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PREFACE

The research reported herein was accomplished by Payme, inc., 2200 Somerville
Road, Amnapolis, Maryland, for the Asrospace Meaical Rescarch iaboratory,
Wrignt-Patterson Air Force Base, Jhio under Contract F33615-73-C-4006, and
in support of Project 7231, "Biomechanics of Aerospace Operation,” Task
723106, "Impact Exposure Limits and Perconnel Protection Criteria.” Mr.
Peter R. Payne was the principal investigator for Payne, Inc. Mr. Jjases W.
Brinkley of the Impact Branch, Biodynamics and Bionics Division, was the
contract monitor for the Aerospace Medical Research Laboratory.

This report is one of a series of veports prepared under Contract £%3615-73-
C-4006 to provide a better understanding of the factors contributing to limb
flailing injuries resulting from ejection from high speed aircraft. The
ultimate oujective of this rescarch is to provide design criteria for emer-
gency escape systems and personnel protection equipment. The work was per-
formed during the period of October 1972 to October 1973.
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INTRODUCTION -- THE FLAIL INJURY PROBLFPM

Flail injury results when one or more limbs of an ejection seat occupant are
dislodged from their stowed position. The windblast usually carries the

limbs outwasd and backward, and by the time they are arrested, either by

the seat structure or the natural limit of travel of the joints, they have
acquired 2 considerable relative velocity to the torso and seat. The energy
required to bring the limbs back to seat/torsc velocity is the basic cause

of injury, and this energy varies with the square of the airspeed at which
disiodgement took place.< Thus, at low airspeeds, there may be no significant
injury, while at high speeds, severe fractures and even death may result.

The probability of serious flail injury, as a function of airspeed at ejec-
tion, is given in figure 1, based on USAF non-combat experience in the period
1964-1970*; together with ~arlier RAF experiencel with flail injury, and
quite recent U.5. Navy experience. Some theoretical background te flail
injury is given in reference 2.

Although not strictly flail, the problem of helmet loss in high speed ejec-
tions is clearly related. Helnet loss is caused by a predominently verti-
cally acting (upwards) force on the zelmet, due principally to suction forces
acting cn tne outside, over the top. It is obviously desirable to find a
way of preventing helmet loss.

There are two basic causes of limb dislodgement; aerodyramic loads on the
limbs and inertial loads due to local accelerations. The force tending to
dislodge a limb may be due to either of these, or to a combination of both.
For simplicity, they will be considered separately in the discussion which
follows.

Acceleration Loads

Since force = mass times acceleration, the limb segments will experience
ferces of magnitude and direction appropriate to their local acceleration.
After the simple linear acceleration of the catapult stroke, the acceleration
environment becomes quite complex. The rocket contributes linear and angular
acceleration. The aerodynamic forces cause linear acceleration (a rapid loss
of airspeed) and generally, angular acceleration as well because the pitching
and yawing moments are not zero.

Consider a seat that is pitching only, as shown in figure 2, The accelera-
tions on an element of mass ém, situated a distance £ from the CG are

2
du d“e
— and L — (v
dt dt2
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Figure 2. Basic Geometry.

If m_ is the total mass of the seat plus occupant, and Tq its radius of
gyrafion, the equations of motion can be written approximately as

du - Y
nod - Al
(2)
s°6 dtz m

where AD = seat drag area = drag/q
V, = seat moment volume = moment/q
: 1 2
q = dynamic pressure 5 pu
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Then from equations 1 and 2, the acceleration force components on an e, mental
particle & are initially

| and E!.!!_,. 3)
L Apd LI 21
G

Additionally, due to the seai's spin rate 3, a centripetal acceleration i(é)z
scts on each particle, giving an elemental radial force of

2 v \2
—"—;7[ [ vq dt] = om0 q%e? (4)
@gre) LsTe

if V, and q are constant.

Unlike the other acceleration temms then, centripctal acceleration initially
increases with time, if the seat spins, and with the square of the dynamic
pressure at a given time.

Total force will clearly depend on the ma>s fém of the appropriate limb seg-
ment, and the mass moment f& ém as well as the linear and angular accelera-
tion. Specific values can be worked out for a particular seat when kp and
V, are known.

From equation 3, the initial inertial forces vary with the dynamic pressure,
q, just like the direct aerodynamic forces to be discussad later. Indeed,
we might refer to inertial forces as "indirect aerodynamic forces," to con-
trast them with the direct aerodynamic forces due to airflow over the limbs
and the general pressure field of the seat.

Some typical accelerations are given in figure 3, for anm F-101 ejectjon seat,
using the pitching moment data of Galigher,3 which shows V_ = 3.1 ft~ at the
normal ejection attitude, AD = 7.0 ft2. The initial tangential acceleratior
is seen to be almost an order of magnitude less than the longitudinal accel-
eration. The centripetal acceleration is calculated by assuming angular
acceleration to remain const.nt at the initial value, and so can orniy be
regarded as a rough indicator of the size of this term. But it is clearly
comparable in magnitude with iinear acceleration at the higher speeds, and
may be substantially greater. 1f a seat spins after ejection at a high air-
speed, it cannot be expected that the limbs will remain in their stowed
position, and for practical purposes, fiail injury is a sine qua non.
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Figure 3. Typical Seat Acceleration, Assuming V. = 3.1 fts,
A, = 7.0 ftZ, a Seat Mass of 10 slugs, and
g = 1.5 ft.

[*Note that centripetal acceleration varies as (time)z.

Thus 0.1 seconds after ejection, it will be 0.01 times
the value shown.]
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Aerodynamic Loals

Aerodynamic loads on the limbs may be divided into five main categories:

* Gross aerodynamic drag.

« Gross lateral suction.

« Deflected flow forces - man alone.

* Deflected flow forces - due to the seat.

* Proximity effects.

Airflow

Fig:re 4. Gross Aerodynamic Drag on the Lower Legs.

The first type of load, illustrated in Figure 4, is easy to understand and
does not require elaboration.

Suction

Figure 5. Gross Lateral Suction.
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Although not often discussed, the lateral surfaces of any body moving through
a fluid are at lower than ambient pressure, while the forward face is at 4
higher than ambient. The effect is discussed theoretically b, Band and Payne
who show that this effect by itself can account for the outward acting forces
on the aras and legs of an ejection seat occupant. It also partly accounts
for the upward force on his helmet. It might be said that windblast tends to
pull a body apart in the plane normal to the flow, and when parts of the body
are movable, like arms and legs, they are thus pulled into the main airflow.
Once this has happened, their aerodynamic drag pulls them backwards, relative
to seat axes, and flail injury occurs when they reach a limit of travel.

Figure 6. Flow Deflection.

There is a subtle difference between the local flow deflection, illustrated
in figure 6 and gross lateral suction, so that it is worth separating the
two. But the effect is the same; a tendency to pull the body apart laterally.

Figure 7. Seat Proximity Effects.

12
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Two cylinders by themselves (representing legs, say), shown to the left of

figure 7, r.ould actvally be drawn together in the airflow, because suction

forces on their insides are greater than on their outer surfaces. This is

an illustration of "proximity effect," which is well known as a troublesome
problem in ship maneuvering. When some obstacle, like the forward face of

a seat pan, is placed behind them, they are repelled from each cther. The

air between them, essentially dead air, is all at ram pressure, while there
is suction on the outer surfaces. This effect can be very powerful indeed,
and the importance of minimizing seat blockage behind the lower legs cannot
be too much emphasized. Measurements of this effect are reported in refer-
ence 2.

Seat proximity effects can be very subtle and unpredictable. In the side
trigger configuration, experimental observation< with two seats gave an
expected result; there was a substantial outwards and backwards force on6the
arms and hands. Yet when an F-105 seat was evaluated in the wind tunnel’,
the outward acting force reacted by the subject's hands was so small as to
be ummeasurable with the instrumentation then in use. The reasons for this

anamoly are not yet understood.

In the discussion so far, we have considered the seat to be pointing stably
into the airflow. When the seat is pitching and/or yawing (as it generally
is) the picture becomes enormously more complicated. The rotation induces
additional velocity components, and the direction of resultant velocity,
relative to seat axes, changes continuously. Although we Fave gained some
insight into the magnitude and direction of the limb forces by wind tunnel
tests at different yaw and pitch angles, a complete understanding of the
flow field and development of a predictive capability is probably quite
impractical without an order of magnitude increase in research effort.
Fortunately, it is probably not necessary to know the force magnitude and
direction, except in very general terms.

13
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SOME SOLUTIONS TO THE PROBLEM WHEN THE SEAT IS STABILIZED

ke have three main problems to solve
* Helmet ioss, which is due to aerodynamic forces only

* Arm Dislodgement ) Combined aerodynamic

- Leg Dislodgement ‘ and inertial l»ads

If a system of clamps were automatically deployed to hold the extremities
just prior to firing the catapult, the flail injury problem would be solved
once and for all.* Aircrew have traditionally rejected such an approach,
principally because of worries as to whether the clamps would unclamp at the
time of man/seat separation. We are left with the alternatives of either

* Reducing dislodgement forces to a tolerable level, or

¢ Arranging for aerodynamic forces to trap the limbs
in a safe position.

If either of these approaches is to be successful, it is clearly imperative
that the seat fly stably.

Present day ejection seats are either unstabilized, or stabilized by a drogue
parachute. All of the seat configurations which have been wind tunnel tested
are aerodynamically unstable, and there is no reason to suppose that this ob-
servation cannot be generalized; to the statement that most steat are unstable
before the drogue chute is deployed.

Generally speaking, some time elapses between the seat leaving its rails, and
drogue chute deployment. At high speeds, the unstable seat can reach a large
pitch and/or yaw angle before the deployed drogue chute can start to correct
its attitude. At higher speeds still, it will spin, with the drogue chute
ineffectuaily wrapped around it. At high speed, a spinning seat almost cer-
tainly equates to a dead or maimed occupant.

There are several reasons for this unfortunate state of affairs, but two key

ones are of particular interest. As equation 4 shows, an unstable seat initially
builds up rotational energy as the fourth power of the speed, in unit time.

If there is a constant time delay in drogue deployment time, the drogue's

ability to stop the rotation (which varies as the square of the speed) will
clearly reduce with increasing speed.

Secondly, for a seat to be equally well stabilized at all speeds, the drogue
opening time must vary inversely with speed. And very elementary theory,
assuming rigid risers and shrouds does give

* But not the problem of death due to intolerably high spin rates.

14
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T, = = constant
o R
o
where
t, = the opening time
£ u, = the initial free-stream velocity
R, = the fiat radius of the canopy

Payne5 has shown that riser, shroud and canopy stiffness have a dominant influ-
ence on opening time, however, so that in the real world of finite stiffnesses,
Y. will reduce with increasing speed. Indeed, above a certain speed, it may
ndt open at all.*

For these and other reasons, the writer believes that drogue stabilization is
unsatisfactory and that seats should be stabilized by suitable changes in their
shape. An analysis of the seat stabilization problem is given later in this
report.

In the rest of this section, we shall assume that the seat is stabilized, and
that pitch and yaw perturbations will not exceed about 20°. The technology
needed to achieve this is felt to be available, and if it is not in fact em-
ployed, then we might as well accept high speed flail injury as an unfortunate
political fact of life, and turn our attention elsewhere. We will never find
a non clamping means of preventing flail in a randomly spinning seat.

Seat Configuration

Apart from stability considerations, the seat itself contributes to dislodge-
ment forces. A deep front to the pan, or a backboard, forces the lower legs
outwards, as mentioned in the discussion of figure 7.

Ideally, the seat pan should be as thin as possible, and the survival kit
stowed elsewhere.

The upper legs will still be pushed apart by the ram pressure air ''trapped"
between them and the seat pan. This can be accepted, if robust sides to the
seat support the thighs. Alternatively, the front center of the seat pan can
be either eliminated altogether, or ''left behind" when the seat is ejected.
This will allow airflow between the thighs, and reduce (perhaps eliminate)
the outward pressure.

* Unsatisfactory opening of parachutes at supersonic speeds has been attributed
to shocks from the risers and boundary layer growth. But it might also be
due to riser and shroud stiffnesses which are too low for the dynamic pres-
sures involved.

15
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Seat weight and drag are also important. We should strive for minimm ejec-
ted weight, for the reasons explained in reference 2, while high drag is

usually beneficial.

Local Flow Deflection

(b)

Figure 8. Three Local Flow Deflectors.

By locally deflecting che flow, we can achieve a measure of control over the
magnitude and direction of the local forces on the body. Figures 8(a) and 9
show how spoilers or deflectors can be attached to the lower legs of a flight
suit. As reported in references 2 and 6, they eliminated the outward force
on the lower legs at zero pitch and yaw. The configurations tried so far have
not been effective in reducing knee-out forces, or in controlling foot forces

when the seat is yawed, however.

The same effect can possibly be obtained with flow deflectors attached to the
seat structure, as shown in figure 8(b). Such a configuration has the disad-
vantage of degrading seat stability.

16
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Figure 9. Flight Suit Mounted Flow Deflectors Tested and Reported

in Reference 2.




The helmet flow deflector shown in figure 8(c) is thought to be an acceptable
solution. to the h2lmet loss problem (based on the tests reported in reference
6), provided it can be accommodated within existing canopy clearance limita-
tions. But further modification and evaluation over a range of yaw and pitch
angles is needed before a hardware commitment can be made.

Entrapment Devices

v

|\

A

B

Figure 10. Net Entrapment Devices.

Suggested by James W. Brinkley of the Aerospace Medical Research Laboratory,
Wright-Patterson Air Force Base, the entrapment nets shown in figure 10 offer
hope of complete flail protection up to yaw angles defined by the net angle 8.
These devices have been evaluated (reference 6) up to 30° yaw, with %15° pitch
excursions, in mocx-up form, and appear to be completely satisfactory.

18
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THE ELEMENTS OF SEAT STABILITY

Yaw Axis

Figure 11. Definition of Axes.

e v SRR

Pitch Plane

- ‘/:elative

Wind

Yaw Plane

ﬁ Pitch Axis

Consider a body at rest, or moving steadily through a fluid, and suppose that
its angle to the flow is changed to a new angle by some disturbance. We may
say that the body is statically stable if the fluid dynamic forces acting on
it tend to return it to the original angle.
is statically stuble, if, after being disturbed from equilibrium, it tends to

return to equilibrium.

In a more general sense, a body

Conversely, it is statically unstable if, after distur-

bance, the forces tend tc drive it even further away from equilibrium.

This is not, by itself, a sufficient criteria for total stability. A statically

stable body may be dynamically unstable.

In this case, the statically stable

body returns to equilibrium after a disturbance, but overshoots on the other

side to a value greater than the original disturbance.

Dynamic instability is

thus characterized by an oscillatory motion, the amplitude of which increases

with time.

19
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Assuming positive static stability and damping, true dynamic instability ca:.
only occur when two or more modes (degrees of freedom) are coupled together;
each mode is statically stable and may be positively damped by itself, but the
coupling between them results in an oscillatory divergence. Familiar exampies
are wing flutter (binary flutter resulting from the coupling of torsion and
flap, for example), Lanchester's phugoid for an airplane with drag and lift de-
grees of freedom, and the porpoising of planing boats free to heave and pitch.
The divergent oscillation in a single degree of freedom can only be due to
negative damping, the rate analog of static instability. In the ejcction seat
problem, modal couplings are weak, so that there is little danger of dynamic
instability. Should it occur with some unusual seat configuration, the correc-
tive action would be to increase pitch and/or yaw static stability and damping.

In this report, we are concerned with stabilizing bodies which are, by them-
selves, statically unstable. We shall consider ouly static stability, in view
of the remarks above.

From figure 11, the difference between pitch and yaw stability is merely one
of axis definition, so far as theory is concerned. Thus, the following dis-
cussion is applicable to either axis. Static instability in the sense of
divergence about the roll axis cannot occur, so long as the seat is flying
stably in pitch and yaw. Any rolling moment which then exists must be

due to the airflow past the body acquiring an equal and opposite angular
momentum - a <anted plate near a seat extremity could cause this - but such
moments will not vary with roll angle. There is no need for an otherwise sta-
ble ejection seat to experience a rolling moment at all. If it does, it will
start to rotate about the roll axis, speeding up until it reaches z steady ro-
tation rate. The steady 'auto-rotation" speed will vary directly with airspeed,
and ctherwise depend on the nature of the asymmetry causing roll. There is no

correlation between auto-rotation rate and the magnitude of the static rolling
moment.

If a seat is yawed, a rolling moment will generally develop, and the seat may
even spin about the roll axis. But the cure is clearly to stabilize the seat
in yaw; not to alter the roll characteristics.

The Presentation of Aerodynamic Data for Ejection Seats

The familiar aerodynamic force and moment coefficients are founded upon the
basic premise of geometric similarity. The model in the wind tunnel is a model
of the full scale article, so far as the airflow over it is concerned. The
model data can be applied, at least conceptually, to a geometrically similar
body of any size. In this context, non dimensionalizing by area and character-
istic length makes good sense. One can readily make comparisons between simi-
lar, but not necessarily identical body shapes.

The case of the aerodynamic forces acting on the human body is different. It
is difficult t define frontal area precisely, and characteristic length has
less meaning. Since the density of the human body does not vary greatly, and
both weight (W) and height (L) are readily determined, it is better (Paynel)
to divide by YWL for forces, and LYWL for moments. The resulting coefficients
are not non dimensionalt, it is true; it is also irrelevant.




ST T TR N0 MO TN TITL SIS A

T e e R T T LA Y

AR B e A

CA

The ejection seat presents a different problem again. All ejeciion seats must
accommcdate human crew members, so that the functional size vill not vary greatly.
This is not true of actual frontal area or characteristic length, which to a
certain extent depend upon the whim of the designer. Whatever they are, they

are unimportant, and their use to obtain a coefficient is a waste of time. No
one is ever going to want to know the forces on, say, an F-105 seat ten times

the size of the present one.

It seems very clear to the writer that for ejection seats, all forces should be
expressed in the simplest possible way, as "force areas"; i.e.

_ . _Force 2
Force Area (Af) = (S = {—— (ft7)

7 Y

Similarly, moments should be expressed as "moment volumes'"; i.e.

Moment 3
T 3 (ft7)

2 puo

Moment Volume (Vm) = CMSL =

Typical seat drag and moment data in this form is presented in figure 12.
Elsewhere in this report, the conventional coefficient form has sometimes
been retained when it is more convenient for comparison with existing data.

The Cause of Pitching;Moments

For the sake of clarity in what follows, we shall refer to motion about the
pitch axis, bearing in mind that the remarks are all equally applicable to
motion in yaw instead or as well.

As indicated in figure 13 an elongated or streamline body is naturally unstable
because of the additional suction forces which act upon it when it is inclined
to the flow.

The same effect is undoubtedly present for bluff bodies like an ejection seat
and its occupant, but the magnitude of the resulting moment is likely to be
much smaller, partly pecause oi the reduced moment arm, and partly because the
suction forces themselves are reduced. Tt seems likely that the main causes
of bluff body pitching moment arc the imbalance of the fore and aft (dray)
pressure distributions, and flow deficction. Both mechanisms arc illustrated
in figure 14. Another aspect of the tlow deflection mechanism i1s illustrated
in the idealization of figure i5.
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(a) Inviscid Flow (b) Real Viscous Flow

Figure 13. Pressure Distribution Change Over a Streamline Body
Due to Pitch Angle.

Lift Force Due to Flow
Deflected Downward

by Seat Pan e .
A L -
1 T ——— Eleuwental Drag Force
. ®.
¥ AR e
o —_

Negative Lift Force Due to Flow
Deflected Upwards by the Seat Back

Figure 14. Two Mechanisms for the Pitching Moment on a Bluff Body.
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, '"Center of Effort"

Forces Acting on
Inclined Sides of
Body
Body is Stable if CG
is Forward of "Center
of Effort"

Body is Unstab
if CG is Behind
"Center of Effort"

Figure 15. An Idealization of Pitching Moment Due to Flow Deflection,
and the Effect of CG Position on Stability.

In visualizing the various contributions to the total pitching moment, it is
important to differentiate between forces and couples. The pressure distri-
bution in figure 13(a) results in a couple with no net resultant normal force.
The t- 1y will therefore be unstable no matter how far forward we arrange for
the CG to be. But, when a side force is davelcped, then as shown below,
stability can always be achieved by putting the CG far enough forward.

Ly
‘L

Figure 16. Stability as a Function of CG Position.
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In figure 16, assume that a normal force (N) acts at the aerodynamic center,
that C is the couple on the body, and £ is the distance between the CG and
the aerodynamic ceater. Then the moment (M) about the CG is

AR W BN

M = C-NL
Hence
.a-u- = ic.-’_a—-u.
0 FT) FT:)

aC JoN
The body is stable if 2 > 510-/5-9-

Since IN/36 is generally positive, we move the CG forward to increase stability.
This is rarely practicable for an ejection seat, although it was accomplished
on the Lockheed F-104 Model B downward ejection seat by projecting a heavy

skip flow generator forward on the end of a boom. The resulting combination

of forward CG and a wake stabilization effect (to be discussed later) resulted
in a seat which was stable for small angles of perturbation, in linear, uni-
fora flow.

Criteria for Spinning

We have shown that the formal requirement for static stability is 9aM/36 < 0.
But it is also necessary for the magniiude of the moment M to be sma.l at the
angle at which the seat leavec: the aircraft. If 9M/306 < 0, but M # 0, the
gseat will start to rotate towards the trim angle (the angle at which M = (),
but will often have acquired so much rotational energy by the time it reaches
the trim angle that it will overshoot into a region of instability and com-
mence to spin.

It is very misleading to say, as Galigher3 says of the data for the F-101 seat
in figure 12 "the model was longitudinally stable . . .", because 3aM/36 < 0.
The relative'ly large vaiue of V = -3.0 ft° at the initial angle of ejection
means that the seat will reach the trim angle of -35° with a large angular
velocity. Whether it will spin or not depends upon the unknown (because un-
measured) variation of VY, with 6 for angles below -40°, but experience indi-
cates that it probably would = 'n. Hence, in any reasonable vocabulary, the
F-101 seat is unstable in pitcu.

A complete criterion for defining static stability must be more rigorous than
aM/36 < 0.

On the other hand

aM/36 <0, M=0
although correct, is too restrictive. Seat motion can still be satisfactory
if [M] > 0, so iong as its initial angle is not too far from the trim angle,

where M = 0. This is admittedly a very imprecise statement, and it is difficult
to quantize mathematically because the problem, in mathematical form, involves
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two degrees of freedom, and the equations are non linear. We have already
seen that for pitch, the equation is

5 5
I9 = Vq ,and (5)

for velocity (u) the equation is
o %“t- = - Aq (6)

where q = %-pu2

I = Seat Moment of Inertia
R = Seat Mass

and the force area (AF) and moment volume (Vn) both vary with seat angle 0 in
some arbitrary way. It is of some irterest to note that if V_(6) and AF(G)
are analytical functions, a solution is pcssible (in principle5I if the equations
are transformed to a non-dimensional time parameter

ut
= (7)

where L is a reference length.

It follows that

dt _ u d’t _ 1l du
2 =, 22 8 e
dt L dtz L dt
Since q =-;-r.au2 s, u = 1 ql'l2
3P
1
du _ dudq _ __ 2 -1/2 dq _ 1 dq _ 1 dq
dt ~ dqdt T 4 dt ~ pudt ~ pLdr
2
g0 _ 43 du
dt dr dt
2 2
is . Afdedr] | fg5de, grd(defue
dtz dtlLdr dt dt dtz t dr\dr/dt
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Making these substitutions in the equations of motion, the velocity equation
becomes
/LA,
d
8 - -(—,——) q 8

The pitch equation is

2
1 [dqae o d%]
;;z‘[df & * A dtz] Val ©)

Dividing throughout by 233 gives

pL
% (""Z"m)__1_g_gd_
dtz 21 2q dr d
1 -l-ii = .p_LfF_
But from equation 8 7q dr - ~m

Thus, the pitch equation finally becomes

2
d’e de
e R (10)
vwhere pLAF
Fa = A = £(0)]
oLZVm
I‘V = 3T [Vm S| f(e)]

A solution to equation 10 may be obtained if Ap can be expressed as

AF = A0+AA(6) and AA<<Ao
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Fritten in the form

2
de de

it is clear that the second term on the right-hand side - which is due to decel-
eration - is tending to increase the angular acceleration. Apart from this,

not much additional information about the stability of the system can be
gleaned from equation 10, unless one resorts to mmerical analysis.

In the real world of engineering problems, if numerical analysis is to be
employed, one might just as well solve equations 5 and 6 in real time, for a
specific seat-man combination.

The only data on seat drag and pitching moment throughout the entire 360° range
of pitch angles is that due to Reichenau, so far as is known. A segmented
straight line best fit to his data was constructed, as shown in figures 17 and
18, and equations 5 and 6 programmed in conjunction with it. Seat mass was
arbitrarily taken as 10 slugs, and the rather unrealistically high figure of
3.0 ft was used for the radius of gyration. Taking an initial e’ection speed
of 670 ft/sec at sea level, the program was run with different initial seat
angles. As can be seen from figure 19, the seat spun for all ejection angles
tried, except for the 8, = -30° case.

The reason for the stable behavior when 6 = -30° is made clear by figure 21.
The seat was evidentally close enough to ghe -43° trim angle not to overshoot
past 6 = -87°, where it would have started to spin. The same behavior would
be expected if the initial angle were close to the other stable trim point of
@ = +171°. But when started at 8 = 0° (or 360°) because area A in figure 21
is so much larger than area B, the seat spins rapidly in a negative direction.
It is of interest to note in passing, that even if area B > A, the seat might
still spin, since dynamic pressure will be falling continuously as it passes
from zone A to zone B.

The variation of angular rate with time during a typical spin is illustrated
in figure 20. The maximum rate of rotation is evidently achieved during the
first revolution. Thereafter the mean rotation rate is constant (because
damping terms have not been included) and the fluctuations about the mean
decrease as the airspeed falls off.

Comparing figures 20 and 21, the initial angular acceleration is provided by
the negative V between the starting point of 6 = +30° and -43°. Area B in
figure 21 is then responsible for the small reduction in spin rate. Once
past -87°, the spin rate increases rapidly again, reaching an absolute maxi-
mum at -188°.

As can be seen from figure 2., the variation of maximum spin rate with initial
(ejection) airspeed is linear, so that the foregoing results can be extrapolated
to any airspeed. Despite the large radius of gyration assumed, the spin rates
are very high, and at a speed corresponding to Mach = 1.0, result in a centri-

28




S ey

P

50 KU WORTTarTh s

N
»*
o

\

NedBE RN

NN

40 80 120 160 200 240 280 320 360
Pitch Angle in Degrees
Digitized Fit to the Model Seat Drag Area of Reichenau.9

M = 0.6 (Half Scale Model; Full Scale Drag Areas are
Four Times the Values Shown).

AN

\ /\

1.6
o~
s\
= 1.2
ot
[ ]

5 0.8
g

a 0.4

0

Figure 17.

0.5
"’a 0.25
=
ord
[+
g 0
-t
(=]

-

=
§ -0.25

g
-0.5
Figure 18.

\ \

80 120 16C 200 240 280 320 360
Pitch Angle in Degrees

(=] flKllll Ty ria LA

&
[=]

Digitized Fit to the Model Seat Moment Data of Reichenau.9

M = 0.6 (Half Scale Model; Full Scaie Moment Volumes are
Eight Times the Values Shown).

29

RS R ]




2.0

™~

&

¥}

=

-t

- \// /
s 0.8 X

< L]

E \/
a 0.4

0 40 80 120 160 200 240 280 320 360

Pitch Angle in Degrees

Figure 17. Digitized Fit to the Model Seat Drag Area of Reichenau.9
M = 0.6 (Half Scale Model; Full Scale Drag Areas are
Four Times the Values Shown).

0.5

o
N
n

l\llll L2 SR LER BBLE

s dood

JAN
T X

0 40 80 120 160 200 240 280 320 360
Pitch Angle in Degrees

-0.25

Moment Volume in ft3

Figure 18. Digitized Fit to the Model Seat Moment Data of Reichenau.9
M = 0.6 (Half Scale Model; Full Scale Moment Volumes are
Eight Times the Values Shown).

SR A

e

29




R

Seat Pitch Angle in Degrees

Initial Angle

50°

800

30° 509

'/
600

600
400 400
Speeds +
200 “‘~z.\_\“_#-<.__ =5 200
T~ -30°
0

v
e

/——\\ (-300
S

Oo
-400 P
30‘//1x\\
-600
-800
0 2 4 6 8 10

Time in Seconds

Figure 19. Pitch Motion of an Unstabilized Seat When Ejected at Various
Initial Angles, at 670 ft/sec T.A.S., Standard Sea Level.
Pitching moment and drag data are taken from Reichenau.?
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Figure 20. Angular Velocity as a Function of Time for the Case of
8 = +30°, r, = 3.0 ft at 670 ft/sec T.A.S., Standard
0 G
Sea Level.
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fugal acceleration of 4.65 g/foot of distance from the CG; about 14 g at the
seat occupant's feet and head, say.

Decreasing the radius of gyration increases the spin rate, as shown by the
table below.

Maximum Rotational Rates at 670 ft/sec Initial Velocity

Initial Angle 50° 30° 0° -30° degrees
Spin Rate for TG = 3.0 ft 7.19 6.92 6.10 0.99 rads/sec

Spin Rate for Te = 2.0 ft 11,3 11.1 9.81 1.53 rads/sec

Roughly, the maximum spin rate seems to vary inversely as the radius of gyration,

but no simple correlation is possible. This is to be expected from the form of
equation 10,

Conventional Methods of Applying a Stabilizing Moment

N

(a) Tail Plane

(b) Bow Plane

{c) Drogue Chute

Figure 23. Three Ways of Opposing an Unstable Moment.

The conventional device for stabilizing a body is the tailplane, which is
employed in nature by most birds and fish, and seems to have been first proposed
for heavier than air flight by Leonardo da Vinci. Its principle attraction for
aircraft is its relatively low drag.

If the normal force (N) on the body acts at a distance ¢ behind the CG, the
moment about the CG of a tailplane-equipped body is

M = C - N§ - FTl
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We see that the normal force acts in the same way as a tailplane stabilizing
the body if 6 > O and 3N/36 > G.* For most eiection seats 3N/36 > O near 6 = 0
but no informat .on as to its aerodynamic center is avaiiable,** s¢ that we
cannot tell if § is positive or negative. Whichever it is, static stability

is obtained if
oF
Pk >[ac Gan]

26 6 ~ 36
oF
L 3¢ can be increased by

« increasing the moment arm £
* increasing BFT/Be by increasing
tailplane area ST

tailplane aspect ratio

An ejection seat is almost unique in aeronautics in that it is a compact bluff
body with very high drag. Because of the need for compactness, it is almost
impossible to have fins fixed on the end of a tailboom prior to ejection; such
a stabilizing assembly must be deployed after the seat has cleared the aircraft.
This entails the twin disadvantages of mechanical compiexity (and weight) and
the fact that the stabilizer is not in place when it is first needed. At

500 Kts IAS, a typical seat can have an initial pitch acceleration as high as
-150 radians/secé. Thus, it woula require only 70 millisecs to achieve a pitch
angle of one quarter of a radian, at which time its pitch rate would be about
10 rads/sec. One can see that a deployable tailplane would have to be in place
in much less time than this; a rather formidable engineering problem.

* In fact, if 6(9N/38) is large enough, the tailplane can be iocated in front
of the CG (& negative) to give a canard configuration. In this case, the
function of the auxiliary surface is to trim and to provide pitch damping.

** A reasonably detailed review of the literature indicates that no one has
ever determined the center of pressure of the normal forces on an ejection
seat; or what amounts to the same thing, measured forces and moments about

more than one axis center.
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analyzed by a number of investigators. An early treatment by Milne-Thompson
for a cylinder of radius (a) gives this force as

%
;
X
g IR N
] g - 7 -
5 i 1 >
u Outsr Mixing Line Velocity u at A-A
L (u=u)
1
4
? Figure 24. Idealization of an Ejection Seat Wake.
3 There are also purely aerodynamic problems for a tailplane to contend with
é when located behind a bluff body. As indicated in figure 24 the wake behind
? a bluff body is extensive, and it is well recognized that a surface located at
7 position (1) would be quite ineffective. The problems associated with position
§ (2) in figure 24 are ot so generally recognized, however. The local streamlines
g may be moving outwards or inwards, giving rise to corresponding forces on a
@ surface at zero incidence to the undisturbed flow. Additionally, the velocity
% gradient ("sheared fiow'") gives rise to an outwards acting force which has bign

o R

2 du c
L L F = mapu, Iy (per unit span)
| |
or C _ F _a du
e L
6 2azou’ "a dy

where u_ is the velocity at the cylinder's centerline, and du/dy is the velocity
gradien% normal to the air fiow. Notice that the coefficient is independent of
velocity and geometric size.
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For the wake of a typical ejection seat, C.. on a one-foot diameter cylinder is
in the range .05 - 0.2, which corresponds to forces comparable with those
induced by circulation for small pitch angles. One can sce that if nose down
pitch angle (for example) moves a tail surface into a region of greater velocity
gradient, the stabilizing negative force due to the circulation change will be
offset by an increased positive force due to the velocity gradient.

Finally there is the direct effect of the wake velocity decrement on the tail-

Plane circulation force to consider, an idealized geometry for which is illus-
trated in figure 25.

Figure 25. Tailpluane in a Linear Wake Gradient.

From figure 25 if the velocity gradient du/dy is assumed to be linear, .or

simplicity, then the tailplane circulation-induced moment about :he CG, due to
a pitch angle 6 is

aC
_ 1 2°°N .
AMT = FTQ = STl 5 pu 7;;-51n e
But
du
u = u1 ay-ltan 6
F..% aC 2
_ T _ N _. , 2 du 2
ACM’I‘ = 1T = 5 smB(ul/uo) [1 “dya. tane]
ipuo STl 1
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The term (L tan 6/u,){(du/dy) inside the squared bracket is identical to Milne-
Thompson's shear flsw force equation just discussed.

Differentiating with respect to 6, we obtain for small angles €

R R R P )

2 90 dy u
("_1.) | 1
uo Ja

Since du/dy is of order u,/f tan 6, this can clearly be negative, implying thot
the aerodynamic surface can degrade rather than improve static stability.

When two surfaces are mounted on either side of the wake (as in the case of
twin yaw fins) the combination can still contribute instability, rather than
stability, from the combined effects of streamline displacement, shear flow
forces and dynamic head loss.

Visconti and Naber7 found this to be so when they added small fins to a l-scale
seat and found that the yaw instability was actually increased by the fins.
They did not explain the phenomenon, other than to observe that "inasmuch as
the fins caused the model to become unstable, the adverse fin effectiveness is
attributed to large flow angularities which probably exist about a blunt body
of this nature."*

Returning now to figure 23 we note that a second conventional method of staba-
lizing a bluff body - and by far the most usual for ejection seats - is the

drogue parachute. In principle, any drag producing device (such as a "balloot"
for example) may be used. With the chute deployed, the moment about thec CG is

=
L]

C-NG—Dplsine

M aC N
% ’az'[fs"e'*"“p]

Comparing this with the equivalent tailplane equation, we see that

R

9F

) T

Wy = L5

ac,
1.e. CDPSP = T;ST

* They may have been uneasy about their measurements because they did not pre-
sent yaw moment coefficient CM data for this configuration, even though all
other moments and forces are given.
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Since CD = 0.6, and 2 < 7;}-< 5, the required parachute projected area is almost
an onderpof magnitude larger than the area of an equivalent tailplane having
the same moment arm (t). Also, since a drogue chute is usually centered in the
wake, its effectiveness is correspondingly less still. But, in practice, these
disadvantages are usually more than offset by the light weight of the drogue
system, and the fact that, because the force is rearward acting, a light and
easily deployable bridle can be used in place of a boom, to transmit corrective
moments to the seat.

Drogue chute deployment still takes a finite time, however, and much ingenuity
has gone into minimizing this time. Ideally, the chute should be fully d:vloyed
before the seat leaves its rails, and this is often hard to accomplish when the
ejection speed is high.

Additionally, as we saw earlier, chute filling time does not vary inversely with
ti-.c. Relatively speaking, it opens more slowly at the higher speeds. There

is a.so, usually, a fixed delay time associated with firing the deployment mor-
tar. Thus, as ejection speed increases, the unstabiiized seat can reach larger
and larger perturbation angles, and acquire larger and larger amounts of rota-
tional momentum, and at some critical speed, the drogue chute is unable to

stop the seat spinning. The bridle then wraps around the spinning seat and

the chute deflates.

Even if these problems could be circumvented, it is generally found that above
a certain critical speed, a chute does not open at a:1. This phenomenon is
called "squidding." The writer has related it to parachute elasticity theo-
retically;> Heinrich® has demonstrated its dependence on elasticity experi-
mentally.
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SOME NEW APPROACHES TO STATIC STABILITY

Referring again to figure 23, the conventional tailplane stabilizes because
the moment arm (L) and change of 1ift or normal force with angle (ac /38) is
positive. If they could both be made negative, the equations would = be un-
changed, and the system would still be stable. Similarly, there is a negative
image of drogue stabilization; namely a negative drag device (a propulsor) in
front of the body. If it had a bridle to transmit moments, a tractor rocket
could stabilize in this way, provided it was itself stable.

Stall

CL or C

Angle of Attack o

Figure 26. Two Different Lift Curves.

Although airfoil lift curves vary widely, we may roughly characterize them
under the two groups sketched in figure 26; gradual stall (curve A) and dis-
continuous stall (curve B). The latter type of stall may be made piece-wise
continuous by the use of wing twist and boundary layer fences.

In the angle of attack range above stall, there is a region where 3C,/3a < 0,

s> that an ejection seat (or other body) can be stabilized by the opposing
stalled surfaces, as indicated in figure 27.
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Figure 27. A Stalled Bow Stabilizer.

If the system in figure 27 pitches bow up, the 1lift on the upper foil is re-
duced, and that of the lower foil increased, so that there is a restoring force.
Unfortunately, a positive pitch rate d0/dt reduces the relative air flow angle
of the top foil and increases that of the bottom, so that the damping is nega-
tive. Unless there are larger sources of positive damping in the system,
therefore, a body so stabilized will oscillate with increasing amplitude. This
defect does not necessarily rule it out for ejection seat applications, however.

A stalled bow stabilizer will shed two wakes onto the body behind it, and these
wakes will have an additional stabilizing effect. With the bow pitched up, the
wakes will impinge on the upper half of the ejection seat, reducing its drag,
and giving rise to an additional restoring moment. The damping associated

with this additional moment will probably be negative, although this aspect
could profitable stand more detailed investigation.

Figure 28. Slender Bodies With Bow Wake Stabilizers.
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The wake effect, which is ancillary to the stalled bow stabilizer, can, at
least in theory, be employed by itself. The writer knows of no experimental
data for the stabilization of tluff bodies by this technique, although the
Lockhead F-104, Model B downward ejection seat may have experienced this
effect 10 some extent. Figure 29 shows some rather dramatic results for
slender bodies, aial in this case at least, the damping was found to be posi-
tive. It is probable that for the smaller included cone angles, some of the
restoring moment comes from a stabilizing force on the cone, the mechanism
being the same as for the stalled bow stabilizer. For the flat plate case,
only the wake stabilization effect can be present. The wake effect for

B < 180° will presumably be greater than for the flat plate, because the
cone drag and wake diameter will increase with decreasing 8.
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Figure 29. Pitching Moment Derivative for Slender Bodies With and Without
Bow Wake Stabilizers. (Reference 10)
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Because of the distortion of streamlines around an aircraft, one might expect

wake stabilization to be particularly susceptible to aircraft proximity inter-
ference. The attitude for trim in the curved flow near the aircraft might be

quite different from the trim attitude in free flight. And once such a system
is sufficiently perturbed for the wake not to impinge on the seat at all, then
all stability is lost. That is to say, a wake stabilization system will only

work for small angles of perturbation and flow distortions.

—

Static Pressure

Figure 30. In-Plane Drag Stabilizers.

Figure 30 shows a quite different approach, in which stabilization is obtained
by the change in pressure on a continuous surface or discrete surfaces. The
roughly hemispherical surface* shown on the left of figure 30 is stable, if
the rays normal to its surface pass behind the {G, and the reason is obvious
from the pressure distribution. This stabilization technique is analogous to
the stabilizing heat shields used in the NASA rzentry capsules Mercury, Gemini,
and Apollo.

An adaptation of this approach, which is also related to figure 15, is shown
on the right of figure 30. As the seat pitches nose up, the normal force on
the upper plate is reduced, and that on the lower plate increased, resulting
in a stabilizing moment. Damping will be positive. Figure 3! illustrates how
such stabilizing plates might be applied to an ejection seat.

As shown in figure 31, drag stabilization plates could be mounted by their
leading edges to the seat structure, and actuated mechanically, by ram air,
or by gas from a generator.

*Suggested by E.G.U. Band of Payne Inc.
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Figure 31. Typical Locations for In-Plane Dtag Stabilizing Plates
on an Ejection Seat.

Since it is important for a seat to be stable the moment it leaves the rails,
such stabilizing plates would need to be in their deployed condition at that
time. There are many, many ways of achieving this, and selection of au optimum
configuration for each particular seat design would clearly take some time.

A schematic example of a possible configuration is given in figure 32 below.

el 28 L3 REIE

Figure 32. An In-Plane Stabilization Configuration Suitable for
Deployment Half-Way Up the Rails.

T T
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In such a configuration, the upper plates could start to rotate into position
as the seat started to accelerate up the rails. Not only could they be locked
in place by the time the seat was half-way up the rails; with proper linkage
design, they could also function as helmet loss preventers. The lower plate
could also be deployed in the cockpit; in fact, one simple way of deploying it
would be to attach its free edge to the cockpit floor structure by a frangible
link.

So far, we have discussed in-plane stabilizers as if the seat itself was un-
stable (3Cp/30 > 0), but the absolute value of Cp was negligible in the "flight"
attitude. A study of the meager data available shows that while this is true
for yaw, it is generally not the case for pitch; put crudely, the drag center

is either above or below the CG, and a seat will pitch nose down or up after

leaving the rails. This is analogous to the situation shown in figure 33
below.

In-Plane Stabilizer Added
to Stabilize Body

Drag Center
D CG Axis

+

Desired Flight

N
: ~~~ Moment Due to

i Stabilizer Plate

L,F

- Trim Angle

e

< Unstabilized
=% Seat by Itself
. -

o

2 9 b \\\\{ “4<\ > Seat Plus
g \ i ’ Stabilizer
B ~

g \ [ - ~N /

= -*- -‘4

=

=4

=

(3]

[}

=)

Q.

- 0 +
Pitch Angle

Figure 33. Stabilizing a Seat Which Has a Drag Imbalance.
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The condition for trim at the desired angle is, of course,

lFN = GFD

Since & >> §, it is clear that quite a small stabilizer plate will generally
be sufficient, since both Cp and Cyg will be of the order of unity. Whether
the requirement for stability (chyae < 0) will increase the size of the

Flate depends upon the particular seat, but in general, for the seats we have

data on, a plate large enough to trim will also stabilize.

—— —_—
Pl
o = l-' %
i ) '
Drag Center O —-» Fp : i
: [}
cG ) .
l— - N -l
N ' §

Figure 34. In-Plane Stabilization Plate Configuration Suitable
for a Seat Which Has a High Drag Center.

Figure 34 illustrates a practical embodiment of an in-plane stabilizer applied
to a seat that has a high drag center, and is unstable in both pitch and yaw.
It is somewhat paradoxical that this stabilizer is the simplest of any known
solution, not only to design and build for a new seat, but also to retrofit

to existing seats.

The stabilizing configurations just described might be suitable for retrofit
to existing ejection seats, as well as for new designs. When considering a
completely new escape system, particularly if it is for a new aircraft, it
might be profitable to consider whether the seat structure itself could be
shaped in such a way as to be inherently stable without the need for deploya-
ble excrescences; or at least so shaped as to minimize static instability and
thus minimize the size of remedial stabilizers.

It is certainly true that the pitching moment curves of the seats trsted in
References 3, 7, and 9 are completely different. The first has a po.itive

Cp at the ejection angle; the second and third, negative C;. The first has
aCy/36 = 0 at the ejection angle; the second has an unstabie slope; the third
has a stable slope at the ejection angle, but will spin into a region of in-
stability because of its negative Cp. If such differences can randomly exist,
there is latitude for improving the situation with other shapes.
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The size of the stabilizing plates so far discussed is somewhat corjectural.
Sizing presents difficulties at the moment because of lack of data as to the
variation of normal force with angle. Analysis of the closely similar config-
uration shown in figure 35 below is possible, however, because the plates are
assumed to be far enough separated from the seat to act as wings.*

1 e ke i d s 3

Figure 35. The in-Plane Stabilizer Configuration ;
With Two Unstalled Vanes. !

In concluding this section, it is of interest to note that a wing can be
trimmed by a form of in-plane stabilizer, as illustra.ed in figure 36.
Taking moments about the CG

M = Dhcos a - La cos a + Mo

which for small angles becomes

M CpS)gpn 4 %€
C = = ~— __..__a+c
m l_ u ZS c Sw c ¢ da

2 P Oy

mo

* Note that the plates are assumed to have sharp leading edges so that nose
suction canrot reduce the induced drag, which is essentially given by C, =
C_a. Rounding the nose of the plates would move the center of effort 1
forward and degrade stability!
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The wing/stabilizer combination is therefore stable, and it is the natural
stability of a wing when the CG is forward of the aerodynamic center. 7The
true function of the stabilizer in this case is to provide a trimming moment
so that the wing can fly at a positive angle of attack and develop lift. It
also supplies pitch damping of magnitude

%w _ _,hn 3,
- cu S, D

=

A free flying model utilizing these principles, designed and built by Payne
Inc.'s Anthony J. Euler, is illustrated in figures 37 and 38.

Figure 36. A Drag-Trimmed Wing.

The next section of this report is devoted to analyzing the stability charac-
teristics of the separated plate in-plane stabilizer configuration, on the
assumption that interference effects between the seat and the plates can be
neglected. A number of analytical procedures naturally suggest themselves.
Perhaps the simplest, conceptually, is to regard the plates as "differential

drag'" devices. With a bow-up movement, the drag of the upper plate is reduced,

because it has a smaller angle to the flow, and the drag of the lower plate
is increased. The actual analysis of such a model is believed to be somewhat
more involved than the normal force method of calculation finally selected.
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Figure 37.

Top View of a Drag Plate Stabilized Flying
Model. The Boom Projecting Forward Carries
a Small Ballast Weight to Trim the Model.
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Figure 38.

Underneath View of
Flying Model.
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ELEMENTARY THEORY OF THE STATIC MOMENT
DUE TO AN IN-PLANE STABILIZER PLATE

- Space Axes

-\~\\“--Seat Axes

Figure 29. Stabilizer Geometry in the Pitch Plane.

Let FN = the normal aerodynamic force on the plate
qQ, * the dynamic pressure %-Duoz
S = plate area
A = plate aspect ratio
Cy = normal force coefficient FN/qOS

= moment exerted about the CG
Cm = M/qo(Sl+Sz)(21+22)

CinsC = BCN/BG, acm/ae
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Figure 40. Idealized Variation of the Normal Force Coefficient Variation
With Angle of Attack for a Flat Plate. The Full Line is for
Aspect Ratio A > 1.74; the Dotted One is for A < 1.74.

There is a surprising paucity of information on the aerodynamic forces acting
on flat plates of finite aspect ratio. An approximate picture can be con-
structed from the data in references 11 and 12, however, and this leads to
the following equations, based on the linearization assumptions of figure 40.

The stall coefficient varies with aspect ratio (A) as

Cug = 0.7 + el

NS (11)

At a = T7/2, CN = CD » the conventional drag coefficient of a flat plate
/2
1srmal tc the flow. Approximately

G = 1.16 + .0O1A (1 <A < 50) (12)
/2
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From simple linearized lifting line theory, the stall angle is

(2+A)
ag = C—'%r— (13)
2v7A
For a < ag, CN.E:_A“ (14)
(For a > ag ¢ - ag
win> i 7 st G - Ger—) g2
x/2 3 -G
(For a » ag
and 1 < A < 1.74) o = S (16)
x/2

The normal force idealizations that result from these equations are illus~
trated in figure 41.

Moments About the CG

From figure 39, the resultant moment of two plates (1,2) is

M = Fl"l sin ;1 - Fz"z sin ;2 (17)

Let L = !.1+2.2, X, = !Ll_/L, X, =£2/L, 2, = SI/(SI+SZ),

a, = SZ/(SI-O-SZ)

Then
M

% = CRACRC Cy121%q sin &) - Cypanx, sin g, (18)

where from figure 39

Q
[

n

[a]
[

aal
[
t

[« ]

(19)

Q
]
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Figure 41. Idealized Normal Force on Rectangular Planform Plates,
as a Function of Aspect Ratio (A} and Angle of Attack.
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Some results for these equations are given in figures 42 and 43 for the symme-
trical case of a 1/2, x = 1/2. The moment curves are piecewise
linear, as wouldlbe elpected frsl eqz.atxons 11 through 16, but highly nonlinear
through one revolution. The plate combination is only stable at 6 = 0, to which
it will return from any other angle. Also, static stability at 6 = 0 is great-
est when the plates are unstalied.

Figure 44 gives the drag component or the normal force for selected aspect
ratios, as a function of plate angle.

Unstalled Static Stability Near 6 = 0

For the symmetric case already studied, equation 18 may be written as

1 ..
Go = 78n2(Gy - G
If the plates are unstalled, equations 14 and 17 lead to

1 27A

C' = -7 sing ——= (o) + 20
and
(20)
f_cg . nA in
30~ T (2 S G

Stability is clearly a maximum with the plates just at the point of stalling,
for 6 = 0, even though this is a largely academic result because of the need
to stabilize finite perturbations. This maximum is given by

aC
_m _ _%A . (2+A) (1-A)
7% Ay sm{ T [0.7 + e ]} (21)
max
from equations 11 and 13.
When A is large, so that sin ag = “S
3C
m 1
30 -2 %s (22)
max

That is, about -0.35 to -0.5. The exact variation of equation 21 with aspect
ratio is given in figure 45.
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Plate Sizes Needed to Stabilize an Ejection Seat in Pitch

Figure 46 gives the pitching moment for two typical seats.* Seat (A) is not
very unstable; its problem is that a positive (nose up) pitching moment acts
on it as it comes off the rails which starts it spinning. The single stabili-
zer plate shown in figure 47(a) will probably be sufficient to both stabilize
and trim it, as shown in figure 48(a).

Seat (B) is just the opposite, with a substantial negative (nose down) pitching
moment and an unstable slope (dCy,/d6) when it comes off the seat rails. In
this case, a single plate at the top would seem to be appropriate, as shown in
figure 47(b). The calculated Cm variation with this addition is shown in
figure 48(b).

In neither case have we attempted to optimize the in-plane stabilizer for mini-
mum Size or minimum necessary stabilization, nor have we attempted to allow
for seat/stabilizer proximity effects. But it seems reasonable to assume that
a detailed investigation would enable significant reductions in stabilizer

size to be made, along with a more convenient location on the seat.

Additionally, it is found that for the rectangular plates used in this study,
the lowest aspect ratio (unity) for which data is available is the most effec-
tive. This naturally leads one to wonder whether other planforms - such as
deltas - would be even more effective. Also of interest would be a study of
the effects of:

- perforated plates
+ plate camber
+ seat proximity

A further variation on the general theme of an in-plane stabilizer is the use
of a fixed normal drag plate which is progressively blanketed from the main
flow as the seat rotates, by an existing portion of the seat or occupant. Such
a solution has been recently evaluated on the Stencel SIIIS seat as a cure for
a negative pitch problem. The plate was located behind the headrest so that
its nose-up moment contribution was small at normal trim angles, but increased
as the seat pitched forward.

* In this section, since the original seat data was presented in a moment
coefficient form, we have adhered to the same convention to facilitate
comparison.
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Figure 46. Pitching Moment Coefficient for Two
Typical Ejection Seats.
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Side View
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Figere 47. Remedial In-Plane Stabilizers for the Two Seats of Figure 34.
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Figure 48. Calculated Pitching Moments for Seats A and B, Using
the In-Plane Stabilizers »f Figure 3S.
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FULL SCALE MEASUREMENTS WITii AN IN-PLANE STABILIZER

Becausc plate proximity effects could not be calculated accurately, it was
decided that an in-plane stabilizer should be evaluated experimentally at the
first opportunity, to confirm the validity of the concept. A previously
planned wind tunnel test of an F-105 seat, using live human subjects to mea-
sure limb dislodgement loads, provided this opportunity. One, two and four
plate stabilizer assemblies were built. The sizes were guessed at, because
prior to running the experiments, there was no way of kaowing the sign of _
the pitching and yaw moments of the unstabilized seat, let alore their magni-
tude. In fact, it was hoped that the guessed sizes would be two or three times
greater than was really needed; a hope that turned out to be justified.

The stabilizer plates used are illustrated in figures 49 and 50. The experi-
mental procedures are given in reference O.

Figures 51 and 52 give the average pitching and yawing moments of the unstabil-
ized seat about the CG of an occupied seat. The presence of the seat occupant
changes these moments substantially, relative to an empty seat. Figures 53
through 55 show that the stabilizer plates were very effective in stabilizing
the seat. The stabilizing volume of the yaw plates was about twice as much

as was really needed. As far as pitch is concerned, the single upper plate
(figure 49) was about three times larger than needed. An optimized plate
might be as small as one-fifth the size actually used.

Representative drag areas for the seat, stabilized and unstabilized, are given
in figure 56.
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Figure 49. A Single Pitch Stabilizing Plate Mountcd on the F-i05 Secat.
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The Full Four-Plate Stabilizer Assembly. As Noted in the Text,
the Stabilizing Volume Proved to be Much Larger Than Was Needed.
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Figure 51. Average Pitching Moment (All Subjects) as a Function

of Pitch Angle, for the Standard Side-Arm Configuration,
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© unstabilized Seat With Subject RM
A Single Upper Stabilizing Plate

€} All Four Stabilizing Plates

With Single
/ Upper Plate

Average From

L Figure 51. All
Subjects; All

Seat Configurations

Pitching Moment Volume in Cubic Feet

' All Stabilizer
Plates in Place

-15° 0° +15°
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Figure 53. Pitching Moment at Zero Yaw, With and Without
In-Plane Stabilizer Plates. Subject RM With Arm

and Leg Restraint Nets. Results are not corrected
for tunnel wall proximity.
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The Effect of Yaw Upon the Seat Pitching Moment When
Equipped With All Four Stabilizer Plates. Subject RM
With Arm and Leg Restraint Nets. Results are not

corrected for tunnel wall proximity.

69




@© Pitch Angle = 0°
B Pitch Angle = -15°
A Pitch Angle = +15°

4

Averages for
Unstabilized Seat
With All Subjects
From Figure 52.

|4
n
-

Moment Volume in Cubic Feout

30" -20° -10° 04

Yaw Angle in Degrees

Figure 55. Yaw Volume With Subject RM When the In-Plane
Stabilizer Was in Place.

1 70




T RRRASEET

S R

12

10
g

s 8
.
[
)
]
3
T
[72)
=

ol 6
o
[
1o
<
o0
«©
ot
2

4

2

0

Figure 56.

‘\‘
4 \\
/ .| Subject RM With
P ‘ta Full In-Plane
cf//’ Stabilizer
T = <1 RM With Top and
, = Yiﬁotton Stabiiizer
Plates
—0— ) ~ Average for Basic
PSeat Plus Occupant
-20° -10° 0° +10°
Pitch Angle in Degrees
Some Drag Area Measurements for the F-105 Seat,

as a Function of Pitch Angle, for Zero Yaw.

71

o el B ol et A e,




CONCLUSIONS AND RECOMMENDATIONS

We concluded that:

(1) The entrapment nets suggested by Brinkley and
similar devices, can largely cure the flail
problem in aerodynamically stable seats.

(2) Flail injury at high speeds is unavoidable in
an unstable seat.

(3) It is probable that any seat can be stabilized
with in-plane stabilizer plates.

(4) A combination of entrapment nets and stabilizer
plates can eliminate the flail injury problem,
for practical purposes.

We recommended thzt in-plane stabilizers be developed for new open ejection
seats, and as retrofit items for existing seats likely to remain in service.
We also recommended that the development of entrapment nets and other devices
be continued, with the same objectives in mind.
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APPENDIX

AN ALTERNATIVE ANALYSIS OF THE IN-PLANE STABILIZER,
INCLUDIN: QUASI-STATIC TRANSIENT TERMS
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Let F

Plate Angle to the Flow

Figure Al. Stabilizer Geometry in the Pitch Plane.

= the normal aerodynamic force on a plate

. 1 2
= dynamic pressure 3 pu

plate area

= normal force coefficient FN/qOS

moment exerted about the CG by the force FN’ positive nose up
= M/qosz

Cy, = GCN/GB, QCM/BB

= 6%/u, a reduced pitch rate parameter

= BCN/asin a, the normal force coefficient slope with respect
to the sine of the angle of attack
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Other symbols are as defined in figure Al. Suffixes 1, 2, etc. refer to
different plates on the seat.

For plate system (1) in figure Al, and omitting the suffixes for simplicity,
the plate moment about the CG is

M = FNL sin g
O qo(UIU)zsz sin ¢ Cy  sin(z-£-6-4)
or
2 . .

Cy = (U/u)” sin ¢ CNas1n(;-5—e-¢) 1)
From the triangle of velocities

v¥ = u? v (60)% - 2ube cos(o+E) 2)
Writing A = 62/u

W/w)® = 1 +2% - 20(cos 6 cos E - sin 6 sin ) 3)

From the sine rule

U 04
sin(6+£) = sin ¢
. sin ¢ = 4 ?37£§+E) = U)u (sin 6 cos £ + cos 6 sin &) (4)

Simiiarly

1l - Acos(6+%)
U/u

cos ¢

1 - A(cos 6 cos £ - sin 6 sin &) (5)
U/u

In equation (1)

sin(g-£-8-9) sin[(z-€) - (6+¢)]

sin(g-£)cos(6+¢) - cos(g-£)sin(6+¢)
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= sin(z-£)[cosbcos¢ - sinBsing] - cos(g-£)[sinbcos¢ + cosfsing]
Substituting iato equation (1), and writing (z-£) = t for simplicity

CH = CNa sin t;(U/u)Z:[sinrcose - costsin® ] cos¢

- [sintsin® + costcos@] sin¢ (%)

Substituting equations (4) and (5) for sin ¢, cos ¢ and equation (3) for (U/u)

Cy = Cyp 5in EW1 + 2% - 2h(cos0cosE - sin0sing) x

}[sintcose - costsin® ][l - A(cos6cosE - sin@ sing))

- [sintsin® + costcos®]r(sin 6 cos¢ +cosesin£)'

Multiplying out the contents of the curly bracket and cancelling terms leads to

CNa sin 't;'/l + Az - 2A(cosBcost - sin¢9sing) x

CM

[sintcos® - costsin® - A(sintTcosg + cos 1 sing )] (7)

CNa sin ¢ '/1 + Az = 2) cos(0+E) [sin(1-0) - A sin(1+£)]

= CNa sin ¢ '/1 s Az - 2) cos(6+E) [sin(z-£-8) - A sin z] (7a)

For the case of A = 0 (é = 0)

Cy, Sin g[sintcos® - costsiné ]

Cu

Na
A=0 8)
= CNa sin ¢ sin(t-90)
For small values of 0, sin 6 = 9, so that
CM = - CNa singcost = - CNa sin g cos(g-§) (5)
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Thus C“ increases with a reduction in £, if ¢ is fixed. But stalling is

lil1ted by 1t = ¢-§, the angle the plate makes with the flight path when 6=0.
Thus equation (9) is more meaningfully written as

CHe = - cNa cos T sin(t+£) (10)

Looked at in this way, positive values of the angle £ are beneficial. Note
that in general, there is a coupling between 6 and A, and that positive A will
generally reduce CM to some extent.

The damping coeffic1ent CH is obtained by differentiating equation (7) with
respect to A

i.e.
CMA - sin gfA~cos(0+€£)][sin(g~£-0)-A sin ¢
Na 1 + A% - 2X cos(0+E)

- sinzc'/I7+ A2-2Ac05(0+£)

For values of A much smaller than unity

G, = - Cy [singcos(a+g)sin(z-£-0) + sin’g] (1)




Comparison 3etween Conventional and In-Plane Stabilizers
u
“[ 2%,
U ¢
L

|
---.\-°i ) ‘
A
u

Figure A2. A Conventionail Stabilizer.

1f nq, is the local dynamic head at a conventional stabilizer the moment exerted
about the (G is

M o= - nqo(U/u)z 52 C, sin(6+4)

Gy = - "G, (¢ A%)(sin@cos ¢ + cos6 sing¢) (12)
From the velocity diagram, U = ujp 1l + Az
sin ¢ = 9_£ = V——-z-Jt
L 1#d
cos ¢ = % = 1
1+
CM = - nCLu [Vl-’-.\2 sin 8 + A 1+A2 cos 0] (13)
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The derivatives are

Sy
9 . . '1+x2 cos 6 + A f 1422 sin @ (14)
nC

2

A A 1422
R e LR e as)

"cln 1ea 1+2

Note that, as in the in-plane case, (.M is degraded by positive A, and that
there is a general second order 8 coupling in6and X. But for practical
purposes, with 6 small and A << 1]

"
'
=

(16)

=

»?

3}
&
=

Since C, = CNa’ very closely, it is now possible to compare the two types of
stabilizér.

Angle and rate derivatives are plotted for the in-plane stabilizer in Figures
A3 and A4, using equation (9) and (11). For a particular geometry, £ = 30°,
say, it is possible to obtain values as high as

— = 0.7
CNa
CMA
- = =1.,2
CNa

For a conventional fin in the wake of an ejection seat, values n = 0.2 - 0.3
are typical, unless very long booms are used. Therefore, in-plane stabilizers
are at least as good as, and probably two or three times as effective as
conventional fins.
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In-Plane Stabilizer Stiffness Derivative as a
Function of the Plate Location and Incidence

Figure A3.
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In-Plane Stabilizer Damping Derivative C\4 as a

Function of the Plate

Location and A

Incidence Angles ¢ and ¢.
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