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blades, obtained from wind tunnel tests, can be utilized directly.
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various system parameters on the steady state and deployment
transient performance of the system are investigated. The
results of this study afford an understanding in the mechanics of
the overall system by investigating the relative effects of the
various physical terms on the system performance. This study
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for future applications of the device.

14. XEYWORDS

Autorotors

Aerodynamic decelerators
Retardation devices
Aerodynamics
Air-delivered store

'UNCLASSIFIED

200

Secwrity an-menth-




T R TR s e T A P R R TR T N R T E A PR PR P R R e *

EDGEWOOD ARSENAL SPECIAL PUBLICATION

EASP 100-108

AN ANALYSIS OF THE DYNAMIC AND AERODYNAMIC PERFORMANCE
OF A SELF-DEPLOYING ARTICULATED AUTOROTOR DECELERATOR

by
Miles C. Miller

Aerodynamics Research Group

October 1971

”

Approved for public release; distribution unlimited.

DEPARTMENT OF THE ARMY
EDGEWOOD ARSENAL
Research Laboratories
Office of the Director
Edgewood Arsenal, Maryland 21010

TCRY (e




S O et T R AR

T AR T T T

k)

Loy 44

BT Seh v Aowa NEE TS Ve renies

FOREWORD

The work described in this report represents an extension of the project effort
undertaken in support of DA Project 1X728012D628, Defense Communications Planning Group.
This report is based on a thesis originally submitted to the Faculty of the Graduate School of the
University of Maryland in partial fulfiliment of the requirements for the degree of Master of
Science.

Reproduction of this document in whole or in part is prohibited except with permission
of the Commanding Officer, Edgewood Arsenal, ATTN: SMUEA-TS-TIT, Edgewood Arsenal,
Maryland 21010; however, DDC and the National Technical Information Service are authorized
to reproduce the document for United States Government purposes. .
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DIGEST

The articulated autorotor decelerator is a device intended to provide retardation and
stability to air-delivered stores. This unique device, combining aerodynamics, dynamics, and
gvroscopics, shows promise of having a significant potential in the decelerator field. Limited wind
tunnel tests using small models indicate that this device gives the largest drag coefficient, based on
solidity factor and tip speed ratio considerations, of any known decelerator, including parachutes.

The system is composed of a number of blades attached to a hub at the rear of the store
body. Each blade is free to spin about its long axis by means of a bearing at the point where the
blade is attached to the hub. The hub, in turn, is free to spin about an axis through the store center
line. As the store falls through the air, the air flow over the blades will cause them to spin (or
autorotate) about their long axes. This autorotation is accomplished by proper shaping of the blade
cross section. The aerodynamic lift and drag forces acting on the autorotating blades result in a
torque about the store center line, thus imparting a spin rate to the hub (and attached blades). The
aerodynamic forces acting on the blades, because of the blade spin and hub spin, result in a large
force opposite to the direction of the store flight (parallel to the store center line), which is the
system drag. The blades are also free to travel through a fore and aft flap angle. This third degree of
freedom eliminates large bending loads on the blade and also results in a self-correcting action for
stability.

The method considered for initial blade deployment is to utilize small turbine vanes
mounted on the hub, which will initiate hub rotation. The blades, which are initially lying back
parallei to the store center line, are thrown out and forward (deployed) by the centrifugal force due
to hub rotation. As the blades pivot out, they will spin and, in turn, will sustain the hub spin. The
blades will finally deploy to an equilibrium position at a near right angle to the store center line.
This method of deployment has the added feature of providing a positive means of initiating blade
autorotation during deployment.

The study includes the derivation of the equations describing the dynamic motion of the
decelerator system. These equations involve the inertial, gyroscopic, and aerodynamic effects. The
aerodynamic terms are written so that the aerodynemic sectional characteristics of the autorotating
blades, obtained from wind tunnel tests, can be utilized directly. These equations are programmed
to be solved on a digital computer so that deployment transients and steady state performance
characteristics can be investigated.

Experimental data obtained from wind tunnel tests with a representative full scale rotor
system are presented. These results are used to determine a blade interference factor, which, when
incorporated in the basic theory, gives excellent correlation between analytical and experimental
results.

The qualitative and quantitative effects of various system parameters on the steady state
and deployment transient performance of the system are investigated. The results of this study
afford an understanding of the mechanics of the overall system by investigating the relative effects
of the various physical terms on the system performance. This study also provides an insight into
the performance potential of the basic configuration and represents a basic analytical approach for
future applications of the device.
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AN ANALYSIS OF TI'iE DYNAMIC AND AERODYNAMIC PERFORMANCE
OF A SELF-DEPLOYING ARTICULATED AUTOROTOR DECELERATOR

t

I. INTRODUCTION.

The articulated autorotor decelerator is the invention of James Brunk and Abraham
Flatau.! Limited wind tunnel tests at Edgewood Arsenal using small models indicated an extremely
large drag coefficient for a relatively low value of solidity factor and tip speed ratio when compared
with other decclerator devices which utilize some form of autorotation motion in their mode of

operation. These devices would include: vortex nng parachute, rotochute, flexirotor, and rotafoil
parachute. .

t
. Limited wind tunnel data have indicated the basic potential of this device and verify the
original reasoning that led to the articulated autorotor decelerator concept in that a large system

,drag coefficient would result because of ‘the combination of both a large lift and a large drag

coefficient characteristic of the basic autorotor blade.

This report presents the first known attempt to analyze the qualitative and quantitative
performance characteristics of the articulated autorotor from a detailed dynamic and aerodynamic
viewpoint.

The articulated autorotor decelerator, which appears in figure 1, is particularly applicable
for retardation of air-delivered stores because of the stability it would provide in addition to the
basic decelerator function. This analysis is concerned mainly with utilizing the device for the
airydelivered store application. Thus; the selection of the general analytical model configuration and
associated dimensions is swayed in this direction. The physical system analyzed is intended to
include all the terms basic to the mechanics of the system, yet be as simple as possible to facilitate

an-understanding of the fundamental aspects of the device.

This analysis involves the dynamic moution and aerodynamic performance of the
articulated autorotor decelerator system in a constant and axisymmetric free stream velocity, it
does not include trajectory aspects nor consider an accelerating body system. Nonetheless, the
performance analysis is illustrative of the behavior of the system, and the general approach and the
equatlons thus derived are valid for future analyses of other applications of the basic system.

II. GENERAL'DESCRIPTION OF THE SYSTEM.

The articulated autorotor decelerator system as applied to an air-delivered store
application is illustrated in figure 1 and functions in the following manner. The system is composed
of a number of blades (four are shown in the illustration), which are attached to a hub at the rear
end of the store body. Each blade is free to spin about its long axis by means of a bearing at the
point where the blade is attached to the hub. The hub, with the blades attached, is free to spin

about an axis coincident w1th the store center line by means of a bearing between the hub and the
stcre body.

As the store falls trough the air, the air flow over the blades will cause them to spin or
autorctate about their long axes. This spin rate is shown as w in figure 1. This autorotation is
accompiished by proper shaping of the blade cross section. The aerodynamic 1€t and drag acting on

1Flatau, A., and Brunk, J. E. Free Spinning Articulated Rotor. US Patent 3,291,418. 13 December 1966.
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Figure 1. General Configuration of Articulated Autorotor Decelerator System

the blades caused by their autorotation will result in a torque about the store center line, thus
imparting a spin rate to the hub (and the attached blades). This hub spin rate is shown as  in figure
1. The aerodynamic forces acting on the blades caused by the combination of blade spin and hub
spin result in a large force in the direction opposite to the store flight direction (parallel to the store
center line), which is the system drag.

The blades are also free to pivot through a flap angle, shown as 6 in figure 1. This third
degree of freedom eliminates large bending loads on the blade and also results in a self-correcting
action for stability. The autorotor blade used in this analysis is rectangular in plan form and has a
cross-sectional shape similar to a flattened S. This shape is usually referred to as an S-section
autorotor.

A method for initial deployment of the blades is shown in figure 2. Prior to deployment,
the blades are lying back parallel to the store center line. A hub spin rate is achieved by some means
such as small external turbine va..es mounted to the hub. When released, the blades are thrown out
and forward by the centrifugal force resulting from the hub spin rate. As the blades pivot out to
larger values of 6, they will spin about their long axes; the resulting aerodynamic forces on the
blades will sustain the hub spin rate. The blades will finally deploy to an equilibrium position at a
near right angle to the store center line. Thus, the flap angle 8 will hereafter be referred to as the
deployment angle.

This aft-to-forward deployment method not only minimizes blade bending loads that

would occur in a forward-to-aft deployment when the blades impacted the necessary stop, but it
also has the added feature of providing a positive means of initiating blade autorotation during

12
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1. Blade position prior to deployment:
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deployment. It is this automatic initiation of blade autorotation along with the unassisted deploy-
ment motion of the blades when released (assuming a sufficient hub spin rate) that are the reasons
behind the term “self-deploying” in the system description.

II. GENERAL METHOD OF ANALYSIS.

The equations describing the motion of the system are developed (section 1V) for the case
of an inertially fixed (i.e., nonaccelerating) body. The aerodynamic effects are treated for the case
of constant and axisymmetric flow (i.e., parallel to the store center line). These conditions represent
the physical situation ot the system when installed in a wind tunnel (fixed mount), and therefore
the results are for a condition that can be experimentally verified.

The basic blade element approach, used in propeller theory, is utilized to determine the
aerodynamic load distribution over the blade, covered in section V. This approach allows the
experimentally determined aerodynamic sectional characteristics of the autorotor blades to be used
directly and also permits a detailed understanding of the aerodynamic effects over the blade.

These equations were programmed to be solved on a digital computer, as described in
section VI, not only to facilitate the solution of the several complex equations, but also to allow a
detailed insight into the results because a large number of terms could be computed and
invesiigated.

Steady state system performance (for a constant free stream velocity) was computed and
compared with experimental results obtained in a wind tunnel test using a full scale system

13
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described in section VII. Comparison between the initia! analytical predictions and experimezidi
results showed fair correlation, but the differences were unsatisfactorily large.

A parametric study was conducted in which each physical property and condition were
varied about a nominal condition to determine if the sensitivity of certain terms would explain the
poor correlation between the theoretical and experimental results (section VIII). None of the
parameters studied influenced the performance either qualitatively or quantitatively toward the
experimental results. Attention was then centered on the aerodynamic load distribution over the
blades. From an initial inspection of local flow directional effects and an empirical analysis using
various degrees of this effect, it was determined that mutual blade interference effects on the air
flow direction over the blades (i.e., local angle of attack) would bring all the analytically predicted
terms more in agreement with their experimental values. Differences between the analytical and
experimental results were effectively eliminated in all terms by adding a blade interference effect to
the theoretical analysis.

With the theoretical approach verified, a parameter study was conducted to indicate the
effects of the various terms on the system performance. Also presented is a detailed examination of
the steady state values of specific terms of interest. These results are included in section IX.

Finally, the transient behavior of the system during deployment is 'presented in sec-
tion X. ] - .

IV. DERIVATION OF THE EQUATIONS OF MOTION.
A. Formulation of the Basic Equations.

The basic physical model representing the articulated autorotor decelerator system is
shown in figure 3. The equations describing the motion of this system will be developed using the
modified Euler’s equations approach.?

Referring to figure 3, X, Y, Z* is an inertial axes system fixed *< iie store body with the
origin (0) at the intersection of the blade spin axis and hub spin axis, shere X is directed along the
store center line, and Z is directed downward. The body axes system x, y, z is fixed to the blade and
oriented along the principal axes of the blade, with the x-axis oriented along the blade.

Let w' be the absolute angular velocity of the blade with respect to the X, Y, Z system.
Let w be the absolute angular velocity of the x-, y-, z-axes system (fixed to the blade) with respect
to the X, Y, Z system. The x-axis is oriented along the blade as shown, and the x-, y-, z-axes system
could be rotating about the x-axis.

Angular momentum = H = I’ @-1)
Expanding (4-1):
H =L
H =Lo “2)
H, =Lw',

2Greenwood, D. F. Principals of Dynamics. Prentice-Hall Inc., Englewood Cliffs, New Jersey.
*The mathematical terms are defined in glossary at the end of the text.
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Figure 3. Bzsic System Physical Model
Let:

Ix =11
I=I,=1I,

Although the instantaneous moment of inertia of the biade about the point O would
depend on whether the blade were oriented with the flat face or edge on relative to the axis
considered, the fact that the blade has a high spin rate aliows a mean value for the moment of
inertia to be used. This value, which is between the two extreme values mentioned, is still close
enough to these in magnitude to allow the blade to be considered as a symmetrical body.

Substituting these into (4-2) through (44):

HX =11 (dlx
Hy =10w'y (4’3)
Hz =]00)’2

15
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Let the blade rotate about its axis of symmetry (x) with angular velocity s (wnth respect
to the x-, y-, z-axes system). °

LA
Wy =w, ts
' o
Wy =Wy 4-4)

P
W, TWw,

Substituting these results into the angular momentum expression (4-3),
Hy =], (w, +5)
H, =lw, 4-5)
H, =ljw,

Differentiating equations (4-5) with respect to time:
H =1, (&, +3) - .
Hy = Io(:)y (4'6)
Hz =Io‘:’z

where the dot over the term indicates differentiarion with respect to time:

e d23(
=40 s (=52

The time rate of change of angular momentum referred to an inertia! coordinate system
in terms of a rotating coordinate system expeused in vector notation is

F=H),+wx H 47

where (ﬁ), is the time rate of change of the absolute angular momentum referred to the rotating
coordinate system, H is the absolute angular momerntum referred to the rotating coordinate system,
and @ is the angular velocity of the rotating coordinate system relative to the inertial coordinaie
system.

Expanding the terms of (4-7),

(%. H 1+H ]+Hk (4-8)
@ witw ]+w 3 49)
H "H i+H ]+Hk 4-10)

where7, 7, k are unit vectors for the x, ¥, z system.

Evaluating the first term on the right-hand side of (4-7), and substituting (4-6) into (4-8),

(), = I (& +8)i+IgéoJ + Igéo, k (411)
Evaluating the second term on the right-hand side of (4-7),
i 7 K
wXH= wy W, W
H, H, H,
& X H=(wyH, - @, H )i +(w,H, - H,)j+(w H, - @, B )k 4-12)
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Substituting the expressions from (4-11) and (4-12) into (4-7) gives:
H=11(&y + §)+ w H, - 0, H )T+ (g, + w,H, - @, H, )+ (g, + w H, - w,H,)k (4-13)
Expanding (4-13) gives:

l—i: (Il‘bx +ll§ +wylowz - wzlowy)i_
+ [Ioo';y tw,lj(w, +5)- wxlowzlf (4-14)
+ [fyw, + wlgwy - w i (w, + s Nk

The time rate of change of angular momentum is equal to the net external moment; in
vector notation,

— —

M=H (4-15)
Expanding (4-15) and substituting in the expressions from (4-14):
Mx = 11 (:Jx + 116.'
My =Io(:)y - (10 - Il)wxwz +ll(-JzS (4'16)
MZ = Io(:)z +(10 - Il)wxwy - llwys
B. Conversion of Euler Angles.
_The Euler angles (7, 8, ¢), which describe the orientation of the blade with 1espect to the

X- 7— Z-axes system, are chosen so that the Y-axis always remains in the YZ plane (i.e.. vy is
measured in the YZ plane), as shown in figure 3. .

Expressing the angular rates in terms of these Euler angles,

s =¢ “-17)
Wy, =-7 siné
w, =98 (4-18)
w, =7 cosb

Differentiating (4-18) with respect to time:
&y =78 cos 8 - ¥y sins
cby =8 4-19)
&, =8 sind +% coss
Substituting (4-17), (4-18), and (4-19) into (4-16):
M =- Il';s C058 = -I:y.sin 8 +Il$
M, —106 + (10 - I;)r2sind cos s + 117¢ cos & (4-20)
Mz —-1016 siné +107 cosd - (Iy - I; )18 sin é - ll¢6
Expressing the moment terms about the Euler axes system as defined in figure 3:
M, =-M,sind +M, cosé

My =M, 4-21)
M, =M,
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Substituting (4-20) into (4-21) results in:

M, =5y cos? 8 +1, sin? §)- 2(l - I, )75 sin & cos 8 - I,¢5 cosd - I, & sin 8

Mg =1y +(Ig - I;V¥2 siné cosd +1;7$ cos é 4-22)
My =175 coss - I,¥siné +1,¢

Note that the equations do not contain the terms y or ¢. nor any functions of them, but include
only the first and second derivatives (rates and accelerations) of these terms,

C. Charging Descriptive Terz:inology Symbols.

The basic symbols used thus far to evolve these equations are now changed to different
symbols, which have more meaning to the physical system being analyzed. These changes are shown
in figure 4.

The symbol denoting rctational rate of the blade about the store center line 7 is replaced
by the symbol £2, which is commor terminology for hub rotation rate. All other terms are aitered
accordingly:

y=2  ¥=Q M =M,

The sym*-ol denoting rotational rate of the blade about its long axisd.s is replaced by the
symbol w, whick is common terminology for autorotor spin rate, resulting in:

d=w d=w M¢=Mw

The angular symbol §, which describes the angle of the blade measured from a plane
perpendicular to the store center line (hub spin axis), is replaced by its complementary angle é so
that:

sin 8 = cos 6 cosd =sin0 §=90°-6

5 =‘0. ‘6’=—9 Ma =-Mo

The angle 0 is then termed the “deployment angle,” which has a more useful physical meaning in
this application.
Substituting these new terms ir equations (4-22) gives:
Mg = fl(l0 sin2 0 +I; cos? 0) + 2(Iy - I,)26 sin 8 cos § +Iiwé sin6 - [} @ cos 8
-My =18 +(ly - I )..Q.2 sin @ cos 8 + 1, R sin 8 (4-23)
Mw =1,Q0sin0-1,C cosd +1,&
Solving for the angular accelerations:

. Mw . .
W =7—-S205m0 + 8 cosd
I

M
=-1—"+ (o - 1,)R2 sin9 cos0 +1,Qcw sin 0 (4-24)
o

1
" (Iysin20 + [, cos20)

Q (Mg - 2y - 1,)526 sin 8 cos 0 - I;w6 sin 8 +1,& cos 8]
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D. Formulation of the Aerodynamic ioments.

The external moments M, M,, and M, in expressions (4-24) are assumed to result
solely from aerodynamic forces. Blade weight and bearing friction for both the blade and hub are
not considered.

The aerodynamic load distribution acting over the blade is evaluated by the standard
blade element propeller theorv method.3 In this method, the magnitude and directional sense of the
aerodynamic force is evaluated at distinct locations, these being the center of area elements located
at incremental intervals along the biade. The forces are a function of the basic aerodynamic
characteristics of the blade shape and the local flow conditions at each el .~ent.

In addition to the determination of the aerodynamic load distribution, the forces
evaluated at each element are summed up, resulting in the net force and, consequently, the net
v moment acting on the blade.

In this énalysis, axisymmetric flow relative to_the store body is assumed where the free
stream yelocity ¥V, is parallel to the body center line (X-axis, which is also the hub spin axis, Q).
Consider the aerodynamic forces acting on an element of the blade located at a distance r from the

3Von Mises, R. Theory of Flight. Dover Publications, Inc., New York, New York. 1959.
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point where the blade int: rsects the body center line axis X, as shown in figere 5. The equations
describing the motion of the blade derived thus far do not depend on the angular position of the
blade as it rotates about the store center line, indicated as y in figure 4. Thus, to simplify the
geometry in the following analysis, the blade is considered to be oriented in the XZ plane.

The relative velocity at this element is ¥, which is the vector sum of the free stream
velocity and the tangential velocity of the element caused by the hub spin.

V=JV_2 +(¢Q 5100 (4-25)

The_relative angle of attack @, which is defined here as the angle between the resultant
lncal velocity V and the free stream velocity V. , is as follows:

&= tant (L2150 0) (4-26)

@
=
—
(7]
} 9

£
Y N
%
yw
Q /
7(/ z

Figure 5. Aerodynamic Conditions at a Typical Blade Element

20




S A e gl g P e 4

PRI

T

e g Larliri gt o, v

g e et oA

W

s

i

:'
g;
H
4
1
Fl
{
i
;j
i

4
3
:
¢
:

a7
‘1
E: ;§
A
E:
3,
ol
e

sasdind st vails

s
5

AL

1oyt B
G

g

o T

et

T kad

The velocity component at the element resulting from the blade deployment rate, r0, is
not included in the computation of the relative velocity because it is small, relative to the other
velocity terms; its inclusion is not warranted in light of the increased complexity that would be
added to the already complicated terms.

Let x,, »,. 2z, be a wind axes coordinate system centered at the blade element
considered (), where x,, is parallel to V, z,, is perpendicular to both V and @, and y,, is
perpendicular to the plane defined by x,,z,,. The aerodynamic force acting at this element can be
expressed as a drag force component (D), acting along x,,, a lift force component (L) acting along
z,,, and a side force component (SF) acting along y,,. The directional sense of the aerodynamic
forces are indicated in figure S. It should be noted that the wind axes system used is a “left-hand”
system, as opposed to the commonly used “right-hand rule” concerning the positive direction of
orthogonal vectors. This was done to facilitate the derivation of the angular relations for the
physical system considered.

The aerodynamic forces acting on the blade in the autorotor decelerator system will be
expressed in such a way that the autorotor blade sectional acrodynamic coefficients can be utilized
directly in the same form in which they have been determined from wind tunnel tests of the
particular autorotor blade sectional configuration.

The aerodynamic forces are expressed in the standard coefficient form where:

D = CD q_S
L =C.GS (4-27)
SF =C,qS
G = dynamic pressure =£2— (4-28)
S = planform area = CAi (4-29)

The dynamic pressure used is the local value, evaluated at the center of the element; the
area of the element CAr is used as the reference area, as shown in figure 6.

The aerodynamic coefficients C; , Cp, and Cy are obtained from wind tunnel tests on a
rotor blade of identical cross-sectional shape.4

It should be noted that once the blad< spin «w has been initiated, the aerodynamics are
not a function of the angle of the air flow relative to the blade in a plane normal to the blade spin
axis. The aerodynamic ccefficient values, however, are a function of the blade tip speed ratio%,g at
the element, and ' v- w angle ¢ of the tlade to the local velocity vector f’_, as shown in figure 6.

A mo:. deiai . escription of the form of these coefficients, as well as the method by
which they are obtain~ ‘. ircluded in section V.

The aerodynemic characteristics of the autorotor blade, as determined from wind tunnel
tests, are expressed as a function of the yaw angle ¢, as illustrated in figure 6.

4Flatau, A. CRDL Technical Memorandum 15-49. Preliminary Investigation of Modified Autorotating Finnei:
Cylinders. 17 August 1961. UNCLASSIFIED Memorandum.
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Figure 6. Details of Blade Element Terminology
For the autorotor decelerator system, the true yaw angle between the relative velocity
vector ¥ and the blade spin axis & is termed B, as shown in ﬁgure 6. The angle {3 is the complement

8=90°-y " (4-30)

R t
*

From figure 7 it can be seen that the angle g is a function of both § and @:

B = cos~1(cos 8 cos) | (4-31)

Figure 7 also illustrates the details of the derivation of the angular relations between the
wind axes and the body axes systems that are 'equired to resolve the aerodynamic forces in the
proper form for inclusion into the equations of motion of the system. Let the wind axes system

, Y, Z, be mmally oriénted to coincide with the X-, Y-, Z-axes, with X,, directed along ¥, Y,,
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2) Plane 2,0Q lies in plane X0Z;
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‘ ‘ plane Zv'lOzw is perpendicular to V;
. .‘. intersection of planes QOzw and
Zv:’Ozw define a line z, which is
perpendicular to both g and V
, where:
tang = tan(90° - 6)cos(90° - a)
or: tang = ctno sina

Figure 7. Derivation of True Blade Yaw Arigie and Wind Axes Angular Relations
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directed along Z, and Z,, directed along the negatxve X-axis. Rotate the X, Y,,, Z,, system about
the Y, -axis through the angle (90 @). Now X, is parallel to V, and Z, is perpendicular to V.
Next, Totate the axes X,,. Yy, Z,, about the axis X ., through the angle §, where:

tan ¢ = tan(90° - ) cos(90° - @)
or: £ =tan" l(ctnd sin@) (4-32)
Now z,, is perpendicular to both Vand & (i.e., the long axis of the blade). The y,, -axis is likewise
perpendlcular to V, but lies in the plane of ¥ and w. The drag force (D) is directed along x,, , which
is parallel to V; the lift force (L) is directed along z,,, which is perpendicular to the plane of 8. The
side force (SF) is directed along y,,, which is perpendicular to I'lgand lies in the plane of 5. The
aerodynamic forces relative to the blade and to the relative velocity are now identical in form to the

wind tunnel data; the relations between these forces and the autorotor decelerator system body
axes are defined.

_ The aerodynamic forces acting along the x,, -, y,, -, z,, -axes will not be resolved along the
X-, Y-, Z-axes figures 5 and 7.

Considering figure 8, which contains a view at the blade element looking along the Z-axis

toward the inertial axes origin, and figure 9, which contains a view looking zlong the Y-axis toward
the origin, it can be seen that:

Fg=Lcosgsina+Dcos@- SFsin¢sin@
Fy=Lcos¢ cos@- Dsina - SFsin ¢ cos@ (4-33)
Fr=Lsin§+SFcos¢ ’

Now consider figue 9, which contains a view of the blade element looking along the
Y-axis toward the element. The forces of (4-33) can be resolved mto a force component that is
normal to the blade spin axis in ti*= X-, Z-plane.
Fy =Fygsing +Fz cos @ ’ 4-349)
Substituting the expressions from (4-33) into (4-34) results in:
Fy =(L cos ¢ sina + D cos « - SF sin & sin@) sin 8 + (L sin & + SF cos E)cosé (4-35)

_Thus, the component of the aerodynamic force acting normal to the blade in the 6-plane
(i.e., the X- Z-plane) for a particular blade element is:

}F, Fy =L(cos § sina sin 6 + sin § cos8) + D cosa sin 6 + SF(cos ¢ cos 8 - sin t sin o sin )(4-36)
The net normal force acting on the blade in the 8-plane is the summation of the normal
forces evaluated at all the clements along the entire length of the blade. Using the aerodynamic

expressions of (4-27) through (4-29) in (4-36), and integrating over the Jength of the biade results in
the following expression for the net normal force:

F, ff'CL C(cosEsmasme+sm$cos0)+CD-—2Vz—Ccosasmo
To

+ CY-L;”-C (cos ¢ cos@ - sint sinasingd) | dr 4-37)
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Figure 8. Aerodynamic Forces Contributing to Hub Spin Moment and System Drag
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Where 7, indicates the location of the inirial blade element, nearest the root of the blade,
and ry indicates the final outermost element, near the blade tip.

Thus, the net aerodynamic moment acting on the blade, about the blade/hub pivot point,
in the 6-plane is:

r

f
M, =/ {CL%-/Z C(cos ¢ sina sin @ +sin ¢ cos0) + CDﬂéV—2 Ccosa'sin 0
To

+Cy _p_2K2_ C(cost cosf - sin ¢ sina sin 0) | rdr (4-38)

The component of the aerodynamic force at each blade element acting normal to the

blade spin axis and in the Q-plane (i.c., the plane normal to the M vector in figure 4) is shown
from figure 8 to be:

Fo =Fy=Lcostcosa-Dsina-SFsin¢ cosa (4-39)

The net force acting to give a “torque” to the blade, about the hub spin axis, is obtained
by the summation of these load forces evaluated at all the clements along the entire length of the
blade. Substituting the aerodynamic terms of (4-27) through (4-29) into the expression (4-39), and
integrating over the length of the blade, results in the following expression for the net hub “torque”
force:

r

f

Fq =f ICLLZ-VZCcoss cosa - CD%-VZCsin a- Cy%-VzCsin £ cos?x',l 4 (4-40)
To

Thus, the aerodynamic moment acting on the blade about the blade/hub pivot point, in
the Q-plane is:

r
/ - - 2
Mg =f ICL%—/—QCcosg cosa - CD%VECsina— Cy‘izECsin £ cosa | rdr (441)
Ty

The aerodynamic moment acting to spin the blade about its long axis at a particular blade
element is:

M,=C, P—‘,_Vl sc (4-42)

where, as before, the dynamic pressure and reference area are for the local conditions at the
element. The spin moment coefficient C,,, like the force coefficients, is a function of the blade tip
speed ratio and yaw angle.

The total moment acting to spin the blade about its long axis is the summation of the
moments at all elements (i.e., the integral of the moment distribution over the blade).

r
7
M, =/ cmiz’izczdr (4-43)
)
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Substitution of the moment expressions (4-38), (4-41), and (4-43) into the equations of
motion (4-24) results in the general equations of motion for the articulated autorotor decelerator.
These equaijons are shown summarized in figure 10. along with a simplified sketch of the
decelerator system and the main variables.

The equations of (4-24) represent the equations of motion for one blade. The analysis to
this point assumes that all the blades act as independent entities, with no mutual effect on each
other. Further, it is assumed that all blades act in uniscn in that the motion of one blade is identical
to all others. .

The first equation of (4-33) represents the component of the aerodynamic force at the
blade element, which coniributes to the system drag (i.e., the force opposite in direction to the free
stream velocity Vo). The total drag force D, resulting from one blade is the integral of this force -.
component over the length of the blade:

= [ r2 g — -
D, —rj‘; {CL-LZ— CcosEsma+CDp7V—2Ccosa— CY-E-Z-WC::mEsmE}dr (4-44)

The total system drag is obtained by multiplying the drag determined for a single blade
by tne number of blades included in the system. The autorotor decelerator system considered here
has four blades; therefore:

' Total system drag =D = 4D, ’ (445)
E. Additional Considerations.

It should be noted that in an actual physical system, the blade spin axis might not '
intersect directly with the hub spin axis because the blade pivot point would probably be located on
the hub at some radial distance from the store center line. This factor has not been included in this
analysis because it would incorporate an additional term into an already complicated system. The
purpose of this analysis is to obtain a general understanding of the system from as simplified a view
as possible. Future effort could include this feature without altering the general results of this
study.

Inspection of the equations of (4-24) reveals that the equation describing the deployment
angle is a second-order differential equation and, as such, could have an oscillatory form of solution.
For this type of equation, a term containing 6, usually referred to as a damping term, is required.
Even if the system described is basically stable, the creation of spurious, positive damping effects in
the sclution process could result in an invalid buildup of the basic terms and eventual “blowing-up”
of the solution. This was seen to be the case in this instance, and an aerodynamic damping term was .
therefore added to the moment expression. The damping term was assumed to result from the
action of the blade deployment rate 6 relative to the free stream velocity expressed in the following
form:

(] )
M; =Cp, (T,'%)L;—” Sb sin? 0 (4-46)

where-‘;,—b is the nondimensional deployment rate of the blade referred to the free stream velocity.

C'"é is the damping moment derivative with i2spect to the nondimensional deployment rate. The !
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L \/V,, + (ar sine)

Figure 10. Continued
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term b is the distance from the store center line to the blude midpoint, measured along the blade
span. The term sin?0 introduces the eifect of the blade angle relative to the free stream velocity
{normal component of b is b sin 0).

In addition to the moments of inertia of the blade, the moment of inertia of the hub /
must also be considered in the Q equation (4-24). Therefore, a factor of Iy /4 (for « four-bladed
system) is added to the basic moment of inertia term for the blade.

V. AUTOROTOR SECTIONAL AERODYNAMIC CHARACTERISTICS.
A. S-Blade Autorotor Configuration.

Figure 11 illustrates the type of autorotor utilized in this analysis. The shaping of the
blade cross section in an S-sshape causes the biade to autorotate. This cross-sectional shape offers
excellent lift and drag coefficients, and its geometry allows good stowage potential (prior to
deployment) along with good structural qualities resulting from the corregated effect.

B. Testing Methodology.

In using the blade element propeller theory method outlined in section IV, the sectional
aerodynamic characteristics of the autorotor blade are used directly. No satisfactory method has
been developed to analytically predict the characteristics for autorctating shapes; thus, these
characteristics must be determined experimentally from wind tunnel tests of the autorotor blade.
Although somewhat different in testing procedure, because of the unique spinning properties of the
avtorotor, the general method and results are analogous to the approach used for airfoil sectional
characteristics and their use in standard propeller analysis.

The aerodynamic characteristics of the autorotor blade cross section are determined
experimentally in the wind tunnel using the testing arrangement shown in figure §2. The rotor is
mounted on a yoke type mount, which is attached to the tunnel balance system. Each end of the
rotor spin axis shaft is attached to the upright yoke arms with high-speed precision bearings. This
allows the rotor to spin about its long axis with a minimum amount of friction. The rotor can be
tested at various yaw angles to the air flow by rotating the yoke atout its single center support.
Figure 13 shows an S-section rotor blade mode} installed in the wind tunnel. The yoke is mounted
to a pyramidal type strain gage balance located beneath the test section floor. This balance measures
the three forces and the three momerts directed along and about the three wind axes directions.
The strain gage deflections are read out as microvolts and are calibrated to determine the actual

c
|

Figure 11. S-Section Autorotor Configuration

31




TR TR

eI

TR R TR v e A e TP P TR S s R E W R R T ?l‘..’ﬂ f~1§5‘i“, -’('«*\w,\% PRTERVRAE Feta B

Autorotor —/

)

i
J To Balance System
. Yoke Mount '/

Figure 12. Autorotor Wind Tunnel Testing Technique

loads acting on the sutorotor. A strip chart recorder is used so that all six load components can be
recorded simultaneously during the run and so that the transient effects can be determined.

Autorotation spin rates were obtained by means of an optical tachometer. This basically
consists of a light source that projects a light beam on the autorotor normal to the autoroior spin
axis. The light beam is positioned so that the beam is inrerrupted by the surface of the autorotor. A
light pick up senses the reflection of the beam over one-half cycle. Then the pericdic reflection of
the light beam is counted bv ‘e counter part of the device, and the spin raie of ihe autorotor is
record.d on the strip chart alcng with the balance loads.
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Figure 1°. Autorotor Blade Installed in Aerodynamics Research Group
14- by 20-Inch Subsonic Wind Tunnel

The procedure of only testing the autorotor over a range of yaw angles in the plane
defined by the rotor spin axis and the free stream velocity will provide the complete relationships
between the aerodynamic characteristics and the angle of the free stream velocity to the autorotor
for all combinations of pitch and yaw angles. This happens because once spin is initiated, the
aerodynamic characteristics are not a function of the angle between the autorotor spin axis and the
free stream velocity, measured in the plane perpendicular to the spin axis. Thus, the autorotor can
be considered to be a purely symmetrical body, aerodynamically, thereby permitting this simplified
testing method.
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C. Aerodynamic Characteristics Nomenclature.

The axes system and the associated terms and symbols used in the wind tunnel data are
illustrated in figure 14.

D. Aerodynamic Characteristics at Steady State Spin Rate.

; If the autorotor is set at a fixed yaw angle ¥ in a constant velocity air stream V., , it will
: assume a constant spin rate w. The “steady state’ spin characteristics of the rotor can be expressed
in nondimensional form as the steady state tip speed ratio wg, where:

A wsC
Wes = 2_3.[;: (5-1)

The sutscript ss refers to the terms evaluated at the steady state condition. When discussing the
aerodynamics of the basic autorotor, the tip referred to is the leading edge of the autorotor shape as
viewed along the spin axis of the autorotor. Thus, the tip speed ratio is the ratio of the tangential
velocity of .he rotor tip, caused by spin, to the free stream velocity. The stcady state tip speed ratio
is a constant for the particular rotor cross-sectional shape and the particular yaw angle.
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Figure 14. Definitions of Wind Tunnel Axes Systems and Aerodynamic Nomenclature
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Another parameter that influences the steady state tip speed ratio and the other
acrodynamic characteristics is the rotor aspect ratio (2/C). In this sense, the assumption
that the aerodynamic characteristics obtained in the wind tunnel on a rotor with an
arbitrary aspect ratio can be utilized in the blade element method for the analysis of the
autorotor decelerator hds the same rationale as using general airfoil section data in evelving
propeller performance vusing the same mecthod. In addition, for the case of the autovotor,
the ocombination of yaw angle with the consequent span wise flew would seem to be

kil Aot S

. aftected by asmect ratio. However, other than using autorotors of relatively high aspect
ratios in the wind tunnel tests to determine theé sectional characteristics, no aspect ratio
. corrections, have been utilized in this analysis.

It might also be mentjoned that the aerodynamic characteristics of autorotors are
. also a fuaction of Mach number. However, this analysis does not involve situations outside
of subsonic velocities, and' compressibility effects are not considered.

] At a steady state spin condition, the autorotor has an aerodynamic lift, drag, and
. side force that can be expressed in standard coefficient form (Cy, s CDgp Crgg) Where the
i subscrip: ss denotes terms evaluated at a steady state spin condition. The autorotor also
; experiences a yawing moment and rolling moment. But in the case of the S-blade with no
‘ end plates, considered here. the yawing and rolling moments are extremely small and have
' no meaning because they are a result of side flow and end effects for the blade aspect

ratio and constant test conditions of the tunnel that cannot be applied to the variable

conditions along the blade for the autorotor deceleration system. Thus. they are not
! utilized in this analysis. f

At steady state spin rate, the moment about the spin axis, or spin moment, is
zero (otherwise, the rotor would experience spin acceleration, and the steady state
condition would not exist). During the condition when the autorotor is spinning up to the
I steady state spin rate, the spin moment does have a value, and this will be treated in
3 detail in the section on spinup transient.

32U SRRV v

: The steady state values for the force coefficients and tip speed ratio are shown as
4 ; functions of yaw angle in figure 15. These parts of this figure contain actual wind tunnel
- | data for an S-section autorotor. As can be seen, the steady state characteristics can be
k expressed as a function of yaw angle as:

3 AT ‘/‘\’“o cos? (5-2)
J | Cl.‘ o = CL‘“O cos2y (5-3)
. , Cp,, =Cp s cos2y (5-4)
‘ Gy, =Gy, sint2y (5-5)

where the subscript (0) refers tothe terms maximum value (ie., Cp o and Cp . ~ are
evaluated at ¢ =0° and Cyy, Is evaluated at = 45°). Because the aerodynamic
characteristics of the autorotor can be expressed in standard coefficient form, wind tunnel
tests at one velocity are sufficient to determine these coefficients. Actually, all wind tunnel
tests were conducted at several free stream velocities to evaluate such effects as Reynolds’
number, bearing friction, etc. In the case of the general autorotor shape. inertial properties,
Reynolds’ numbers, etc., used in this analysis, the constant coefficient properties assumed in
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Figu-e 15. Aerodynamic Characteristics as a Function of Angle of Attack
for an S-Section Autorotor at Steady State Spin

36




XY e T e TR e S A WY W

0 § - -
@)
@)
-.4 1
o
>
(&5 ]
-.8 7
1.2 4
Note: symbol O indicates wind tunnel data
1.2
(
.8 1
(%]
< 30)
A4 A
0 Y Y T T 4 -
0 20 40 60 80 100
¥ v Deg.

Figure 15. Continued

37




— e B e W T CNSEX SRR L e R N R el H e G S S S S G 4 e T S R et

the analysis were verified by wind tunnel tests. Thus, the wind tunnel data are presented for a
single set of wind tunnel conditions merely to illustrate a typical case or to evaluate a general
expression.

E. Aerodynamic Characteristics During Spinup (Transient).

If the autorotor is set as a fixed angle of yaw in a constant free stream velocity
and released, it will spinup to the particular steady state spin rate corresponding to the
steady state tip speed ratio as described in the previous section. Figure 16 indicates how
the various terms vary during a typical spinup in the wind tunnel. As can be seen, the
drag coefficient and side force ooefficient remain fairly constant during spinup; however,
the lift coefficient and spin moment coefficient (indicated by the relative slope of the tip
speed ratio versus time curve) vary with the spin rate in the transient condition.

If the ratio of the lift coefficient to its steady state value is plotted versus the
ratio of the tip speed ratio to its steady state value, as shown in figure 17, it can be seen
that the generalized lift ooefficient can be expressed as a second-order function of the
generalized tip speed ratio as follows:

C 5. A
o =G, GG, G (5-6)

s
where Cp, and Cp, are constants for the general autorotor configuration, and C;_. and
cﬁ,, are steady values %or the particular autorotor shape and for a specific yaw angle. The data curve
(solid line) in figure 17 was formed using a second-order curve fit of the wind tunnel data.

Substituting expressions (5-2) and (5-3) into (5-6) results in:

N /\2
C, =C, (C a——“’ +C 22— 5.7
L L“O Ll ssg Lz (/‘\"‘2'3.0 COSleI) ( )

Therefore, the lift coefficient during the transient spinup condition can be expressed as a
function of the tip speed ratio, yaw angle, and the maximum steady state values of the lift
coefficient and tip speed ratio. The specific lift characteristics of the S-section autorotor, utilized
for the blade in the autorotor decelerator system and presented in the form of expression (5-7), are
shown in figure 18. These data, which were obtained in wind tunnel tests, show the maximum
steady state tip speed ratio 0 to be 1.0, and the maximum steady state lift coefficient C; ssq to
be 1.55.

Equation (5-7), which describes the transient behavior of the lift coefficient for any yaw
angle and tip speed ratio, is based on the assumption that the transient coefficients Cy, and
CL ,~which were determined from spinup tests at a 0° yaw angle—are valid for all yaw angles. This
assumption was verified by wind tunnel tests in which the autorotor was allowed to spinup while
being held at various fixed yaw angles. Figure 18, in addition to containing the lift cocfficient values
versus tip speed ratio for several yaw angles using expression (5-7), also shows data points
determined directly from a spinup test for the autorotor at a yaw angle of 30° as a means of
illustrating the justification for expression (5-7).

All the aerodynamic forces and moments are measured directly during the wind tunnel
test using the standard tunnel balance system, except for the spin moment. The spin moment is
determined indirectly from spin rate versus time traces obtained during the spinup process. The
slope of this curve at any instant of time is the spin acceleration at that time. The product of the
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Figure 16. Typical Autorotor Aerodynamic Characteristics During Spinup Transient
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Tip Speed Ratio for an S-Section Autorotor
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spin acceleration and the autorotor moment of inertia about the spin axis at a particular instant of
time is equal to the spin moment acting on the autorotor at that irstant. The spin moment can then
be reduced to a spin moment coefficient in the standard way:

B ()
™ pV%SC
where

I'= moment of inertia about spin axis

o _dw _ . .
@ =" r = spin acceleration

Thus, the plot of spin moment coefficient as a function of tip speed ratio can be
determined by following this procedure for a large number of points from the spin rate versus time
data.

The most common method, however, is to use a three-point curve fit from the spin rate
versus time data to form a second-order equation of spin moment coefficient as a function of tip
speed ratio. The three points chosen to evaluate the coefficients are the initial slope, the final steady
state cendition, and some intermediate point, usually the point where the spin rate is one-half its
steady state value. The resulting expression is extremely accurate.’

The spin moment coefficient can be plotted versus the tip speed ratio (similar to the
method used with the lift coefficient), as shown in figure 19, and can be expressed in the following

form:
Cm =1.+C 5—‘/‘\’ +C, & 5-8
mg - IR B AP m2 &3, -8)

where C,,, and Cp, are constants for the general autorotor configuration and é\),, is the steady
state value of the tip speed ratio for the particular autorotor shape and for a particular yaw angle.
The data curve in figure 19 was determined from wind tunnel data using the second-order curve fit
technique.

Cny is the value of the spin moment coefficient at zero spin rate (the value at steady
state is zero) and is a constant for the particular autorotor shape and angle of yaw.

. Cng =Cmg COS2V 1 (59)

where Cp, , is the value of the spin moment coefficient (evaluated at y = 0°).

Substituting (5-2) and (5-8) into (5-7) resuits in:

4 &2
= 2
Cpn =Cpy cOS2Y +C, 1B +szw,s2o cos? § -1

SBrunk, J. E. Final Summary Report. Contract DA-18-108 AMC 236(A). Analytical and Aerodynamic Studies cf
Rotating Bomblet Motion. 31 January 1965. UNCLASSIFIED Report.
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Figure 19. Generalized Spin Moment Coefficient as a Function of
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where the new constants arc evaluated as: ,

le-‘C,,,olezdem2=C C

n 0 m 2
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Therefore, the spin moment coefficient during transient spinup can be expressed as a
function of the tip speed ratio, vaw angle, steady state tip speed ratio, and the maximum spin
moment coefficient evaluated at zero spin.

The spin moment characteristics of the S-section autorotor, illustrated in figure 11, are
presented in the form of expression (5-10) in figure 20. These data, which were obtained in wind
tunnel tests, show the spin moment coefficient at zero spin and zero yaw angle C,, 0 to be equal to
0.20.

As was the case with the lift coefficient, the transient coefficients Cy g, Cpn ¢, and G
for the spin moment coefficient, which were determined from tests with the autorotor set at 0° of
vaw, are valid in equation (5-10) for all vaw angles as demonstrated by the wind tunnel cata pointe
included in figure ! for the example case of a 30° yaw angle.

For the autorotor decelerator system mathematical model evolved in section 1V, the
relative angle between the velocity and the autorotor blade spin axis is 8, where:

g=90°- ¢ (4-30)
Hence: |

siny = cosf

cosy = sinf

Thus, in terms of the system angle 8, the expressions for the steady state aerodynamic
coefficients (5-2) through (5-5) become:

By =8y, sin2p (5-10)
CLy =Ciyy, S8 (5-11)
' Cp,, =Cp,,, sin8 (5-12)
Cy =Cy  sin22p (5-13)

§$ $s0

The expressions for the transien? values of the aerodynamic coefficients (5-7) and (5-10)

become:
A 52
CL = CLSSO (CLI 0530 +C142 a?so sin2{3> (5‘14)
. 5 &2
Cn = Cng 5 28+ Cpy 7 B +Ca, B 57 (5-15)

F. Aerodynamic Characteristics for an Overspin Condition.
As described in the previous section, the autorotor aerodynamics can tc basically
expressed as a function of the tip speed ratio. Up ;\o thic point, only the spin regime between zero
. f A
and steady state has been considered, i.e., 0 £ w $ wWg,.

In using the blade element method in the analysis of the rotor decelerator system, if the
tip speed ratio, yaw angle, local dvnamic pressure, etc., are known at a particular element of the
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blade, the aerodynamic coeificient for that element can be determingd by the functional
relationships for the blade shape For the case of the rotor retardation system, the blade, beinga
rigid body, has the same spin rate at any point along its length. However, the velocity varies along
the length of the blade. The tip speed, therefore, varies along the blade, decreasing in value from
root to tip. At some elements on the blade, a condition exists in which the tip speed ratio is greater
than the steady state value corresponding to the conditions at the element; this condition is termed
“overs ATherefore an understanding of the autorotor characteristics for an overspin condltlon
(i.e., > ss) iS required.

A wind tunnel test was conducted in which the aerodynamic loads were measured on the
S-section autorotor, which was forced to overspin by an eleétric:motor. Figure 21 illustrates the
rotor and mount used in the test. The results of this test are found in figure 22. As can be seen, the
lift and drag remain at their respective steady state values, even when the rotor spin rate is 40%
above the steady state value for the test conditions. :

'

o NN
Therefore, if W > wg:
o ) t

CL = CLSS, CD = CDSS’ and CY = QYSS

The lift and drag values were also measured with the motor holding the rotor spin rates at
values less than steady state. The agreement of these data with data obtained from rotor transient
tests using the free-spinning rotor method, as indicated in figure 17, demonstrates that the motor
mounting installation did not introduce invalid or spurious conditions.

The overspin condition also affects the blade spin moment coefficient in ‘that in an

overspin condition, the blade will experience a negative' spin moment coefficient tending to decrease

* the spin'rate. A wind tunpel test was conducted to determine the nature of the spin moment acting

on the autorotor in an overspin conditi.~.. The S-section autorotor and yoke mount arrangement

' shown in figure 21 was used. An ex -.mal motorized friction wheel was utilized to give the

i

Figure 21. Autorotor Oveispin Wind Tunnel Test Mounting Arrangment
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autorotor a higher spin rate than the steady state value for the particular free stream velocity at
which the test was conducted. When a sufficiently high spin rate had been achieved, the friction
driving wheel was disengaged, thus allowing the autorotor blade to freely spin down tc the steady
state spin rate. The spin rate versus time data trace was analyzed in the same manner as for the
underspin case. The results of this test revealed that the expression for the spin moment coefficient
(5-10) previously determined for the underspin condition remained vald for the overspin condition,
at least up to a blade tip speed ratio of 1.45, which was the highest value attained during the test.
Thus, a very strong negative spin moment coefficient is present for the overspin condition, as
indicated in figure 23.

G. Autorotor Spin Initiation.

Almost all autorotating shapes have the common characteristic that they will not
automatically initiate spin for all attitudes of the rotor chord to the direction of the free stream
velocity (which is actually the definition of the angle of attack in the commonly used sense). The
angle of attack in this instance, as defined in figure 24, is important only to the action of the spin
initiation. Once the autorotor is spinning, the angle of attack loses meaning in the description of the
magnitude of the blade section aerodynamic characteristics. Actually, the aerodynamic forces act in
a cyclic manner over a complete rotation. This periodic nature of the lift, drag, etc., can be observed
a* low spin rates or in water.6 At the higher spin rates common to the rotors in air, the cyclic
variances are too rapid to be measurable, and only an average value is indicated.

Wind tunnel tests of a nonspinning S-section rotor blade at various angles of attack
indicate that there exists angle of attack ranges in which the rotor is statically stable in pitching
moment (dead zone) and ranges where it is statically unstable (live zones). These conditions are
apparent in figure 24, which shows the pitching moment coefficient as a function of angle of attack,
where a live zone extends from - 105° to -60°, and a dead zone extends from ~60° to +75°, with a
stable trim point at -25°. Thus, the S-blade autorotor considered has four alternating zones (two
live and two dead) in a one complete 360° rotation.

This means that if the rotor were oriented at an angle of attack within the dead zone and
released, it would assume a very stable trim altitude at an angle of attack of 25°. If oriented at an
angle in the live zone and released, it would initiate spin and proceed to spin up to the corresponding
steady state spin rate. In actuality, releasing the rotor in the outer fringes of the dead zones still
might result in spin initiation because of overshoot of the blade past the trim point and into the live
zone. This results in more realistic live and dead regions, each covering a 90° range as indicated in
figure 25.

6Dupleich, P. NASA TM 1201. Rotation in Free Fall of Rectangular Wings of Elongated Shape. April 1949.
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The ir~bility of the autorotor shape to initiate spin at any altitude is of particular
importance in the autorotor decelerator system application. Experience has shown that if the blades
of the autcrotor decelerator system are manually deployed (i.e.. thrown out a near right angle to
the body center line) without blade spin, the blades would assume a “stall” attitude or angle in
which they would not autorotate about their long axes. Because this stall angle results in the blades
being at a slight cant angle, they will initiate a steady state hub spin rate opposite in direction to
that which would be obtained if the blades were autorotating. Although the resulting hub spin rate

. is greater for the stalled condition than the autorotating condition, the system drag of the former is
less.

This stalled condition occurs whether the blades are deployed aft to forward or forward
to aft. It is extremely difficult to get all the blades to autorotate; usually one or raore are in the
stalled condition with a resultant Joss in system performance.

1] 2,
; %,
: %
S t(\
3
5 DEAD ZONE LIVE ZONE
v
k \\ 1 °°
. LIVE ZONE DEAD ZONE

Figure 25. “Live” and “Dead” Angle of Attack Zones for Spin Initiation for
S-Section Autorotor
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The aft to foiward blade deployment method (from an initial hub spin rate) considered
here always results in all the blades achieving the proper autorotation. This is a result of several
factors. Frist, the blades start out with an initial spin rate caused by the hub rotation; secondly,
their angular movement during deployment frcm a deployment angle of 0° to an angle of near 60°
causes portions of the blades to see angles of attack in the live zones. Most important, as wiil be
shown in section X, a gyroscopic moment due to the hub spin rate and thz blade deployment rate
would seem to be the mzin cause of blade spin initiation for the autorotor decelerator system.

Figures 26 and 27 contain the lift coefficient and drag coefficient, respectively, that were
obtained during the wind tunnel test on the nonspinning autorotor. These data are included for
completeness and also to give an appreciation for the effects of thespin on the aerodynamic coefficients
by comparing these nonspin values with the values at steady state spin (figure 15). It should be
noted that the lift coefficient at steady state spin is about twice the value of the maximum lift
coefficient for the nonspinuing case. It is also interesting to note that the maximum spin moment
coefficient, as determined from the spinup type tests, figure 20, is much larger than the maximum
spin moment coefficient measured on the nonspinning autorotor. This also emphasizes the
significance of the effects of the induced flow field created by the autorotation.

VI. METHOD OF SOLUTION.
A. General Approach.

The equations describing the motion of the autorotor decelerator system (figure 10) were
programmed to be solved on a digital computer The physical characteristics of the system (blade
weight, blade length, etc.), the free stream conditions (velocity, air density, etc.), and the autorotor
aerodynamic sectional characteristics (lift coefficient, drag coefficient, etc.) are read into the
program for each run. Starting from a set of initial conditions (blade deployment angle, hub spin
rate, etc.), the program solves the equations and computes the system motion as a function of time.

The aerodynamic load distribution acting over the blade span and the resuitant net
moments are determined by computing the aerodynamic loads acting at several elements over the
blade span and summing these to get the total load. Thus, all the local conditions at each blade
element, as well as their distribution over the blade span, can be determined, in addition to the net
effect, at each instant of time. The differential equations are solved using the improved
Euler-Cauchy method of numerical solution.”

The steady state solution is obtained by initiating the program with arbitrary values for
the initial conditions for each term. The program will then solve for the sysiem motion as a
function of time as the system experiences a transient motion conve.:ing ‘oward a steady state
condition. The steady state condition is achieved when the higher derivatives of 8, w, and § are
negligibly small, indicating the absence of nonsteady effects. The closeness of the initial condition
values to the final steady state values determines the rapidity with which the steady state solution is
achieved.

B. Description of the Computer Program.

The form, as well as the nomenclature, of some of the equations evolved in sections IV
and V to describe the motion of the autorotor decelerator system have been altered to facilitate
programming on the digital computer. Thus, where applicable in this section, the computer program
expressions have been designated with the corresponding equation number from sections IV and V.

7Kreyszic. E. Advanced Engineering Mathematics. John Wiley and Sons Inc., New York, New York. 1962.
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The digital computer program essentially solves the three basic differential equations that
describe the motion of the system in terms of the angular accelerations of the three main system
variables 0, £, and w.

& = cos0 - Q0 sin 0 +—*
1
Q= l - [I,c cos8 —296 (I, - 1)) sin 0 -':oso-o.mll sin0 - Mg |
(Iy 4+ cos20 + 1 sin?0)
) =-1—;—[w.Q[1 Sin g +Q2 (Iy - 1,)sin 0 cos 0 +M; +M, ] (4-24)

These equations are coupled and contain terms that are, themselves, functions of various
time dependent system conditions.

The method by which the equations are solved is to start with a known or assumed value
for each motion term corresponding to conditions at a given instant of time (¢y). Althcugh the
terms actually vary as a function of time, it is assumed that they remain constant over a small time
increment, (Ar), providing the time increment is extremely smali. Using this assumption, the values
of the main system variables and their time derivatives can be determined at the end of the selected
time increment (¢ =ty + Ar) by using the improved Euler-Cauchy numerical method as foliows:

§ =06y +04at
80 = (6o +6)5
0 =0q+A0

Q =Q4+Q At

w Twytw At

where the subscript 0 indicates the term valuc at time ¢.

Using the values for the main system variables and their time derivatives computed for the
new time (1), the other system terms can be computed. including the values of cb, 2, and 0. thus
totally describing the system performance at time ¢. These terin values then are used as the initial
conditions for computing the values at the end of the next time increment. This procedure is
repeated, thus providing a contintal solution as a function of time. The small time¢ element or
integradon time used in this analysis was Ar =0.00]1 second. Check transient runs made with
intecration time elements of 0.0001 seconds did not indicate any appreciable change in the results,

C. Aecrodynamic Load Distribution Over Blade Span.

The aerodynamic load distribution over the blade span is detcrmined in the following
manner. The blade span or length is divided into 10 >qual spanwise arca elements (Ar). The center
of cach element is termed a blade spanwise station and is identified by the distance (») it is located
from the hLub spin axis (i.c., storc center line) as measured along the blade, illustrated in figure 2§.

The aerodynamic conditions and the associated aerodynamic coefficients are evaiuated at
cach blade spanwise station as follows:

14 =‘/f/2:+ (Qrsin 0)? (4-25)
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o =tan~! riQlsing (4-26)
, (o]
¢ =tan"l(ctn 0 sina)
' \
. - o< 8 cods
g =cos" ! (cos 8 cos®@) ='tan™ 1 .- cos” 0 L8y (4-31)
‘ cos 0 cos @ /
A =0l
“Tav
_ o \
7 =%~ (4-28)
& &
C =C C T*—C — (5-14)
L LSSO Ly s La é\’?s sin2g
, Bys = 3”0 sin2p; (5-10)
&> ({.\;SS, then
_ 2
¢ C{'sso sin“g
= in2 .12
CD CDSSO sin<g (5 l-)
¢ = in2 (2
{ Cy CYSSO sin“(26)
A &
=C,, . sin?f + + - -15
Cn (,mp sin“f + Gy é\’sso sz é\)szso sin2 B (5-15)

These conditions and the resulting acrodynamic loads are assumed to act over the areu

clement (CAr) at tne particular spanwise station (r). The aerodynamic loads acting at a particular
station (i) are determined as follows:

Dy, =CpFCAr (4-27)
Ly, =C,qChr (4-27)
SFy, =CydCar (4-27)
My, =C, qC2Ar (4-12)
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Dg, =Lg, cos £ sin &+DBi cos@ - SFp, sin § sin @

- - - 4-39
Tsi=L3icosécoschBisina—SFB‘,sinEcosa (*+39)
Fy,=Lg(cos§ sin & sin § + sin ¢ cos 6) + Dp, cosasin §

+SFp {cos & cos 6 - sin § sin asin ) (4-36)

The total or net loads acting or the blade in the various directional senses are determined
by summing the loads of all the spanwise stations.

Dy = Dp

-
i

™
t~

__u:

(4-44)

&

u
gy
3@

(4-40)

ol

n
-
:71

%]
)
i
™
(2]
)

Fy = )_'13 Fy, (4-37)

The net aerodynamic moments acting on the blade are determined by summing the
moments of all the spanwise stations.

10

M,, = }ij Mg, (4-43)
10

My, = ZI'FNI’ (4-38)
10

Mﬂ/, = Z TSir (4-41)

58




oy

¥ ahooins s ENERS

s,

L2 et ey

RN IO

o0

Mg =(y/4+1, cos?d + 1, sin20)s:
Fy =myb(Q2 sin2 +62)

Fy =Fy - mybQ?sing cosd

Fy =F, cos 6 + Fy sin §

F; =F4sing- Fy cos9

F =VF} + F2

S; =nu(b+2/2)sin%g

D
JooST

CDT=

r = 4
Be FN

59

The remaining system performance terms are comnputed using the following expressions:

(4-45)
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Figure 29 contains a summary of these terms and illustrates their directional sense rzlative
to the physical system.

Appendix A contains a listing of the actual compute: program along with a listing of the
definitions of the computer program terms. Also in appendix A is an example of a typical solution
printout format. The first block of data for each run c atains the physical and aerodynamic
characteristics of the various elements of the autorotor decelerator system, the free stream
conditions, and the initial conditions for the particular run or case to be solved.

The solution giving the various term values describing the system motion, and other
conditions, are printed out at preselected time intervals. At each time, two blocks of data are
printed out. The first data block describes the aerodynamic effects acting over the blade span. The
values of the various terms at each blade element station, as well as the net effect of certain of these
terms, are presented. The second block of data printed out at each time interval contains the various
system motion and force terms.

It should be pointed out that the computer program includes.terms for Mach number
effects and trajectory determination; however, these areas are not included in this analysis.

VII. EXPERIMENTAL RESULTS.

A. General.

A large-scale autorotor decelerator system was tested in the University of Maryland 7- by
10-foot subsonic wind tunnel. The unit tested actually represented realistic full-scale dimensions
and structuring for application to a typical air delivered store that was used as the forebody in these
tests. :

The hardware was fabricated, and the test was conducted under an Edgewood Arsenal
project.3 Although this test was not conducted specifically for the thesis purposes, it afforded an
excellent opportunity to obtain performance data on a representative full-scale system, which could
then be compared to the theoretical predictions based on the thesis material.

B. Model Configurational Details.

Figure 30 contains the structural details of the unit tested. The autorotor blades were of
S-cross-sectional type and were 11 inches long by 3 inch chord, as shown in figure 11. The blades
were made of aluminum of 0.0625-inch thickness.

The maximum forebody diameter (i.e., hub diameter) was 5 inches. The blades were sized
to fit within this 5-inch diameter envelope when in the stowed (undeployed) condition (i.e., blades
lying back parallel to the store center line).

C. Test Setup and Procedure.

Figure 31 shows the unit mounted in the wind tunnel test section. A single strut mount
was used to attach the model to the beam balance system beneath the test section floor. The unit
was tested in 0° angle of attack and sideslip. Steady state drag load measurements were made by
means of the tunnel balance system. Transient and steady state spin rates of th: blades and hub
were obtained from a high speed camera. Blade deployment angles were measured from a low speec
camera viewing the unit hub from the side.

8 Autorotor Decelerator Retardation System. All American Engineering Company, Wilmington, Delaware. Contract
DA 18035 AMC-356(A). 1969.
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Figure 31. %ull-Scale Autorotor Decelerator Mounted in University of
Maryland 7- by 10-foot Subsonic Wind Tunnel

Tests were conducted at three velocities: 100, 141, and 173 ft/sec. The procedure for
each test was as follows. The autorotor blades were initially pivo:ed back to lie parallel to the body
center line. The blades were held in place by a single strand of break cord looped around the folded
blades at their tips. The break cord was kept from slipping off the blades by a small notch in each
blade edge located about an inch from the blade tip. The break cord was of 11-pound break
strength and would break because of centrifugal force tending to deploy the blades at a hub spin
rate of 4bout S00 rpm. This initial hub spin rate was obtained by four small turbine vanes located
on the hub.

The turbine vanes initially were folded down inside the hub structure and held there by a
cord loop with a simple pull release knot, which cc 1ld be released by pulling it outside the tunnel
test section.

After the tunnel had been brought up to the desired velocity. the turbine vanes were
deployed, thus initiating hub rotation. The hub spin rate would inc..as. until the break cord
holding down the autorotor blades would break. The blades would then deploy, and the system
would undergo a deployment transient motion and finally achieve a steady siate condition. Figure
32 shows details of the blades and turbine vanes.

D. Test Results.

Figures 33 through 35 contain the steady state performance results obtained from these
tests. Two separate units of identical configurations were tested as indicated. The spin rate of the
blade (w) and the hub () are linear with velocity, as shown in figure 34. The deployment angle
(9), the ratio of blade spin rate to hub spin rate (w/2). drag coefficient based on swept area (CD ),
and consequently the effective drag area, seem to be constant with velocity.

63




Figure 32. Blade and Hub Details of Full-Scale Autorotor Decelerator

A summary of these characteristic term values for the configuration tested as determined
from the wind tunnel test is as follows:

Term Steady state value
] 76.5°

o/Q 11.3

Q 1.01

Cp r 0.58

D/q 2.6sq ft

in addition to the quantitative results, which could then be compared with the theoretical
results, the test indicated other important factors concerning the design of this type of decelerator
system. Comparison between t!.» results obtained in the two separate but identical units indicates
that consistent performance can be achieved with a large number of these items in spite of their
seemingly complex nature.

The linear nature of the blade and hub spin rates with velocity indicates that no frictional
or unbalance effects are present. Thus, initial fears that precision or advanced state-of-the-art
bearings would be necessary are not substantiated. With regard to the bearing problem, it is realized
that for actual application, the relatively short times of flight mean that the operational time is
measured in seconds. Each run in the tunnel lasted an average 60 seconds. Yet at the end of the test,
the bearings showed no indication of wear or degradation. Analysis of the test film record showed
that all four blades had the same spin rates at any given time.

It should also be mentioned that the original concept of the deployment angle degree of
freedom was to relieve the large bending moments on the blade/hub attachment point. Early
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autorotor decelerator designs all had this “flapping” freedom but rotation of the blade in a plane
normal to the hub spin axis referrea to as “lead-lag” was restncted Tests with these early units
resulted in the blade shafts fracturing completely. Analysis of the failure indicated that the shafts
were experiencing large bending loads because of the restrictions of the movement in the lead-lag
direction. Any unbalance or extraneous loads of the blade results in small precession about the
blade spin axis. If this hotion is restricted, the resultant moment is taken out by the blade shaft. In
addition, these loads occurred at a high frequency (i.e., that of the blade spin rate), resulting in a
fatigue effect on the blade shaft and consequent structural failure. The units used in the test
described here. were .designed to give the blade a few degrees of angular motion freedom in' the

lead-lag direction. This relieved the high loads resulting from the small precession, but allowed the,

basic hub torque moment to be realized.

VIII. CORRELATION BETWEEN EXPERIMENTAL AND ANALYTICAL RESULTS.

. The phys1cal propertxes of the rotor system and the test conditions for the wind tunnel
test weré used in the computer program described in section VI, and the analytical steady state
solution was obtained based on the equations denved in section V. ‘

The conditions simulated and the resultant output are mcludcd in appendlx B.'A
comparison between the computed theoretical results and the expenmental results are shown
below for a free stream velocity of 100 ft/sec. As can be seen, the agreément is not sansfactory

'

Experimental ’ Analytical
Term presultes t resilts )
] .
Q ' 850 rpm 1330 rpm
" w - 9650 rpm 11200 rpm
. w/Q , 11.3 8.4
8 ' 76.5° : © 80.8°
G, 0.58 ' T 084
Q/q o . 2.6sqft ) 3.83nft

Q 1.01 1.64

A general parameter study was instituted to determine if 2ny term was so sensitive that a |

very accurate measurement was necessary and also to indicate any tenn or terms that could be
altered to give better results. The procedure was to solve for the:steady state results for conditions
in which a single parameter was varied on.incremental value above and below the nominal value.
These pzrameters included: blade weight, blade length, blade chord, free stream velocity, blade
aerodynamlc coéfficients, blade aerodynamxc tip losses, and bearing fnctlon

The procedure in solving for the steady state condltxons was to start with assumed initial
conditions for ach term. The motion of the system would then be solved for a function of time; by
1 or 2 seconds. the values were essentially constant, this being the steady state condition.

A summary of the results of this study are shown ir table I. This table pres'ents the
various terms of interest along the left side with the trend (increasing value or decreasing value)
required to bring the analytical value more in line with the experimental value. The most important
term is the hub spin rate in that it has the greates effect on the other term values. As can be seen,
altering of none of the parameters results in the desired trends for all terms considered. Even tip

losses were considered. This can be done by assuming a linear lift distribution from the value ata -

selected blade element to a value of zero at the tip. Although the trends of the terms are all in the
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Table [. Summary of Results of Initial Parameter Study to Determine Reasons
for Discrepancies Between Theoretical and Experimental Data

Term
Required* w. D A
Parameter trend Qr* w Q 0 CDT p Q
Blade weight (wg?) . 0 i - 0 0 ) } {
Blade length (R) ; ) ) - ) ! ) ) )
Blade chord (C) L 1 ] ! T t ) ')
Blade tip speed - \ { i i t 1 \ 2
t ratio (&)Ss 0 ' '
Tip losses - ‘ ) ol ) * i} \’ } i
Blade bearing , 1 { { \ $ { { ¥
. friction
Desired trend to - ' i + ) i i i
match analytical
- and experimental
results

DS

*This column indicates whether the parameter value hzd to be increased (1) or decreased ({) relative to the nominal
parameter value for the analytically determined value of the hub spin rate to cqual the experimental value.
#*Columns 3 through 7 indicate whether the analytically determined value of the indicated term is greater (1) or smaller
(4) than the expetimental value when the analytical hub spin rate equals the experimental value.

desired direction, matching the analytical with the experimental values for all terms could not be
done. Frictional effects were simulated by limiting the blade spin rate to various fractions of the

' steady state value of the no friction case.

With the inability of the initial: parameter study to provide an answer to the discrepancies
between the theoretical and experimental results, attention was centered on the aerodynamic load
distribution over the blade. It should be noted that the basic method utilized in analyzing the
performance of the autorotor system was to determine the motion and forces resulting from a single
blade and then to muitiply this by the number of blades where required to obtain system effects. It
was assumed that the blade is not influenced by the presence of the other blades.

‘Figure 36 shows in graphic form the conditions at several stations along the blade at the
condition of steady state spin. It illustrates how the magnitude and direction of the relative velacit
changes from the elements near the blade root to elements near the blade tip. It also shows - e
lift and drag forces combine to give a resultant force that acts to spin the blade about the "ub ~nd
also to provide the system drag. It should be noted that elements near the root resait in 2 jiu)y spin
force tending to spin the hub faster, whereas elements near the tip tend to resist hub spin rate. This
illustration shows how the lift force contributes to increasing the hub spin rate, whereas the drag
force acts to decrease the hub.spin rate. Also clearly shown is how both the lift and drag forces

'
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contribute to the system drag, and the advantageous effect, of the high lift and high drag inherent in
the autorotor blade, toward producing the high drag of the autorotor decelerator system.

Inspection of the aerodynamic load distribution over the blade reveals that a rotation of
the velocity vector at each element (ie., an incremental change in the relative angle of attack a)
would cause a rotation of the lift and drag directional sense at each element. The general result
would be to increase the magnitude of the force acting to spin down the hub, as shown in figure 37.
It should also be pointed out that a decrease in hub spin rate would also decrease the magnitude of
the relative velocities at each element, thus decreasing the aerodynamic forces, and influencing all
the other terms in the system, and in particular, reduce the system drag. All of the resulting effects
of changmg the angle of attack at each element by an incremental amount Aa would seem to bring
the analytical and the experimental results more in agreement.

Runs were then made in which the angle of attack at each blade element was aitered a

fixed amount A«
@=tan"! <————’ 12 Isin ”) +Aa (8-1)

The Aa value was a constant at all elements. Runs were made with various values for Aa.

It should be pointed out that the viewing sense along the blade spin axis, indicated in
figure 36, does not present the lift and drag forces truly relative to the hub torque and system drag
directions due to the angle &, at which they are inclined. At the steady state condition being
considered, however, when the blade deployment angle is large and the relative velocity at all points
on the blade span is essentially normal to the blade spmn axis, the effect of the angle ¢ can be
neglected for the purpose of this discussion. At the steady state condition, the effect of the
aerodynamic side force is negligibly smail; thus, only the lift and drag forces are considered.

Excellent agreement was obtained for a Aa of about 15°. A possible physical explanation
for this interference effect is that it results from the flow field aboui a blade being influenced by
the flow fields of the other blades in the system.

Figure 38 shows a typical flow field about a single autorotating shape? and illustrates the
strong positive and negative vortices each shed periodically during one revolution. A relatively large
wake is produced with a pronounced downwash angle. These flow field features are typical of all
autorotating shapes. It is easy to see how the flow fields of the preceding and following blades could
have a turning effect on the flow over a blade in the autorotor decelerator system. The physical
reason for this angular change over the original approach was probably an interference effect or
induced effect caused by the blade flow fields. It then was decided to express it as a function of the
lift coefficient. This follows the usual downwash or interference practice and also makes it, in

- effect, proportional to the spin rate of the blade, which would seem reasonable. In addition, it
allows the effect to be physically valid during the deployment sequence in that this induced angle
would be zero when the blade did not have a spin rate. The new expression for angle of attack 1s

- therefore:

Aa=KC, (8-2)

where K is an arbitrary constant of proportionality.

9Flow Analysis and Dynamics of Autorotating Lifting Bodies. University of Notre Dame, Notre Dame. indiana.
Contract DA 18-035 AMC-356(A). 1964.
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Figure 38. Typical Flow Field Around a Single Autorotor

Figures 39 through 41 show the steady state results computed for various values of K for
the three velocities used during the wind tunnel test. Also indicated are the data values obtained
during the test to indicate the value of K that best matches the experimental data. A value of
K =10 results in the values shown below as compared to the experimentally determined values:

Term Experimental Ar::g:txsal
- (K=10)

Q 850 rpm 830 rpm

w 9650 rpm 9200 rpm

w/Q 11.3 11.1

6 76.5° 76.6°

Cp r 0.58 0.576

?/q 2.6 sq ft 2.55sq ft

Q 1.01 1.00

Table II compares the experimental results with the analytical resuits obtained without an
interference effect (K =0) and the analytical results obtained with an interference cffect (K = 10).
The se-odynamic conditions over the blade span are shown in figure 42 for the XK = 10 case. and can
be compared with K =0 case shown in figure 32. Note in figure 42 that the angle of attack at cach
statio: is slightly larger than those in the K = 0 case (figure 36). In other words, the new angles of
attack are not merely the old plus the correction angle (Aa). The effect of adding the Aa term alters
all other terms in a feedback type effect, resulting in all new conditions. The complete steady state
conditions for the K = 10 case are included in appendix B.

NOT REPRODUCIBLE
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The value of K could be a function of nther terms, such as number of blades, autorotor
blade shape, solidity factor, lift coefficient, etc. It is most certainly a function of the lift coefficient.
The constant nature indicated in this case could be a result of the nea~ constant lift coefficient over

the blade span.

Figures 43 through 45 indicate the transient motion ¢uring deployment determined from
the computer program using X = 10, compared with the data obtained during the wind tunnel test.

It should be noted that the aerodynarmic damping coefficient was initially selected
arbitrarily to be the lowest value required to keep the system from “blowing up.” Witinut a
sufficiently large value of Cm,;’ 0 was found to diverge after the system had achieved a near steady

state condition. This diverging oscillatory behavicr of 8 resulted in the other system terms diverging.

The existence of an aecrodynamic moment, which is a function of 8, is physically rezlistic.
especially in view of the large values of 8 realized during deployment.

Several values of C"'E were used in figures 43 through 45. As can be seen, the lower the

damping value, the more oscillatory is the transient motion. A low value of damping would seem to
be present during the initial phase of the deployment, evidenced by the large angular motijon of ¢ in
figure 43. The absence of additional oscillatory motion after this initial phase may indicate that the
damping effect may be a function of factors other than those assumed in the analysis and may not

be of a constant nature.
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Figure 40. Steady State Performance of Full-Scale Autorotor Decelerator Computed as
a Function of Interference Factor (K) for a Free Stream Velocity of 141 Ft/Sec
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An appreciation of the rapidity of motion involved is gained by noting that the system
achieves steady state conditions$ in about 1% seconds after deployment initiation.

It should be noted from figure 43 that initial deployment motion of the blade takes
~about 0.1 second. From figures 44 and 45, it can be determined from the average hub and blade
rotation rates during ‘this time interval that the blade makes only one complete revolution, and the
hub makes about 3/4 of a revolution.during this initial deployment phase.

IX. STEADY STATE PERFORMANCE PARA.METER STUDY.
A. Metbod of Analysis.

A study was conducted to evaluate the effects of the various physical and aerodynamic
properties on the steady state performance of the autorotor decelerator system. A nominal set of
values for the rotor physical characteristics, aerodynamic characteristics, and air flow conditions
were selected that were representative of a realistic physical case. The steady state performance of
the rotor system for this nominal case was computed using the equations of motion programmed on
‘the computer.
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The steady state performance then was calculated for the cases in which a selected
parameter was given a value larger than the nominal value and smaller than the nominal value. Table
HI contains a summary of the terms and values used in the parameter study. The high and low
values selectc 3 for each term represent realistic ranges. Appendix C contains the computer printout
showing the steady state conditions for each parameter run.

To facilitate discussion, the performance of the rotor system is plotted versus a specific
parameter for a constant value of K. A value of K = 10 was selected because this value of K was
determined for the full-scale autorotor decelerator, which closely resembles the nominal case for the
parameter study.

As stated previously, the interference effect, and thus the value of X, may be a function
of several terms. In this parameter study, however, it is assumed that the value K = 10 holds for the
values of the parameters used. These data will be presented in three parts: rotor system physical
properties, flow conditjons, and rotor blade aerodynamic characteristics.

The terms with values plotted as a function of each parameter include the following:
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Table II. Comparison Between Experimental Results and Analytical Results
Computed With and Without an Interference Factor (X) for a Free
Stream Velocity of 100 Ft/Sec

Term Experimentl Mesite. Healts.
results (K=0) (K =10)

Q 850 rpm 1330 rpm 830 rpm

w 9650 rpm 11200 rpm 9200 rpm

w/Q 113 84 11.1

] 76.5° 80.8° 76.6°

Cp r 0.58 0.84 0.576

D/q 2.6 sq ft 3.8sqft 2.55sq ft

Q 1.01 1.64 1.00

A
1.  Tip speed ratio, = , is the ratio of the tangential velocity of the blade

Qo
tip in a plane perpendicular to the hub spin axis and the free stream velocity. This is the inverse of
the advance ratio and is a common nondimensional term used in describing the rotational
characteristics of autorotating or spinning type devices.

2. Deployment angle, 6, is the angle that the blade spin axis (i.e., long axis) makes with
the body center line.

3. Blade spin rate, w, is the spin rate of the hlade about its long axis.

4. Hub spin rate, &, is the spin rate of the blade long axis about the body center line
(i.e., the hub spin rate).

5. Blade/hub spin ratio, w /2, is the ratio of the blade spin rate (w) to the .1ub spin rate
Q).

6. Effective drag area, D/g, is the total drag of the system expressed in terms of the
free stream dynamic pressure.

7. Drag coefficient, Cp - =-§-—, the drag coefficient of the syste:n based <n the total
qor

projec:ed area swept over by the blades where:

Sy =n(b +%)2 sin? 0

This coefficient represents the efficiency of the system to produce drag for a given projected frontal
area.

Although only three data points are used to construct the curves for each parameter, the
curves would seem to present valid trends because of the absence of any severe nonlinearities under
the assumptions used in the analysis and the relative closeness of the parameter value (i.e., same
order of riagnitude) used to construct the curve in each case.
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The main piirpose of these curves is to indicate the general effect that varying a single
parameter term has on the decelerator system performance Of special interest is the sensitivity of
the decelerator performance on a particular parametric term. Thus, the curves developed should
provide vaiid and meaningful results.

B. « Effect of Rotor System Physical Properties.
' ' 1. 'Effects of Blade Weight.

The effects of the weight of the autorotor blade on the steady state performance are
shown in figures 46 through 49. It should be noted that the nominai value for blade weight would
represent a blade fabricated from aluminum. The heavier weight would represent a steel blade. and
the lighter weight would be a boron-fibre type material. The most significant effect of blade weight

, is that the blade deployment angle increases with increasing blade weight because of the mass effect
on the centrifugal force. The hub spin rate increases slightly with decreasing blade weight. This
makes up for the reduced projected frontal area froin the lower deployment angle, and the result is
that the total drag produced is independent of blade weight. The drag coefficient increases with
reduced weight because the drag results from a reduced projected area.

It should be remembered that changes in thc system weight and dimensions are also
included in the moments of inertia, which, in turn, affect the inertial and gyroscopic terms.

2. Effects of Blade Length.

The effects of blade length on the performance are included in figures 50 through 53. It
should be noted that the changes in blade length also affect corresponding changes in the mass and
inertial properties of the.blade. The deployment angle decreases slightly with blade length. The
blade spin rate remains the same regardless of blade length. The hub spin rate decreases with
increasing blade length; however, the tip speed ratio remains practically constant. The system drag
increases with increased blade length, but the drag coefficient decreases, indicating a loss of
efficiency with increased blade length. The blade-to-hub spm ratio increases with increased blade
length, reflecting the reduced hub spm rate.

3. Effects of Blade Chord.

Figures 54 through 57 show the effects of the, blade chord length on the performance
characteristics. The mass and inertjal values of the blade correspond to the changes in the blade
chord. Here, the hub spm rate remains constant with chord length, but the blade spin rate decreases
markedly with increasing chord length. The effect of chord length on the blade spin ratio is

. consistent with basic autorotor performance. Interestingly, the deployment angle exhibits a

" minimum value ncar the nominal conditions, which is 2 result of the interactions of the inertial
gyroscopic and aerodynamic effects. These deployment angle differences, however, do not result in

- any effeci on the tip speed ratio, which remains constant in accordance with the hub spin rate. The
effective drag area increases linearly with increasing chord, as does the drag coefficient. Note that a
chord of 4 inches, which is not ani unrealistic size for the configuration considered, results in a
relatively high drag coefficient of 0.78.

4. Effects of Solidity Factor.
The effects of blade chord and bléde length also can be expressed as a function of the

solidity factor (o), which is defined as the ratlo of the total areas of the blades to the maximum
projected swept area.
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Figure 46. Effect of Blade Weight on Steady State Tip Speed Ratio
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where
= (20+.583)% _ .
§= W= = maximum swept area

(blades at 6 = 90°)

These data are contained in figures 58 through 61.

In effect, an increase in solidity factor gives the same results as an increase in the blade or
chord length, as shown previously. However, it is interesting to note the linear nature of the drag
coefficient with solidity factor. The nonlinear effects indicated can be attributed to the influence of
the inertial terms (gyi1oscopic terms) that are present even at steady state conditions. It should be
emphasized, however, that the interference factor K could be a function of the solidity factor,
among other things, and could influence the shape of this curve.

C. Effect of Air Flow Conditions.
1. Effects of Free Stream Velocity.

The data showing the effects of free stream velocity are included in figures 62 through
65. Although the blade and hub spin rates increase linearly with increasing free stream velocity, the
remaining terms are constant, including the blade-to-hub spin ratio.

2. Effects of Air Density.

The effects of air density are shown in figures 66 through 69. The densities investigated
were half the nominal density that would correspond to an altitude of 2C, )00 feet and double the
density that admittedly is not a realistic value for air but may have meaning for another fluid if
Reynolds’ number effects are not considerec. The results are surprising in that the increased density
results in a reduced steady state deployment angle, probably due to the iarge aerodynamic loads
relative to the system inertial loads. This causes a slight increase in hub spin rate with increasing
density, resulting in about the same effective drag area as for the lower density values. Since the
frontal area is reduced slightly, the drag coefficient is constant with air density.

D. Effect of Autorctor Blade Aerodynamic Characteristics.
1. Linearized Aerodynamic Effect.

As described in section V, the aerodynamic characteristics of the autorotor blade are
described as a function of the steady state t'p speed ratio evaluated at zero yaw angle (w "o)’ This

term not only describes the blades spin moment coefficient, but also its sectional lift and drag
characteristics. As can be seen in figures 18 and 20, the aerodynamic coefficients are actually
expressed by a quadratic function of the tip speed ratio. To simplify the expressions used in
investigating the effects of the aerodynamic characteristics, the spin moment coefficients are
expressed as a linear function of tip speed ratio, as shown in figure 70. This linearization makes it
possible to understand thke effects of varying the aerodynamic coefficients in a general manner
without complicating the results with second order effects. The difference in the steady state
performance between the linear and nonlinear nominal case is small, as shown in tigures 70 through
73. This is due to the relative symmetry and the similar slope values of the coefficient curves in the
vicinity of the steady state tip speed ratio. Inspection of the computer output for runs 1 and 12 in
appendix C shows that ti.e effects across the blade span are similar. The linear case, with its
decreased lift coefficient in the underspin region, results in a slightly lower hub spin rate and lift
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coefficient. The reduced spin moment coefficient of the linear case results in a slightly reduced
blade spin rate.

2. Effects of Blade Steady State Tip Speel Ratio (3"0 Y.

PR R R e

The effects of the blade sectional steady state tip speed ratio are included in figures 70
through 73. The lift coefficient is assumed to be directly proportional to the tip specd ratio, as
shown in figure 70. :

The final system blade spin rate is proportional to the blades section tip speed ratio. All
other terms remain constant except the deployment angle, whose differences in values reflect the
effect ol the gyroscopic term that is proportional to the blade spin rate.

[ 3. Effects of Blade Sectional Maximum Steady State Lift Coefficient.

The effects of the blade sectional lift coefficient are shown by varying the maximum lift
coefficient value. As before, the lift coefficient is expressed as a linear function of the blade rtip

; speed ratio. The performance data in figures 74 through 77 show that increasing the maximum lift
"3 coefficient value results in increasing hub rotation. The increased hub rotation results in a higher
. blade spin rate and a slightly larger deployment angle; the blade-to-hub spin rate ratio, however,

decreases. The cffect of increased hub spin rate and lift coefficient values results in increased system
- drag and drag coefficient. The hub tip speed ratio increases with increasing lift coefficient.

4. Effects of Blade Sectional Maximum Steady State Drag Coefficient.

The effects of the blade sectional drag coefficient are shown in figures 78 through 81.
Increasing the sectional ' ag coefficient has the most marked effect of decreasing the hub spin rate
and, consequently, the h. " speed ratio.

The consequence of this effect is to decrease the blade spin rate, increase the blade to hub
spin ratio, and decrease the deployment angle. The interesting result of all of these effects is that an
increase in the drag coefficient of the blade results in a slight decrease in the total system drag as
shown in the effective drag area and drag coefficient. The change in system drag is small compared
to the relatively large change in the drag coefficient value.

5. Effects of Blade Steady State Sectional Lift to Drag Ratio.

The effects of the lift and drag coefficient can also be expressed as the ratio of the lift
coefficient to the drag coefficient (i.e., the lift-to-drag ratio). These cases are shown in figures 82
through 85. Essentially increasing the lift-to-drag ratio results in an increased drag for the system.
Whether the increased lift-to-drag ratio results from increasing the lift or decreasing the drag, the
. basic result is to increase the hub spin rate (i.e., hub tip speed ratio) with the resultant increased
dynamic pressure acting on the blade. The value of the lift coefficient results in a much more
pronounced effect than the value of the drag coefficient for the same lift-to-drag ratio because of
the effect of the value of the lift coefficient in addition to the increased hub spin rate.

o A am kB¢ e i
’ e din o b dna

kg g

E. Aerodynamic Effects Distﬁbution Over the Blade.

Figure 86 is a graphic representation of the manner in which the various aerodynamic
terms vary at different spanwise locations (stations) on the blade. The example shown is the
nominal case at steady state conditions. The velocity at each station is the vector sum of the
free stream velocity and the velocity caused the blade spin about the hub. Thus, the velocity and
the angie of attack increases from root to tip. The increased local velocity results in an increased

i
i |
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dynamic pressure; consequently, the aerodynamic loads are larger at the blade tip, as indicated in
figure 87, which shows the aerodynamic force distribution over the blade span. The angle of attack
of the local velocity at each station determines the directional sense of the lift and drag forces, as
shown in figure 86. The resultant force due to the lift and drag, shown as a dashed vector in figure
86, is seen to act to spin the hub up at stations near the blade root and to act to de-spin the hub at
stations near the tip. This is also shown in figure 87. The component of this resultant force in the
direction of the free stream velocity is the syster drag for the blade, shown in figure 87.

The essentially constant nature of the lift coefficient distribution over the blade is shcwn
in figure 88. Figure 88 also shows how the local tlade tip speed ratio decreases from root to tip.
This results in the blade spin moment acting to spin the blade up near the tip and to de-spin it near
the hub. -

The angle of attack distribution (including the effect of the induced angle of attack) is
included in figure 88, as is the true yaw angle of the blade, g, which is used to determine the
aerodynamic coefficienis values. The relative tip speed ratio, wp, which is a function of 8, as
indicated in figure 88, is also shown. The relative tip speed ratio wp indicates whether an overspin
condition exists, and this also determines the aerodynamic coefficient. It will be noted that 60% of
the blade length is in a true overspin condition. '

X. DEPLOYMENT TRANSIENT CHARACTERISTICS.
A. Detailed Discussion of Equations of Motion Terms.

Before presenting the results of the analysis of the full deployment transient
characteristics of the rotor system, it would be helpful to consider the meaning of each of the terms
in the equations of motion. A familiarity with the basic effects of each term is helpful in
understanding the consequent transient (and steady state) behavior of the system.

-

Consider the equations for the three degrees of freedom of the system shown in figure 10,
1. b'-Equation.

The equation describing the angular acceleration in the 6-sense includes four basic terms,
which are as follows. .

a. QI sin §—An inertial moment term, which could be termed a “gyroscopic”
moment. Because an autorotor blade spinning with a positive w, as shown in figure 10, will create
aerodynamic forces that cause a hub spin rate in the negative  sense, this moment will always act
in a negative 6 sense {i.e., to force the blade back to a smaller deployment angle). Note that the
term becomes larger with increasing values of . This moment is present even at steady state
condition.

b. 92 (I - Iy) sin 8 ccs & -The moment resulting from centrifugal force. This
moment always acts to pivot the blades out normal to the hub spin axis. It has a maximum value
when 6 = 45°,

c. M, 4 —The external aerodynainic moment acting on the blade in the 4-

direction. It always acts in the negative 6-sense and is composed of the blade lift, drag, and side
force coefficients.’

Note that all these moment terms are dividied by the moment of inertia of the
blade (/) to give the blade angular acceleration.
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d. Mg—An aerodynamic ‘“‘damping” moment. This moment is proportional to,
and acts in, a directional sensc opposite to the rotational rate of the blade in the deployment sense
6.

2. Q-Equation.

The equation describing the angular acceleration of the blade about the store center line
(i.e., hub spin acceleration) is composed of four terms,

a. -0wl| sin 6—-A ‘“gyroscopic” moment that is effective only during the
deployment transient because of the 8 term. From a consideration of the terms and their signs, it :
can be seen that this term results in a “spin acceleration” effect on the hub as the blade deployment
angle is increasing (i.e., positive 8), because the hub spin is in the negative sense.

b. -29(5(10 - 1) sin 6 cos 6—This is a Coriolis moment. which acts to decelerate
the hub spin rate as the blade deployment angle is increasing (i.e., positive ).

c. -Mg A —The external aerodynamic moment acting to spin the blade about the

hub. As can be c~2n, a positive value of the moment results in hub spin moment in the negative
sense. This moment is a function of the blade sectional lift, drag, and side force coefficients.

d. ;@ cos §—This is a kinematic term that evolves from the derivation of the
equation in the form where the blade spin rate w can be considered as a relative term.

3.  w-Equation,

The equation describing the blade spin acceleration about its long axis (i.e., autorotation
spin) contains three terms.

a M, P —An external aerodynamic spin moment. This net moment is determined

by summing the spin moments acting at the various blade sections. It is only a function of the blad:
sectional spin moment coefficient.

b. Sléll sin §—A “gyroscopic” moment ‘hat acts to accelerate the blade spin rate
as the blade is deploying (i.e., 8 is positive).

c. S.ZI1 cos —A “kinematic” term that is a result of the derivation that makes w
a relative term.

B. Relative Contributions of Terms to the Transient and Steady State System Motion.

The relative contributions of the various terms in the equations of motion to the motion
of the system during the deployment transient is shown in figures 89 through 91 for the 6, £2, and
w equations respectively. In these figures, the terms representing the moments resulting from
various means are plotted as a function of time during the deployment transient. The term values
used for the system are the same as the nominal case of the parameter study of section IX, .
specifically, run 1. The nominal hub spin rate at blade release is 750 rpm. Note that the nominal
interference factor of K = 10 is used. The motion of the system during the deployment transient is
shown in figures 92 through 95. The comp.ete computer printout for the nominal deployment is in
appendix D. The purrose of these plots is to show the relative contributions of the inertial,
gyroscopic, and aerodynamic moments to the transient and steady state motion of the system so as
to facilitatc a physical understanding of the system.

Figure 89 shows the three moments acting in the blade deployment () direction as a

function of time during a typical deployment transient. The moments are caused by centrifugal
(inertial), gyroscopic, and aerodynamic forces. The aerodynamic blade damping moment M; is also
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included. From figure 89 it can be scen that the centrifugal moment always acts in a positive sense
in that it acts to pivot the blade out to larger values of 8. The net aerodynamic and gyroscopic
monents always act to force the blade back toward the undeployed position. In the initial
deployment phase, the centrifugal and aerodynamic moments are prevalent; but when the system
has assumed a steady state condition, the gyroscopic and aero.vnamic moments are of about the
same magnitude and together balance out the centrifugal moment, thereby holding the blade at the
steady state deployment angle. The sharp increase, decrease, and steady increase of the values of the
centrifugal and aerodynamic moments during the initial deployment phase reflect the corresponding
fluctuation in the hub spin rate during this time.

The time histories of the moments in the hub spin (£2) direction for the nominal
devloyment transient are shown in figure 90. The moments considered are the Coriolis (inertial),
gyroscopic, and aerodynamic. It should be noted that because of the defined positive sense of the
blade spin rate, w, the resulting acrodynamic moments acting on the blade will cause the hub to
spin in a negative sense (as defined in figure 10). Thus, a negative moment value tends to spin the
hub faster, whereas a positive value tends to 1esist the hub spin rate.

From figure 90 it can be seen that the gyroscopic moment is small relative to the
aerodynamic and Coriolis terms. Thus, the hub spin acceleration is essentially due entirely to the
aerodynamic and Coriolis moments. The ne¢t aerodynamic moment always tends to increase the hub
spin rate. The large Coriolis moment resulting from the initial rapid deployment motion of tre
blade is the main reason for the abrupt decrease in hub spin rate. The consequent oscillation of the
blade deployment angle in reaction to the hub spin rate change results in the Coriolis moment
fluctuating between a negative and positive value. With the transient effect of 8 diminished, the net
aerodynamic moment then continues to acceleratc the hub spin up to its steady state value where
the net value of the aerodynamic moment is zero.

In addition to the external moments acting on the system, the moment of inertia for the
Q -equation also varies during the deployment phase, becoming larger as the blades deploy to larger
angles.

Figure 91 shows the moments affecting the blade spin acceleration. As can be seen in
figure 91, tnz initial blade deployment motion, combined with the hub spin rate, results in a large
positive value for the gyroscopic moment, which acts to give a large positive spin moment to the
blade. This is the most significant effect in initiating blade spin (autorotation). The aecrodynamic
moment, acting to spin the blade, increases as the blade is deployed to larger values 0 6.

As will be noted 1 figures 89, 90, and 91, the deployment transient effects are essentially
over by 1 second after deployment initiation.

C. [llustrative Examples of Deployment Transients.

In order to investigate the general transient behavior of the system during deployment,
deployments were simulated using the computer program. Selected variables were varied to show
their effect on the resulting motion, using the nominal case terms (table III, run 1) as the basic
input. Figures 92 through 95 show the effects of varying the initial hub spin rate on the system
motion as a function of time. Figure 92 shows the characteristic deployment motion of the blade
where the blade is initially thrown out to a large deployment angle, hesitates momentarily, and then
deploys to the final steady state value. Figure 93 illustrates the severe hub spin deceleration that
occurs during the initial deployment phase. Note that the hub spin raic decreases to about the same
minimum value regardless of the initial spin rate value. Figure 94 shows how the blade spin rate
steadily increases throughout the deoloyment transient. The total system drag is shown as a
function of time in figure 95. Although these data are for nominal conditions selected to illustrate
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the system: performances, they show ‘he same characteristic behavior as was obtained experi-
mentally in figures 43 through 45.

The effect of free stream velocity (or free stream dynamic pressure) is illustrated in
figures 96 through 99. It should be noted that a steady state condition is achieved more quickly at
the high velocities, although the associated spin rates are higher.

XI. SUMMARY.

Equations have been evolved that describe the aerodynamic and dynamic performance of
a self-deploying articulated autorotor decelerator system. These equations describe the transient
motion during the deployment sequence whereby the decelerator system goes from a stowed (low
drag) configuration to a fully deployed, high drag configuration; they also fully describe the
motions of the various system components and the overall system performance during both the
transieni phase and the final steady state conditions. These equations were formulated using the
modified Euler’s equations approach and include the inertial, gyroscopic, and aerodynamic forces.

The aerodynamic force distribution and the resulting moment acting on the decelerator
blades are determined by means of the blade element propeller theory. The sectional aerodynamic
characteristics of the decelerator blade are determined from wind tunnel tests of the autorotor
section utilized in the blade. The wind tunnel data thus obtained can be utilized directly in the
equations,

General expressions were evolved to describe the transient and steady state aerodynamic
characteristics of the autorotor configuration and were verified by wind tunnel tests. The
expressions derived permit the complete transient behavior of an autorotor to be determined with a
minimum of wind tunnel testing.

A condition of overspin exists at certain spanwise locations of the decelerator blade,
where the term overspin denotes a condition in which the tip speed ratio of the blade at that
location is greater than the steady state tip speed ratio corresponding to the conditions at that
location. Wind tunnel tests on an autorotor in an overspin condition were conducted to determine
the aerodynamic chaiacteristics of the autorotor for inclusion in the decelerator system analysis.
These tests revealed that, for an autorotor in an overspin condition (1) the lift and drag coefficients
remain at their steady state values, and (2) the spin moment coefficient follows the general
expression determined for the underspin condition.

Wind tunnel data obtained on a nonspinning autorotor are presented to explain the spin
initiating difficulties characteristic of autorotors in general and to illustrate the effect of spin in
increasing the lift and spin moment coefficients of the basic shape.

The complete equations were programmed to be solved on a digital computer. In addition
to the transient and steady state performance, the distribution of the various terms over the blade
span is also determined.

Data from a wind tunnel test of a representative full scale autorotor decelerator are
presented and used as the basis of comparison with the analytical results. Excellent correlation
between analytical and experimental results are achieved when a mutual blade interference effect is
included in the analytical equations. The blade interference effect utilized is in the form of a local
flow directional change, similar to a downwash, which would seem to be physically valid.

The analytical results, which were vcrified by the experimental data, indicate.the
following for a particular autorotor decelerator system under steady conditions.
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1. The blade deployment angle is independent of free stream velocity.

t9

‘The blade spin rate and hub spin rate are linear with velocity.
3. The ratio of the blade spin rate to hub spin rate is a constant with velocity.
4. The drag coefficient is a constant with velocity.

A parametric study is included in which the steady staie performance of the decelerator
system is investigated analytically by investigating the cffect on the decelerator performance by .
varying a single term value about a nominal case value. Plots of these effects indicate specific
qualitative trends and illustrate the contribution of the inertial and especially the gyroscopic effects
on the system performance. The presence of the gyroscopic effects, which aie a function of the .
inertial properties of the system, does not permit the non-dimensionalization of the systern
performance that would be possible 11 only the aerodynamic terms were used.

A nomina! deployment transient is presented in detail to illustrate the relative
contribution of the various terms of the basic equations of motion.

Only one gyroscopic moment is present under steady state spin conditions; namely, a
moment that acts to push the blades back. This moment, which is a function of the blade spirn rate
and hub spin rate, is of the same magnitude and directional sense as the aerodynamic moment.
During the deployment transient, only one gyroscopic moment is of consequence. This moment,
whicl is a function of the hub spin rate and the blade deployment rate, acts to initiate blade
autoro.ation and is the major rzascn for the autorotor blade self-starting feature during the
deployment sequence.
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GLOSSARY
AR Bladz aspect ratio
« Angle of attack for nonspinning autorotor
o« Angle of attack resuiting from hub spin rate
: Aa Flow angular change (interference effect)
b Distancz between blade center of gravity and hub spin axis—measured along
. blade
B Yaw angle used in decelerator system
C Blade chord
Cp Drag coefficient
Cp . Steady state drag coefficient
¢ 50 Maximum steady state drag coefficient
C Lift coefficient
GG, Transient lift coefficient constants
C,, Steady state lift ~.oefficient
¢ g Maximum steady state lift coefficient
Cm Spin moment coefficient
C,,,B Spin moment coefficient evaluated at condition of zero spin and zero yaw
Cn,» C,:, 2 Transient spin moment coefficient constants
Cmg>Cmy2Cmy Combined transient spin moment coefficient constants
Cm5 Deployment damping moment coefficient
’ Cp r Drag coefficient based on swept area
. Cy Side force coefficient
Cy” Steady state side force coefficient
Cyuo Maximum steady state side force cozfficient
D Drag force
Dy Biade drag force directed along wind axes
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A

Fo. Ts

Fy. F,

¢

Fy. Fy, F5

He H, H,

Aerodynamic force acting on blade in the direction of the store center line
Effective drag area |

Euler angle defining blade orientation in plane containing the store center line
Total force along blade spin axis

Total force acting at blade pivot point

Aerodynamic force acting normal to blade and in a plane perpendicular to the
store center line

Aerodynamic force acting normal to blade and in a plane containing the store
center line

Total force normal to blade spin axis

Aerodynamic force acting on blade referred to inertial axes system
Gravitational acceleration constant

Euler angle defining blade orientation in plane perpendicular to store center line
Angular momentum

Absolute angular momentum referred to body axes system

Moment of inertia

Moment of inertia of blade about transverse axis through blade/hub pivot point
Moment of inertia of blade about the blade long axis

Total moment of inertia referred to body axes system

Mement of inertia of hub

Subscript indicating conditions at a particular blade element or spanwise station
Unit vectors for body axes system

Blade interference factor

Blade length

Distance between store center line and root edge of blade—measured along blade
Lift force

Blade lift force directed along wind axes

Blade mass
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M, M; M,
Mooy» Mo Mg,

Mw’ Mo, Mn
M

M, M, M,

0> D
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Spin moment
Total moment acting on blade—referred to the Euler axes system

Aerodynamic moment acting on blade—referred to the modified Euler axes
system

Total momen* acting on blade—referred to the modified Euler axes system
Total moment

Total moment—referred to body axes system

Deployment damping moment

Hub spin rate

Ratio of tip velocity of blade about the store center line to the free stream
velocity ;

Euler angle defining blade orientation in plane perpendicular to the blade long
axis

Yaw angle used in wind tunnel

Ratio of circle circumference to radius
Dynamic pressure

Free stream dynamic pressure

Total dynamic pressure

Distance from store center line to particular blade element—measured along blade

Radius of curvature of S-section autorotor

Blade station located nearest root of blade '

Blade station located nearest tip of blade

Blade center of pressure location for force Fy,

Blade center of pressure location for force Tg _

Spin rate of the blade relative to the x-component of the body axes
Blade aerodynamic reference area

Total blade area

Spanwise interval used in blade element method

Air density
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Solidity factor

Side force

Blade siie force directed along wind axes
Time

Blade thickness

Integration time interval

Deployment angle

Total velocity

Free stream velocity

Blade weight

Blade spin rate about the blade long axis
Total angular velocity

Total angular velocity

Total angular velocity—referred to body axes system

Angular velocity of the body axes system, relative to the inertial axes system—

referred to the body axes system

Total angular velocity of the body axes system
Ratio of the blade spin rate to the hub spin rate

Ratio of tip velocity of blade about the blade long axis to the total velocity (tip

speed ratio)

Ratio of actual blade sectional tip speed ratio to the steady state tip speed ratio
corresponding to the local sectional f'ow conditions

Steady state tip speed ratio

Maximum steady state tip speed ratio

Angle used to relate the wind wxes to the inertial axes in the decelerator system

Inertial axes system
Body axes system

Wind axes system
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Subscripts:

XYz

X, ),z
7,8,¢
Q,0,w

58

B

i
Superscripts:

!

()

B e by e s stk i g i e b R e i e bt

Term referred to inertial axes system

Term referred to body axes system

Term referred to Euler angle system

Term referred to modified Euler angle system

Steady state condition

Refers to aerodynamic force or moment acting on blade in the decelerator system

Denotes condition at a particular blade element

Denotes absolute value of angular momentum
Denotes a vector (except in the case of 5, 3, and ‘&)
Denotes the first derivative with respect to time
Denotes the second derivative with respect to time

Denotes absolute value of term expressed in terms of the body axis components
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3 DEFINITIONS OF COMPUTER TERMS
S
4 SYSTEM PHYSICAL CHARACTERISTICS:
3 PACHN - WACH NUMBER OF VELGCITY COMPONENT NORMAL TO BLADE SPIN AXIS ... H
E WSS - ROTOP BLADE TIP SPEED RATIO CORRESPONDING TO WACH NUMBER OF
3 ATRFLON NORMAL TO BLADE ... @
b 354
e W6T - VEIGHT OF BLADE (L8S) ... wot
3
~ WTS - WEIGHT OF STORE (LBS) . . . W,
ALTO - INITIAL LAUNCH ALTITUDE (FT) .
3 VINF - INITIAL FREE STREAM VELOCITY (FT/SEC) ...V,
0
RHO - QEFSITY OF AIR (CONSTANT OR VARIABLE WITH ALTITUDE) (SLUS/FTS) ... p
§ s- BLADE PLAK FORM AREA (FT2) ... S .
5
- BLADE CHORD (FT) ... C
& L BLADE LENGTH (FT) ... ¢
ks 6 - LOCATION OF BLADE MIOFOINT FROM HUB SPIN AXIS, MEASURED ALONG
§ BLADE (FT) ... 8
< oH - INTTIAL FLIGHT PATH ANGLE, OFF HORIZONTAL (DEG.) ... ¥,
2 A
4 - MOMENT OF INERTIA OF HUB ABOUT HUB SPIN AXIS (SLUG-FIZ) ... 1,
fec
& n- MOMENT OF INEWIA OF BLADE ABOUT BLADE SPIN AXIS (SLUG-FIZ) ... I,
%
£ 10 - MOHENT OF INERTZA OF BLADE ABOUT BLADE/HUB PIVOT POINT (SLUG-FT2)...1,
: v - REFERENCE (REA OF STORE - BUTT END CROSS AREA (FT%) ... 5,
3 ov - REFERENCE DIAMETER OF STORE-BUTT END DIAMETER (S INCHES) (FT) ...d,
5 CLSS MAXIMUM BLADE LIFT COEFFICIENT ... CL
o 22 SSo
% €0ss WAXIMUM BLADE DRAG COEFFICIENT ... Cp
S5
G crss MAXTMM BUADE SIDE FORCE COEFFICIENT ... C,
‘ Sso
3 oG - INITIAL KUB SPIN RATE (REV/MIN) ..
3 ol - INITIAL WUB SPIN ACCELERATION (RAD/SEC?) ... &,
3 pES - RADIUS DISTANCE CF BLADE PIVOT POINT FROM HUB SPIN AXIS (FT)...d
G ol - TURBINE VANE SPIN WOWENT COFFICIENT .. € evaluated in
) terns of one
Ol vane
one - TURBINE VANE SPIN DAMPING MOMENT COEFFICIENT...C,
29 v
3 2
oot - BLADE ROTATION DAWPING CEFFICIENT IN 6 - PLAKE ... C,,
.
o - KAXIMUM BLADE SPIN MOMENT COEFFICIENT ... €,
: []
o - BLADE SPIN TRAKSIENT COEFFICIENT ... Cy
3 o - BLADE SPIN TRANSIENT COEFFICIENT ... Cy,
' w BLADE LIFT TRANSIENT COEFFICIENT . €
¥ az BLADE LIFT TRAKSIENT COEFFICIENT ...
3 ™ - INITIAL BLADE DEPLOTMENT ANGLE (DEG.) ... 6,
THI - INITIAL BLADE DEPLOTMENT RATE (RAD/SEC) ....8, .
3 - IMITIAL BADE SPIN RATE (REV/MIN) ..o
3 Wl - INITIAL BLADE SPIM ACCELERATION (RAD/SEC?) ... =
g cos - STORE B0DY ORAG COEFFICIENT ... Cp
< S
i THIT - INITIAL BLAPS OEPLOYMENT ANGJLAR ACCELERATION (PAD/SEC?) ... 8%
E w - BLACE SPIN RATE LiMIT (REV/MIN) ... & gy
’ RINT - DISTANCE FROP HUB SPIN AXIS TO INITIAL BLADE STATION FOR EVALUATION

OF AERODYMAMIC LOADS - MEASURED ALONG BLADE (FT) ... ry
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i R - DISTANCE BETHLEN BLADE STATIONS - MEASURED ALONG BLADE (FT) ... ar

x - MMBER OF BLADES IN SYSTEM ... N

3 B: AX - INTERFERENCE FACTOR (DEG) ... K

q 3 - BLADE STATION AT WHICH LINEAR TIP LOSSES INITIATE

AEROOYNMAMIC CONDITIONS OVER BLADE SPAN:

NOTE: THE SUBSCRIPT (1) REFERS TO THE PARTICULAR BLADE STATICN
NUMBER FOR WHICH THE TERM IS COMPUTED.

ot

S
{
{
P

TIME - TIME AFTER STORE Ri.ZASE (SEC) ... t

3 | BLADE STATION (INIESER) ... 1

R - BLADE STATION AT WHICH AERODYNAMICS ARE EVALUATED - MEASURED
1 . ALONG BLADE (FT)... r,
13 V8 - TOTAL VELOCITY OVER BLAOE AT STATION I (FT/SEC) ... V.

: WSS - BLADE TIP SPEED RATIO AT STATION I ... u,
4 ; D8 - BLADE DRAG FORCE AT STATION I (Amns OVER A 4r SPAX
g4 AREA AROUND STATION I) (L6S) ... 0

; 1
H 8 - BLADE LIFT FORCE AT STATION I (L8S) ... |.|,i

3 0s - BLADE DRAG FORCE (IN DIRECTION OF FREE STREAM VELOCITY) AT

STATION [ - (LBS) ... .« g

3 1
3 TORQ - BLACE TORQUE FORCE (IN HUB DISK PLANE) AT STATION I(L8S) ... Tg
y
. " - BUADE SPIN MOMENT AT SIATION I (FT-L8S) ... n,'
it SFB - BLADE SIDE FORCE AT STATION I (LBS) ... sr,,|
‘i (= BLADE LIFT COEFFICIENT AT STATION I ... ¢

: 1
A - BLADE NORMAL FORCE (DUE TO AERODYMAMICS) AT STATION T (LBS) ... r"'
4 ALPHA - ANGLE OF ATTACK AT STATION 1 (CEE.) ... &

NOTE: THE SUMMATION OF THE TERMS AT THE VARIOUS STATIONS REPRESENTS
’ THE TOTAL LOAD ACTING ON THE BLADE, THESE TOTAL OR NET

X LOADS APPEAR BEMEATH THE cmssmmms COLUMKS FOR DS, LB,
; DS, TORQ, M8, SFB, FA, AND FN

SYSTEM PERFORMANCE:

i X- HORIZONTAL DUSTANCE TRAVELED B~ STORE {FT).... X
z- VERTICAL DISTANCE TRAVELED BY STORE (FT)... Z
! TH - DEPLOYMENT ANGLE OF BUMDE (GEG) ... ¢
: oSS - TIP SPEED RATIO OF BLACE T'P ABOUT MUB ... &
V- BLADE SPIN RATE (REV/MIN) ... w
g xI - HORIZONTAL YELOCITY COMPONENT OF STORE (FT/SEC)
3 ; - VERTICAL VELOCITY COMPONENT OF STORE (FT/SEC) ... 2
, THI - DEPLOYMENT RATE OF BLADE (RAD/SEC) ... o
o - SPIN RATE OF HUB (REV/MIN) ... §
1. I - SPIK ACCELERATION OF BLADE (RAD/SECY)...
i X16 - HORIZONTAL ACCELERATION OF STORE /3°s) ...'}/g
§ ; 26 - VERTICAL ACCELERATION OF STORE (g's) ...
E THIT - DEPLOYMENT ANGULAR AZCELERATION OF BLADE (m/sccz).,n »
: ol - ANGULAR SPIN ACCELERATION OF WUB (RAD/SEC2) ... &
1 Q- FREE STREAW OYWAMIC PRESSIRE (L8S/FT?) ... q, q_
) £ ;:m AXIAL FORCE ALONG BLADE SPIN AXIS ACTING AT BLADE BEARING (LES)...
3 Fy_ ::m. NORMAL FORCZ TO BLADE SPIN AXIS ACTING AT BLADE BEARING (LSS)...
' Fy w é«(ﬁs W PARALLEL TO STORE CENTER LINE ACTIM® AT MAOE
‘g
;
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A -

coT -

RAT -

RAG -

TOTAL FORCE COMPONENT PER®EMDICULAR TO STORE CENTER LINE ACTING
AT BLADE BEARING (LBS) ... Fy

TOTAL FORCE ACTING AT BLADE BEARING (L8S) ... F
FREE STREAM MACH MMBER ... M,

TOTAL (P;ET) SPIN MOMENT ACTING ON BLADE SPIN BEARING
(FT-L8S) ... LY

TOTAL (NET) MOMENT ACTING ON BLADE BEARING IN DEPLOYMENT

AMGLE PLANE (FT-18S) ... ,

TOTAL (NET) MOMENT ACTING ON BLADE BEARING in HUB/DISX PLANE
(FT-L8S) ... LY

STORE DRAG OUE TO ALL BLADES (18S) ... D

FREE STREAM VELOCITY (FT/SEC) ... ¥,

ALTITUDE (FT) - ALT

TOTAL ORAG COEFFICIENT BASED OK STORE DIAMETER ... €,
FLIGHT PATH ANGLE OFF VERTICAL (ES) ...,

STORE DRAS DUE TO BODY (L8S) ... D,

MOMENT ABOUT SLADE BEARING IN BLADE DEPLOYMENT PLANE DUE TO

AEROOYMANIC LOADS OK BLADE (FT-L8S) ... "'A

MOMENT ABOUT BLADE BEARING IN HUS/DISK PLANE DUE TO AERODYNAMIC
LOADS ON BLADE (FT-L2S) ... %

A
TOTAL DRAG COEFFICIENT SASED ON TOTAL SWEPT AREA ... CD'
CENTER OF YRESSURE FOR BLADE DEPLOYMENT MOMENT (FT) .. ",o

CENTER OF PRESSURE FOX HUB SMIN MOMENT (FT) ... "'n
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APPENDIX B

Vo

-

INPUT CONDITIONS AND SOLUTION PRINTOUTS FOR THE ANALYTICAL
SOLUTIONS OF THE STEADY STATE CONDITIONS FOR THE

FULL-SCALE AUTOROTOR DECELERATOR IN THE UNIVERSITY

OF MARYLAND SUBSONIC WIND TUNNEL

Computer Program Input for the Aralytical Compytation of the Perforsance
of the Full Scale Autorotor Decelerator as Tested in the University of
lkry‘lud ¥ind Tunne) :

AT yee

. ¥ - 10 m*

.0 0N .100 o1

snanpgnnenn 420N000) e

+£RNNOBNNenn aN000Ne 1L

«17MN0QNSI NN -£5000002 20

+A0NAB0YMenn  .w107000% 00 . B :

«AMNO0AN N 2001000 e 00

+1mng MM . o

«1200q 1 .10 [

~?2M00) 1 .130 00

WCTS . 17000000600 VRIS  .40070000eM SLTOZ  .$000000M03 VINFT _ .10000010603 ®Mos _ ,237700M-02

$z  .27917m0*0D C:  .25000000enn LT «9ETNPN0erD LERE | 00 Mz

Mz .27500000-02 I1T  .Se6AMIPN-"e 10 LRIT2NCA0-02  SYZ  .13628500+0C " Dy:  .a1630000%007
CLSST  .185A0NGe01 FASST 12670000+ CYSST  L67S00070400 OMGT .7 03 omgz, 000G00"
ofe:  .na3000N0 CRYL: - ,3837SN00-N Cwy2: «.12971750+00 CMOITS  -.S000000+07 CWCHIZ 70000000

cwes « 7000ORGC0N  Fuic 150000006  Cw2z -, 3%N0000N00  FLIZ +17107400¢0° €12 “SUTINI000N00 T T
o omeez 00402 THIZ  ,NOC ¥ J9%00000MeDN WIS 0000007 €osz  .60N000MeNG
™Y IS « 2509010 yLIN: +17370000e R oTKTS +31685070sny  Nec +91700000-01 Orc0O= -,10000000692

[CY 1 sz 070000 e ae ) - -

Steady State Conditions, K= 0 :

t . 14 ] wee o8 (L] o< Tree b E12 T - § T MA
T T.l6A-0]  1.001407 1.382400 T 971-N) 8,983 S.602-01 2.970-0 -1.78V-02 1.779-62 1.518470 $.609-0) 23.59
? 8.085-01 1.188007 1.276677 .802-°1  $.458-97  €.89%.01  2,8570-01 ~1.5V6-02 1.783-02 1.5231+35 €.513.nf Z9.V9
3 5.007-01  1.215407 1.209e00 6.981-A1  §,177-00 T.527-01 2.7%5-01 -1.730-6G2 1.707-02 1.528+90 7.548-01 34,59
& S.019-r) 1.241407 1.130000 S 3907 £,930-A1 9.67TA-01 1.796-01 3%.23
S €.AK-NT 1.376402 1.065.00 €,386-"3 7.86%-01 9.37C-01 1.%27-01 3.7
6§ 7.753-01 1.060°07 1.000e00 7T.717"1 $.982-71 1.18Ce00 T.98%-07 1.$32490 s, 20
T AETD-N]  1.5804M2 XA Q. INE-N]  1.032¢00 1.29%¢00 1.520-02 S.84R3-03 529400 sn.08
R @,EATPT 1.6STI07 G.AINT Q.270-NT 1.116eN0  1.880600 =7.2$8-02 1.12V-02 1.7 ~C2 §.89140 97.89
@ 1050000 1.760407 6.319-01 1.00617 1.728¢0% 1.3%1¢07 ~1.726-01 1.789-02 1.833-02 ].453.00 58.37
10 3.382400  1.365¢0%  T.089-01  1L170e10  1,535en0 1 705000 - 2.900.07  7,822-02 1.%18-02 j.904L0 s7.58

T.218070  $.711207 1.17%203  €.800-01 T.977-07 1.793-v1 $.893-2% l(.108e01
T +16885777e0Y 2= «AT7T9M218S 0™ «MISTTNN? OWSET - ,1636415740) _ +11183581¢08
TTZ L1ENES52T2en7 ZIZ  LANTSE0ESe0” -10678259-10  owe> 13¥781<o00 .15180302201 -
~NET1T7TReAN 2162 ~.3122%044oNT 0000609 CRGIS  -.18°€1006-02 <11895N0%02
2JACTIATIZeAT  FNZ - 11K1760340° «2193725702 F75 .1832378Sent +1036570%403

ROIT  LI0NCI0R]-A] By L ARSEEINM-OF +T1000000 =0T -.12653072-06 DRE6T  .481a9078.027 iy
L «1800NNCOent  ALTS 481201 TRV INT <?7785€787402 YT .238826%02 Ofc: +97784832000
ATTT  9196ETSTeny AMQZ . T?MMAINIG® +80S832070N0  AETT  L0Z162000e0" OROT  ,33316226-C2

Stesdy State Condftions, X = 10 :

t e » ws o Le o< Tove " sen TTeU T RN T atem
1 Y.162-N1  1.015¢07 1.16347n 3.066.0% .nn-nl S.10R-01  1.959-0] -€.¥9°-03 3.080-02 1.872+00 S.137-01 29.75 -
? a.085-01 1.05R+07 1.130Np  3.628-°1 $.878-01  1.68%-0] -5.56<-0T 2.995-02  1,47350%  S.SvA-p1 rI.90
T K, 00" 1,00€¢0?7 1.10%7 3,910 S.801-01 1.38%-01 «4,.517-n3 7,.831-02 3.87%¢71 S.9e-01 !7-71

- & £,910-01  1.110¢07 1.076%0 8. 070N} £.329-01 1.016-C) -3.226-03 2.708-02 1
§ R.AW-A]  1.1S%e07 1.082410 8.359-171 %,415-01 €.R20-01 €.€£89-07 -1,720-03 2.58€-02 1
6 T 783401 1.14Ce07 1.0N7400 8,685-°1 $,.909-01  7.3%%.n1  2.969-07 -7, ~  2.466-02 1 .13
T R.€70-N1  1.200007 $.T09.NL 5,081-N1 7.9%n-0} TR-0>  1.932-03 2.307-02 1,896.00 $.033-01 51.19-
® A ,KPT-N) 1.20T607 9.352-17 S.858-N01 e.721-01 T-02 €,076-03 2.178-72 1.546+00 S.002-81 S8.50
@ 1.050en0 1.317¢07 $.071-01 $,997-N7 7.81S-01 $.200-01 ~9.86€-02 €.830-03 2.093-02 1.522+"0 9.815-11 $6.82
10 1.702000  1.390¢17  $.£60-01 €,396-71 T.8C8-01 9.REC.0] -1.52°-01 $.990-03 2,018-17 1,39640N 1,001e00 $8.93

K067 0  S.ATRNT  T,276e00 3.019-03 308097 2.528-0F e ¥57-91 Y. W0

¥z J20182825eq% «1107509740% JTERECILPe0T OMCST  -.3NNYSEITeDY VI .913572€%.08
" any3nttesny <1998 15000 ~147186%87 .08 Om ~oB2942712+0%  wl:  .750839%cn? -

”"es e180taeng +369138Tnen Tuy 07000070 o ~.*3%272%-03 . +1188300002
FeT  JSARIRTIRenN? “s 5595075001 .T27€0687eny f +54R94503,07 4 «50903113002

noes +90%049091-nt ~A881250]-NF w2 +~ondaooon L ~.613V9015-05 reag: 291085873002

wrRs  .1r0N0900ent +39120933e0Y €Oz L.1R3693%%en7 3 3295046007 NPT L97180837400

avY: Seqai3atieny -, TIRACSRT A CATZ +K77915€%¢CC  ABTC +T8S99YAT.00 OROT -,19139%578-0)

NOT qEPRODUCIBLE
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APPENDIX C

COMPUTER SOLUTION PRINTOUTS FOR THE STEADY STATE PERFORMANCE

PARAMETER STUDY RUNS LISTED IN TABLE Il

RN 1
1 L L ] ey oe 18] 3 Toee e k12 (48 (] nera
1 3.332-01 1.062002 1.156¢00 3.216-01 3.988-07 4.708-01 ].£90-0) -$,720-P3 2.475-02 1.881+00 €.826-01 31.20
2 0.166-01 1.C65¢02 1,131e7D 3.367-0) 8,179~01 $.116-01 1.8%3-01 -8.930-03 2.%77-02 1.438+00 $.161-01 35.93
—3.5.000-01_..1.083202 . 1.103400 3.551-91 8.408-01 S.478-01 1.15%-0 -3.9%6-03 2.200-02 1.$87¢00 $.527-01 38.69
0 S.038-01 1.125¢02 1.071e0n  3.769-01 $.878-01 $.721-02 ~2.900-03 2.185-02 1.491¢00 $,932-C) 82.15
1.180¢07 1.038¢00 4,021 €.305-n 80-02 -1.4€3-03 2.090-92 1.434¢00 €,370-01 2
14199002 1.005:00 _4.306-01 €.772-01 10-02  5.231-05 1.576-32 1.498:00 $.pa3-01 a0
1.201+02 9.707-01 €25-n1 7.774-01 -1.059-02 1.781-03 1.903-07 1.501400 7.355-01 $1.%
1786402 9.368-01 4,977-n) 7.982-01 13-02 3.602-03 3.777-02 1.546+00 $.037-01 Se.as
- e, _1.338202 _3,039:-21 S.3£3-13 . 5.830-01 ~8.738-07 S5.636-03 1.710-D2 1.521+00 8$.533-N1 $6.66
10 1.088¢00 1.388¢07 §.709-N1 $.782-71 R.93%-0) -1.¥34-01 7.A35-03 1.683-02 1.835¢00 9.084-0D) S6.68
N.298490 S.305e00  €.601e00  3.219-D1 =3.820-07 2.088-01 8.237-01 6.763¢m0
- DININE_CHECK FAULY AL. Q26ATY .. - .
XT  J27546668003 2T .26990725¢0%  THZ 77312387402 OMSST -.392929%2400 -92065088 00
— IS . S268780S7202.. 215 ..30597688¢02. THIS _~.19130436-0%  OMGZ ~-,.96392N16+03 -.75567698-02 o
~.18980000000 ZT6=  o3%#37391400 THITS ~-.99030346-10 ONGIT  .J4AT7E548-N3 « 1183500082
«STEETIINSNZ  FNZ -, R128198S4D1  FX. «66910997+21 F72 .STCra172402 +57991477+02
- +90909091-01 . MNZ  -.A0383125-06  _MT5. -.SC88381R-12 w0z, ,57505N87.0C 0OAGE  .26TEN397en2 .
«10000000003 ALTS  .23N09275+0%  C€D=  .0N00M000 G¥s  LI6ATTI72402 OF:  .N0000UOT
«$2020763+01 184062805 COTT  .SSSI281400 RBI=  .I5T717272400 #ROz -, 258272a8-0N8
f
| RUN 2
el B m WL TS .. DR R L O TeRn .- sF8 oL . _EN ___aPHA
1 3.332-01 1.082¢02 1.163¢430 3.060-73 3.798-01 &8,892-01 1.612-01 =5.333-N"3 «.488-02 1.811¢00 o.632-01 30.39
- =03 1.085002__2.130¢00 3.209-11 3.979-n1 4,805-00. _1.359-01 -8,629-03 8.715-02 1.8174Q0 §,936-0) 38,23
¥ £,000-01 5.092¢02 1.110400 3.391-03 8.200-01 S$.157-01 1.098-01 -3.788-03 4.546-02 1.423+00 $5.29%-01 37,9
N S.A30-01 1.123¢02 1.079400 3.606-11 &.471-01 $5.532-01 $.706-02 =2,674-03 A4.176-02 1.430+00 S.685-03 81.3¢
~S—R.KE8:01_ 1.158¢02_ .1.006¢00 3.850-03 8,778-01 $S.907-01 S,33%-02 430-03  4.205-02 37000 _$.114-01 88,68
€ 7.5n2-01 1.197+02 1.013¢0n 35-08 S.I27~01 6.397-01 2.225-02 -3.101-07 4.033-02 1.485+00 €.578-03 87,77
7 8.336-01 1.238+07 9.756-01 a3n] S.S17-01 §.887-01 =1.126-02 1.608-U3 3.460-02 1.452¢00 7.078-01 £0.6%
— 8 _.9.170-01. 1.203102 3.086-01 €.797:71 S.948-01.. ~4,742-02 3.393-03 3.688-02 1.559+00 _7.618=01 S53.37
9 1.000en0 1,330402 9.112-01 $.177-n1 (.$05-03 =7.975-02 $.334-03 3.162-02 1.553¢00 8.503-n1 56.77
17 1.0880C3 1.379402 $.787-01 $.591-01 T,183-n ~1.200-01 7.474-03 3.208-02 1.528400 9.008-01 59.77
S - 127910 .5.181900 .6.367400 3.040-01 -1,955-07 ,4.092-01 9.630-01 6,5¢2:00 ___ _
XS «25A37831003 2= L1895T1ISe0V  THT  LT71809355402 ONCST - 986n2072600  WZ  92563033+08
L. XS J323S32i2e02._ 7S ~+19155930-08 . OGT - 88048958403 NIz -.760267e8-n2 [
L16= * -4,26353825+00 2167 «T9228276-10 OMGTIZ  .953657%8-03 0= 11885007402
FAT 29808116402  FNS +53597857+01 T L28961109402 Fz  .2955351%+02
neH 3090309201 . M. =.27313983-0€ 222737387-12 +30690072-05 0®AGS _ 2503914302 -
VINZ  L10700000+03 LTS .3108288540% €O .0000NOOC 29871948402 0F=  .N0ODOOON 2
ATT:  .S108T770401 AMO= -.89568987-0F COT=  .59576090+00 75587507400 ®ROS  -,16304135-n8
a3
i L] » ves os w L3 Toan - sre o ™ ALPMR
I 1 3.332-01 1.082602 1.153+00 3.279-01 3.066-01 4.996-01 1.729-01 -<.$50-03 1.510400 €.921-01 31.50
2 0.166-03 1.066902 1.128+N0 3.830-0) 8.258-N1 $.239-01 1.460-01 -5.029-03 1.512400 $.257-01 3S.32
{—3—Sa000-01 ._$.£I3¢02. 1.039¢00. 3.615-01 R.883-R1 S$.€05-01 1.187-01 -8,028-03 1.326-02 _1,518+"C $5.628-01 3%,9%
8 S U301 1.125402 1.069+00 3.033-A1 8.753-N1 €.006-01 0.901-02 -2.936-03 1.268-02 1.516+00 6.033-03 a~,82
S 6.R68-01 1.161402 1.036400 ¢.005-N1 $.066-01 €.802-01 S5.818-02 -1.870-03 1.510400 €.473-01 85.€7
~—b 28502 200502 1. AN2+00 . $a020-01_ £,913-01 2.520-02 7.296-0%5 1.520000 §,989-C1 48,73
7 8.3%-01 1.202002 9.678-01 $.936-01 7.51%-01 -€.358-03 l'ln-o: 1.55340C 7.556-01 $1.90
& 9.170-01 1.287¢02 9.339-01 C.287-01 29-91 724-02 78-0% 1.532+00 8.037-11 S4. 33
—2_1.In0e00. 1.338¢02._9.(06-02 6,659-01 92-01 -9.037-02 s.1zs-ox 1.509+00 8.535-71 56.3S
10 1.084+00 1.388402 8$.682-01 7.049-01 1-01 -1.368-03 T.942-03 1.985¢00
8.363400 $.397¢00 €.80%¢00 3.286-01 -7.351-0¢ 3.639-01
X J23796276en3 +1819332Re0T  THZ  .#0303320402 OMSSS  -.99358006+00 VI 9181077708 -
TIT LIZNNETATEO2  FTIT JTI2TESARA0T  THIZ -, 18574169-08  OMRT - 0554MM90e03  WTz -.62076078-N1
_X152.. 7026091 TANG _ZI6Z 3711296607 THIL: -R85638N0-02 0T  .11885000en2 _
FRZ 1183306200 PN -.12033063002 FX= «11060775+03 = .1
WOHT  ,90909091-01  MWS -, 73200835-0%  mI= +108S7025-03 M*ACS  L27233993eM2
~NIRS_ . L10000000°03. _ALTR. 31816672+  CO: 2757514307  OFT 00000000 ..
ATTS  .52227853+01 AMOS -, 10900395-0%F ChTT  ,$9315719+00 STESSIVINN00 WROT  -,33195877-03
FRFTPIN
. 4
1 L] L] ws o0 e (3 Tren e sfe8 (48 iz LIS LT
.3 3.208-01 1.06€8407 1.186¢07 2.309-1] 2,912-01 3.591-01 1.051-01 -3.909-03 1.€49-02 1.885+°0 3.54N-A1 38,80
2 3.792-01 1.768007 1.121400 ?2.462-011 3.053-N1 3.921-01 $.R33-02 -3.t10-03 1.599-07 1.888+C0
.3 0,37S-01 1,116402_ 1.093400 _2,598.01 3,217-01 §,071-01 7.023-02 -2.€08-0% 1.529-02 1.49je°C
& 0.958-01 1.187+02 1.0604C0 2.745-71 “3,800-01 381-01 5.239-02 =2.£03-03 1.070-02 1.498+00
S $.382-01 1.18C¢02 1.033¢00 2.915-01 3.615-01 8.632-01 3.283-02 -8.975-08 1.811-02 1.897470 &.551-01 87,06
- 56a325=01 _1.217¢02 1.002+00 _3.109~71 3 =01 9.98%-01 1.398-02 1.077-00 1.358-02 1.500+0C 8,853-n1 49,73 _
T R.T08-01 1.256007 9.715-D1 3.312-01 3.106-01 $.278-01 =1.030-02 1.211-0% 1.296-02 1.50%enr <€.17<-0) 37,28
8 T.291-01 1.296¢02 9.008-01 3.536-"1 8.S09-03 $.72%-01 -3.126-02 2.428-0Y 1.215-02 1.58%-00 S.e11-01 $5.00
~.-9_ 287501 | 2.339¢012 . 9.105-01 . 3 78021 4.785-01 . S.000-01 =5.852-02 .705-03 3.173-02 1.725°00 $.920-0) $6.97
10 $.958-01 1.388°07 $.811-01 0,088-01 $.992-97 6.367-01 -8$.740-02 $.09%-03 1.135-02 1.303+00 €.23R-01 S8.78
3.08Sen0 3,.880407 S.9R0¢00 1.740-03 -2.552-07 1.582-01 $.012-01 &,.793¢rn
~0IRIOC CNECK.FANLT AT, BIGATL_ . - -
#23291595¢n% 2= .12232520¢n7 ST7383507607 OMSST -, SReGINCLL00 R IHITTTN
259123695402  21= . 75236296.0° ~a14173358-00  O%GZ -.11073980+0% ~e 731283802
=.30162970900 216=  .61633%87400 ~.€627092N-06 OMGTZ  .94S88325-03 YT IS I
+54303655002 FWZ -, 71535907¢01 «A390376401 F?T  .58S55e9€)epY «58,72810+02
3=0L - MU= .r.31266799-0F ~-18917018-08 meS  .2980%%27-0S 1952134802
-10000000003  aLT 276788540 +01000300 I 35161648007 -0000010"
aves +30759776001 a0z +9323199%-0% 71620207400 BRIz ,CIAN0A8S.00 ORO:  -,2088981% -

NoT REPRODUCIBLE




¢

1 2 v ¥SS._. 08 - L8 oS ToR0 we SFB L FN . ALPHA

1 3.858-01 1,033¢02 1.173+0n0 &,083-01 S.018-01 $.973-01 2.410-01 -7.919-03 4.208-02 1.A59+nN0 $.889-01 29.15
.2 _9.582-01 1.057°02 i.187¢00 ¥.2A0-01 S.257-11 6.436-01. 2.089-01 -5.976-03 #.033-02 1.063+0N 6.332-01 32,46
T S.E25-01 1.085¢02 1.11,,00 ¥4.,889-11 $5,567-01 6.,953-01 1.675-01 -5.682-03 3.859-02 1,.868+00 ©.829-N 37.S7
& 6.708-01 1.120402 1.08240n 8.792-01 5,982-0n1 T7,526-01 1.281-01 ~8,067-N3 3.687-02 1.87340G 7.373-01 81,85
5 7a792-01 1.158+02 1,086+00 5.188-01 F,380-01 B8.156~01 8.59-U2 -2.202-03 3.516-02 1.478+00 T.985-01 45,10
6 B8.875-01 1.202407 1.009+00 S5.558-11 6.391-N1 8.848-01 8.001-02 -5.267-05 3.TWE-02 1.833+00 $.647-01 48,50
7 9.958-01 1.2848402 9,707-01 6.020-01 7.8465-01 9.590-01 -9,0%5-03 2.378-03 3.177-02 1.888400 9.365-01 51.66
A8 _1.108¢00 1,29902 _4,331-01 _£.536-01 _8 422-01 1.065+U0 -5.538-02 S.07S-03 2.926-02 _1.551+0Q 1.038+0G0 55,16
9 1.21240D0 1.352002 8,362-01 7.105-01 8.960-01 1.137+00 -1,1565-01 06.056-03 2.808-02 1.523+00 1.10800 57.53
0 1.321200 1.90R%02 8.606-01 7,727-01 9,526-01 1.212¢00 =£.8A0~-01 1.130-02 2.699-02 1.893+00 1.181¢n0 59,68

R R . 5.566400 6.%43¢00 B.r62+00 #,930-31 -5.286-07 3.426-01 $5.858-Q1 .8.570¢r0

«20108146+0Y Z= «15701931+07 TH= +75529745402 GHEST - ,10317025e01 Nz .925780%1em

12827508402 213 .S9A79966+07 THLIZ -.12630088-0% oGz =,74025886+03 ML= =.75761816-r2 _ . __ _ .|

«25784232+00 716= +16259%€6+0N THIT: +11091399~09 0ONMGI= -95205228-03 o= «118850704n2

+684216200%02 FNT =-,75227962+01 Fxs «87620221+0% F7z -68058876+02 Fs «68655336402

MCHT  .97902091-01._ M, ~.STRE2043-0F | «1023181%-1% nos «883%2769-05 DRAGS «3508808"n2 - - .

vin: «10000000+03  ALTZ « 3829906340 -0000000C 6Ys «1710526%+0?7 OF=  .0000Q0uO" y .
ATTS 81953686401 A&MOT ~-,12407079-0¢ +53020818400 RBTS <N0381688+00 RBOT -.28863891-N%

L LN uSS.e . 0? R L . Temn_ _ wm  gFa_ L FN___aPHa,
1 T TZ240] 1.Ma2e07 14150400 D,317.01  2,749-01 3,I27-01  {.1FA-0] -2.629-N3 #4,879-03 1,532+00 3.329-61 31.69
2 M IK6-0Y 2.0FSeN?  1,125907 2.317=01 2.A73201  3.E€0-01 9,%20:02_22,256-07 _0,221-01__1,533+70__3,553-01 35,89
TOE.000-01  1,093402  1.007400  3,880-01  5,0%6-7"  3,796-0] 7,905-07 -],%N1-nT 0,03R-N3  1,534400  3,A0N-01 10,12
8 S,RW-A1 ],17640% 108N 2,G8C.n) 905001 §,070-0]1 £.176-02 -1,2RF=N7  1.855-23 ]1,534e00 §,07N-n1 87,56
S B.SBANY 11E0902  LoAIIAN0 7,724 413201 6,20820)  3.0F6-0 <6,620-nq  3,677-N3 . 1533400 4,363-01 85,80,
6 7.502-01 1,199+0° 9,997-71 2,84%.n] 3,R8R-01 6.670-0) ].7€€-02 3,9%4-08 1.508-03  1,536410  8,680-n) 48,84
7 4. TIE=A1 1.281407  9.CSR-"L T, 1€A.01 . 3,037-A]  6,010.0] -5,747-93 2.051-00  3.226-03 1,547400  S.070-01 51,73
R 9370201 1,28Ge7  §,821-03 3.798:0)_ 8,152201 _€,178:01 ~3.200-02. 1,698-0% 3,192-C3 1,522N0_ 5.50-01 S4.17
Q@ 1 Menn  1,3TT407  8.999-N1 IREST1 4.4CR-NT FLE60-01 -6,107-02 2,5%7-0% 3,087-03 1.500en9  5,RA2-01 SR.a}
1P 1,M8Rent 1,30T007  PLrEFLT] T,A007] 4 ,686-01  €,007-01 =9,1%6<07 T,597-N1T 2,95,-03 1,8774"% R.0°K-P1 58,46

PA0T5410 3,007077 6,570000  2,272-01 ~2.738-06  3.628-02 1.827-01  4.588e70

TRTYInE nTiW FanLT AT g1TnTa

b 4 «3X6QIRD2eNT ZEa o a3LBONLN0ent | THI | L£3S57TI21402. OMTST  -,9916]9N1e00 W2 | 13737410405 - e
YTz  (BERSAISIens 7t LVHTEBSEMAT TUT= T o 161a160P-na (uAT - A4T717208e0%  WIr  -.708621€5-n)

XIF=  -.1£83a823en] 7Y6z  _€TUEARAS NS TuT -eT1TR2810-N9 ONMGT-  ,7D322714-07 0z J11888000412

- FAZ. __,37084826002  FN7 ..37222787405 __ FX3. _L0S197507e0)  FTT ,?77789954(2 F2 o 379860%%02 . | . _ ..

WCHS  ANe09N9]1-11 My -, 27567797.0€  w ~.9011%28%.05 MAZ . TNRISET72.08 DPAGS 183178734

YINZ  L10MP1AN00T  SLTZ L 198SARITeNT  CDZ  .AANOOUN 6VZ  ,?1R915474G7 NFz  ,nQONOONON

~ATID . L XNTLAN2ANL_ #MOZ_ - 7T18471 .00 0OF7 L 39280235400 RETT 75407091400 080z -, Y¥2920780=03_ _ __ __ .

RUN 7
Sl LB ove_ e [: L L. L 1A% we  orR oL FN ALPHA

1 7.732-01 1,082007  ,L1U9sN0 449501 §,5]17=P1 £,ETT-01 2.787-0) =1,0%%=N> €,817-03 1.5T6eN0  6.R7R-01 31,72
~ 2 _A0F6-01_1,965202 1125470 8,685.03 5,760-C1 _ V121201 1,979-01 -7.035-N3 6.528-N3 1,537enn  7,128-01 35,52
3 S,TM0-01 1093437 LMORON 6,R91-1] K.0G6N1 T.E11-00  1.ENT-01 =7.210-03 6.237-03 1.537+00  7,518-01 39,15
W T TSN 1,128407  1.165400 S, 1e0.0)  €,8777] 8,147-01 1.211-01 -5,064-FT §,956-N3 1.5384n0 8,157-P1 8°,58
- 5 S.GE8-N1 1,100200 1033470 5,5148-0) _ S, 9TR-0N1_ 8 73101  7,959-02 =.E0S-03 S.680-71 1,530400 8,7%-=P] 6,82
FT.RM2-01  1.309¢07  9,99%.N) S 403~ 7nf.r) §,152-01 3,539-02 ).679-08 S.811-03 1.533400 9,375-71 48,86
7 1eTIE=N 1,201472 9,654-01 6.317-"1 T, RT-F]  1,008400 -1.197-02 $,237°-03 S.148-03 1,580s00 1,076+0C 51.69
B 0.170-00. 1,286202 9,327-"1 6,795t _2,301=01 _1.06R¢00 =F.538-02 §.599-07 _8,939-N3  1.520s30.._1,07Ne00 S8 qn
0 1.ATNAAN 1,370 B.AR7 ") 7,297-77 R,T797.01 1178400 -1,728-01 1.025-N2  §,785-03 1,899¢rn  1,176+n0 §6, 1R
10 1.085607  1,39%407  $.rEI-n1 T, SSMN) 9 T1TNT ],277400 ~1.#37-01  1,827-02 8.666-NT 1,87570  ].208e0D S8,.a3
e e . Ce802400 7,215400  9,172400  4,aTS-U] 27,356-06 §,602-N2 3,798-01 S.188en0

«107607554N07 2T W7N3RAFOSHAT  THI 94720838402 NMETT  -,99111000 400 WZ  .686168)54My
86210250001 _ 2,3 _ 467356799400 THIZ _-.13807627-04 _ OMA3  -,80%9€6N5e03 __ W1z - J976798%=r)

i ~o1EI0TRP4NN 276 LO20)JRID-NT THITT 1777759873 OMFTET  ,E€21n]0€3-02 0= .118880nPen2
Fax= JETRIYOHeND Nz < 1RNNIT5 40 . fes «917183R%40] Fos + 78748423407 Fz « 752014817402
NIHD | .9N002N31=N) MET sl 2082708607 | VTS ,OTS84971-05_ AT ,1N2776]19-0T NOAGS 23668738702
vINZ 100000000t ALTS «29R1ISINS 4N “:z +Onana000 [4'H «R5001182+01 0F= nanoonon -
ATTZ  (§eL01300ent  suMOT < INSANABLI-G™  ANTI . TANNTNGSEND  RRTT 75174725400 ©0Hc -,23760853-n3
RUN 8 -
1 ” v s [T e TR T T Tyera T Tem T OTTERE T T & TTTTRR T T ALPRA

o 1 %,I2-01_ 5232401 14156900 _8.080-52_ 9,370-07_ 1,197-01 _8.28%-02 ~1.430-03 6.388-C3_ 1.8453i+00_ 1,207-01 31.20
2 NLI66-fi1  8.327401 1.131400 3.817-02 1.0089-C) 1,279-01 3.582-02 ~1.233-03 5.983-03° 1.488400  1.290-01 35,03
3 $.000-N1 S.465¢01 1.,103400 $.878-02 1,103-C1 31.359-0] 2,898-02 -9.897-08 $.701-03 1.487+00 1.382-01 38.69

—_S.R38=035  S5,628e0)  1,070e00 _9.823-02. _1.163-01_ 1,869-01 2.i81-02 -7.001-0% _5,852-03. 1.89100 |.483-01 e2,
S 6.608-01 5.802001 1.039e00 1.005-01 1.207-01 1,576-01 1.820-02 =3,656-084 S.726-03 1.4S4400 1.
€ 7.,502-N1 S,997+01 1.005¢00 1.077-01 1,335-01 1,69%-01 6,078-03 1.301-05 #.990-03 1.498+00
7 _Ma336-01. 6208407 _2,707-001 1.156-01 1.938=C1 1.818-03 ~2,6849-03. 8,357-08 _8.758-03 1.501+80
® =~ fI-01 6.4352¢03 9.3¢8-01 1.208-1] 1,585-01 1.985-0; =1.10%3-02 9,008-08 8.882-03 1.546400
9 1.UMUeND  €.670¢01 9.038-01 1.381-03 1,677-01 2.107-01 =2.188-02 1.409-03 4.275-03 1,521400 2.133-C1 56.66

10 _1.088900 €.919201  R.709-01 1.586:01_1.778-02 _2.23%-01 ~3.335-02 _1,959-03_ 8,120-03 _ 1.895200 __2.261-01 58.68

1.078+20  1,336¢00 1.673000 8.086-02 -7.361-07 5.110-G2 1.059-01 1.691+00

15 .
2

—. 21902909203 25 L35641003¢0F . THZ  .7731257N¢02 QM<T  -,99298665+07 Wz 8603300840
«32614803¢02 71z J1395752040% THIS -.18915292-08 ON6= =-,83196709s03 WI= -,12790693-n)
YIG: “-.38071076-01 216= .83711050400 THIIS -.66907718-08 OMGI=  ,185777209-02 *297125U0+03

~FAZ_ . JIQN1T2TRE02 _FNZ. = 1SI1089Q01 . ESZ.. 16727989601 . FzT 184711528602 . «18998350402 ..
MCHS A5858585-01 Yz =, 7505578%-0F m - 18807 _/R-06 ups «11315271-08 ORA <66911798+01
vIinNz «»50000000402 ALT:S <183cg997¢pr €D «0.,unN00LG (-1 +13152816402 nF= «0o00000"

S ATTZ. . L1Z00S3S3e0L__AMDZ . -oI27D6038-08. _COT= | L 39538673400 87T | 75712305400 _0R0T -,1579239%-03__

Appendix C 174
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N I R T At I B A

RUN 9

1 ° e ves 03 P ] s ToRn ra SF8 cL FN ALPHA
1 3.332-01 2.,088007 1.161470 1,293¢00 ,60%00 1,98000 §.89%-01 -2.392-02 9.626-02 1,883+07 1,815400 31.55
7 8 166-01 2.136402 1.1354M0 1.35500 1,6R1600 2.079+00 S5.832-0) -2.061-02 9,235-02 1.486+00 2.080N0 35.8%
S S,000-01 2.198%02 1.105400 1.832400 1, 776400 2.2%2+00 8.728-07 -1.653-02 8.849-02 1,%8%:00 2.198000 39,16
A S AIN-01 2.260402 1.073400 1.523470 1.A894N0  2,400¢00 3.568-01 =1.169-02 8.086-02 1,893¢00 2.362¢N12 42.67
€& RLREN-01 2.338402 1.0T64N0 1.628¢70 2.G19¢00 2.5A8400 2.325-01 -6.307-03 8,U08-02 1,896¢N0 2.547400 45,97
6 TJ.502-M1 2,018407 1.0N8e0N  1,TA74N0 2,167+10 2.7A2400 9.939-02 2.325-04 7.715-02 1.500¢00 2.732400 89.07
7 R.336-01 7,SN2¢02 9.69%-N7 1,880e70 2,430407 3.072400 -1,787-02 7.,272-03 7.183-02 1.567+00 3.015+00 57,59
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f T S,AnQ-01 1.0%0602 1,086400  3,607-01 S.083-01 5,$807-01 1.%00-0] -1.671-03 2,082-02 V,68%10 £,082-01 81,39
' 8 S,AIN-03 1.13%6002 1.053e7N  T,AC6-N7  5,.370-91 6.882-01 1.026-01 -1.217-0% 1.937-32 1,687+00 ©6.510-11 an, 94
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10 1,088 eNn  (L.ANA07  BMR1-01 5,998 01 T 237-01  4.1A8-Q1 <S57-01 3.830-03 1,.508-02 1,.88a+00 9.294-"1 59,57
N.8N24~5  5,920407% 74185400 3.723-C1 -1.357-P6 1.836~01 8,.182-01 7T.265+07
i
ves 223130691403 T3 JITADTRARLQT ¢ THZ  LT776173964N2 OGNS - 10282171401 NT L11970TNeny
s 2993961202 1= - TH889667407 THEZ 1388881008 oG- -,89359430+0% uls -,21629372-n1
YICZ -.2R%0N7119¢70 Z1G* 431332778400 Yup —.ASEADTAL-08 OMGTZ ', 17209%9R3-02 o= +11885000e N2
FAZ «61838253+72 FNZ ~.R230%Q3RKa0} £2 7185839840} [ 41 61735712402 Fz «62152072+02
neAs «3Me9051-01 m§Z  ~,17R92116-0% MIT  -.78220534-06 “nz «73R19725-n5 0OAG: «287%19%9402
vINZ L1000NTANLDY LTS +32176336007 n: +~0NONAgas Gv= +21896659+0° nFs +~70N00N0oN
srrs .55297297¢N1 Wm0z ~,51743192-05 (DT +R3791196+N0  RRTZ +1520772N3600 ©AOZ  ~,18A83774-Na
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A T Y PRSI ARG T R4 TS, PN

TR T S AT R ST B
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TR R R R A VR R T R T e

FRPNTPpreR N

SFB cL FN
$.505-02 1,5074n0 8,.636-N1
1.,867-02 1.81nean S,.078-01
1.390-02 1.813400 S,.569-01
1.3180-02 1,8515+n0 6.110-01
1.280-02 1.5316+00 6,.703-01
1.167-02 1,821e00 7,389¢-01
1.125-02 1.8475+00 7Y,.367-1)
1.098-02 1.811en0 8§,327-01
1,075-02 1,389¢10 J.798-N}
1.055-02 1.,291+n0 9.277-0}
1.207-01 2,961-00 €.971+n0
[} +973279N%e 000
UIz -.21578a8nran]
€S 5109500002
fFz +«88038527502

OPAGT «27858875eM2
oF = «0N0ONON

Oz -,719871829-M

SFe (4% N
3.619-02 1.80%¢00 S.011-N)
3,637-02 1.446400 $.256-01
3.38%-02 1,350enN 5,525-01
3.878-02 1.458¢N0 5.817-N1
3.363-02 1.8%58+00 6.133-01
3.252-02 1.062470 €.874-N1
3.157-02 t.a52¢nn £,803-Nn1
1.096-02 1.81%en0  7.079-0)
3.001-02 1.375+00 7.352-01
2.991-02 1.336¢00 7.653-N1
3.387-01 S,75D-N1 6.311eN0

«83325616+78
~e 7610836812
«11885000e°2
«3569907%40>
«28926558+02
70000900
~e20813783-08

NOT REPRODUCIBLE

RUN 17
: 1 L] 14 wis oe e o< TR0 L]
1 3.7¥~01  1,631907 1,200e70 2,735-n1 N,208-01 W#.6NS-01 1.887-01 ~3.088-03
2 N,tRE=01 74095007 1.1R0400 2,892-05 ‘A, &A2-NY  S,082-01 1.621-01 -2.711-0%
3 S.000-07 1.13%4207 1,1284N0 3.308-NF  §,017-01 §,520-01 1.387-0} -2.234-03
& S,R30-01 $,17Re02  1.021e00  T.5A3-01 S5.271%-N] £,0R3-01 1.086-01 =1.60€-03
S 6,668-01 1,228402 1.03%9+17 1,658-11 $,370-01 6.689-01 7.23%-07 -9.381-0%
6 7.502-01 1.281437 2.983.01 3,992-n; €.187-01 7,287-n1  3,719-02 -1.021-00
LT RLTIR-0T 1,339902  9.616-01 A,365.17 §5,352-N1 T7.799-01 -6.20R-03 $.651-04
B S,170-01  1,300002 GEf N1 A, 7T78-"Y G AR9-0) 8,255-01 -5.0%8-02 1.%78-0%
S V,000000 1.46%¢07 3.70¢-01 .230 .01 T,161-01 A.721-01 -1.058-01 3.232-0%
17 1,088400  1.530402 8.379-01 55,7211 T.485-01 9.197-01 -1.6171-01 #.607-03
Y.9824n0  S.RR2400 €.915¢70  3.728-0) -1.363-06¢
.
. Xz 20099120403 25 JIRIR2E0240T  YHT L T986711%407 ORSSS  -,12018172+08
s +32366460002 1= «77N1945754D2 THTZ «13027631n-08 O¥GT  -,1035950+00
YI6Z  ~.26778619¢00 Z1C: «362571000N THTIZ +€E7SNS026-05 OMGYS «18889027-02
FAS  JO3FEDTRN02  FNT -, 783715261401 FX= . £8%87067+01 FI= 837518 S2+02
' MCHT +9NeNeGs1-N1 -+17R59905-0% nrs «TRINTERN=NT waz «919N3883-0%
YINZ  1NC000ND+O3 +31%0109840% CC=  ,0700000D GYS 2779518902
* ATTS  JSTANSEP1e01  ANO: -,T74002892-05 CATZ  ,67a%028N¢00 RATT  ,760A%110+00
RUN 18 ! '
f ..
.
[ 4 ° A L] wes o e o< ™10 e
,
! 1 T.337-01 1.098407 061470 3,657-01 3.779-N1 %,9%0-01 1.581-01 -1.547-03
2 8,166=01 1.008407 .085eM0 3,776-0) 3.907-01 T,200-01 1.318-01 -1.338-03
3 K.000-03 1,062002 1.027e00 3,922.01 8.052-n1 S,8£2-01 1.N61-01 -1,075-n3
N S,PIN=01 1,084207 1.006N0 8,0%-01 &,2V0-N11 S.787-01 $.005-0% -7.691-Na
& R.RE8-01 1.10R307 9.846-N1, §,292-11 &,47€-0) 6.0%6-01 S.208-02 -4.17%-0%
6 7,502-01 1.135¢407 9.R09-71 8,.517.n1 &,66R-N1 €,I0A-0] 2.83%-n2 -3.370-06
T %e316-01 1,160402 9,36/-01 &,769-D]1 8,A79-01 6€,.711-01 -7.306-03 &.577-08
R *,170-N1 1,196407 9.118-011 S,087-n1 S.011-01 6€.90¢-01 -8.378-02 9.697-ny
« 1.0M00N0 1,230407 8.86R-01 S.¥50-A1 S.15%-01 7,262~01 -8.166-02 1.54n-n3}
10 1.088000 1.2R600? B8.518-11 5.683-11 5,302-01 7.503-01 -1.718-0) 2.172-n3
8,511en01 8,501400 £,272¢400 2.96%-03 -8.251-07
¢ T J2059818740% «27933761407  'THZ L TANIET21402 OMCST -,4NS?27810+00
1344 3N2EALE2eN7 +96NERNET 02 THIT =,RTNSA011-0S OM6=  -,7N397Y27+03
xrG: +12TIR]18200 ANS66928+NN THITZ «99030386-30 OMGT: «9507R1 79-0%
Faz «38856066+n2 Fxz +62716393¢01 Frs «38198¢AN 02
Ll 19NeGe0Yg-ng ntz L KLUNTN18-12 AN S6563%08-0%
vINS  .10000NNNeNT «22L56239e0Y €0z 07000000 3 *178918X5¢0>
ATTS JARERIESOEN])  AKPT -, T2620538-05 DTS +S6435449¢00 MBTC +TH12887Sen0
f
-
L}
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ALPHA

30.66
39.00
43,23
47,08
SN.60
5%.91
S6.83
58,51
6n,39
€2.08

ALPHA

2T.80
31.06
.19
37.20
4.0%
47,86
5.7
a7.81
48,15
St.16
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APPENDIX D

COMPUTER SOLUTION PRINTOUT OF THE DEPLOYMENT TRANSIENT
FOR THE NOMINAL CASE-TABLE III, RUN 1

179

™weyr
"aCHN vee
T.ronngonn + 10077000, 01
«20N000N0eny +1000000N: N}
. LTz ,32900000¢00 URTSS  LNN0000NC+M™ ALTOT  ,SHNONONNSNS VINFT  ,1N0NCON003 ®HOS  .237700M-n2
sz ,208%INN00+0D € .250MNN00«Nn L= .ataprOnAenp Rz ,7N8NNNN0.0N  GHT  ,ABANDOON
TH: +2%000000-02 1n: +'38600000-0% 10: 5780000002 A 1 «0nannNnng e -onocnNo”
- CLSS=  .1550N000+01 £NSSS 1250000091 CYSSS  .6750%0N0400 O%G=  -.7S0R0NND03 OWAI=  .NONODOD
nFR: ,000NNN00 enviz  0000n0N0 cuy2:  ,n0000000 CPATS  -,240700R0¢0° CANOS  .NDNODNDN
A ,2N900000400 €N1s, 150900007 CN2Ts  -,TSAON0ONO0 CLIZe  ~1718YNN00L CL2Ze =-.7183000"e70
THAZ  LTNANNN00*NT  THIZ 01000 vz .noooognn viz  ,0n0nnrnp rrcs  ,A000000"
T™TYZ  ,0000nNDO uLIRS L 100NNONDe K
®INT: o T3I320000¢00  ORT  LATNG0000-M AN La0N0N0NeD)  AXT  ,100N0NNDe02 It T 1IN
ML «N0*

1 L] v wes os [T o< Toen - sFR L 4] ALPHA
1 L,332-01 1.07N¢07 1.357-00 1.586-Na  §,938-NnC | ,See-08 -2.791-06 T.6184-0F 3.423-08 3,60%-0&¢ 3.577-78 %
2 8,166-01 1.000202 ].357-N8 1,68%N0 8.938-05 1.601-00 -2,762-n5 7.R00-0F 3,353-08 $,605-0O% 3.FA9-ns L}
3 $.0N0-01 1.000007 1.357-08 11,7531 8_9%4-08% -5.08€-05 #,126-0Ff 3.705-04 3,605-084 3.°11-Ns SO
4 S.ATW-01 1.00000”7 1.357-78 1.795-n% 8,9 ns -8.3 ns $-06 3.888-08 3,.60%-08 3,940-% .58
€ £.FE8-N1 1.00N0?7 1.357-N& 1,001-"4 $,970-05 1.8790-08 -1,138-08 S.Ae1-0F 8.091-00 3.605-08 &.N77-Nns <66
€ T.5N2-01 1.000007 1.357-08 1.998-78 §,91%-15 |, Q0008 -1.857-08 9,278-0F 4,325-08 3.605-08 a,220-ns .78
7T R TI6-01 1.000407 1.357-08 2,1]%-"8 §,93%-N%5 2,003-08 -1.800-08 9,759-06 8.586-70 Y 695-18 &, 350-Ns .82
8 *.170-01 1.N00002 1.357-08 2,262.00 8,935-05 2.21°-N8 -2,168-00 1.029-05 #.875-00 3.,605-00 8.573-n4 +91
a 1,000000 3.091040% 1.367-04 2,398-7k $.93%-N1C 2,.355-00 -2.500-0¢ 1.08°-05 5.191-00 3.605-08 e.C82-"8 .99

1A 1.098400 1.00N002 1,.357-08 2,557-,8 8,938-08% 2,5N2-74 -2,957-08 1.152-05 $5.538-08 3,605-08 4,833-08 1.07

1,995-AY 1 .,935-00 1,97S-017 =1,177-03 9,261-P5 &.317-03 1.880-03 8,.173-0n%

NIYIOF CHECK J4BLY 2T O1RITS

¥z 99%e9878en 22 JYIRTRESIT=07 THZ  L131€7418eN] OWCST - ,202R8197-01 ¥ L13387029em)
} 45 +9999935R+12 i H1 «3717799240" THTS «311%3939%.01 06z -,TaR524n}40% «3122658%en2

YIRT  ~.19TaR1T71-03  276= + 9999848340~ THIIZ +13262277s03 OMGT= +330NEN97+0? +118R€0MNaN2
FAS  ,350N8769-01  FN= -, I017578%e01  FX=  L116312231-03 F72 L1018109%40) +101817¢1401

“ews SneGsNe-N L] H +190323759-0> nYz + 7612503000 LLH «22659%628-01 «78%93018-72

YINZ  .1N0N07N0403 LTS .N9999R3%enT €Oz 01070000 GYT  L9915RCEeN> +n000070~

ATTS  NAASIERR-NY AN0T  -,.196E977-07 FPT:  IIKTIT07400 WATST  _731831:0s00 SRTI08EER SN

I 010

T [} ['L] [* .23 ow LR o< Tn0n e <rs ct FN ALouR
1 t,T32-01 1.000¢07 1.008-7F S 953N £.638-00 S.209-N  3,37A-08 I.04N=05 $,539-03 22,7807 1,297-n% .62
7 8,166-01 1.000407 1.008-03 S 43818 G £38-N% S.A77-08 2,870-13 T,127-05 1.181-03 2.678-03 1.351-73 <77
3 £,7008-01 1.000407 1.008-13 S.C666-C0 €,638-N% S,CN-08 1,502-08 3,221-05 3.231-03 2.,678-C% l.e1t1-0% -9
A S, BN 1.000002 1.0M-0F $.910a §,579-00  S.948-08 8.7t-0S 3,.1317-05 1.291-13 7.678-03 1.873-0% 1.06
§ 6.668-01 '.070607 1.20%-13 €. 288 .08 §.63%-00 £.2T2-08 -£,272-05 3.8€9-05 1.359-03 2.678-13 1.535-0%3 1.271
6 7807011 1...0007 1.008-0F §.595.70 £.6£3%9-ra  €.5S8-08 -1,700-08 3.602-05 1.836-"3 2.678-03 1.<94-0n7 1.%
7 #,tI-01 1.000¢07 1.008-03 6,947 0 €.F4N-04 6.971-N% ~3,00 3.762-05 1.522-13 2.678-01 ].€£3-n3 .S
3 9.170-N1 1.000002 1.008-NT 7.821.74 6.680-00 7,300-08 -4,3N9-08 3,939-05 §.F17-03 2,677-03 1.777-07 1.65
e 1.0000N0 1.000002 1.008-03 7,896-"8 G.681-00 7,777-0 ~%,€78-00 #.1%2-05 1.721-03 2.,677-n3 1.792-0% .80

10 1,088900 1.001907 1.007-03 R FITAR G EU1-NN R176-08 =T7,121-N8 &,781-05 1.%33-03 2,677-0% 1.857-73 1,95

6505, £,£19-7%  §.599-0F -],80e-03 Y, S9R-08 1.833-02 S.900-03 1.€70-7

DIVINE CHECK FaLY AT O1fnTy

¥ +19999088+01 +AE387968 -0 THZ «?RARI787e01 ONCST -,3726101%-01 +3093%102+n]
0T L99%9%A33eN2 LERINTIIRAON  THIS 29727882401 ONGZ - ,78081010+0Y «1088709M 6Ny
- 2162 = .65707590-03 «99999RN e THTIZ ¢ 238T78STe0Y OMGTT +1577294%+07 «118850MMe N2
Faz +18931168¢N0 -.18429323+01  FYT  ,70849915-01 F72 L188T28%e01 89708401

HCH=  .9N109191-0) +AS5A9TIN-0°  MTZ  .13530A3ReN] »AZ 10565005400 2611557871

¥Inz  .1PC00TNQe0S .499994357en* €Dz .GT0N0000 (3 H -agneongs

ATTZ +1%529835-n1 ~o 1AR28852.0n2  £OTZ 3130072800 BT «736M0508000 «12533131e71

TIwe < N2
.

1 » ') [* 31 on (L] o< Tren Ll <ey (48 N AL0uA
1 3.T39-A1 1.0010s07 8.796-03 2,182-nY  ¥,159-0% 2.277-0% 1,780-03 1.3%0-00 §.783-03 1.778-02 S.€73-0Y 1.7)
2 S,166-01 1.000+02 74503 2,250-A%  3,159-13 2,292-0V 1,.8S-G} 1.387-08  4.909-03 1.774-n2 €,.829-03 1,58
T S.0N0-01 1.000607 8.795-0% R.160-1T  2,376-0T S, KRS_O8 AN-8s $.110-03 1.778-02 €,0%0-0% 1,87
Q@ S MRW-01 1.9N1+07 §.798-0%F 3.160-0T  I,4RE-NT  S,838-08 $.748-03 1.278-n2  €.156-0F 2,16
€ G.EER-01 1.0N14N? 2.793-03 2.56%AT 3.161-NT 2,570-0F 9,064-05 1.898-08 6.612-03 1,278-07 §.625-N3 2,85
£ T.507-N1 1.001407 €.742-N3 7,69R.1T 3,162-13 2.687-0F -3,407-08 1.551-08 $.913-03 1,27%-n> £,837-7) *. Ik
7 8.3%-01 1.001407 &.791-07 7, AKGNY 3, 1K2-FT .6N7-03 -8,°1°-08 1.610-08 §,208-03 1.777-02 T,1f9-n* 1,03
R e, 1T0-01 1.0N2007 «.799-NT 3,016-AT 3,16 T-0F 2.9%9-0% =1.811-03 1.€R8-"8 §.F1F-03 1.,273-"2 7.883-93 3.3t
@ 1.000400 1.002007 RIAEAT 3,199-77  I,1€8-03 V. O081-07 =1,9€7-0T 1.767=Ns  7,017-03 1.072-07 7,717-13 T.6

17 1.088400 1.0N2e02 8.786-13 3,347,%  3,165-P3  3,271-03 -2,5$1-03 1.407-0C4 7 1-03 1,272-07 T.991-7% 7,88

2,690.07 3,1€2-12 2.€67~02 -2,8%0-03 1.588-73 $5.896-02 «i22-02 6.759-07
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S e AT P R TR RRTTRY
+29999951 1] H JISRIR2TIN-0) THET OMSST -, 72Ba¢S79-01
A%egeTacen) 71z J9R52151Re0N  THIT QuGI  -,706NASCEe03

= W2REETNS59-N> TG + 9899751340 THIEIZ +«SIEIRSTANNT  ONMGTZ «618110€5en3
651778766010 FN:  -.339178n1.0) FYs «YI830377e00 Foz <8 T28N9T 01
JANeNnsngt-ny Ll H PRLEL LTS R} ] wtrs «25N8TTI9TeN] LOH +ARE51TT78eN0
100007008 %  SLT= +89Q985524nY €03 .870N0000 A5 RIITIS LI}
SISPIRN2-7) w0 < 5TIRNS3-0°  FOTSD «29%4830Y1 Q0 RRTZ +73S8A7ATeN0
LI s N30
o Ve ves on 1= oS ™Ten 1]

TLI32-01  1.0%1407 1 .827-N2 AR,415.17  1.208-N> 9,177 03 €.S501-73 S.t0e-08

$.166="]1 1.071477 1 .R26-N7 Q4,030-7"% 1.215-0% 9,316.03 <,217-0% $5.809-0%

CPNM-"] 1,07]1407 ] A2R-F2 9,7937T  1,295-012  9,507-0% 3. AKe-03 S5,932-00

CoAI=N]  1,072007 ] .R26-N2 K08 -"T  1.206-"2 9,799-N1  2.882-03 5.675-08

R.EE8-N] [.0N%6A7 | .R74-N17 94,9627 1,206-0> 1,007-02 9.598-"4  £,8%¥7-08

TLEM=ND 1.COTSCD  1,A22-77 1,072 1.217-9> 1,.03€-02 -6.030-08 6.01%-0%

R, TIE-A] 1,008407 1.021-72  1,082-02 1,208-77 1,0f€-02 =2.72an-03 £.219-0%

a,170-01 1,0N5+N07 1.820-N"2 1,132-1% 1,209%-"2 1,097-02 ~3,9%%-03 6,.83¥9-M4

1,0Menn 1 ,ANKeL? | AlR-A2 1 1R772 1,210-02 1.170-02 =5.7847-03 6.K78-04

1080670 1,076907 1 .016-N2 |, 28707 1,211-02 1.16%-07 ~7.699-03 6.93R-08

1.0% N1 1.297-71 1.02%-0] -1.153-"3 €.00%-03
L3949a8nTen) T .?873a080-N01 17158780602 ONCST -, 12329787en0
KALLPALR LIS ] 71= «12262%2640? +1188T336¢02  OMGT ~.59337H23e13
-.10%74215-01 216= «9ISRTINI 4N +ENT4965T760Y NMGTT +17079%1 308
BELIIIES T FNT -,05183n93en) -1102%119em Frz +ARESS1N8001
+9790902] -y o] H < 108a6R 1S 0N +T8899007Y+0} "2 +1869%7:3401)
-170009r0e13 LM Qa9e7475 40T +07000000 ~RY2EI4RR 0D
«23INKL IS aMOZ -, 15448301 +27972170+00 RST2 +73161605+00
Tiucz ° _nae

o ye [Tl 4 o 1> (119 000 pe

TNl 1,001+407 #E35-N2 2,843 X O0RF-07 3,072-07 1.688-02 1.61)-0%

R YAR=NT  1.007902 N ES5T-M?2 2,.971.72  3.067-77 T,036-02 1.1%8~02 ].F29-n3

C.NN0=01 1.002402 §.,650-02 2,9R2.07 3,0K9-02 3,072-0% 1.118-02 1.651-0%

S.A3N-0]  1.003002 8 .EAR-D? 3,011 3.078-P7 R,109-07  §,831-03 1.676-0t

CREB=11 1,.070¢02 & .KA2N2 T NETn?  1,078-07 3,187-02 S.€0R-N3 [,.708-93

T Sy 8R17.02 T 1T r2 3,077-07 3 IRF-02 2.694-03 1.735-03

®, 33671 TN N .F32-N2  3.202-77 T, 0%0-07  3,27%-02 -2.981-08 ).76e-0%

2, 170=01 1.007e12 & .&28-"2 3.280-07 3,008-72 3,2¢5-02 -3.372-0%3 1,.80R-03

1.000NN  1,079¢07  §.620-02 3 _3RE-A7 T Neg-nN? ~$.532-03 1.P46-03

1.080400  1.01NN2 8.€13-.1"2 3.a684.n3 3,097.N> ? =9,792-03 1.883%9-n%

3.179.01  3,077-01  3.1€°-N)1  3,.819-02 i.732-02
nr OQHFCY FONLT 8T Ol&NTs
+4999927geM 2= JAN21KARE 0] THS « 195110902 = 18859607 4N0
KITTLEY ST P ?1= «IRTMSTRL Y TH L 170NCH]18602 -~ QEASA TR 4N
~.3IRASON3-NT 216z JNNRSANNT QN THUTTT T 7189R7eNAT «27778C73408
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