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ABSTRACT

Linearized six degree of freedom rigid body
aircraft equations of motion are presented in a
stability axes system.

Values of stability derivatives are estimated
for two representative STOL aircraft - the DeHavilland
of Canada "Buffalo" and "Twin Otter". These estimates
are based on analytical expressions included in the
report. The combination of the equations of motion
and the estimated stability derivatives provides an
aircraft model which is useful for Navigation, Guidance
and ATC Studies.

Resulting transient responses to control inputs
are presented.
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SYMBOLS

a 2irplane lift curve slope rad_l
a lift curve slope of surface () -1
() (of wing when no subscript) rad
AR() aspect ratio of surface () = b%)/S() -
(of wing when no subscript)
b() span of surface () (of wing when
no subscript) ft
c() mean chord of surface () (of wing
when no subscript) ft
C() nondimensional stability derivative
(defined in Section VI) -
CDf parasite drag coefficient ©f aircraft -
Cy, lift curve slope of wing rad—l
o
D aircraft parasite drag lbs
e wing efficiency factor =
F() force component along the () axis lbs
g gravitational constant = 32.2 ft/sec2
h altitude ft
h height of fuselage at wing root ft
h CG position, fraction of c =
h, neutral point of aircraft, fraction of c -
H() component of angular momentum along 5
the () axis slug-ft~/sec
I()E()E() unit vectors along the X,Y, and Z
axes of the () coordinate frame,
respectively -
IX,Iy,Iz aircraft rolling, pitching, and yawing
moment of inertia, respectively (further 2
defined in equations 13-15) slug-ft

iii



L,M,N,

AP ,AQ, AR

product of inertia = [xydm
product of inertia = fyzdm
product of inertia = [fxzdm

scalar components of the
applied external moment along

the XA’ YA’ and ZA axes, respectively

distance, quarter chord of aircraft
mac to quarter chord of surface ()

mass of aircraft

scalar components of the angular
rotation vector of the aircraft
along the XA’ YA’ and ZA axes,

respectively

perturbed portion of P, Q, R,
e.g. AP = P - P,

dynamic pressure = % 0 VE

: _ d
laplace transform variable = It

area of surface () (of wing when
no subscript)

time
change in thrust due to pilot

throttle input

scalar components of velocity of

the aircraft along the X_, Y, and Z
" A A A

axes, respectively

perturbed portion of U, V, W,
e.g. U = U - U,

equilibrium or reference value of U

resultant velocity vector of aircraft
=\/u2 + v2 + w?

width of fuselage at wing root

weight of aircraft = mg

scalar components of the applied
non-gravitational external forces
along the Xnv YA’ and ZA axes,

respectively

iv

slug-ft
slug-ft
slug-ft

ft-1bs

ft

slugs

rad/sec

rad/sec
1bs/ft?

sec™1

ft

secC

1bs

ft/sec

ft/sec

ft/sec

ft/sec
ft

1bs

lbs



AX , DY, AZ

X, Y, 2,

Yq

()
,%,v¥

AQ,AD,AY

P

o}

T

Subscripts

A

c

axes defining the () coordinate
frame

perturbatim portion of X, ¥, Z,
e.g., AX = X - XO

distances along the Xp v ¥A’ ZA
axes, clarified by subscript

distance, aircraft centerline to
inboard end of aileron

distance, alircraft centerline to
outboard end of aileron

angle of attack = tan"1 wW/U

angle of sideslip = tan~1 v/U

deflection of control surface ()

(positive deflection produces positive

moment)

perturbation portion of §
flight path angle of aircraft
=0 - o

()’

dihedral angle
downwash angle

efficiency of tail surface ()

Euler angles, defined in Figure 2

perturbed portion of 6, &, VY,
e.g., A0 =0 - 0

o
atmospheric air density
sidewash angle

aileron effectiveness

aircraft body coordinate frame

Earth-aircraft control coordinate frame

Earth-centered coordinate frame

inertial coordinate frame

Earth local-vertical coordinate frame

v

lbs

ft

ft

ft

rad

rad

rad
rad

rad
deg, rad

rad

rad

rad
3
slug/ft

rad



flaps

fin

due to gravity

stick-fixed neutral point
horizontal tail

equilibrium or reference condition

wing
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1.0 Introduction

There is no such thing as an exact mathematical model of
any physical phenomenon. All mathematical models are, therefore,
approximations to reality; approximations based on an assumption
set which should be clearly recognized by both the writer and
the user of the equations comprising the model.

The basic set of assumptions must always be derived from the
desired application of the model. To develop and utilize a more
exact model than that required for the job at hand is to pay an
unnecessarily high price in man-hours and computer time both in
the use of the model and in the gathering and formatting of the
data required by the model.

The model presented herein is a linear perturbation model.
It was developed for use in exercising sets of 4-D guidance
equations which are being developed for application in STOL
terminal area guidance. The aircraft which are modeled (the
C-8 and the Twin Otter) were selected as representative of
two classes of aircraft, i.e. light and medium STOL propeller
aircraft, and are of interest only as representations of the
classes from a guidance and ATC viewpoint.

This report is submitted as partial documentation of work
carried out in support of PPA 18-0, dated December 1, 1970.

In particular, it documents the work performed under Task 2
of this PPA for the "Buffalo" and "Twin Otter" aircraft.
(Similar data are required under this task for a third STOL
at a later date.)

The applicability of the present model is discussed in
detail in the next section, Section 2.0.
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The next 3 sections are devoted to the derivation of the
required linearized equations: In Section 3.0, required
coordinate frames are defined. Section 4.0 derives the
generalized kinematic equations of motion, utilizing very
few approximations. Finally, in Section 5.0, the desired
linearized equations are developed from the generalized ones.

Section 6.0 presents analytical expressions for the
required stability derivatives. These expressions are used
to generate numerical values, given in Section 7.0, for
two representative STOL aircraft.

Supporting material is included in the Appendices. 1In
Appendix A, analytical expressions for selected stability
derivatives are developed. Appendix B contains estimates of

moments and products of inertia for the two aircraft under

consideration. Appendix C contains a step-by-step calculation
of the stability derivatives summarized in Section VII.
Appendix D presents typical transient responses to control
inputs, calculated using the equations and derivatives

developed in this report.



2.0 Applicability of Mathematical Model

As stated in the Introduction, a linearized representation
of aircraft motions is required.

The model is intended for use as a tool in the preliminary
design and analysis of STOL aircraft control, guidance, and
navigation systems. In this phase of analysis and design, the
unstabilized response of the vehicle is adequately established
by means of a linearized analysis. The linearized model lends
itself to the use of such techniques as root locus analysis

and frequency domain analysis .

Many approximations are required to develop a linearized
set of equations from the generalized kinematic equations of
motion. All assumptions used in the derivations are explicitly
stated in Sections 4.0 and 5.0. They are introduced as they are
needed and are consecutively numbered so that the reader can
easily establish the degree of simplification at any point.

The major simplification is the introduction of small
disturbance (or "perturbation") assumptions. Under these
assumptions, aircraft motions are restricted to small
excursions - perturbations - from an equilibrium flight condition.
The major virtue of this assumption is that it vastly simplifies
the equations.

Its use, of course, limits the applicability of the equations
to a certain extent. The reader is cautioned, therefore, to
determine the effect of this assumption (and of the others) before

applying the equations.



A reservation must also be stated concerning the stability
derivatives presented in Sections 6.0 and 7.0. These derivatives
are not based on wind tunnel or flight tests, because data from
these sources were not available. They have been developed by
analytical methods, and have been augmented in some cases by
generally-applicable empirical data.

The intended purpose of the estimated derivatives is
to establish in representative fashion the dynamics of small
and medium types of STOL aircraft. They should not be used
as the basis for an evaluation of the flying qualitites of
the "Buffalo" or "Twin Otter" or of the suitability of these

aircraft for any specific mission.



3.0 Definition of Reference Coordinate Frames

The equations of motion of an aircraft are based on Newton's
second law. This law relates the forces applied to the aircraft
to the acceleration (or change of momentum) of the aircraft with
respect to inertial space. It is usually convenient to define
applied forces and moments with respect to a frame fixed in the
aircraft. Further, aerodynamic forces depend on the motion of
the aircraft with respect to the air mass. Finally, the motion
of the aircraft with respect to the Earth is frequently of
interest. Thus it can be readily seen that several reference
coordinate frames are required to completely describe the
applied forces and the resulting motions of the aircraft.

Reference coordinate frames to be used in this analysis are
defined in this section. Insofar as possible, axis systems have
been defined so that senses of rotation and translation are
similar for small rotations. Positive force, moment, and
motion vector components are defined to be in the positive sense
of the axis. To the largest extent possible, the symbols and
conventions used are consistent with those in common usage in the
guidance and control fields and with those used by NASA for
aircraft stability and control work.

The Inertial Coordinate Frame (I) will be defined first.
This frame is nonrotating with respect to inertial space. The
origin is the center of the Earth, with the Z1 axis coincident

with the Earth's axis of rotation. The X, and Yy axes then

I
lie in the equateorial plane. It is assumed that the linear
and angular accelerations of the Earth with respect to inertial

space as i1t moves in its solar orbit are not of interest. This



coordinate frame (as well as the E and L frames following)
is shown in the sketch of Figure 1.

The Earth-Centered Coordinate Frame (E) is fixed with
respect to the Earth. Its origin is at the Earth's center with
the Zg axis coincident with the Z; axis. The X5 and YE axes
lie in the equatorial plane, intersecting the Earth's surface
at convenient points. The E-frame can be chosen to coincide
with the I-frame at a particular instant of time.

The Earth Local-Vertical Frame (L) is a local geographic
frame. 1Its origin is the center of mass of the aircraft with ZL
along the vertical defined by the local gravity vector (positive
downward) , XL parallel to geographic North (positive to thg North) ,
and Yo parallel to geographic East (positive to the East).

The Aircraft Body Coordinate Frame (4A) 1is fixed to the
aircraft and rotates and translates with the aircraft. Its
origin is the center of mass of the aircraft. The XA axis
is chosen in a convenient forward direction in the plane of
symmetry. (The exact XA axis location is specified in Section V.)
The YA axis is normal to the aircraft's plane of symmetry

(positive to the right), and the Z, axis is in the plane of

A
symmetry (positive downward) and orthogonal to the XA and YA
axes. The A-frame is related to the L-frame (and to the next-

defined C-frame) in Figure 2.
The Earth-Airecraft Control Coordinate Frame (C) 1is also
centered at the center of mass of the aircraft. The 7, axis

is aligned with the local gravity vector (positive downward) and



is therefore coincident with the Z;, axis. The X~ axis is the
intersection of the horizontal XL—YL plane with the vertical
plane containing the XA axis. The YC axis completes the
orthogonal right-hand system. The C-frame is an intermediate
frame needed to define the Euler angles describing the relation-
ship between the Earth local-vertical (L) frame and the Aircraft
body (A) frame. In their order of rotation (which must be
preserved) the Euler angles are defined as:

1. Heading (¥): angle of rotation about 2

L
from XL to Xc,

2. Pitch (0): angle of rotation about Y

from XC to Xpi

3. Roll (%): angle of rotation about X
from YC to YA'

These Euler angle rotations are shown in Figure 2.

0

A



4.0 Derivation of Generalized Kinematic Equations of Motion
The generalized equations of motion are obtained (as, for

example, in References 1 and 2) by equating forces and moments

acting on the aircraft to the rates of change of linear and

angular momentum of the aircraft with respect to inertial space:

— d —
—_ _ __g- Tk
M = oE (H)‘I (2)

In these equations, F is the force vector and M is the moment
vector acting on the aircraft. Linear and angular momentum vectors
are represented by ;; and H respectively. The subscript I
indicates that the time rate of change of the momentum vectors

is with respect to inertial space.

It is of more interest, however, to express these momentum
changes in terms of an axis system that is fixed in the aircraft
and that is therefore translating and rotating with respect to
inertial space. This axis system is the A-frame defined in
Section 3.0. Equations 1 and 2 can be expressed in A-frame

coordinates as

x MV (3)

£)
<
+
gl

M=a%(H)‘ + w x H (4)



In these equations, the subscript A indicates momentum changes

with respect to the rotating A-frame. The cross product terms

account for the fact that the A-frame is rotating at a rate w

with respect to inertial space.

Equations 3 and 4 are completely rigorous. At this point,

however, it is convenient to make several assumptions to facilitate

further development of the equations:

Assumption 1:

Assumption 2:

Assumpiton 3:

Assumption 4:

The mass of the aircraft does not
change significantly in the interwval
of interest, that is

d _ d =
TE (mV) = m Tt (V)

The rotating earth can be considered
an inertial frame for the purposes of
this analysis. Therefore the E-frame
is assumed to be an inertial frame.

The aircraft is a rigid body. The
contribution to B of spinning propellers
can be neglected. Control surface
dynamics need not be considered.

The Y, axis is a principal axis so
that the products of inertia ny

and Jyz are zero.

By virtue of assumption 2, the vectors V and & of equations

3 and 4 are the motions of the aircraft with respect to the Earth.

These vectors are further defined in terms of their A-frame

components.

.A A A (5)

w =P IA + Q Ja + R kA (6)



where lA’ ]A, and kA are unit vectors along the X_, YA, and ZA
axes, respectively. Similarly, E, ﬁ, and H of equations 3 and 4

can be expressed in their A-frame components:

= i 3 k 7
F=F, iy +Fy Jp + Fy kp (7)
M=1Li, + M jp +NKkp (8)
_= Iy - = 9
H=H, i, + Hy ip + Hz ka (9)

Development of expressions for the scalar components of H is
rather lengthy and will be omitted here. Following the
derivations in Chapter 1 of Reference 1 or Chapter 4 of
Reference 2, for example, produces these expressions for

the components of H:

Hy = PI, = QJy, = Rixz (10)
Hy = QLy - Ry, ~ Py (11)
H, = RI, - PJy, = QJyz (12)

where the moments and products of inertia are:

I, = f(y? + z2) dm (13)
T, 7(z2 + x2) am (14)
I = /(x° +y%) dn (15)
T y™ J xy dm (16)
Jyz= S yz dm (17)
Jy,= / xz dm (18)

and x, Yy, z, and the mass element dm are defined in the sketch:

10



BY virtue of Assumption 4, equations 10, 11, and 12 reduce to

H, =PIy ~ RJ,, (19)
HY = QIY (20)
H, = REL, = P, (21)
Now, by using equations 5 through 9 and equations 19 through 21,
equations 3 and 4 can be expanded to give A-frame components of
aircraft accelerations with respect to the Earth:
Force Equations
F =m U + QW - RV] (22)
Fy =m [V + RU - PW] (23)
F, =m [W+ PV - QU] (24)
Moment Equations
L=TIuP+ (I, 1) QR ~J_ (R+BQ) (25)
M=1I, Q+ (I, - I,) RP - Jyn (rR? - p2) (26)
N=1I,R+ (I, -I,) PQ-J,, (P - QR) (27)

11



The A-frame forces (FX,Fy,FZ) and moments (L/M,N) in equations
22 through 27 represent all of the external forces and moments
acting upon the aircraft. These forces and moments are due

to aerodynamic loads, control and propulsion systems, and

gravity.
Gravitation Forces - The gravity force is a vector quantity
of magnitude mg acting along the positive Z; axis. The

resolution of this force into A-frame components can be
accomplished by referring to Figure 2 where Euler angles

(¥,0,0) are used to relate the L-frame and A-frame coordinate

frames:
X = - mg sin ©
g g sin
Yg = mg cos O sin ¢
Zg = mg cos O cos ¢

No moments are produced by gravity because the A-frame origin

is located at the aircraft's center of gravity. Therefore

Lg, Mg, and Ng are zero.

Non-Gravitational Forces and Moments - The remaining forces and
moments are due primarily to aerodynamic, propulsive and control
effects. They are denoted simply X, Y, 2, L, M, and N. Thus,

for example, F, = Xg + X. These forces and moments are developed

in Section V.

The A-frame force and moment equations (22 through 27) can
be restated on the basis of the above discussion. Also stated
are the relationships between A-frame angular rates (Pp,Q,R) and
Euler angle rates. These relationships have been obtained from
Figure 2 by projecting the Euler rates (v,0,9) onto the A-frame

12
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axes:
m [U+ QW - RV + g sin 0] = X
m [V + RU - PW - g cos Osind|= ¥

m [W+ PV - QU - g cos Ocos«ﬂ= Z

I, P+ (I - I,) OR - J,y (R + PQ) =L
I, 0+ (I, - I,) Re - J,, (R* - %) = m
szz+(Iy—Ix) PQ - J,, (P - QR) =N
P=2¢ -V sin 0

Q = é cos ¢ + @ cos © sin ¢

R = @ cos O cos ¢ - O sin ©

These nine equations are an almost exact description of the
motions of an aircraft operating near the Earth's surface.
The derivation to this point has used only four simplifying
assumptions, repeated here:

1. Aircraft mass is constant

2. The Earth can be considered an inertial frame

3. The aircraft is a rigid body

4. The aircraft is symmetrical about its
X - z plane.

The equations can be further developed along any one of several
paths. In this case they will be manipulated (in Section V)
into the form generally used for linearized aircraft stability

and control studies.

13
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5.0 Derivation of Linearized Equations of Motion

A number of simplifying assumptions are required to develop
linearized equations of motion from the general equations
discussed in Section 4.0. These approximations are (continuing
the numbering sequence begun in Section 4.0):

Assumption 5: The aircraft is assumed initially
to be in equilibrium flight with
no linear or angular accelerations,
no angular rates, and no initial roll
angle or lateral velocity.

Assumption 6: The X, axis is fixed in the aircraft and is
paral?el to the projection on the
Xp - Z, plane of the relative wind
vector 'during equilibrium flight.
In other words, stability axes will
be used.

Assumption 7: Small disturbance (perturbation)
theory will be used. Motions and
forces will be referred to the
equilibrium flight condition of
Assumption 1. Variables at this
flight condition will be identified
by the subscript o. Change from
this condition will be indicated by
the prefix A. Thus:

+ AU

Av

2 < <
i

= < C
<+

+ AW

v
Il
o
+

AP (40)
+ AQ

AR

« X 0O
Il

< W 0O
+

+ AY

©
1l

@
+

AB

d = &+ Ad

14



Assumption 8: Small angle approximationswill
be made. For example,
sin A0 AB
cos AQ 1

1R

Assumption 9: Higher order terms will be neglected.
For example, (U, + AU) (AQ) = U, AQ

By virtue of Assumption 5, Po’ Qo’ Ry s @o, and VO are zero.
By virtue of Assumption 6, WO is zero. ¥, is a special case.
Since it is the angle between the X;, and X¢ axes, it can vary
from 0 to 2m. In this analysis, we will specify that heading
angle be referred to the initial X axis. Thus Wo can be

treated as if it were zero. The perturbation relations of

equation 40 can therefore be revised:

= U, + AU

AV

=2 < o
I

d
1l

AP
= AQ (41)
AR

= AY

o =« " O
il

= 0 + AO
O

= Ad

The derivative with respect to time of each of these variables

can be easily determined, e.q.,

-

. d
U= I (U, + 4v)

15



Equations 41, As
identities
sin (A
cos (A

can be applied t

m [Aé
m [AV
m [AW
I AP
I, AQ
I, OR
and
P = AP
Q = AQ
R = AR

Equations 43 can

where A quantiti

Subtracting the

sumptions 8 and 9, and the trigonometric

+ B) = sin A cos B + cos A sin B
(42)
+ B) = cos A cos B - sin A sin B
o equations 31 through 39 to produce
+ g sin 05 + g cos O AQ] = X
+ Uo AR - g cos OO Ad]l = Y
- U AQ - gcos 6+ g sin ©0_ AB] = 2 (43)
o O O
- Jd AR = L
ZX
= M
-J__ AP =N
ZX
= A% - A¥ sin 04
= A® (44)

= AV cos @Q

be evaluated at the equilibrium flight condition

es are 2zerxo:

mg sin @o = Xo
0 =Y

o}

-mg cos @0 = 24
0 = L,

0 = Mo

0 = Ng

se equations from equations 43 produces the

following perturbation egquations:

16



m [AU + g cos Oo AB] = AX

m [A& + Uy, AR - g cos 0o A0] = AY
m [AW - Uy 4Q + g sin 0, 40] = Az
; . (45)
Ix A? . sz AR = L
IyA(:)=M .
I, AR = J, AP =N

where AX = X - X etc.

OI

Next to be developed are the right-hand sides of equations 45.
The conventional practice of expressing these terms as a Taylor
series expansion is utilized. The development presented in

Chapter 4 of Reference 2 is closely followed.

The Taylor series is of the form (neglecting higher order terms):
AX = Xp AA + %3 BB¥x ., ac 4+, | | (46)

where AA, AB, AC . . . are the variables which describe the

motions of the aircraft or which otherwise contribute to AX

and where

evaluated at the equilibrium flight condition.
Several additional approximations and assumptions are
desirable at this point:

Assumption 10: Higher-order terms in the Taylor series
expansions can be neglected.

Assumption 11: The air mass is fixed with respect to
the Earth; that is, there is no wind.
This simplifying assumption allows
use of components of ground speed VR
(AU,AV,AW) as variables in the Taylor
series instead of components of alrspeed.

g



Assumption 12: Series terms involving the derivativeg
with respect to these variables will be
considered: AU, AV, AW, AW, AP, AQ,

AR, ASg, AS5, and AS,.. The last
three variables are the perturbation
deflections of the elevator, aileron,
and rudder, respectively.

Assumption 13: Series terms involving derivatives of
AX, AZ, and AM with respect to AV, AP,
AR, Asa and Adr can be neglected.
Terms involving derivatives of AY, .
AL, and AN with respect to AU, AW, AW,
AQ, and Aée can also be neglected.

Assumption 14: The derivatives 3X/#ARQ,3X/3A W ,AX/AS,,
and AY/AS, are neqgligibly small.

These assumptions are discussed and justified in Chapter 4
of Reference 2. Assumption 10 is necessary in order to
retain linearity in equations 45. Assumption 13, while not
essential, is made because experience has shown that it is
a reasonable one (for most applications) and because it
allows separation of the six equations (45) into two sets of
three.

The definition of equation 46 and the above assumptions

yield expressions for the non-gravity perturbation forces of

equations 45:

AX = X,, AU + X, AW + AT

AY = Y. AV +Y,)AP+ Y. AR + Y5 AS,
&0 r

AZ = % AU+ZWAW+ZWAW+Z AQ+Z6eA6e

a
AL = L, AV + Ly AP + L. AR + Léa AS5 + Ldr AS .. (47)
AM = M, AU + M AW + Ms AW + Mq AQ + M(Se A,

AN = N., AV + N_. AP + N, AR + NG AS  + Ns AS

v p a a r r

18



Before these expressions are substituted into equations 45, one
question must be resolved: Equations 45 contain as variables
A-frame rates (AP,AQ,AR) as well as Euler angle displacements
(AY¥,A6,A0). A decision must be made as to which set of variables
will be carried henceforward.

For the X-Z-M set of equations 45, there is no difficulty.
By virtue of equations 44, AQ = Aé, from which can be obtained
Aé = AB. Thus AQ and Aé can be readily eliminated in favor
of A© and its derivativeé.

For the Y-L-N set, there is no difficulty either, except

that some additional terms must be accepted for either set

of variables. One can solve equations 44 for Ad:

Ad = AP + tan 0o AR,

but attempts to integrate this equation in order to obtain an
expression for A¢ (needed in the Y equation) encounter the
difficulty that SAP and fAR cannot be uniquely determined since
they depend on the order that rotations are taken about the
A-frame axes. To avoid this difficulty (and to retain uniformity
since the Euler angle A0 is used in the X-Z-M equations) the
Euler angles A® and AY are used as the variables in this analysis.
Thus equations 44 are used to eliminate AP and AR in equations 45.
We will combine several steps in arriving at the final

form of the aircraft equations of motion:

19



1. The six equations will be separated into
the X-Z-M set and the Y-L-N set.

2. AQ will be eliminated in favyor of A0,
and AP and AR in favor of A® and AY by
using equations 44.

3. The Laplace notation () = s() will be
introduced.

4. Eqguations (47) will be substituted
into equations (45).
The X-Z-M set - the longitudinal equations - are thus
developed from equations 45 as:
[ms - XuI AU + [-Xw] AW +[mg cos 0g5] A0 = AT (48)

[-Z2,] AU + [(m—Z@)s - 2,1 AW + [-(mU, + Zq)s + mg sin 04] A©

= [ZGJ AS (49)
[-M,] 8U + [-Mys - M1 AW + [I,8% - M_S] 40
= [Mée] Abg (50)
The Y-L-N set - the lateral equations - become:
[ms - Y ] AV + [—YPS - mg cos 04] A%
+ [(mUg = Y,) cos B4 + Yp sin 0,18 AY = [Y5r1a6r (51)
2
[-L,] AV + [I, s - Lps] Ao
+ [-(I, sin Op + T,y coOS 90)82 - (Ly cos 8o - Ly sin ©g5)s] AY
= [Lg, ] A64 + [Lar] AS (52)
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2

- - —_ S
[-N,] AV + [-J,, Np ] Ad
+ [(I, cos @p + Jy, sin 90352 = (N, cos 0 - Ny sin 65) %] AY
- [Néa] A, + [Nar] AS (53)

Equations 48 through 53 are, to summarize, the six linearized
rigid body equations of motion, written in aircraft stability-
axes. Dependent variables are the perturbed aircraft body
(A-frame) velocities (AU,AV,AW) and the perturbed Euler angles
(AO,A®,A¥Y) and their derivatives. Longitudinal (X-2-M) and lateral

(Y-L-N) equations are not coupled.

Coefficients of the variables in these equations are
constants whose values are determined by the aircraft's
geometric and mass properties and its equilibrium speed, Uo.

These coefficients will be developed in literal form in Section 6.0.
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6.0 Summary of Analytical Expressions for Stability Derivatives
The equations of motion developed in Section V have gpecified
a set of aircraft stability derivatives (e.qg. Xy) which are defined

analytically in this section.

Each derivative represents the (partial) change in a force

(or moment) due to an incremental change in a variable from

the reference value. Thus the derivative Xu represents the
change in force along the aircraft XA axis due to a change in
forward speed, or )
aX
X, = 30
o)

where the subscript o indicates that 3X/58U is to be evaluated

at the reference (equilibrium) flight condition.

Definition of these derivatives here will utilize extensively
the material contained in Chapter 4 of Reference 2. Emphasis in
this report will be placed on assembling the desired material
into a compact and usable form rather than on repeating the

derivations given in the reference.

Reference 2 develops the derivatives in their non-dimensional
form. Table 4.1 of the reference defines the relation between

these non-dimensional coefficients and the dimensional coefficients

used here. For example,
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S 1lbs

X =32 C —

u Uo Xu ps
Analytical expressions for the non-dimensional coefficients are
derived in References 1, 2, and 3 and are reproduced here. For

example, on pp 148-150 of Reference 2 is developed an expression

for Cx

Cxu = -3 CDO - CLO tan OO (constant speed prop)

Table I presents similar information for each of the required
derivatives: Each derivative is defined in terms of the
corresponding non-dimensional derivative. Then, the expression
for the non-dimensional derivative is given together with the
source of the expression.

In Section 7.0, these expression are evaluated for the

"Buffalo" and "Twin Otter" aircraft at several flight conditions
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TABLE

ANALYTICAL EXPRESSIONS FOR

I

STABILITY DERIVATIVES

x =35 ¢ 1bS C. =-3C, - C_ tan O_ [constant
u U u fps X Dy Lo speed
u peed prop
(Ref. 2, pp 148-150)
/ 2C
= g5 lbs N =
X, o cxoc fps c, CLo (1 —axr| (Ref. 2, p 147)
o
_ gSs lbs _ b
2, =22 C = C = -2 C (Ref. 2, pp 129-130,p 150)
u U Z.  fps 2z L
o u u o
s 1bs
Z_ =-=— C e — C = =(C + C.) (Ref. 2, p 147)
w Ug z, fps z, Lo Do
S (tail contribution)
= 1bs = At 7T de
o
L S (tail contribution)
z =S gsc¢ _1bs c,=-2a_ ny —= L1 (Ref. 2, p 154)
9 2Ug 2g rad/sec 2q T c 8
1b daT ST
Z as ¢ E8 C =a, — == n1n_ (Ref. 3, p 250)
Ge Zs rad 25 T ds S T
e e e
_ gSc ft lbs _
Mu = U— Cm fps Cm = 0 (Ref. 2, P 151)
o u
gSc ft 1bs
M, =3 Cn fps c, =C, (h-h)) (Ref. 2,pl47)
6] o o
£
. ¢ ft 1bs s T i Ref 165
M. . gSc Cm& s . c, . : (tail only) (Ref. 2, p )
o) fps N
[ (tail only)
"’ ft 1bs T
M = -— gSc C —_— C, =C, — (Ref. 2, p 155)
q 20, mq rad/sec L Zgq c
£t 1bs _ Lo
MG gqSc C —ad Cp = CZ N (Ref. 3, p 250)
§ 8 §
e e e e
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TABLE I (continued)

do (tail only)

-9 ¢ ibs c. = -a S—F(l—a——)(Ref. 2, p 168)
Uon yg fps YB F g B
_ b 1bs B bp S 1f2ip  (App. B,
= —_ g8 Cy _— c = C_ =-2 ap = TTx this
2Uo P rad/sec Yp pr 3 b~ s F " report)
£ S (tail only)
b 1lbs F°F
= — S —_— C ~ C = 2 a — (Ref. 2, 74)
2UO e yr rad/sec Yr yrF F b S P
S do
= gs ¢ 1bs c, = -ap £ | L (Ref. 3, p 329)
Ys_ rad Y s as_
_ gS ft 1lbs -
_U—CR = cC, =Cy +C, + Cy
o p 8 B Rfuselage B
w F
Cz : See item 90, Table IIT
B
(Ref. 2,
c ~ 1.2 /AR W . bW T,7uge)
} b
R fuse
ZF
= == Ref. 2 89
CQB cyB (Re , P 89)
F
= gsb ¢, Lt 1bs c, : See item 91, Table III
o rad/sec o]
Sh C £t lbs C C C
= _— = +
" d zr rad/sec S lr L
w F
C =C. /4 (Ref. 1, p 112)
Ly Lo
W
C =cC 2F (Ref. 2, p 175)
2 vy, b
r
F
ft 1b ZF
s
= = C — £. 329
. gShb C2 +5d Cla v - 5 (Re 3, p )
r r r
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TABLE T

(continued)

ft 1bs 2aT Y2
Ly = gsSb C, ~3 C, =55 [ ~cydy (Ref. 3, p 354)
a § 8 Y
a a 1
R = ng cn fzp;bs Cn = Cn K Cn
\ o B R Bp B fuselage
LR
CnB = « cyB - (Ref. 2, P 82)
F F
G
n
B fuselage
a e volume of fuseage h
a : Sb w
(Ref. 2, p 492)
ft 1bs
= —— gSb C _— C = C + C
P 2Uq N, rad/sec Ny B 0y
w F
c. | c. ]
L L .
Cn e ol1 - o (App A, this
Py 24 f T AR; report)
- _ F
Cn = Cy — (Ref. 2, p 171)
Pp Pp
N =P gspc Etibs c. =c, +C¢C
r  2ug N rad/sec Ny r By
F zw
C =-_F ¢ (Ref. 1, p 112)
ny b Yo
F F
Cn = - CD /4 (Ref. 1, p 112)
r w
w
N, = gSb C oo ne F £
§ = 4 ng rad Cn(S = CYG 5 (Ref. 3, p 329)
r r r
ft 1lbs
Ng =gaSb C C no simple analytical expression
ng rad N . .
a = available; assumed 2zero here.
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7.0 Tabulation of Analytically-Determined Stability Derivative

Values for DeHavilland "Buffalo" and "Twin Otter"

In this section, stability derivatives and other numerical
data required to model these aircraft are presented. The
derivatives are estimated using the analytical expressions
summarized in Section 6.0.

Step-by-step calculation of each derivative is carried
out in Appendix C. The geometric and mass data needed in
Appendix C to calculate the derivatives have been obtained
from Reference 4; this material is summarized in Figures 3 and
4 of this report.

For each aircraft, three flight conditions are investigated.
These are: cruise, slow flight, and landing approach. Table II
presents the parameters needed to define each of these flight
conditions.

All stability derivative information is summarized in
Tables III, IV, and V. In Table III, the non-dimensional
derivatives calculated in Appendix C are collected and presented
for both aircraft at all three flight conditions. In Table IV,
the derivatives are presented in their "dimensional" form,
utilizing the definitions of Table I.

For convenience, the derivatives are also presented in
"normalized" form in Table V. The "normalized" derivatives are
obtained by dividing each dimensional derivative by the appropriate
mass or inertia parameter. Specifically, force derivatives are
divided by m, aircraft mass. The roll, pitch, and yaw moment

derivatives are divided by Iy, I and I, respectively.

yl
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TABLE II

Definition of Flight Conditions

Buffalo Twin Otter
Cruise |Slow Landing Cruise |Slow Landing
Flight |Approach Flight |Approach
W, weight, lbs 40000 40000 40000 12000 12000 12000
Uy speed, fps 400 215 154 278 176 120
h, altitude, ft 10000 0 0 10000 0 0
Yor flight path 0 0 -7.5 0 0 -7.5
angle, degrees
Gf, flap deflection, 0 0 40 0 0 40
degrees

Note: 1 Normal C.G. used for all flight conditions.

2 Max T.0. weight for "Twin Otter" is listed as

11,579
of Ref.
weight
chosen

1lbs in Ref.

30, =Y

4. However,
4 show an increase to 12500 1lbs.

to be used here has been arbitrarily
as 12000 1lbs.

o)
stability axis system.
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TABLE TII

Summary of Derivatives in Non-Dimensional Form

i g - i L “_
Ngn— Buffalo Twin Otter
Dimensional Slow Landing Slow Landing
Derivative Cruise | Flight | Approach Cruise Flight Approach
cX
S -.108 | -.171 | -.186 -.141 -.195 -.237
o .164 441 .815 .234 .435 .920
o
Za -.60 | -1.54 | -2.98 ~.84 -1.56 -3.30
c
26 -5.24 | -5.26 | -5.33 -5.25 25,17 -5.36
c
25, -1.33 | -1.33 | -1.33 -1.60 -1.60 -1.60
c
2 -7.83 | -7.83 | -7.83 -6.40 -6.40 -6.40
CZ
¢ e . 465 .465 .465 .450 .450 .450
My 0 0 0 0 0 0
Cm
o -.78 ~.78 -.78 -.78 -.78 -.78
c
Mg -6.05 | -6.05 | -6.05 -6.15 ~6.15 -6.15
c
Mg -35.6 35.6 |-35.6 24.6 -24.6 -24.6
c
Mg
e 2.12 2.12 2.12 1.73 1.73 1 73
! o _
B -.362 | -.362 | -.362 -.492 -.492 -.492
C
Yy
o P ~.055 ~.055| -.055 -.085 -.085 ~.085
Yy .368 .368 .368 .429 .429 .429
Cy
) Sy -.233 | -.233 | -.233 -.317 -.317 -.317
g -.125 | -.125 | -.125 -.103 -.103 -.103
c
2
P -.53 -.53 -.53 -.60 -.60 -.60
o
= .113 .231 .410 .138 .233 .451
c
of5
a8 -.024 | -.024 | -.024 -.024 -.024 -.024
%
c $a .20 .20 .20 .38 .38 .38
B .101 .101 .101 .121 .121 .121
c
s ~.Q37 | -.134 | ~.283 -.054 ~.129 -.310
Cn
cr -.171 | -.175 | -.188 = ¥1 -.174 -.191
n
c Sy .107 .107 .107 .124 .124 .124
n
84 0 0 0 0 0 0
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TABLE

IV Summary of Derivatives in Dimensional Form

Buffalo Twin Otter
Dimensional Slow Landing Slow Landing
Derivative Cruise Flight Approach Cruise Flight Approach
X, 1bs/fps —35.7 —21.4 =37.1 -14.5 =17.2 -14.5
X, lbs/fps 54.3 106.8 141.8 24.1 38.2 56.1
z,, lbs/fps -199 -372 ~519 -86.5 -137 -201
7., lbs/fps -1733 -1273 -927 -541 -464 -327
Zg, 1bs/fps? | ~-5.55 -7.56 -7.60 -1.93 -2.16 -2.19
1lbs _ _ - . _ -
2q sairess 13,090 | -9560 6900 2155 1836 1253
Z g e 61600 24150 12500 12920 6975 3265
f .:ﬁd
m_ ft-lbs 0 0 0 0 0 0
u fps
M, ft-1bs -2610 -1910 -1372 -520 -446 -306
fps
. ft-1lbs - . _ - — -
M. = 255 347 347 48 65 65
pPs
6 6 6 5 5 5
Mq ft-1bs -.600x10 | -.440x10" | -.3L7x10 =-.534x10 | -.459x10 -.313x10
rad/sec
M EEigi 2.84x1¢° | 1.12x108 | .575%10° 320 | .174x10% | . 0813108
ra
Y 1bs/fps =120 ~87.5 —63 =50.6 —43.1 =30.0
Y lbs -880 -637 -460 -284 -243 ~167
P rad/sec
Y. _1bs 5850 4260 3070 1430 1228 840
rad/sec
Ys  1lbs -30,800 |-12,100 |-6,260 ~9100 -4910 -2300
— r rad - . - - PR —
L, ft;ﬁ -3980 -2900 -2085 -686 -589 -404
ps
6 6 6
L, ft-1bs -.810x10 |-.591x10 |-.426x10 -130000 -111800 |-76400
P rad/sec 5 5
L. % +1.73x10° | + 2.58x10° | +3.30x10 +30000 |+43500 |+57400
ra ec
Lg ft-1lbs ~3.06x10° | —1.0x10° | -.62x10 > | -44500 |-24200 |-11300
r rad 6 6 6 5 5 5
Lg £t-lbs +2.55%10° | +1.00x10° | +.516x10 +7.05¢10° | +3.83x10" | +179%10
a rad TR, R
xad Lo b
Ny “fos— 3215 2340 1685 806 692 475
N Et21bs 1 56500 | -149500 | -22800 | -11700 |-24100 | -39500
p rad/sec 5 5 5
N, ft-lbs | -2,62%107 [-1.95x10" |-L51x10 -37100 |-32400 |-24300
rad/sec 6 . .
N ___f‘;;ébs 1.365x10° | .535x10% | . 276x10 2.30x10° | L25x10 585x10
iy
N, ft-lbs 0 0 0 0 0 0
a rad
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TABLE V Summary of Derivatives in

Normalized Form

Buffalo Twin Otter

Normalized Slow Landing Slow Landing
Derivative Cruise Flight Approach Cruise Flight Approach
Xy/m -.0288 | -.0334 | -.0261 -.039 -.0462 | -.039

| Xy/m i .0437 .0860 .114 .065 .1027 151
7.,/ -.160 -.300 -.418 -.232 ~.368 ~.540
Z.,/M -1.397 | -1.026 | -0.747 -1.454 | -1.247| -0.880
% /m -.0045 | -.0061 | -.0061 -.0052 | -.0058| =-.0059
7, /m -10.53 | -7.70 -5.55 -5.80 ~4.93 -3.37
Z5 /m 49.6 19.45 10.08 34.8 18.72 8.79

= FE?IY___ __.__b.__ e O =l O- R et 0_ ; . ]
M./ Iy -.0121 | -.0089 | -.0064 ~.0236 | -.0202| -.0139
Mg/ Ty -.0012 | -.0016 | -.0016 -.0022 | -.0030| -.0030
My/1y -2.79 | -2.04 | -1.47 -2.42 | -2.08 | -1.42
Mooty | 13.2 | 5.17 | 2.675 14.52 | 7.9 | 3.7
Ty/m -.097 -.0705 | -.0508 -.136 -.116 -.0806
Y /m -.710 ~.514 -.371 -.764 -.654 -.449
Yyp/m 4.71 3.44 2.48 3.84 3.30 2.26
Ys /m —24.8 -9.76 ~5.05 —24.4 -13.2 | -6.19
Ly /Ty -.0146 | -.0106 | -.0076 -.0282 | =-.0242| -.0166
L/ Ty -2.96 | -2.16 | -1.56 -5.35 | -4.60 | -3.14
L./Iy .633 .945 1.208 1.233 1.790 2.360
Lsp/ Ty -1.12 .44 -.227 -1.83 ~.996 ~.465
Ls /Ty 9.34 3.66 1.89 29.0 15.77 7.36

’fﬁ;/lz .0072 .0052 .0038 0197 .0169 .0116
Np/T_ -.126 | -.334 | -.510 ~.286 | ~.588 | -.965
N1, -.586 -.436 ~.338 -.905 ~.790 ~.593
Ng /I

r’ z 3.05 1.195 617 5.61 3.05 1.43

N /I
sa’L, 0 0 0 0 0 0
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MERIDIAN

EARTH'S ROTATION

I

I: INERTIAL COORDINATE FRAME

E: EARTH-CENTERED COORDINATE FRAME

L: EARTH LOCAL-VERTICAL COORDINATE FRAME
FIGURE 1: REFERENCE COORDINATE FRAMES
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L: EARTH LOCAL VERTICAL COORDINATE FRAME
C: EARTH-AIRCRAFT CONTROL COORDINATE FRAME
A: AIRCRAFT BODY COORDINATE FRAME

EULER ANGLES

¥ = ROTATION ABOUT Z, AXIS
© = ROTATION ABOUT Y. AXIS
¢ = ROTATION ABOUT X, AXIS
L ~ — —~.._ EARTH HORIZONTAL
- - e S~
- ~ . PLANE
/ -
/ \
, \
I |
\ /
Y /
\ L ¢

W

W?I[,I l/,

o

I

C —

FIGURE 2: ADDITIONAL REFERENCE COORDINATE FRAMES
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{ DHC-5 Buftalo twin-turboprop 8TOL utility transport

DHC-5 BUFFALO
Difterences between the US and Canadien
verstons are wy follows:

CV-TA. US model, with 2,850 cshp Genoral
Eleetrie T64-G1-10 turboprops,  Overall length
T4 m (2357 ). Designation may be changed
fillowing trunsfer of responsibility for aircraft
i tas entegory from US Arnmy to USAF.

€C-115. Canadian Defence Forco modol, with
3,035 eshp Genoral Electric T64/P2 turboprops.
Overall length 79 ft 0 in (24:08 m). Otherwise
similar to CV-7A, with only small differcnces in
perforimance, N B W N
Wings: Cantilever high-wing monoplane. Wing
ncction NACA 04,A417-5 (mod) at root,
NACA 63;A0156 (mod) at tip. Aspect ratio
9-756. Chord 11 ft 9} in (3-58 m) at root,
5 ft 11 in (1-19 m) at tip. Dihedral 0° inboard
of naceclles, §° outboard. Incidence 2° 30'.
Swoepbnek  nt  quarter-chord 1° 40°.  Con.
ventional fail-safe multi-spar structuro of high.
strength sluminium slloyvs.,  Full-span double-
slotted sluminium alloy flaps, outhoard sections
functioning ss oilorons. Aluminivm  alloy
slot-lip spoilers, forward of inbourd flups, are
actunted by Jarry Hydraulies unit. Spoilera
coupled o manually-operated ailerons  for
lateral  control, uncoupled for symmetrical
groml operation.  Eleclrically-netunted trim-
tab in starboand sileron, Geared taly in each
sileron. Rudder-aileron interconncet tob on
port aileron. Outer wing leading-cdgoes fitted
with electrically-controlled flush pneumatic
rubber de-icer boots.
Fuserace: Fail-safo structuro of high-strength.
aluminium alloy. Cargo floor supported by
longitudinal koel members.

Tatr. Unir: Cantilovor structurs of high-atrength
wluminium alloy, with fixed-incideneo tuilplane
mounted at tip of fin,  Elovator nerodynnmic-
ally wnd mnss-balsnced.  Fore and  trailing
serinlly-lingod rudders ars powerod by tondem
jneks opernted by two independont hydraulie
syetemy manufactured by Jarry Hydruulics,
Trim-tub  on  port eolovator, apring-tul on
starboncd  elavator, Flectricslly-controlled
flush pnoumatic rubber de-icer boot on tail-

LaxniNa  Grar: Rotractablo tricycio type.
Hydroulie rotraction, nose unit aft, main units
forward. Jorry Hydranlies oleo-pneumatic
shock-absorbers.  Goodrich main wheels and
tyres, size 37-00 X 1G6:00-12, pressuro 45 Ibjsq in
(3:16 kgfem?)., Goodrich nose wheels and tyres
sizo 890 x 1250, progsure 38 lbfsq in (2:67
kgjen?).  Goodrich multi-dise brakes.

Poweit PLaNT: Two General Kleetric T04 turbo-
prop engines (details under entries for in-
dividun)  versions, above), cach driving a
Homilton Standard 631560-13 threo-blude pro-
peller, dinmeter 14 1 6 in (442 1m).  1'ucl in one
integral tank in each inner wing, eapneity 533
Trmp gullons (2,423 litres) and rubber bog tauks
in each outer wing, cupucity 336 Imp gallons
(1,527 litres), 'Totul fuel capacity 1,738 Imp
gallons (7,900 litres).  Refuclling points above
wings amd in side of fusclage Jor pressure
refuelling.  Totwl oil capacity 10 Imp gallons
(45:5 litres). - iy

DINENSIONS, EXTERNAT!

Wing span A6 It 0in (29-26 m)
Length overall:

CV.7A 770 4in (23:57 m)

CC-115 TOft Oin (2408 m) .
Height overall 28 [t 8in (8-73 m)
Tailplane span 32 & 0in (975 m)
Wheel track 30 ft Gin (9-29 m)
Wheelbase 27 ft 11 in (8:50 m)
Cabin doors (each side):

Height 0 6in(1-68 m)

Width 2 ft 9n (0-84 m)

31t 10in (1-17 m)

Heigl.t to sill
side,

Emergency exits
leacling-edge):
Height

{each

30t 4in (102 m)
Width 2Rt 2in (0:66 m)
Heiglt to sill approx 5t 0in (1:52 m)

Rear cargo loading door and ramp:
Height 20 ft 9in (6-33 m)
Width 70t 8in (2-33 m)
Height to ramp hinge 3t 10in (1-17 m)
DIMENSIONS, INTERNAL:
Cabin, oxcluding flight deck:
Length, cargo floor
Max width
Max height

311t 5in (9-58 m)
8t 9in (2-67 m})
60t 10in (2:08 m)

below wing *

AREAS:
Wings, gross 945 s It (87-8 m?)
Ailerons (total) 39 sq It (3-62 m?)
Trailing-edge flaps (totul, including ailerons)
280 sq b (26:01 )
25:2 sq b (2-34 1?)
92 sq [t (855 m?)
60 sq ft (5:57 m?)
151:3 sq ft (14:07 n#)
81:5 sq &t (757 n#)

Spoilera (total)
et

in
Rudder, including tab
Tailplane
Lilevators, including tab
Werenrs aNp LoapiNes:
Operating weight empty, including 3 erew at
200 1> (91 ke each, plus trapped fuel and oil
and full cargo handling equipment
23,157 Ib (10,505 kg)
13,843 1b (6,279 ky)
41,000 1b (18,598 kg)
37,000 1b (16,783 kg)
39,000 1L (17,690 ky)
43-4 Ibjsq It (212 kg/n2?)
72 Ibfeshp (3-27 kgfeshp)

Max payload

Max T-O weight
Max zero-fuel weight
Max landing weight
AMax wing loading
Max power loading

PERFORMANCE (CV-7A, at max T-O weight):
Max level speed at 10,000 ft (3,050 m)
271 mph (435 kmh)
Max permissible diving speed
334 mph (537 kmh)
Max cruising speed at 10,000 ft (3,050 m)
271 mph (435 kmh)
Econ cruising speed at 10,000 it {3,050 m)
208 mph (335 kmh)
Stalling specd, 40° flaps at 39,000 (b (17,690 kg)
AUW 75 mph (120 kimh)
Stalling speed, flaps up at max AUW
105 raph (169 kmh)
1,890 ft (575 m) min
30,000 fv (9,150 m)
Service ceiling, one engine out
14,300 ft (4,360 m)
T-0O run on firm dry sod 1,040 £ (317 m)
T-O to 50 ft (15 m} from firm dry sod
1,540 ft (470 m)
Lending from 50 i (15 m) on firm dry sod
1,120 f& (342 m)
610 ft (186 m)

Rate of elimb at §/L

Serviee ceiling

Landing run on firm «ry sod

plane leading-edge. Floor area 243-5 sq ft (22:63 m?)
Volume 1,715 cu ft (48-56 m?) L
Source: Reference 4 Figure 3
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DHC-6 TWIN OTTER

Announced in August 1964, the Twin Otter is
a STOL tranzport powered by two Pratt &
Whitney (TDAC) PTOA-20 turboprop engines.
Desion work began in January 1064, Construe-
tion of aninitial bateh of Twin Otters was started
in November of the samo year and the ficat of
theso {lew on May 20, 19635, .

- B et

At the beginning of 1967, o total of 32 Twin
Otters had been delivered or were on order, with
options on 11 more. They included eight for the *
Clnlean Air Foree, two  for Trans-Australian
Aivlines, one for the Canadian Departiment of
Lands and Forests, four for Meralpi of Italy,
one for Northern Consolidated  Airlines, and
others for Pilgrim Aidvlines and Air Wisconsin,
UNAL Production was scheduled to be at the
rute of six & month through 1967,

Uniler development for delivery in 1968 is o
version ol the Twin Otter with more powerful
(640 eshp) Pratt & Whitney DT8.A-27 turbaprop
ciaines, longer nose to provide more bageage
space, sl AUW of 12,500 1h (5,670 kg).  Tho
following data refer to the current production
maodel.

Tyre: Twin-turboprop STOL transport. de Havilland Canada DHC-6 Twin Otter twin-turboprop transport
Wixas: Braced high-wing monoplane, with a

single streamline-scetion bracing strut on cach
siede,  Wing =ection NACA 6A es mean line;
NACA 0016 (moadilicd) thickness distribution.,
Aspeet ratio 10, Constant chord of 6 ft 8 in
(1-08 m). Dihedral 22, Incldence 2° 307,
No sweepback.  All-metal safe.life structure.
All-oietal nilerons which also droop for use as
Haps, Double-slotted  allanetul  full-span
trauling-edge flaps.  No spoilers.  Trim-tabs in
ailerons,  Pneumatic-boot de-ieing equipment
optional,

Irserace: Conventional all-metal semi-mono-
coque zafelife structure.

Tair, Uxsvr: Cantilever all-metal structure of
high-strength aluminium alloys.  Iin integral
with Muselage. Fixed-ineidenee toilplane. Trime
tubs in rudder and port clevator, latter inter-
connectedd  with  flaps.  Pneumatic  de-icing
Louts on tailplane lewding-edge optional,

Taxmine Gran: Noneretractuble trieyelo type,
with  steerable  nose-wheel,  Rubber  chock-
nbsorption on wwin units,  Oleo-pnenmatic
nozc-wheel  shock-ubsorber, Guodyear  main
wheel tyres size 1100 x 12, pressure 32 Ih/se in
(2:25 he‘ené). Goodyear nose-wheel tyre size
400 12:50, pressure 31 Ibfsq in (2-18 kefond).
Coodrich hydraulie  brakes. Provision for
alteenative flont wnd ski gear.

Powenr Prase: Two 570 eshp Pratt & Whitney
(UAC) PTEA-20  turboprop  engines,  cach
driving o Hartzell theee-blade reversibie-pitch
fully-teathering netal propeller, dinmeter 8 b
Uin (20 m). FPuelin two tenks (8 eells) ander
cabin floory total enpaeity 919 Linp pallons

(K18 Titres), Two vefuelling puints on port Widih . 20 Gin (076G 0)  Tuifplane 100 s L (9-20 1)
side of fuselage. Ol eapreity 2 Linp gallons izl to sill S0 1000 (117 1) Klevators, imcluding tab 35 sq R (3-25 ne)
(9 litres) per engine. leereie de.d ¢ cotupartment door (nose): '

ng system lhi

‘or propellers ired i p s " . WeiGnrs;
for propeilers and air-intukes optional H"wmu: (l-';.;;»l;lwnn(-m oo (‘4“:1' Ifll‘m‘ (’1-17 ) )"lf.i('(""""“i'»""’ weight, ineluding pilot (170 1=
Acconnmorlntion: Two seats side-hy-side on flight Lirjsehsl . i P f")] 0= 77 kg), vadio (100 == 45 k) rae Jull oil
tln-(-l_\_ Sents for 1318 passenaers in niain Wikl 1 ﬂ‘ g ) (I-I-; m} e 6,170 11 (2,800 kg)
cabin.  Cabin divided by hulkhead into main Heiehit 1o ~ill 3010 ::\ (l-l:; m) - Max payload (for 100 mile = 160 k range)
preseigrer ar brchehit comportmept anld bopeage - : i m) . . 4,330 (2,010 kg)
or toilet compirtaent,  Door on enely side of DIMEN=105NS, INTERNAL: BRI SERO A“I‘"""m-' TEA7 b (5,252 ke)
mnin eabing nl e Bigrae COmpIELHent i Cubin, exeluding flight deek, galley and bgrugo Max landing weight, 11,0001 (4,990 kg)
nose aad o aft oof enbin, each with upwaril- ur tnilet eoipartment : celh Praroryaxcr (at max T.0 weighi):
. il Loty o poare siile, Length TE I Gin (564 1) Max ernixiug speed at 10,000 [ (3,050 m)
Svsrnmss Hyslennlie systen, pressurs 1,500 1) Max width Jf dian (1-60 1) 184 1l (297 kinh)
S i 05 kg endy, for lops, brakes and nose- Mix husient A0 i (150 ) Eeon eruising speed at 10,000 1t (3,050 n1)
whire] sieern Nov pmeumntie syvs Onr Floor smica S0-23g R (745 ni) ) 1356 mph (231 kimh)
l_l:!](m;\" S:I’ll- g.-“‘- i on .'ml|l¢‘ 'I|I' n',] ; Vol 480 eu fU (1087 ne) ILnn(linu specd G645 mph (104 knih)
LLECITRONICS aND Fygriesexee: Raho ood vadae . inte -l SIL an0 0 (472 i
Lo customer’s specitication, Blind-tlying instru- Baggage compartinent (nose) \;'l"t”l"} 0-62 11 S‘“t%i(gf((-(l.}“::ivm S : : (,-",1')(()(ft‘(—7“|7’()“,|:ll;
, : ) . 22 g 62 sorvice oeiline ; AR :
]);;:(|:;Tilll(:$;' ;‘;\']IJJ(J][;;:"‘\.L; Biig;{ugr compartient (reur) v ]|lihl‘t - " ‘;‘“O‘ ltCt Szlllll”gl-:’“'“ iginciont S0l
Wing span G5 1t 0 in (19-21 m) 52 cu ll (147 1) 'g'r(;)] poall (ol 11200 ¢
Length overall A0 0 6w (1309 m) Aunas: I('.\R 4]3[ 3 ]'—](_,0 2 (‘-‘ZI.I- m)
Heizht overall IS ft 7an (5-66 m) Wings, gross 420 sq [t (39-02 y0?) T -11;rli“ . f,..”,,, 30 R (15 . . Egei)
Tuitplane span 2L 0 (A10 ) Adlerons (total) B o It (3-08 ne) "S-J-(”F ’ 5 m): 1,026 (31 1
Wil track 12t 5 (378 m)  Trailingdge fps (total) 112.2 i (10-42 1) CAR Tt 3 2160 (((ﬂs ::1))
;)\ heelhase l - 40t 9m (00 m) I"?:]tl b Fntudin 13l ?jS'”l sl (4-46 102) Range with max fuel, 30 min r;;r-r\'e )
SEOTIIG . -t oside); siiluder, aneiachinge fab ‘Us 3- 2 - P T S0 Ic
‘;h-igﬁlr door (port side) T e » e 40 sq L (316 m?) ) 920 mites (1,480 ki)
Witlth 20t G (1076 301)
Heighn to sill 3010 (1-17 10 . i
]’ns<t-t2()l' daor (starboard side): 5 4 Source ) Reference 4 FlgUre 4
Height S i (0-13 m)
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Appendix A: Derivation of Analytical Expressions for Selected
Stability Derivatives

Analytical expressions for several stability derivatives

are not included in available references or are not adequately

developed. Consequently, these needed expressions are developed

and presented in this appendix.
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Derivation of C and Cn

y
Pr Pr

Rolling about the XA axis produces change in angle of attack
at the vertical tail. This angle change produces a side
force at the tail and a yawing moment about the Z, axis.
The restoring rolling moment produced is negligible compared

to the wing's contribution.

From the sketch, the local surface angle of attack is

- _1 2 o A
dp = - 50 Uy ag g, EiaE

(assuming constant 1lift curve slope
ap on fin elements)

A2



Assume that

c _ e —
I e .
Cn(2) = c, S z Qe =
F
Then by c _ ¢
= _ _ 1 2 p v t] 2
YF—J'dYF— 5 P Uy aFﬁ_o—'or |:crz—( bF )Z]dz
2
cb2 (r't)bF
1 2 p r P
=-§.pUo aFU 2 = 3
1 2 ° ch2 ¥
P r t
2 ° U, 6 N
Next, define
. _ ¢ Jc
SREI VAN
and approximate fin area as
c + ct € bp
s 5 - E
SF—-bF 2 —T(l'!'}\F)
. b 1 2 A
+ F
o 2, 2 F :
Y. =-300 aFUo 3 Sp \TF A
and
Yo/as 2 Sp bp [l +2p
CyP = TPb/20,) =7 3 g p \I+ Ap
F
Similarly, I} %
_ F 2 Yo Sp F[1+22g
cnp__cyp BT3% 5 5 B (TFX
F F
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Derivation of Cn
P
w

A roll rate (p) produces a differential change in angle of
attack (o) on each wing. The change in o produces a differential
inclination and a differential change in magnitude of the 1ift

and drag vectors on each wing, with a resulting yawing moment.

A4



The local angle of attack at a spanwise station y is

C:l"U
o]

a(y) = ag +
o

The 1lift and drag on a chordwise element of width dy are

aL (y)

]

no =

o ucly) a aly) ay

and

I

dpD (y)
W

The yawing moment on a chordwise element of width dy at

spanwise station y is

aN(y) = - dL(y) * oly) * y * dap(y) * ¥

or

2

2 2
Loyl e fep, +k  (asty)] v

k = 1
TAR

2 2
aN@) = q [-alag + %lo )"+ cp, *ka (o ¥ ) le(y)ydy

W

where

Now calculate yawing moment:
b/2

N = an (y)
-b/2
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So

4{

+ C y y + 2ka o

o
w Yo

b/2 2
2

N = [ q c(y) [-a o ¥ = 2 aw. %1 - a

-b/2 . °

2 3
+ ka2 ]
Uo

Terms marked //{will, when integrated, equal zero by symmetry,

so
b/2

2
N = [-2 a O %~ qg+ 2k a2 Oy %— ql [ y cl(y) dy
2 o4 -b/2

Next, evaluate integral assuming an elliptical wing planform

and obtain, for the integral,

c
T r 3 2
T 3 =&
So
- .1 2 pb
N = - 2 (a oy = ka ao) 2Uo gsb
or, since CL =a og,
o
C
L
== -9 . _a, pb
NE S (1- = 20, qpb
Finally,
¢
N/qSb o - :
C = —_—_— = - — -
n, (Pb/2Ug) 2 AR
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Appendix B. Estimate of Moments and Products of Inertia

No moment and product of inertia data have been located
for the "Twin Otter". Reference 5 gives data for the "Buffalo"
but does not specify the axes used. Accordingly, estimates
have been made as necessary. The basis of these estimates is
presented in this Appendix.

In this report, the following values of the inertia

parameters will be used:

Buffalo Twin Otter
I, sl-ft? 273000 24300
I, s1-ft?2 215000 22000
I,, sl-ft? 447000 41000
2
sz,sl—ft 0 0

Notes:

1 These values will be assumed to apply
to the A-frame axis system. It will
be assumed that changes between flight
conditions are negligible.

2. Although Reference 5 gives a value
of sz, it does not specify the axis

system used. This product of inertia
term is very sensitive to small angular
changes in the axis system orientation.
It is considered advisable to assume
sz = 0 rather than use a value whose
basis is unknown.
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MOMENTS OF INERTIA

1. DHC-5 "Buffalo" - Reference #5 gives moments of inertia

for a gross weight of 38,000 lbs.

I, = 273,000 S
IY = 215,000 slug—ft2
I, = 447,000 slug-ft’

_ a2 P
sz = +36,000 slug-ft

Note: Axis system unspecified in Reference 5. Waterline
axes assumed.

2. DHC "Twin Otter" - Corresponding data was not available

for this aircraft, and the moments of inertia were

estimated.
I, = 24,300 slug-ft>
I, = 22,010 slug-ft>
I, = 41,020 slug-£t2

The weight of each item in the aircraft was evaluated

using information in Sechler & Dunn, Airplane Structural

Analysis & Design, and Reference 4. The mass of each

component was then calculated, and used in the appro-
priate formula to determine moment of inertia in a

waterline axis system, as shown in the following.

B2



DHC -

"TWIN OTTER"

ESTIMATED WEIGHT BRLEAKDOWN

Weightj Mass,

Item W, lbs|m, slugs Method of Estimation
fuselage 1000 31.0 [8.3% x G.W.
wing 1500 12.5% x G.W.
l 48.0 wing = 1550#%
?i§§Z°“S : 50 |J 85 1P/£t2 x 56 £t
elevators 35 1.0 lb/ft2 x 35 £t
_ } 5.13 horizontal tail = 165#
e 130 | 2.0 o/5¢? x 65 £t?
rudder 45 1.3 P/ee? x 34 £e2
. } 6.21 vertical tail = 200#
ziitlcal 155 |/ 2.3 P ee? « 66 £4°
fuel tanks 150 4.65|-48 °/gal x 315 imp. gal.
engines 600 289 lbs/engine ~ Jane's
24.8 engines = 800#
engine
installation 200 1.7% x G.W. )
props 350 10.9 [3% x G.W.
main gear 250 7.76(2% x G.W.
nose gear 150 4.66|1.25% x G.W.
radio 100 3.1 =
instruments 100 3.1 B
furnishings 500 15.5 |~ 25 1PS/pass.
miscellaneous| 575 17.8
pilots 340 10.55|2 x170 1lbs
oil 40 1.24|5 gal. x 8 T°/gal.
empty wt 6270 194.4
passengers 3230 100.,2 |19 persons x 170 lb/person
fuel 2500 77.6 |8 lb/gal x 315 imperial gal.
gross weight :12,000 372.2

method of weight estimation from:

E, Sechler & G, Dunn, "
Alrplane Structural Analysis & Design

Dover Publications, New York, 1963
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DHC TWIN OTTER

I
X

MOMENT OF INERTIA ABOUT THE LONGITUDINAL AXIS

ITEM EQUATION VALUES INERTIA

. b2 2 4

wing m {Tf + 27} = 65.0"' Z = -3.5'[1.745 x 10
engines m {y2 + 22} = 9,3 Z -3.5'| .246 x 104 %
props m {y2 + 22} = 9.3 z = -3.5' .108 x 107 j
fuselage |m + RZ = 3.5 .038 x 104 %
]
furnishings: m - R2 = 3,5' .019 x 104 '
vert. taillm + 22 = 5.4 | .o18 x 10% .
i .
horiz. tail|m {?5 + 22} = 21.2' z -4.5'| .030 x lO4 §
\
fuels tanks|m + R2 = 4.0 , .132 x 104 ,
; )
passengers|m {y2 + Zz} = 2.0"' A -1.0'| .050 x lO4 Z
X : I
main gear |m R2 = 7.0 .038 x 104 {
' |
nose gear |m ° 72 = -4,5" .0095 x 104 {
|
4 |
2.434 x 10 !
2 f
islug-ft !
| §
l !
Note: % E

components not
shown are asumed
to contribute
negligible I

|
|




MOMENT OF INERTIA ABOUT THE LATERAL AXIS

DHC TWIN OTTER

v

ITEM EQUATION VALUES INERTIA
2 2 '
fuselage m{(%_.+ _7)+ x“} R=3.5"' 2=41"' x=-1.5" .460 x 10
pilots | 2.2 2
passengers', IH{IE + x°} 2 16.5" x = 3.35" .480 x 10
fumishings |
misc. J 22
fuels tarkd m{z + x°} 2 =8.0' x=3.5 .144 x 10
. 22 s, 2 - 4
wing m{IE + (Z) } L 6.5' c = 6.5" .029 x 10
engines m+ R? R 5.0! .062 x 10
props m 'R2 R 7.0 .053 x 10
main gear | m + R2 R 4,5' .016 x 10
nose gear| m -R2 R 13.0' .125 x 10
horiz.tail| m . R2 R = 25.8' .342 x 104
vert. tail m (x? + 22) x = -27.5' 2 = -5.4' .490 x 104
2,201 x 10
slug,—ft2

Note:

Components not

shown are assumed

to contribute

negligible Iy
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DHC TWIN OTTER

I
z

MOMENT OF INERTIA ABOUT THE VERTICAL AXIS

ITEM EQUATION VALUES INERTIA
fuselage I ~ I
ZFus YFus .460 x lO4
pilots 4
passengers IZ - Iy .480 x 10
fumaishings
misc.
22 4
fuel & tanks| m - 17 L = 8.0 .044 x 10
2 + b2
wing m {{c)
L2
(P g = 6.5 = 65'| 1.720 x 10%
engines m {y2 + xz} y = 9.3 = 5.0' .278 x lO4
props m {y2 + x2} y = 9.3 = 7.0"' .148 x 104
main gear [ m ° y2 y = 6.5' .033 x 104
nose gear | m * x2 x = 13.0" .125 x 104
horiz. tail | m * x2 x = -25.8' .342 x 10%
vert. tail| m + x2 x = -27.5' .472 x 104
4.102 x 104
slug-ft2
Note:

components not
shown are assumed

to contribute
negligible I,
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Derivation of Expressions for Change in Inertias with
Rotation of Axes

Inertia values are dependent on the set of axes chosen.
In this part of Appendix B, equations are derived which
show the effect on inertia values produced by rotating the
reference axes through an angle ¢ about the YA axis. (The
Y, axis is universally chosen to be normal to the aircraft's
plane of symmetry, so reorientatioéons of the XA and ZA axes

only need be considered.)

From the sketch, the moments and product of inertia in the
X Y 2 axis system are:

I = J‘(y2+ 22) dm

x
I, = [(x2 + z%) am (B1)
- 2 2
I, = [(x* + y*) dm
J =+ f X z dm
Xz

R7



and, in the X” ¥Y° 2z~ axis system, they are:

I- =/ (y?+2°2) dn

I,» = [ x*2 + 2°2) am i

I,- =] (x"2+ y°?) dm

Jyz” = [ x"2” am
Also from the sketch, the following rel;tions can be
obtained:

X" = x cos € - z sin ¢

y =y (B3)

zZ =2z cos £ + X sin ¢
The desired relations are obtained by substituting equations
(B3) into equations (B2) and by making use of the trigonometric
identity

sin2 £ + cos2 €

]
[

These relations are

I 2 . 2 .
Ix = Ix cos” & + Iz sin e + 2 Jyz cos € sin ¢
I =1
Y,. ¥ 2 .2 . (B4)
IZ = Iz cos € =+ Ix sin € - 2 sz cos € sin ¢

Il

J sz cos 2& + (Iz - Ix) cos € sin ¢
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Estimation of Angle € Between X and X, Axes

waterline A

In this part of Appendix B, an estimate is made of the
magnitude of the angle e that is associated with the use
of stability axes for the three flight conditions being

considered.

€ (negative as shown)
W/L waterllne
(parallel to fuseﬁﬁhh““ﬁﬁhhhhﬁﬁﬂﬁﬁ ///“M/
ref line) iﬁhﬁﬁ%ﬁ“ﬂnv
X =
A

(parallel to equilibrium
remote wind)

Assume that wing incidence has been chosen by the manufacturer
to produce a level fuselage attitude when the aircraft is in
flight at "Economy Cruise Speed" at 10,000 ft and at an

arbitrarily-chosen average gross weight.

For Buffalo:

max pavload

Waverage - WT.O max 2
= 41000 - 13843/2 (Reference 4 or
Figure 3, this report)
= 34078 1bs
VEcon gE & 208 mph = 306 fps @ 10,000 ft (same)
e 1 2 _.001754 2 L 82.0 1bs/ft2
Qpe = 5 P Uy~ ="=5== (306)° = 82. s/ft
CL = W/qS = 34078/(82) (945) = .44
EC

R9



For Twin Ottenr:

. _ 4430
Waverage = 11,579 2
= 9364 1lbs
VEcon cr
.001754 2
e = > (230) =
Cy, = 9364/(46.5) (420)
Ec

(Reference 4 or
Figure 4, this report)

156 mph = 230 fps @ 10,000 ft (same)

2
46.5 lbs/ft

= .48

Next, assuming slope of 1lift curve is as calculated in Section

VII (= 5.2/rad for both aircraft), one can sketch 1lift curves:

Buffalo
slope -1 Lee
= 5.2rad
= -e, rad

Twin Otter
CL = .48
slope _ Ec
= 5.,2rad -
&
-, rad

From these sketches, one can infer e (angle between Xa axis

and XW/L axis) at a given Cpt
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Now, calculate this angle for each flight condition considered

in this report:

Aircraft Flight CL Cr, >
Cond. o Ec
(Section VII) g rad deg
Buffalo Cruise :30 .44 -.0270 -1.55
Slow Flt S 7 .0635 3.64
Lndg Appr 1.49 1 .202 11.6
Twin Otter Cruise .42 .48 -.0115 -.66
Slow Flt .78 .0577 3.30
Lndg Appr 1.65 Y .225 12.9

Note: Calculation has not accounted for flap
effects. Use of flaps (as in Landing
Approach Flight Condition) will reduce

[l substantially.
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The above table shows that |¢] is largest for the Landing Approach
flight condition. Accordingly, the change in inertia magnitude
due to axis system rotation will be investigated at this flight

condition.

Equations (B4) and the waterline-referenced inertias of page Bl

are used to prepare the following table (assuming Ty = 0):

Buffalo Twin Otter
(e = -11.69) (e = -12.9°
I_=1I, , sl-ft?| 273000 24300
= W/L
I =1I,, s1-ft2 280000 25040
X
A
% change 2.5% 3%
I =1, |, s1-££2| 447000 41000
& W/L
I.” =1, sl-ft2 | 440500 40135
z V4
A
% change -1.5% 2%

This table shows that inertia values are only slightly affected
by small axis rotations. It is concluded on the basis of this
table that variations in inertias due to small axis rotations

can be reasonably neglected.
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Appendix C Caleulation of Stability Derivatives

This appendix shows the step-by-step calculations carried
out to obtain the derivatives presented in Section VII.

In this appendix, the parameters needed to evaluate the
non-dimensional stability derivatives are developed (Items 1 - 72).
The source of each parameter is shown. Then, the non-dimensional
stability derivatives are calculated (Items 73 - 99) using the
expressions presented in Section VI, Table I. Finally, in
Ttems 100 - 111, certain dynamic constants (e. g., c/2Uo) needed
to calculate the dimensional derivatives are tabulated. Also
presented is a summary of moments and products of inertia
developed in Appendix B.

Some of the parameters appearing in this appendix are used
only here, and are not included in the list of symbols appearing
in the front of this report. However, these parameters are

fully defined where they are introduced in Appendix C.
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Appendix C

Calculation of Derivatives

VALUE |
NO. PARAMETER SOURCE BUFFALO TWIN OTTER]
|'
1 S, gross wing area, ft2 Fig. 3, 4 245 420
2 b, wing span, ft Fig. 3, 4 96 65
3 C, mean aerodynamic chord, ft Ref. 2 10.1 6.5
b/2 5
sl & geom ;
4 + geometric wing chord, ft| Fig. 3,4||11.77 6.5
geom (0<y<16.4")
14.82 - 18hy
(16.4<y<48") ;
l |
5 CL + 1ift curve slope of aircraft ]
o o= lift curve slope of wing,
rad
aOO
= Ref. 3 5.2 i 5.2 l
a )
1+ = |
TAR
6 de » two dimensional 1lift ! ‘
curve slope of wing section! (Est) 2m ! 27
: |
7 AR, aspect ratio of wing ;
l
= b?/s (def.) 9.75 | 10
8 e, airplane efficiency factor (Est) .75 .75
9 ST’ horizontal tail area
(including elevator), ft Fig. 3,4 233 100
10 QT’ distance, wing quarter chord
to horizontal tail quarter
chord, ft Fig. 3,4 46 25

©2



VALUE

NO. PARAMETER SOURCE BUFFALO TWIN OTTER
11 A lift curve slope of -1
horizontal tail, rad Figure .061/0 .061/0
=3.5/rad =3.5/rad
a1 — A
10 [ au=.1z
.09
° .08
5 07 ™
T .06 b
: 2
'E o /{Hcriz[unlal'tail
’3 04 /f‘ (:I‘IPIEL-I) .
S ol R
02 ™y
.01
0
2 3 4 5 6 7 8 9 10 11 12 13 1
Aspect ratio ‘
Freure 5-5. Slope of lift curve versus aspect ratio. w-
12 ART, aspect ratio of horizontal
tail = _bT2/sT (def.) 4.4 4.4
13 bT, horizontal tail span, ft Fig, 3,4 32 21
14 Uy horizontal tail efficiency
factor (Est) 1.00 1.00
In absence of any experimental
data, assume n, of Buffalo high
T - tail is 1.00. Assume
fuselage interference on Twin
Otter tail is compensated by
prop slip stream and therefore
Np = 1.00
- b
15 r = QT/E - .96 .77
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VALUE
NO. PARAMETER SOURCE BUFFALO TWIN OTTER
16 ZT, vertical distance, horizontal
tail a.c. to zero lift line,| Fig. 3,4 18.5 3.0
ft
b
17 m=2 /= = .38 .1
T/2
18 TR, wing taper ratio = cr/ct Item.’\4\1 2 i
F s
TR=1:1
; A=86 A=9 A=12
1 T
6 —a =Verlica| dist, horiz. tail a.¢, to zero llft ling
n Semispan
5 ——(13 s\ r . Distance root V.;S:r:r’;srsal: horlz. teil a.¢,
vl .42 sl I
RS S
) T s S 0
i ——— _;T‘\t\l\&lﬁ .
? 50 .75 1.00 1.25 50 .75 100 1.28 50 .75 1.00 1.25
r r r
TR=3:1 <
7 —0 i
6 |1 o
o _.2._\ e 0\\ R
SR \\ i — > = ° =
4 B Ny e o R :
[———
\\ ll—l
2 14}
~
& .50 .75 1.00 1.25 .50 .75 1.00 1.25 50 .75 1.00 1.25
r r r
5 0\\ TR=5:1
6 ! \ \_ ok,
2 |~ N
5 \\ 1 =
3|5 \E F—2ps ~ L
. =
3 \\ 2 ]
. ~
.2 Eamct
S— 7% 100 1.25 50 .75 1.00 1.25 50 .75 1.00 1.28 i
r r r
Ficure 5-10. Downwash charts.
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VALUL ]
NO. PARAMETER SOURCE |[BUFFALO TWIN OLTER|
19 de/da, rate of change of
downwash angle at tail above
with change in angle of charts .17 .25
attack, rad/rad
20 Se’ elevator area, ft2 Fig. 3,4 81.5 35
21 Se/ST \39/9 .35 .35
A
!
.8 — ‘
5| ] o
E ~ A Q
-~ ‘.4
SR ol
24— N
o™
0
.1 2 3 4 5 5 ol N
Se/Se b
) r~
Ficure 5-33. Elcvator effectiveness.
i
54
22 duT/dGe, elevator effectiveness above
chart .54 .54
23 swet’ weEted area of aircraft,
ft 5590 2248
= s + S + 8
wetw wetfuse wetT
+ Swet + Swet
F nac
24 S = 28 - 1890 840
wet
Y
S s c - 2300 900
23 Swetfuse fuse fuse




VALULE

NO. PARAMETER SOURCE BUFI'ALO TWIN OTTER
26 Swet > 2 ST = 466 200
T
2 o o
27 SwetF 2 SF 304 164
28 S * 2 [% «c_ - 630 144
wetnac nac nac
29 quse' fuselage length, ft Fig, 3,4 717 47.5
30 Efuse’ average fuselage
circumference, ft 2 30 19
31 2 , nacelle length, ft " 21 12
nac .
32 Enac' average nacelle
circumference, ft b 15 6
33 f, equivalent f%at plate area of
aircraft, ft 30 16.5

300

100

70

50

40
30 jet—

20—TWIN—OT

Equivalent parasite area ~f

T 00

Wetted area ~A

197//4

100 200

400 600 1000 2000 4000 8000

30,000

Ficure 2-70. Wetted area chart.

100,000
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VALU}
NO. PARAMETER SOURCE BUFFALO TWIN OTTIER
34 CD , parasite drage coefficient
f of aircraft = £/S (def.) .032 .039
Note: These values of C were used to calculate may. forward
speeds and rates ' ~f of climb to compare with figures
published in Reference 4.| The agre¢ment was good.
Analytical estimates of C} (or f£) should only |be
considered to be rough Pf estimates. The yYalues
shown here are reasonable|ones, adequate for this
study's purpose.
35 o atmosphgric alr density, Table II»
slugs/ft
Cruise Std .001756 .001756
Slow Flt Atmos .002378 .002378
Lndg Appr Tables .002378 .002378
36 U _, aircraft forward speed Table II
at equilibrium flight
condition, fps
Cruise 400 278
Slow Flt 215 176
Lndg Appr 154 120
37 g, dynamic pressure, lbs/ft2
2
1
> = u
2 . e}
Cruise 140.5 68.0
Slow Flt H 55.0 36.9
Lndg Appr 28.4 17.3
38 CL , aircraft 1lift coefficient
o at equilibrium flight
condition = W/gS
Cruise .30 .42
Slow F1lt - .77 .78
Lndg Appr 1.49 1.65

€7




VALUE
NO. PARAMETER SOURCE BUFI'ALO TWIN OTTER
39 Cp » aircraft drag coef. at
© equilibrium flight condition
2
= CD + CL /meAR
£ o
Cruise - .036 .047
Slow Flt .057 .065
Lndg Appr 127 .155
40 0o+ angle of rotation, at '
equilibrium flight condition, [
of Xy axis from horizontal ;
plane, rad or deg r
Cruise Fig. 2, 0 i 0 |
Slow Flt this rpt. 0 : |
Lndg Appr -7.59, |-7.5°, ]
~.131 rad}-.l3l rad !
Note: Itemi39: Landing Approach|Condition|involves use of flaps.‘I
However, insufficient infdrmation ig§ availabld on flap )
geometry to make a valid ¢stimate of AC Therefore, |
the "noflap" data is applied pending Dflaps. receipt ;

of the required flap data

{
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NO.

PARAMETER

SOURCE

VALULE

BUFFALO

TWIN OTTER

41

42
43
44

45

—(h—hn), stick-fixed static

margin, fraction of c¢

Note:
I+ will be assumed in this
report thatsaircraft parameter
are such that the static margi
is limited to values between
.25 (most fdw C.G.) and .05
(most aft C.G.)

Therefore:
(h-h_) (most fwd C.G.)
N (normal C.G.)
(most aft C.G.)

In this report, the normal C.G.
value will be used.

Ref.
Ref.

&
Q

v

center
of
gravity —

(not used)

2,

3

-.25
-.15
-.05

\-stick—fixed
neutral point = aerodynamic center]

-.25
-.15
-.05

C9



VALUE

NO. PARAMETER SOURCE BUFFALO TWIN OTTER
46 S_rvertical tail area (including
F' rudder), ft2 Fig. 3,4 152 82
47 bF, vertical tail span, ft Fig. 3,4 14.0 11.0
48 o » vertical tail chord,ft Fig. 3,4(13.3 (root)| 9.2 (root)
geom ' 8.5(tip) | 5.7 (tip)
49 ARF' aspect ratio of vertical
2
fin = bF /SF (def.) 1.29 1.48
50 ARF » effective aspect ratio of Ref. 3,
e vertical fin (to account p 325 2.00 2.30
for stabilizer end-plate
effect) = 1.55 ARF
A
.08
07 s
LA
o 06 v
3 /]
2 .05 |ag
3 =3 &
£ .04
s . <
g .03} o~
2 02 4 TBUFFALQ .
e Y of
. <«TWIN |OTIER N
™
0
0 1 2 3 4 5 & 7 .
Effective aspect ratio vertical tall, de q(]_.;
Frcure 8-8. Slope of lift curve, verti- 24
cal tail. From NACA TN 775,
“Analysis of Wind-tunnel Data on '
Directional Stability and Control,” by ]
H. R. Pass. |
¥

Clo



VALUE
NO. PARAMETER SOURCE BUFFALO TWIN OTTER
51 a , lift curve slope of vertical
F -1 -1 above .044/deg .049/deg
tail, deg or rad figure 2.5/rad 2.8/rad
52 .., taper ratio of vertical tail Itent@E\ .64 .62
Fo o2 Cp /cF '
tip root
53 % , distance, wing quarter chord| Fig. 3,4 44 25.5
F to vertical tail quarter
chord, ft
54 Zpr vertical distance, aircraft Fig. 3,4 10 5
CG to mean chord of vertical
tail, ft
55 dq/dB, rate of change of side-
wash angle at vertical
tail with change in side-| (Est) .1 .1
slip angle, rad/rad.
Estimate requires wind
tunnel data. Will
arbitrarily use value of
.1 here.
56 Sr' area of rudder, ft Fig. 3,4 60 34
57 | s_/sg /56)/46 .4 .4
r e &
58 do_/dd,., rudder effectiveness chart @
o Item 22 .58 .58
59 2 , vertical distance of root Fig. 3,4 -3.5 -3.0
quarter chord below fuselage
center line, ft
60 h, fuselage height at wing root,| Fig. 3,4 9.8 7.0
ft
61 w, fuselage width at wing root, Fig. 3,4 10.0 6.0
ft

Cl1




VALUE

NO. PARAMETER SOURCE BUFFALO TWIN OTTER
62 ca/c, ratio, aileron chord to.
local wing chord Fig. 3,4 .25 .22
6 =1 eoretica 0
,/;rr:!-lhsenl teel 2
- e ///// A//Frlse [oN
4 S s ~
: A7 A ™
&~ .3 /" //// :
2 / 9
“| /WIN| OTTER| pBUyFFaLd &
4
1 / }
0 o
.1 .2 3 A
ColCw §
Freure 9-15. Aileron effectiveness. (9)
63 T, aileron effectiveness above
figure .43 .40
64 xu distance, aircraft centerline
to inboard end of aileron,ft Fig. 3,4 33.0 14.0
65 C Yo distance, aircraft
centerline to outboard end
of aileron, ft Fig. 3,4 47.0 31.0
66 Volume of fuselage, ft3 Fig. 3,4 4600 1300

Cl2



VALUE

NO. PARAMETER SQURCE BUFFALOQO TWIN OTTER
67 Cp  + wing profile drag Ref. C1 .006 .006
: £ coefficient * (below) '

w .
(representlative values
from data plots of
ref.)

68 Ch v wing drag coefficient®*
W
= CD + C 2/7TA Ref. 3,
fw Lo p 73
Cruise .009 .012
Slow Flt .025 .025
Lndg Appr .077 .093
Reference Cl: "Theory ¢f Wing Sedtions Inclijuding a
Summary |of Airfoill Data", Abbott
& Von Dqgenhoff, Dqver Publidations,
Inc., NJY., 1959, '
* See note at Item(gg
69 \
70
> (not used)
71
72

C1l3



NO. BUFFALO TWIN OTTER
& &
73 Cxu = - 3CDo - CLo tan O
Cruise Cruise
= - 3(.036) - 0 = - .108 = - 3(.047) - 0 = - .141
Slow Flt Slow Flt
= - 3(.057) -0 = - L171 = - 3(.065) - 0 = - .195
Indg Appr Lndg Appr
= - 3(.127) - (1.49)(-.131) = - 3(.151) - (1.65)(-.131)
= - .186 = - .237
Ge [ 2 cL,gi
74 Cxa = CLO 1l - T
[ (5.2) 2(5.2)
=C_ |t - T (9.75)] = 55, [l - m}
= ,547 CL = .558 cL
o) o
Cruise Cruise
= .547 (.30) = .164 = (.558) (.42) = .234
Slow Flt Slow Flt
= .547 (.77) = .441 = (.558)(.78) = .435
Lndg Appr Lndg Appr
= .547 (1.49) = .815 = (.558) (1.65) =.920

Cl4




e, A
NO. BUIFT'ALO TWIN OTTLR
38
75 C =-220C
%u Lo
Cruise Cruise
= = 2 i 30) = - .60 = - 2 (.42) = - .84
Slow Flt Slow Flt
= -2 (.77) = - 1.54 = -2 (.78) = - 1.56
Indg Appr Lndg Appr
= - 2 (1.49) = - 2.98 = - 2 (1.65) = - 3.30
76 Define VT' horizontal
tail volume:
10 9
El() -~
N =N .._E "I"
g ;T No) S
~ N
14 3 1
(46) (233) (25) (100)
= e —_— ——— = 1.12 = (L0 , = ,915
(1.0) T75.1) (945) (1.0) 1375y T(420)
= - ae
77 czd a %,?T YT do
11 76 19
= - 2(3.5)(1.12)(.17) = - 1.33 = - 2(3.5)(.915)(.25) = - L60

Cl5



NO. BUFFALO TWIN OTTER
® ®
78 C = - (C + Cn )
ZOL LOL DO
Cruise Cruise
== (5.2 + .036) = - 5,24 = - (5.2 + .047) = - 5,25
Slow Flt Slow Flt
= - (5.2 + .057) = - 5,26 = = (5.2 + .065) = - 5,27
Lndg Appr Lndg Appr
= - (5.2 + .127) = -~ 5,33 = - (5.2 + .155) = - 53¢
ENQ
7/ ]
79 Cz = - 2 aT VT
q 5
= =2 (3.5)(1.12) = - 7,83 = = 2 (3.5)(.915) = - 6.40
d
80 C26 = ag s Mg
=]
- DG
= (3.5) (.54) (233) (1.9 = (3.5)(.54) (j—g%) (1.0)
=,465 <Y =,450
® . /9
81 Ch = Cp (h = h)
o o
= (5.2)(-.15)= - _7g = (5.2) (-.15) = - _78g

(for normal CG)

(for normal CG)

Cle




NO. BUFFALO TWIN OTTER
5 AL
_ T
82 Cm& = CZOL _E
@ kO
_ 46 25
= (-1.33) (——)= - 6.05 = (-1.60 =) =
10.1 ( ) (6.5)
2,19
83 c, =¢f =it
Y e
46 25
10.1 ( ‘ (6.5)
) ,
84 C = c’ I
L Zs ¢
SO
4 25
= (.465) (— ) = 2.12 .4 =2y = 1.
( ) (10.1) (.450) ( e ) 1.73
85 (not used)

Cl7




NO BUFFALO TWIN OTTER *
RN
s 5
86 Cysz'aF?(l'a‘E)
(9
152 82
= - (2.5 (375 (1 - .1 = - (2.8) o (1 -.1)
= - .362 = - .492
(i) g 67)
47) Ja
87 o= bFLgF 1+ 2
Cy _3aF®S—(1+>\)
P @ P
_ 2, 14. ,152 1+2(.64) B 2| 11 82 1+2(.62)
- - e G R (Tren| = -5 @0 G T,
= - ,055 = - .085
Y
46
w3 @
88 c @ 2 a, -~ S
SNCRORS
44, ,152 - 255, 82
= 2(2.5) (25 (==22) = . =2 (2.8) (22) (£ = .429
( )(96) (945) 368 ( )(65 )(420)
D D
89 Cya = - aF g— a-gr—
r
= - 152, - _ 82 - -
(2.5) (557) (.58) = - .233 (2.8) (555 (.58) = - .317

Cc18




NO.

BUFFALOQO

TWIN OTTER

90

£=1.0 £=.34

AR = 9.75, A = .5

=[(-.84)-(-.14)].087= -.061

Q.9

c, = 1.2/AR 2¥ .

ALO0O— |

/)
4
50 ———— |  TWIN OTTER A/ <
25— e — [ ! Ay s
BUFFALO—/5% ™
! -m/y/

N0 "
o -
7 .

/

/| Y
4 &
/4
— :
Z .
(@]
195}
L 4 .6 .8 1.0
Extent of dihedral, % /2
=10, X =1.0
i,
2° = ,035 rad

(geom from Fig. 4)

.
zew
=\ /T = (-.86)(.035)

= - .030

Sy o
'492)(€§ = .038
.030 - 035 - .038
= - .103

Cl9




NO.

BUFFALO

TWIN OTTER

91 c from figure - |
lep ::: Taper ratlo, A ll-f\ﬁ l
2|~ TWEN—OTER ‘;i
58 AL e ot R =
Stlg BUE‘FJ = = 1;-;-_"“» == ™
~ 50 z{a// 20 | o= '
‘/,/ -1 (A =T qq-)'
e q
38— éi
34 5
ﬁ i
30 ’
4 6 8 012 i 3
Aspect ratio @
| i
for AR = 9,75, A = .5: |
for AR = 10, A = 1.0 E
C
2
p = - .53
CQ, = - 60
p
!
92 C'Q/r = C‘Q‘r + Czr ]I
. |
CLo Zp |
= - + C F |
4 Yr \<:) 1
|
I
Cruise Cl

- 230 + (.368)(£g)=.075+438
4 96

= ,113
Slow Flt
.77

® + .038

Lndg Appr
1.49

= —"4—‘_+ .038

.231

.410

_ .22 + (.429)45) = 105+.032

(65)
= ,138
Slow Flt
- ;%g + .033 = ,233
Lndg Appr

= 1-25 + .033 = ,451

C20



NO. BUFFALO TWIN OTTER
ZF
93 c = C =
o 5. b
r r \(:)
o _ N 5, _
= (- .233)(96) = - .024 —(—.317)(65) = - _024
94 =23rx f "2 cya,
2(5.2) (.43) 2(5.2) (.40) -
= 212.2) (.43 (14.82—.186) S = LIATEL) 6.5 vd
(945) (96) £3 Yydy (420) (65) {4 Y&¥
2 .3 2 - 14%
=.0000493[7.41(47°-333) = .00099 | ——— | = .38
3 3
=062 (47°-337)] = .20
95 cC. =2c¢ + C
n n n
B B @ Bfuselage
, F/@
c, = -
= G
= - (- 362)( )— 166, ~(60)| = - (- .492)(32—_;—5) = .193
vol
( fuse) h
c, = -1.3
B
0 6
(4600) 9.8 (1300) 7
= - —— s . = - = - . e Ee— -_— = = . 2
1.3 (945)(96)( ) <063 1.3 (420) (65) (6 07
Cn = .166 - .065 = ,101 Cn = ,193 - .072 = .121
R B

c21




NO. BUFFALO TWIN OTTER
96 Cnp = C p
/. T O
D _ o

Cp = ———4 [1 ER ]

Py

CL CL
_ o [l _ 5.2'] _ e [l - 5.2]
- 4 9.75T B 4 10w
= - .207 C = - ,208 C
L, s
by _63)

C = C o
" Yp. b

F i 2

= - (- .055)(%%) .025 = - (- 085)(22—2) .033
Cruise Cruise
Cn = - .207(.30) + .025 = - ,208(.42) + .033 = - .054

1%

= = .037

Slow Flt Slow Flt
= - .207(.77) + .025 = - .134 = - .208(.78) + .033 = - .129
Lndg Appr Lndg Appr
= - ,207(1.49) + .025 = - ,283 = - ,208(1.65)+ .033 = -.310

c22




TWIN OTTER

NO. BUFFALO
97 ¢, =C, +c,
r ro X,
C zF C @b
n T T b yr
rF b@ F
( 6)(.3) .169 ( es ) (.429) .168
C ¢ - Cnf
nrw DW/4
Cruise Cruise
=009
Cp = - .169=-.171 | ¢ 912 . 168 = - .171
4
r r
Slow Flt Slow Flt
=—-'—&—.169=-.l75 =-—-°£2—5—-.168=—.l74
4 4
Lndg Appr Lndg Appr
. 93
=27 _ 169 = - .1ss T
4 4
’LF’—@
98 C = <& —
s Ys. b
SRS
= 44, _ e 25.5 _
= ( '233)(53) = .107 = (- .317) (—gg—) .124
99 Cn =0
S

C23




BUFFALO

TWIN OTTER

NO.| PARAMETER SLOW  |LANDING SLOW LANDING
CRUISE | FLIGHT |APPROACH | CRUISE | FLIGHT _|APPROACH

100| q S 132,500 |52,000 |26,850 28,750 15,500 7,260

01| q s/u, |331 242 174 103 88 61

102| q sc 1.34x10° _s252x10°] .2715x10%| 185,500 |100,800 |47,100

103| q sc/u, |3350 2440 1760 667 572 392

104| q Sb 12.75x10°| 5.0x10% | 2.58x10° 1.855x10%|1.008x208] .471x10°

105| g sb/u, |[31,850 |23,200 [16,700 6,670 5,720 3,920

106| c/2u .0126 .0235 .0328 L0117 .0185 .027

107| b/2U, .120 .223 .312 .1170 .185 .270

108 m 1240 1240 1240 372 372 372

109| I, 273,000 |273,000 [273,000 |24,300 [24,300 24,300

10| 1, 215,000 |215,000 |[215,000 [22,000 |22,000 22,000

m| I, 447,000 |447,000 |447,000 |41,000 [41,000 41,000
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Appendix D. Transient Responses to Control Inputs

In this appendix, transient responses (or time histories)
of aircraft motions in response to step control inputs are
presented. Equations 48-53 of Section V and the numerical

values developed elsewhere in this report are used,

Figure D1 shows the response in pitch rate é, pitch angle
A®, angle of attack a, altitude Ah, and forward speed (AU/UO)
resulting from a step elevator input Aée for the "Buffalo"

aircraft in the cruise flight condition.

Figure D2 shows the response (again for the Buffalo in
cruise flight) in the same parameters resulting from a step

change in thrust AT.

Figures D3 and D4 present Buffalo Aée and AT responses

respectively with the aircraft at the slow flight condition.

Figures D5 and D6 present the same responses for the landing
approach condition. 1In Figures D5-D6 (and in Figures D17-D18),
altitude (Ah) in plotted as the change from the nominal altitude

resulting from a steady descent at -7.5° flight path angle.

Figures D7-D12 present lateral responses for the Buffalo.
Figure D7 shows the response in sideslip angle g, roll rate 9,
roll angle ¢, yaw rate @, and yaw angle Y resulting from a 1°

step aileron input Ga at the cruise flight condition.
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Figure D8 shows the lateral response in cruise flight due

to a 1° step rudder input &r.

Figures D9 and D10 present §, and Gr responses respectively

for the Buffalo at the slow flight condition,

Figures D11 and D12 present the same information for the

landing approach configuration.

Finally, Figures D13-D24 present the same information for
the Twin Otter aircraft as is given in Figures D1-D12 for the

Buffalo.

Time constants, natural frequencies and damping ratios
associated with the transient responses shown in figures
D1-D24 are presented in Table D1. These were generated as

part of the transient response computer program.

=-D2=



TABLE D1

Summary of Characteristic Response Parameters
For "Buffalo" and "Twin Otter" Aircraft

BUFFALO TWIN OTTER
CRUISE |pPreny | APPROACH|[CRUISE [pLQNy | APPROACH
SHORT PERIOD OSCILLATION
“y ~ 5 2.93 1.98 | 1.42 3.14 2.46 | 1.69
R .794 .855 .856 .710 .780 .783
é 1/tw -sec| .43 .59 .82 .45 .52 .76
E, LONG PERIOD OSCILLATION
! § w - Sh% .084 .147 .205 .132 .198 .289
i- n
Z .166 .108 .082 .140 .101 .069
1/zw,~SEC 72 63 59.8 54 50.3 50
LATERAL OSCILLATION
vy - SHe | 1.78 1.26 1.09 2.46 1.95 1.66
z .162 | .169 193 .202 .254 .360
E Yzw -sECc| 3 45 4.69 4.77 2.02 2.02 1.67
% SPIRAL MODE (MINUS SIGN INDICATES DIVERGENCE)
: T, - SEC 75.7 | -379 | -78.5 788 -48.5 | -21.8
ROLL SUBSIDENCE
Tg = SEC | 328 .446 .650 .185 221 .376
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FIG.D-1 Response To 1° Step Elevator Input (Buffalo, Cruise)
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FIG.D-2 Response To 10% Thrust Input (Buffalo, Cruise)
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FIG. D-3 Response To 1° Step Elevator Input (Buffalo,Slow Flight)
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FIG. D-4 Response To 10% Thrust Input (Buffalo, Slow Flight)
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FIG.D-5 Response To 1° Step Elevator Input (Buffalo, Approach)
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FIG.D-6 Response To 10% Thrust Input (Buffalo, Approach)
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FIG.D- 7 Response To 1° Step Aileron Input (Buffalo,Cruise)
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FIG.D- 8 Response To 1° Step Rudder Input (Buffalo,Cruise)
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