

Static Stability Paramcters

CRUISE 2 No Winglets With Winglets

b Static Margin (Rigid) 2318 . .2684 ;
A (Elastic)  .2052 .2290 5
3 Neutral Point  (Rigid) 4617 ,5005 :
E (Elastic)  .4351 ,4611 §
-’ ‘%f‘],;
i Neutral Point Shift -.0266 -.0394 %
i (Eiastic-Rigid) %
g %
3 Maneuver Point  (Rigid) ,4743 ,5135 i
4 (Elastic)  .4470 \4733 §
i% Maneuver Margin  (Rigid) .2444 ,2814 i
(Elastic)  .2171 ,2411 :

Longitudinal Control
Per G for Steady Pull-up

SPslihaa g o

d

i ‘ (Deg/unit load factor)

4 (Rigid) -6,9187 -8,0827
3 (Elastic) -6.3949 ~7,1555

3 Stick Speed Stability .0205 ,0229

£ (Deg/ft/sec)
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Table 111
FLEXSTAB Elastic Model Data (cont'd)

G I A i

Static Stability Paramcters

CRUISE 3 No Winglets With Winglets %
¥
Static Margin (Rigid) L2211 «2507 3
(Elastic) ,1870 ,2030 t
Neutral Point  (Rigid) 4510 4828 :
(Elastic) 4169 ,4361 %
Neutral Point Shift ~,0341 «.0467 X
(Elastic~Rigid)
Maneuver Point (Rigid) .4928 5257
(Elastic) .4558 4756
Maneuver Margin (Rigid) .2629 2936
(Elastic) ,2259 .2435

Longitudinal Control
Per G for Steady Pull-up
(Deg/unit/load factor)

2o 0 R IR 1 S R E A S N B

(Rigid) ~5,9830 ~6,7604
\Elastic)  ~5,3997 -5,8477
Stick Speed Stability .0214 .0234
(Deg/ft/sec)
-
,: }
e !
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Table III

FLEXSTAB EFlastic “lodel Data (cont'd) _%
i;%
Lateral Data CRUISE 3 ";3
3} No Winglets With Winglets ¢
9 Rigid Elastic Rigid Elastic e
- Cyg (1/deg) -.0105 -.0097 -.0120 -,0110 F ]
4 C.. (1/deg) -.0020 -.0018 -.0025 -.0020 i3
§ %8 13
4 Cyg (1/deg) .0030 .0026 .0032 .0028 i
4 '
- Cy, (1/7ad) ~.1626 -.1537 ,2790 - 2433 g
4 Cyp (1/rad) -.4364 -,3612 ~,4833 -,3803 }
3 Cyp (1/rad) 0277 .0221 .0441 .0316
4 cY (1/rad) ,6414 ,5952 ,7319 6717
- C,. (1/rad) .2264 .1931 ,2530 ,2004
8
4
- Cyp (/7ad) ~.2798 ~,2586 -.2981 -.2730
!
| CYGA (1/deg) .000095 .000068 .000071 .000059
4 Cogp (1/deg) ~.000486 -.000412  ~,000495 ~,000416
7 Cysp (1/de) ~.000080 ~.000070  ~,000077 -,000070
k Cyer (1/deg) .0064 .0052 .0064 ,0052
b Coep (1/deg) .0003 .0003 .0003 .0003
5 R
€ Cysp (1/deg) ~.0030 ~.0025 ~,0030 -,0025
| Cyz (1/rad) -.1748 -.1678 -, 1735 ~.1666
| Cyp (1/rad) -.0010 -.0001 .0015 .0014
%i Cyp (1/7ad) .0033 .0001 ,0032 ,0000
- Cy, (1/rad) -.1200 -.1129 -.1057 ~.0193
- Cpy (1/7ad) -.0085 -.0068 ~.0001 - 0u.
E Cyp (1/7ad) .0544 ,0511 ,0512 .0482
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CYf (1/rad)
Cﬁi ((1/rad)

CNf (1/rad)

FLEXSTAB Elastic Model DataAigpnt'd)

Table III

No Winglets
Rigid

Elasti

C

With Winglets
Rigid

Elastic

-.0001

.0001

-.0197

-.0046
~.0003

-.0177
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