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PREFACE

The work descriked in this report was performed-ky memkers
of the staff of Norman K. Walker Associates, Incorporated,
at their offices in Bethesda, Maryland, and their labora=
tory at Rockville, Maryland, during July; August and Sep-
tember 1962. Except as noted below, the experiments were
devised by Mr. Norman K. Walker and Mr. Alastair Anthony;,
who also designed and constructed the test equipment and
1nstrumentatlon, carried out the tests, prepared the illus=

trations and compiled this report.

The model GEM was built by the Hexicopter Model Research
company; Arvada,; Colorado.

Mr. David A. Shaffer constructed the swinging trapeze,
arranged the electrical circuits, and assisted with the
recording of the data.

Mr. Lawrence C.J. Fricker contributed the theoretical
analysis of Appendix I, and helped reduce the data into
the form in which they appear in the report.

Mr. Harold Goldberg of Sommers Camera Exchange Inc.,
Washlngton, D.C., helped in the preparation of the Smm.
movie film, which was made during the ¢ourse of the ex=
periments, by kindly providing equipment and technical
advice.

The Minneapolis-Honeywéll "Visicorder" used to record the
data is the property of U.S. Army, Office of the Surgeon-
General.
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' _SYMBOLS

a width of GEM

ap displacement of lift vector from base center
b length of GEM

d diameter of circular GEM (Appendix II)

b aerodynamic drag on GEM

F water or obstacle resistance

G jet width

G, effective jet width ‘ )
= jet area per unit length of periphery

g gravitational constant

h rise height, height of base above ground
I moment of inertia in roll about CG

i motor current

lift force exerted by base

distance of trapeze pivot above GEM base

. &

distance of drag center above GEM base

=

length of equivalent simple pendulum

D

Lf distance of sideforce ¢enter above base

distance of free roll axi

=

above base
distance of CG above base

aerodynamic moment at base

- é% . %g . nondimensional roll stiffness

location of free roll axis

i+ _6;\ = ib ot
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=

location of obstacle or water resistance
jet width in plane of base

weight of GEM

distance sideways

distance vertically upwards

angle of 1lift vect
base (Appendix I i

damping factor

inward inclination of jet
angle of tilt of GEM

%

EC

angle of lift vector with normal to base



Measurements were made on an electrlcally powered annular

mine the 11ft versus helght at various power ;evels; the
restoring moment and sideforce due to the angle relative to
the ground; the roll stability with the machine pivoted at
the base, and then at intermediate and high positions above
the base, with the center of gravity low, high and extra
hlgh for each pivot position; and the behavior of the ma-=
¢hine with the pivot free to move s1deways. Finally the
machine was flown without any constraints in the low, high
and extra high CG positions.

It was determined that the lift vector remains normal teo
the base within an angle not greater than 0.06 times the
angle between the machine and the ground, and that the
stability is virtually unaffected by the height of the CG
relatlve to the base, provxded that the machlne is clear of

The experiments are illustrated by 16 diagrams and 4 photo=
graphs. An 8mm. color movie was made showing each of the
tests in the order in which they were performed.

[




1, INTRODUCTioN

In most surface transport vehicles it is neceéssary to limit
the helght of the center of gravity in order to preserve a
margin of safety against overturning follow1ng a small or
finite angular displacement in roll. This is generally be=
cause the reactions of the supporting system inc¢lude a vertis=
cal force opposing the weight but displaced by an amount pro=
portional to the height and the angle of tilt. This exerts
an overturning moment which will prevail over the restoring
forces if the height is large enough. Figure 1l.

The GEM is peculiar in that the main lift is due to statiec
air pressure under the base which to a first appféiimatiOﬁ
continues to act normal to the base when the machine is
tilted; and therefore doés not exert an overturning moment
about the CG; whatever the height may be. We may therefore
expect the rolling stability to be independent of the height
6f the CG, and presume that instability cannot be caused by
variation in CG height.

However, Stanton-Jones on page 44 of reference 1 gives an
expression for the static stability which does involve the
height of the CG above the flat bottom of the machine al=-
though in Figures 15 and 17 of the same paper he shows the
resultant lift as normal to the base of the GEM and in sub-
sequent correspondence insisted tanat a CG height correction
was in fact necessary for satisfactory behavior.

In order to try to establish experimentally the true facts
of the matter the present investigation was authorized by
U. S. Army Transportation Research Command under Contract
Number DA 44-177-TC-830.

N
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Metacentric |
height _ ‘

The Metacenter

, When the metacenter lies above

Weight the center of gravity the
metacentric height is positive
and the craft is stable in roll

Figure 1. Roll Stability of a Displacement Craft




2. SIMPLE THEORY

2.1 No Contact with the‘_gggage

Some 1ns1ght into the roll behavior of a GEM may be gained
by assuming that damplng of all og¢illations is small, and
that the terms causing damping can be neglected in the
analysis.

Consider the GEM shown in Figure 2. The GEM is rolled to
an angle 9, and the resultant force I, is rotated through
an angle P + X to the vert1ca1 A moment M determlned by
course, be a lateral fbrce L (¢ #* x), assumlng that the
angles are small.

It is assumed that the rolling moment due to rolling velocity

ahd the lateral force due to lateral velocity can both be




Taking moments about the CG,

which represents an undamped oscillation of frequency

The lateral oscillation is forced by the roll so that

L ;@,X 4+

x + g‘P.(g—qv; +1 0
and this represents a lateral oscillation of CG forced by
the roll amplitude, with the displacement x in phase with
9 since no restoring force proportional to x or % is assumed
to exist. ' |

The combined mode will therefore be an oscillation in roll
about the CG, combined with a lateral oscillation of the ;
CG in the same direction as the movement of the base due to
the roll.

At some point P at a distance f4p - 4, above the CG the
lateral acceleration will be zero.

‘_ - ‘ = epermpr——

P w T ( wa+rt
' I (- M + LL X)

»”

{31

Writing X = X%, note that if Xo is constant, the distance
Ly, = 4y is equal to (1 + Xg) times the length of a simple
pgndulum'gf the same period as the oscillation.

o




In the particular case of the thin jet GEM it is believed
that Xp = 0; therefore X is always zero and the GEM will

oscillate about an axis stationary in space located above
the CG of the machlne, the dlstance fram thls axls to the

the sarme period.

2.2 The Effect of Contact with the Surface

Suppose that some part of the GEM touches the surface, so
that lateral movement is impeded. Such a condition can
arise if the edge strikes the ground, or if the machine is
fitted with a keel which dips slightly below the surface of
the water.

The solution in the latter case is compléx = see Appendix I =
since a lateral force proportional to velocity will be gener-
ated. '

However, if we assume the effect is very large, the result
will be that lateral motion of the machine at this p01nt
will be prevented, and the machine will rotate in roll
about the point of contact. (Q)

Hence the stability of the GEM will depend on the condition
that the total moment about the point Q must be stabilizing.

Figure 3.

The condition ¢ited by Stanton-Jones, reference 1, may be
intended to guard against instability when the bottom of
the GEM touches the c¢crest of a wave.

2.3 ;ﬁg;g;mental Conflrmatlon

To support the assertions of sub-sections 2.1 and 2.2, some
further evidence is needed. It was therefore proposed:
a. To expound a more comprehensive theor y ncluding

damping effects in roll and translation

b. To measure the static stability derivatives for
a model.

c. To check the behavior of the model in free or partly
constrained flight to verlfy the relation between
the CG and the rolling axis position, and the effect
of surface contact.



Figure 3. Rolling GEM with Surface Contact




3. MODEL AND EXPERIMENTAL PROCEDU

Q

Early experiments in 1961 with a free flight pienum chamber

model suggested that the simple theory outlined in Section 2
explained the main features of the motion, so it was agreed

under this contract to build a 'thin' annular jet model with
more accurately defined characteristics.

The model shown in Figure 4 was built to our requirements

by the HEXICOPTER Model Research Company of Arvada, Colorado.
Oon arrival it was fitted with a frame and rigging to support
ballast weights in a high position; or on lateral booms to
give roughly the same moment of inértia. In the lower posi-
tion the CG is 34.1% of the beam above the base, and in the
higher position is 65.8% above the base. The bare model
weighs 224.6 grams, and the two CG trim wWeights are 32 grams
apiece. For details see Table 1.

The model is powered by two small permanent magnet direct
current motors connected in series to ensure that the same
current flows to both motors. The fans are mounted in .
faired entries, but no special provision is made to distri=
bute the air evenly to the periphery. The annular jet is
vertical and 1/8" wide. '

Stabilizing jets each 1/8" wide are cut in the base, the
total area of the stabilizing jets being 50% of the area
of the annular jet. They give excellent stability.

The original intention was to build an ellipsoidal bowl for
free flight tests, the stability derivatives being deter-
mined from the motion and attitude in the bowl, but prelimi-
nary experiments showed that this procedure was insufficiently
accurate to check the theory.

A special test rig was built which enabled the model to
pivot freely about the roll and one other axis, while re-
straining it in yaw and fore-and-aft motion. Figures 5,6,

7, and 8.

The model was inotg slightly above the CG between the arms
of a horizontal weigh beam, and the beam was pivoted to allow

vertical movement of the model. The movement was magnified



View Along 1
Roll Axis [ 1d

@«— Stays

| 38.65

Figure 4 ~ Sheet 1.

The GEM Model
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Dimensions in
Centimeters

Pivot 6 __|f——————me————————|

] 3

B — 7.6
o__Il ~_ L
| _— N B} 2.5

20.9

View on Base Main Jet'0.32

Figure 4 - Sheet 2. The GEM Model
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Figure 5. Test
S
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Figure 7. GEM Test Rig Showing Optical System
and Upper Pivot
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by an optical lever system so that vertical displacements
were read out direct on an enlarged scale. The pivoting
of the model near the CG ensured that the inherent sta-

bility would hold the model parallel to the ground board.

Readings were then taken of the variation of rise height
with current for the model alone llftlng its own weight,
and then with weight increased or decreased by adding
weights to either end of the weigh beam. Figure 9.

These were then cross-plotted to give the variation of
lift with rise height for suitable fixed current values.
Figure 10.

The variation of lift with current is of strange form,; no
doubt reflecting the variation of fan and duct eff1c1enéies
with fan speed, but the results are remarkably cons stent
and the cross plots of rise height against (lift)=3/2 are
linear,; as would be expected.

Prom the graphs the lift of the GEM c¢an be read for any
rise height and motor current.

See also the tabulated results in Table 2.

3.3 Measurementrof”statlcVstablllt 1n roll

The lift balance beam was now clamped to give a fixed
rise height. An additional mirror was fixed to the GEM
model to give a reading of roll angle.

The variation of roll angle with applied rolling moment
(obtained by hanging known weights on the yardarms of the
GEM) was recorded for a given motor current, and is plotted
in the form of M/La versus ¢ (rad1ans) in Figure 11 for a
motor current of 1.2 amps and a rise height of 0.7 am.
(h/a = 0.0335.)

As a check a second run was made at thls altitude with a
motor curre,t of

f
with the previous

Furth -ests were made at h/a values of 0.0174, 0.080 and
0.114, and also appear consxstent. (The large Zero error
for h/a = 0.114 is not gignificant since the model was not
statlcally balanced and the roll stability was very low at
this height.) Figures 12, 13, and 14.

17
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Height |

Figure 9.

1 (amps)?

Variation of Rise Height With Current for
Fixed Lifts
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Figure 10. Variation of Lift with Rise Height for
Fixed Motor Currents
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- .0.02
Figure 14. sStatic Stability in Roll

The slope at zero roll angle was read off from the curves,
multiplied by h/a, and plotted against h/G, the helght/
thickness ratio of the jet in F1gure 15. M.C. Eames, in
reference 2, has determined the maximum static stability to
be expected from a GEM in which the two halves of the air
cushion defined by the roll axis are separated by a flexible
pressure-supporting membrane. His result for the case
where the two halves of the annular jet are supplied from a
single source of constant total head ~ the plenum box in our
case ~ is also plotted in Figure 15; also his own suggestion
of the ractlgal maximum (50%) where the membrane is re-

The results indicate that at all altitudes the stabilizing

jets give about 90% of the practical maximum.

Detailed results are given in Table 3.
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The measurement of the side forc¢e due to roll angle is
very delicate since it must be made in the presence of
a large 1lift.

balanced “trapeze" structure plvoted to rotate about an
axis 147.3 centimeters above ground board. The model was
accurately leveled and then clamped in the trapeze. Dis=
placement of the model and trapeze could then be read by
another mirror system.

the ground board, the tllt also belng measured by an opti—
cal pointer. The tilt produced a slight displacement of
the model away from the ground board, and this was nulled
by adding small known weight to the yardarm of the GEM.

The applied moments and ground board tilt were recorded.

These moments as measured are represented by the expression
‘ = LAY &
(Mcp L x¢) ¢

where £ is the height of the trapeze pivots above the GEM
base (= 146.6cm).

M was determined by the measurement of roll stability,
section 3.3. Subtracting this in the appropriate sense we
obtain values for the term LiXg. L is known from the motor
current versus lift calibration of section 3.2.

Hence values for X, are determined, and are seen to be very
small, lying betwegn minus 0.06 and zero.

Measured points are plotted in Figure 16 and are compared
with results derived from the Unlverslty of Wichita and
other tunnel tests in Appendix 2. It is evident that the
special procedure and equipment used is far more accurate
than the use of a general purpose six-component wind tunnel
balance, and that for the GEM tested the resultant force is
substantially normal to the base.
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3.5 Quasi=free Oscillation Measurements (Table 4)

It was desired to study the free oscillation of the GEM
in roll and lateral displacement, but applylng constraint
to prevent fore-and=aft or vertical motion and yaw, and
thus also providing a means for the accurate recording of

the roll angle and the lateral displacement.

This was achieved by suspending the GEM in the long tra=
péeze frame, the frame being pivoted parallel to the GEM
roll axis 147.3cm above the surface board, and displace=
ment of the frame relative to the vertlcai axis being
recorded by a computer type low friction potentiometer
attached to the main structure, the output being recorded
on a Minneapolis=Honeywell Visicorder.

The GEM itself was also free to roll relative to the frame,
and the vertical position of the roll pivots could be var=
ied without altering the hover height of the GEM. The roll
displacement relative to the trapeze was measured with an
electrolytic potentiometer (thus ensuring no measurable
constraint of the GEM roll motion), and recorded on the
Visicorder.

Note that in the setup the GEM is not necessarily hoverlng
and thus can be tested at greater altitudes than the engine
power will support.

Great care was taken to minimize the inertia and stability
effects of the trapeze frame.

3.5(a) Measurement of Roll Dam,l

The GEM was supported in the trapeze frame with the pivot
axis just above the CG, and the trapeze was locked to the
ground board to prevent lateral motion.

A typical oscillation is shown in Figure 17a for a ground
clearance of 0.67cm (h/a = 0.032). The frequency of
oscillation and the damplng factor are given in Table 4,
corrected to the free flying weight of 288 grams.

3.5(b) Measurement of Lateral Forc

peze allowed to swing about the upper pivot

r"

For this experlment the roll pivot was locked :
as

N
@



~ TABLE 4
_RESULTS OF OSCILLATIO

’HA
[21
3
)
(971
|
w0

Conditions of Weight of model GEM grams 288.
Test Motor Current amper es 1.

Lift exerted by GEM grams 170.
Rise Helght éin . 0.

Quantity ,Symbol : Units ' Observed Value

Nondimensional M, = 0.
Stiffness in S A 0.
Roll { ot

3

Angular Dlsplac p 8 : = | =0.105 7
ment of Lift Vee - =0.03 in static
tor relative to tests of Section
GEM, per radian | ; 3.4

of roll angle

mim
e

Angular Frequency ] @ radians | 9.8 about>fixed‘§xis
of Oscillation ) per second 10.1 about natural
axis (1nt”rpolated)

Rolllng<ﬁpment | M: djhe“éenti;; eéé,?bov .
due to Rate of ¥ meters per
Roll | radian per

deways Force | dynes per
deways Velocity | ™ | centimeter
‘per second

(grams/sec)‘

3

1
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e s

Motor Current Zero
Lift Zero

(a) Roll Oscillation - Axis Fixed at Pivot 1

———& Time in Seconds .;Jf'Dééremént‘unPOWéréa

"

e

’2

Motor Current Zero
Lift Zero

t 1 amp
170 gm

(b) Translational Oscillation - Roll Pivok Clamped

Figure 17. Roll and Translational Oscillations



Oscillations were recorded with and without the GEM power,
thus from the difference of damping the damping force act-
ing on the GEM due to lateral motion could be determined.
Figure 17b.

Results are given in Table 4 for the GEM, corrected to a
flying lift of 288 grams (since in the experiment the base
lift was only 170 grams).

3.5(¢e) ,Determlnatlon _of Effective Roll Axis for

According to the 51mp1e theory of Section 2, a free—flylng
GEM tends to rotate in roll about an axis flxed in space
above the CG, and prov1ded that the constraint of the tra=
peze is negligible this can immediately be checked by free=
ing both the roll axis and the trapeze axis; and allowing
the GEM to oscillate in ¥oll.

If oscillations are recorded about a series of roll pivot
positions, varying from the lowest (below the CG) to the
highest (well above the CG) then the lateral displacement
oscillation should initially be in phase with the roll,
gradually diminish to zero amplitude, and then increase in
antl-phase w1th the roll osc111at10n. The effectlve roll
latlon, and accordlng to the 51mp1e theory the dlstance of
the axis above the CG is 4p = Ly , which equals Lo, , the
length of the simple equivalent pendulum, i.e., a simple
pendulum with the same period as the GEM roll oscillation.

However, the trapeze does have some influence on the re-
sults, owing to its stability, its inertia, and to the fact
that it can carry a portion of the weight of the GEM unless
the 1lift is accurately equated to the weight. If the con-
ditions at zero excitation are considered, however, the
stability and inertia of the trapeze can be neglected, and
care has been taken, in any case, to make these small,
leaving only the effect of trapeze 'lift.'

on thw GEM equal to the difference between the weight W
and the lift L, then it can easily be shown that the dis-
tance of the roll axis above the CG is now equal to

Lo (L/W).

Recordlngs were made of the two oscillations (roll and

translational) with weights in the high and the low

If we assume that at the pivot a vertical force is exerted
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positions; and with the pivots at stations (1) (low) and

(6) (highest). The records for the high CG position were
spoiled by eddy currents reflected from the walls of the

room, but the low CG records were taken very quickly be=

fore the air currents formed, and seem reasonable. These
are shown in Figures 18 and 19 and Table 4 gives the de-

rived values of the parameters.

GEM on Pivot 1

peze Angle |
Pickoff

From Pivot |
Angle Pick- ||
off |

GEM on Pivot 6

xM\_J

From Tra-
peze Angle
Pickoff

P

m“_/l__, 1
erom pivot | | U V U W\ |

Angle Pick-
off

Figure 18. Coupled Oscillation (Low CG)



Stanton-Jones' corrections for CG height lead to the con=
¢lusion that for the GEM to be stable in free flight, it
must be stable about an axis at the base of the machine.

The GEM was therefore pivoted in roll at a height of
0.66¢m. and the roll oscillations observed and filmed.

It was found that the GEM was stable about this axis with
a base lift of 288 grams and the CG in the low position,
but was unstable with the CG in the high position. This
behavior would be expectéed from the measured results of
the static stability derivatives.

[To achleve thls large llft 1t was necessary to replace

of the air su ly Sy stem and then to recallbrate the varia=’
tion of altltu le"with input current. Figure 20..

Amplitude ratio X Notes
in Coupled OScllfatlon

arbitrary units.
Observed period of
coupled oscillation
0.9 sec Pivot 6
1.0 sec Pivot 1

l. Amplitude ratic in
2

12.3 15.5

8 M |Null Point in

|3 W |coupled Oscil-
lation
(interpolated)

7  CG in low position
‘L = 0.66cm. ' 7.12 cm. above base

Figure 19. Determination of Roll Axis
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3.6 Free Flight Measurements

The trapeze measurements of effective roll axis were in-
sufficient to demonstrate conclusively the effects on
stability of CG height, so as a final check free=flight
tests were made.

Current was led to the GEM through a very flexible wire
attached at the same height as the CG; but at one end of
the machine. With this attachment it proved possible to
control the machine position in yaw, and fore and aft,

without execiting roll oscillations.
Thé roll oscillations were filmed, and the machine was

found to be stable with either the high or the low CG,
and the period was in good agreément with the calculated
values based on the static derivatives.

1t is therefore clear that stability about the base does
not determine roll stability in free flight.

220
Rise
Height
. 284
| E— 4 —
Grams
Lift
Q — — s REEa e e ——————— e it i —t——— ¢
1 (Amps) ® 2

Figure 20. Variation of Rise Height with Current
for Fixed Lifts Low Pitch Fans
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4. CONCLUSIONS
The theory and experiment described in the main body of
this noté show that

a. The stability of the GEM in hover and not in
contact with the ground or subject to large
damping forces is determined by the moments
about the center of gravity.

b. The resultant lift acting on a “thin=jet" GEM
is substantially normal to the base, and hence
a variation of CG height has no effect on the
stability of the GEM, as long as damping forces
are small.

¢. If damping forces are very large, as when the
GEM carries a keel which dips into the surface
when flylng over water, then to ensure stability
of the damplng fe:ce must be stable.» In theee
circumstances a high CG position is de=stabilizing.

d. If a GEM with a flat base is flying over water at
a low altitude, intermittent wave=top contacts may
produce sufficient damping force to affect sta-
bility. 1In this case it may be appropriate to
take moments about the base to determine the sta=
bility.

The full theory is developed in Appendix I and should be
used wlienever the damping forces are appreciable, but not
dominant. The full theory shows:

e. That the simple theory gives the correct results
wherever the damping is low or dominant.

f. In cases where the damping is appreciable, the
gimple definltlon of stability may be 1nsuff1cient
which determines the 5611 displacement ‘due to sudden
application of damping force, leading to contact
with the surface.

In general it would seem that any practical CG position will

be acceptable on stability grounds, and that there is no ob-

jection to the use of a high CG as recommended by Chaplin in
reference 4 to improve dynamic stability at high speed.
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INTRODUCTION AND SUMMARY

In the following analysis, equations describing the lateral
and rolling motion of a free-flying GEM are derived, sub-
ject to the assumptions as stated. Three partlcular cases
arée then considered. 1In the first the GEM is acted on only
by its weight and the lift and moment exerted by the base,
and the motion following a rotational disturbance is ex-=
amined. The effect of CG height on stability is briefly
discussed. The second case introduces a 51de—ways force at
the base such as might be generated by grazing contact with
the ground or water surface. 1In the third case contact
with the ground or other obstacle is such that the GEM is
arrested at the point of contact. The subsequent angular
éxcursion of the GEM is expressed as a function of the
initial lateral velocity.

ASSUMPTIONS AND GENERAL CASE

1. Angles of rotation are small.
2. The weight W = mg is balanced by the 1lift L.

3. when the GEM rotates about its center of gravity
through an angle ¢ the effective point of action of the
lift L is displaced a distance pa along the base, where

a is the beam dlmenslon and p is a linear function of ¢.
That is, p = Further, the lift vector rotates rela-
tive to the G through an angle X, a linear function of

4. The drag D and the surface force F are both linear
functions of the velocity of that point of the GEM at
which they act.

and .. F=F times velocity at point oﬁ act;on of F.




Figure 21. Rolling GEM = Notation used in Appendix

-

Take space axes, and let CG be at (x,z).
Resolving vertically:

L =W (= mg) (1)
Resolving horizontally:

m = - L(¢+X) = D - F
i.e. mk = = L(L+x)® - D {k -~ (4p=4)0) = F lk + (4,44,)8]

i.e. mk + (D +F )% = [Dv(tpetw) - rv(tw+zg)}é = L(l+x)e  (2)
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Taking moments about G:
Ip = = L{ap + lwx)‘ + DV(LE;Lw)v x = (zﬁazw):gpj

- B b rt) (ko (840 00) - MO

where M ¢ is the angular damping.
» o . R R )2__ se o
j.e. I§ + {Dv(‘ﬁ*‘w) 4 FV(‘W*‘F +nf}¢ 4+ L(ap¢+£wx¢) P

= O, (by=t,) = F, (b s )X

CASE WHEN D AND F ARE BOTH ZERO

Then the equacions (2) and (3) become:
= =gl +xg) @
and

Mr ., ng
B+ o+ (apg + 4x,) 9 =0

Equation (5) can be written in the form

. - [ 3 =
P + Zgwnw tw, 9=0

implw
nd damping factor §{ .

W m/m
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harmonic motion of natural rotational frequency w

(3)

(4)

(5)

(6)

nd is representative, under stable conditions, of a damped




The solution is of form:

- g0~ % cos wt (7)

-8
(!

whence
(8)
also

(9)

€
®

it

_E
o N
L X
=

1

o
3]
S

3 _ MG ;. . 4 o
of =T (apy + 4, X,) (10)

and

e (11)

Now equation (4) indicates an oscillatory motion in the x
direction, since the driving function ¢ is oscillatory.
The frequencies will be the same, but there may be a phase
difference between the motions.

Assume that x is of form:

X = Xoe -~ cos (wt + y) (12)

Substituting this in equation (4) together with the solution
£

(13)

——
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cos y 2¢2-1 (16)

Thus the solutions to the equations of motion are:

¢ = @cé“at cos Wt o
and . h 17)

1+ %) o
e @ o™ o (Wt 4 Y)

where w is given by equation (9), Y is given in terms of
¢ by equations (14), (15) and (16), and { is given by
equation (1l).

— i i -

Consider the point wher
z-axis.

[

the GEM axis extended intersects the

The intercept on the GEM axis from this point to the CG is
approximately x
P

(1 + xv) cos (wt + v)

i.e. == * eyl (18)
m !agv + &wx¢) cos Wt

This is the length of the effective pendulum, and is invariant
except for the effect of the phase angle v , i.e., of the
damping ¢ .
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The Effect of CG Height on Stability

Y

M.
§ = el from equation (11)
2ymgl (ap, +4 %
2vmgI (apg LX)

¢ wil be > 0 provided that M_ <0
and
(apy, + A %) <O

A Py and Xy are determined by the configuration of the
base of the  GEM.

In the present model p, < 0, X, < 0, M_ < 0 so that an
increase in CG height © (4 ) ‘decreasds stability. In
general, provided that the GEM is stable:

(a) if p_ and X both < 0, increase in L, decreases
stability. °

_ (b) if p, and x, both > 0, increase in L  increases
stability.

(c) if p, < O but X > 0, increase in L, increases
stability.

CASE WHEN F IS NOT ZERO

mx + F X = = Fv(&w+&r)¢ = L(1 + x¢)¢

2
I§ + F (L 4p) & + L(apyte X )@ = - F (4 #4p) %

: , , . . . 2
Eﬁr is neglected in comparison with Ev(&w*‘F) 1.

(19)

(20)




Taking Laplace Transforms, and eliminating x terms results,
after simplification, in:

- {ﬁ%-% (21)

where x = =U when t =
Now a cubic equation for a stable system indicates a subsi=
dence and a damped oscillation, and is of form:

(B + @) (P°+ 20w ¢ +w2) § =KkU (22)

Under the conditions selected { will be small by comparison
with ¢ and w_ . Thus equation (22) may be re-written:

[?9 +ap® + w2 p + aw;]ﬁ = kU (23)
Comparing coefficients of equations (21) and (23) gives:
o = FV \!*—'i'—— + ﬁ (24)
{ J
2 =L ;
u; = 7 (apQP + Ax) (25)
, FL ( \
0wl = - ((apq, 1eX,) = (b, + 4 ))> (26)
\

If the assumptions regarding the relative magnitudes of {
w.and, w_are justified, then the above equations should be

consistent,

i.e. (24) x (25) = (26), which leads to:

L(aPQ' Fx ) mg (4 +&E) L(?pg*& Xeo)

—r . ——r I = 2 TE 27
I+m (4 +4 )a I+m(£ th )~ 1 (27)
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The left-hand side of the equation is the square of the
anglular rotational frequency of the system about the sur-
face point. The right-hand side represents the similar
parameter for rotation about the CG. Thus the assumptions
made imply that the system would behave similarly when
pivoted about the surface point as when pivoted about the
CG.

OSCILIATION ABOUT SURFACE POINT OF CONTACT

In the event that in the course of t;‘angiatiénal motion
a central keel or other pro;ectlon should strlke the surs=

1f the forward lower extreéemity of the vehicle is to aveid
also strlklng the surface; the maximum permissible angular
rotation is:

*max = 3/2

Taking moments about the surface point, which is considered
as fixed, leads to:

b + ;2 b + {L(ap :u—ﬂ» lI;W(Lw +L§£¢ =0 (28)
P |
where
Ip =I +m (£ + & ) and L = W = mg
and whén

$+200 &+ =0 (29)

44




The solution to equation (29) is:

¢, =at ‘ 7
® = e sin Gt (30)

and the maximum value of ¢ is:
ey

2e 20 3 B (1)

8
E,
]
qo®"
Lo]]

=4
i

P
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It would seem obvious at first sight that the resultant
force on a GEM would always be normal at the base, inde=
pendent of the roll or p1tch angle, since the major part

of the resultant force is due to the pressiure at the base.

However, in the case of the plenum chamber, Ken Wernicke
of Bell Aireraft has shown that the resultant force ro=
tates faster than the normal, and in the limit, twice as

fast.

The following information was collected from all available
wind tunnel data in the attempt to show whather or not the
results for thick jet GEMs tend toward the plénum chamber
result as other GEM properties do.

The University of Wichita, Engineering Research Division
have concluded a long series of generalized wind tunnel
tests on ground effect machines, but the results of most
tests are not sufficiently accurate to check the angle of
lift because the internal aerodynamics of the model (which
was supplled with a1r frem an external source) eviliently

The writer had one additional series of tests run, the
"slanted ground board tests" in which the models were

held at all times at zero incidence to the tunnel, but the
ground board incidence was changed. This test therefore
gives the static 1lift and drag acting on the model on model
axes. Tests were run at +2.5° and -2.5° ground board set-
ting and it may be assumed that any difference in model
drag will be due to rotation of the resultant force vector
(assuming that the flow distribution in th2 jet is not
affected by the incidence in such a way as to give a drag
force on body axes. This seems plausible, at least when A,

the jet-inclination angle, is small.)
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l Air Supply

Figure 22. Force Diagram of Wichita Tests

Figure 22 shows the force diagram for the Wichita tests,
with the ground board set at incidence as explained.

tan 6 =

o

In practice,

D (o
L(a

t“'«U
i }lli
me‘
uwu

tan 6 =

[}
[{agd
)

7 d g - D(a = = 2°5 di

because the value of D at @ = 0 was appreciab
reactions of the supply pipe to the air s

If Wernicke's theory holds,

If the resultant force is normal to the base

tan & _
tan o

47




T T T e ettt

Yo TM|

@ gT* +

_O mAW * @

b,,o ‘= © . o
‘ oS TH

60 i Amiuﬂl
s0'- 6.
4 »Am . an
oS T+

I "R A

0T 6600°

e 6600°

€ 6600°

6 -ddng/g-zGE EMR - SI8BL ©IT

18°1
8y 1

SL°t
T T

609°C

9T ¥

(0]
SLO®

bLT®
4Z0°

662"
662"

(A4
SO°ET

6€°SE

8y v

15°9¢€
10°9¢€

%01

%S

%E

%1

%T

%1

T9L2]
o9Lzf

e9Le|
6SLT]

€9LZ]

@ o -

@ 4 Al

€O =

i [ m * .N -
o1 Mmaﬁ+
_o_m A

(Al e .
. ‘Om AN*.

oT"Z GLdo’

S0°T GL¥0°*

€9° SLVO®

68°9
¥6°9

09°1
€T°¢

S80°T

vt
oLE"T

SYE°'1
6T9°T

619°1

oy*0T T60°C

O¥ LT
owm“ ¢ Nr,.ﬁ

L0t
6°TE

L B % 4

6°LY

%0T

%E

%G

%S

%S

|
8SLZ|

(AJ XA
eEvLT

ee
voLe]

ovLe

eme oS L™
62°  ®gezs

cce o3 C™
65 Mmaﬁ+

ﬂom ° "‘NAI
A

Le]

TT°T

060°

0607

060°

Lz”

oe*

06°¢
z20°Y

€T°T
09°¢

SLO® -
050"

661° =

ays*®

SYT 1~

TLL® +

SL°Y

,w,,ow L] m.

L8 v1
9T HI

9°vE

8°GE

%OT

%0T

%01

%0T

ETLT]
(AT RA|

vrLe
TTLZ)

sTLe)
oTLT|

v/3

%\ou W a T

uny|
0 = .




Results are plotted in Figure 24 and at first sight show
a strong tendency toward the Wernicke theory for

In faet this conclusion

for which tan 6/tan @ definit
and 5%, A = 0° and 30°,
is very poor and condltlens inside the model may in any
case approach the plenum.

foneous. Theé only tests
oXC eeds 0 are h/d 10%

;NAS,A_,Igjs;;czs_.,,(geg,;i-— ted in

Inc1dence was varled by rotatlon of the model about the
supply plpes thus minimizing effects due to air flow.

Air Supply

Lift and drag were measured on a win
and designated T, in TN D317.

Ty
Here, tan(a + 8) = %
tan § = &

, _ll — - 1

tan @ tan -

for small values of §




o

BN

070 | 2.22 .200 .09 | 1.52 =.12 .079
8 2140 | wsss ssss= 0 1.32 =.21 .159

Cross plotting these results gives

L 2 A tan & _ 5 436

= 19 tan & _ 5 q4¢

=
N
Q)
I}

These results are plotted on Figure 24 and agree with the
Wichita data.




an_>  _ 9.221. X

]

0

agreeing with Wichita.

But for

> tan 6

tar—o is increased to 0.451.

et
1
=
| o

ot
v
=

[od

Wernicke Theory

=

.
| A degrees|
5 T30 [ 0

>
NERAE

-0.5l—

Figure 24.

Collected Results (Appendix II)
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For the usual run of thin jet designs Ge < %'a d all evi-
dence agrees that in such cases the resultant force is sub-
stantially normal to the base

tan

tan

| o

i.e.

= ‘-051 to # 0615

Q&

There will probably be a tendency with thick jet machines
operating at low altitude for results to tend to the
Wernicke theory as h/Ge = 0.2. This implies that the
resultant force vector leads the normal; and that the
resulting restoring moments will be greater the higher the
CG position.
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