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SUMMARY

Measurement of the moments of inertia in patch, roll, and yaw, and of the
inclination of the prinoipal inertia axis have been made on the HP115 slemnder
wing research aircraft. In patch and roll a spring constrained oscillatory
technique was used, while in yaw the airoraft was suspended as a torsional
pendultum. The inclination of the principal inertia axis was found by varying
the attitude of the airoraft on the rolling and yawing rigs. Measurements

were made with fuel tanks full and empty.

An estimate of the accuracies of the techniques used showed that the
Jirertias could be measured to within *2%, *5% and *1% for the piteh, roll,
and yaw axes respectively. The Inclination of the principal axes could be

determined to within 10.10.

After allowing for the virtual inertia of the surrounding air mass, the
experimental values were less than the menufacturers estimates in pitch and
roll but greater in yew., The largest discrepency was approximately 5%4. The
meagsured inclination of the principel axis was congiderably less than the
estimate, 5.950 instead of 5.10.

*Replaces R.A.E, Technical Report No.65203 - A.R.C. 27778
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1 INTRODUCTION

In the determination of aircraft stability derivatives from the analysis
of a programme of flight manceuvres, the accuracy of the results obtained will
depend on the values used for the aircraft's moments of inertia and for the

orientation of its prancipal inertia axia,

Dstinates of ihe meoment of inertia are customarily made by the manufacturer
durihg the design and construction of the aircraft. Siuch estimates are liable %o
errors because .of the rmpractioability of accounting for every component,
difficulties in the precise determination of the moments of inertia and centre of
gravity positions_of intriocate parts; ard departures from the nominal gauges of
the sheet and strip from whioh the airframe is fabricated,

‘Experimentel confirmation of the predicted values of the moments of inertia
is therefore highly desireble; for an aircraft intended for research into flighu
dynemics it is essential. The HP115 (Fig.1) was speocifically designed for such
research and was the first member of the "slender wing" class to be built in thig
country., It is also inertially slender, with a ratic of yawing to rolling
inertia of approximately 13:1.

Decause of its configuration, with a single engine above the rear fuselage
and a low meunbed ootkpit nacelle, the princapal inertia exis on this aircraft
is inclined to the fuselage datum line st the relatively large angle of‘yo nose
down. More usual values lie between 1° and 2° (for example, in the Fairey
Delta 2, a moderately slender aircraft, -the principal inertia axis is inolined

approximately 1.5o nose down relative to the fuselage centre line).

The inclination of the 'principal inertia axis is of partioular importance
in inertially slender aircraft because of its influence on the lateral behaviowr,
since the dominent lateral mode for such airoraft consists of a rolling-motion

about the principal inertia axis1.

Acourate determination of the moments of inertia and inclinetion of the
principal exis of incrtia was thercfore of partiocular importance, and various
Jacking and 'slinging poinss were incorporated in the desizn of the aircraft to

facilitate the experimental work described here.

The technique used for determning the moments of inertia in pitch and
roll was that {already used for other aircraftz’B) of mounting the airoraft on
knife edges so that it could oscillate about a horlzontal axis against a spring .
restraint, The moment of inertia could then be determined from the frequency

of oscillation of the systeﬁ;



On previous occasions yaw inertia rigs have used torsionless single point

suspension with spring resnraintz, or a bifilar torsional pendulum.

NASA have alsc successfully used an adaptatlon2+ of the single poinc

suspension system for determining the inclination of the principal inertia axis.

Both these techniques have the disadvantage of allowing oscillations in
2
nodes other than yawing, and on this account an attempt in thas country +to

determine the principal axis inolination by the NASA metnod was unsuccessful.

It was therefore decided to adopt a trifilar torsional pendulum system.
This technique effectavely prevents oscillation in roll and pitch, although
lateral anrd longitudinal motions are still possible; by taking care when
displacing the system from rest such motions can be reduced to negligible

amounts, and any significant movement readily detected as desoribed in Section 3.4.

Provision was made in both the roll and yaw rigs to vary the pitch
attitule of the aircraft relative to the axis of rotation. By measuring the
moment of inertia over a range of pitoh attitude, the principal moments of
inertia could be determined, as the maximum or minimum values, while the
agsociated values of pitch attitude gave the inclination of the praincipal axis

to the fuselage datum.

It was expected that the fuel load would only meke a sigraficant contribution
to the total moment of inertia in the roll case, but that this would also be the
case most susceptible to sloshing of the fuel when the tanks were only partially
filled. A.ttemptsz’3 have previously been made to measure the moment of inertia
in roll of other sircraft with partially filled tanks, but these have not been
entirely successful since, due to sloshing, the moment of 1nertia apparently

varied with the fregquency of oscillation.

It was therefore dccided to determine the moments of inertia with tanks
full and tanks empty only, ard to estimate values with part fuel loads when
these cases were needed to evaluate flight test results. The results in Table 1
show that the inertia of the fuel is a small percentage of the total in pitech
and yaw but 18 equivalent to 12% of tﬁe aircraf't enpty value in roll.

As an essential preliminary to thce moment of inertia measurements, the
aircraft was welghed and the horizontal and vertical co-ordinates of the centre

of -gravity were determined. These are also given in Table 1.

2 TEST METHODS

2.1 Détermination of the positrion of the centre of gravity

With the aircraft resting on its undercarriage the vertical reactions

at the nose and main wheels will vary as the pitch attitude is changed.



The relation between these reactions and +he horizontal distances between the

mein wheels, nose wheel, and aircraft datum is, (Fig.2),

(1)

1}
<

(RN + RM) (% cos o + % sin a) + Ry (dz - d1) - Ry d,

L

%+ 2z tan a (2)

1]

whence [di - d, Ry [(RN + RM)] . 380 G-
where RN and RM ate the reactions at the rose wheel and main wheels, d1 is the
horigzontal distance between the datum point and the mein wheels, and a, is that
between the nose and main wheels; o is the pitch attitude, X and %z are the
co-ordinates of the centre of gravity referred to axes parallel amd normal to
the fuselage datum (Fig.1), and whose origin is at the datum point. Ry and Ry
were measured on separate weighbridges whose relative heights could.be varied
in wrder to change @, The attitude, o, was measured by a olinometer mounted on
the datum pads inside the fuselage, .

The airoraft datum point used was located on the fuselage undersurface
21 in below the datum line at fuselage station 278. It was 266 in aft of the

fuselage nose or 248" in aft of the wang apex.

2,2 Measurement of the moment of inertia in roll

The rig used 1s shown in Figs.3 ard 1k, It consistcd of a rigid framework
secured to the hangar floor ard a variable incidence credle in which the fuselage
rested. The framework carried Vee blocks at its fore and aft ends to support
corresponding lknife edges mounted on the underside of the cradle. A horizontal s
longitudinal axis was thus set up below the aircraft centre line, abouat which
the cradle ard aarcraft oowld roll. This rotabtion was restrained by tension
springs attached between the jaclting poimts under each wing and strong points
in the flecor, To remove one sowce of constraint the attachment 'of the springs

to the wings was made through pairs of crossed knife-edges (Fig.i).

The cradle consisted of two parts liinged together -at the rear and connected
to each other by a screwjack at the front. The lower member carried the knife-
edgcs and remained horigontal, winle the upver member carried the aircraft at

attitudes determined by the extension of the screwjack.

The equation of motion of the system (sce Fig.5 and Appendix A) when
displaced through a small angle ¥ is

-4 ¥ = [2y? - 2Th, (1 - h/€) - Wh,] (3)



whence

A = (p/rew:)2 [2xy2 ~ 2Th, (1 - h1/8) - Wh2} (%)
where A1 is the moment of inertia of the aireraft and test rig about the knife-
edges, P the period of oscilletion, y the spring arm about the roll axis, A the
sprang rate, T the initial tension i1n each spring, h, the distance of the free

1

erd of the spring above the axis, h, the height of the c.g. above the axis,

2
£ the distance between the upper and lower spring attachments and W the weight

of the moving cysten. .

P was detcrmined by timing 50 oscallations using a calibrated stopwatch,
A was determined experimentally by measuring the spring extension with a dilal
gauge, reading to 0.001 in, as the spring was loaded with a set of weighed
ballast blocks., T was calculated from the measured spring length using the
load-extension curve, while W consisted of the sum of the aircraft weight, the
measured weights of the cradle, knife-edge assemblies, and 1/3 of the spring

weight. h1, ¥y and £ were measured directly while h_, was fourd by measuring the

2
height of thne aircraft datum point above the roll axis and adding the height of
the c.g, which was computed from the results of Section 3.1 and the aircraft
pitch attituie. The latter was measured using a clinometer mounted on the

aireraft datum setting pads ingide the fuselage.-

From the value of A1 thus obtained must be subtracted the inertia of the
test rig, the appropriate exis transfer terms, and the 1nertia of the air moving
with the airoraft.

On the right hand side of equation (3) the first term inside the brackes
represents the spring moment, while the other two terms take acoount of the
varying moments of the spring tension and weight of the aircraft as the system

is displaced.

The aircraft was oscillated in roll at various angles of pitch attitude
{(a) and the nmoments of inertia (A4) of the aircraft about a horizontal axis
through the c.g. at these attitudes determined.

The relation between the principal moments of inertia A.D and CO and tle

moment of inertia A about an axis other than the principal is
A = & 0032 (e ~a) + C sin2 (e ~a) (5)
0 o ) )

where e, is the inclination of the prancipal axis to the fuselage datum and

G is the anclination of tie fuselage datum to the roll axiss. This relationship



has & minimum value at €, = a and the regults for A were plotted against the
corresponding values of & to obtain A (F1g.10). This curve had a flat minimum,
ard to obtain a more precise value for €, than could be derived from Fig.10,

equation (5) was rewritten as
A = A +(C -4)sid (¢ =a) (6)
o o o 0

Various trial values of & were assumed and, by using the experimental data
for A and a, a series of graphs showing A as a function of sin2 (e-a) were

plotted, as an Figs.11 ard 12,

When the assumed value of € did not ocorrespond to the true value, eo,
the experimental data fell ento two distinct curves according to whether
a-£ 3 O. VWhen e = & s however, all the values were disposed about a single

straight line,

Although the slope of the latter will give the principal moment of inertia
in yaw, Co’ it was thought desirable to determine Co directly by an independent
method, as described in Sections 2.4 and 3.4. '

2.3 Measurement of the moment of inertia in plitch

The test rig i1s shown in Fig.7, To provide an axis parallel to the air-’
craf't pitehing axis, knife edge blocks were attached to the underwing jacking
points and were supported in Vee blocks mounted on heavy jacks. A steel channel,
supported on & second pair of heavy duty jeoks, spanned the front fuselage and
was joined by tension springs to a secord, shorter, steel channel passing beneath
the cookpit, A standard jack head on this lower channel engaged with the forward
jacking socket under the fuselage, In order to reduce constraints, the crossed
knife-edges of the roll rig (Fig.4) were again used between the springs and tne

lower channel member,

The rig was set up so that the ajrcraft datum was horizontal in the
equilibrium position, both longitudinally and laterally, by adjusting the
heights of the appropriate jacks.

The equation of motion of the system is (see Apperdix B and Fig.6),

-B, g ¢ [1x? - Th, (1-h1/&) + Wh2] (7)

whence B, (P/zw)2 [7\3:2 ~ Th, (1-h1/&) + Wl'lz] (8)



where B1 is the moment of inertia of the aircraft and rig, P the period of
oscillations, » the spring rate, x the spring moment arm about the knife-edges,
h, and h2 the distances of the free end of the suspension and the c.g. of the
combination below the pitching axis, £ the distance between the fixed and free
ends of the sugpension. W tne total moving weight, T the total initial spring
tensien and ¢ the displacement angle, P was determined using a calibrated stop
watch to measure the time for 50 oscillaticns. The spring rete was measured as
descrabed in Section 2.2, while T was calculated from the weight of the aircraft
and rig ard the geometry of the system; h1 and h2 were derived from measure-
ments taken on the rig, the previously determined position of the aircraft c.g.
and the computed position of the rig c.g. W comprised the sum of the weights of
the aircraft, the lower crossbeam and knife~edge assemblies of Fig.d and 1/3 of

the weight of the tension springs.

The moment of inertia of the test rig, an axis transfer term, and the
inertia of the air moving with the eircraft must be subtracted from the results
fer B, to give the structural moment of inertia of the airoraft about its centre

1
of gravity, Bo'

The similarity of equations (8) amd (&) may be noted.

2.4 Moment of inertia in yaw

I3 stated in Section 1, a tnree wire torsional pendulum technique was
adopted. The test rig is shown in Figs.8 and 15 and consisted of a rigid
gantry, built from heavy steel sections, large enough to span the aircraft.
On the top of the gantry a horizontal 'A' frame was mounted, hinged to the
gantry at the base of the A while the apex could be moved vertically by a
serewjack. Two suspension wires were atztached to the base of the 'A' and the
third at a point near the apex. The latter could be moved longatudinally and

locked in the desired position.

The lower erds of the two rear cables were attached to the ends of the
arms of a Y beam fabricated from heavy steel sections. The third cable was
attached to a point on the upright of the Y which could be moved longitudinally
ard locked.

Although steel wire cables were originelly used for the suspension members
it was suspected that twist in the cables could produce unwanted torgque. They
were therefore replaced by steel tubes attached to the A frame and Y beam by
universal Jjoints which had adegquate freedom to rotate about two axes at right
angles to the tubes. The tubes were attachead to the universal Jjoints through
thrust ball races and were free to rotate through 360o about their axes.



At its forward end the Y beam was attached to the aircraft by a fork and
bolt to an eyebolt at the airoraft forward slinging point on the upper fuselage,
just aft of the cockpit. The two rear ends of the Y beam were joined by links
to angle brackets bolted to each wing upper surface above tle undercarriage legs.
These links were free to rotate about lateral axes where they were attached to
the Y beam and aircraft so as to accommodate longitudinal dimensional differences
between the aircraft and beam resulting from manufacturing tolerances and dister-
taon of aarcraft and beam. 'The system was designed so that, in the undistorted

state, the Y beam would be parallel to the fuselage datum line,

By erranging the suspension tubes to bLe of equal length, vertical, and at
equal radii from the c¢.g. of the aircraft and Y beam combinatiecn, prcching and
rolling motions were suppressed. At pitch attitudes other than zero the lower
end of thie front suspension tube was not at the same height above the combined
C.g+ a3 the lower emds of the two rear tubes., When the system was disturbed,
this caused assymetric loading in {the renr tubes, and resulting in small residual
lateral and longitudinal forccs, However, the maximum values of these were
calculated to be 0,002 1b and 0.1 1b respectively and were not considered to be

aignificant,

Because the c.g. of the combination was below the plane containing the
lower ends of the suspension, changirg the aircraft attitude by reising or
lowering the apex of the A frame also changed the radiai of the tubes about the
c.g. and it was therefore necessary to move the forward suspension. While it
was possible to compuie the required movement for each incidence, this movement
itself gave rise to a small incidence change. To avoid a process of iteration,
small differences beuvween the radii of the front and rear suspensions ware
accepted provided that the suspension tubes were all vertical; a theodolite was

used to confirm this.

The equation of motion of the system s { see Appendix c).

: —(:‘1 B = 13 [(xz r12 + r1 rS) <x2 + r1) 8] (9)

where C1 is the yawing moment ol inertia of the system, & the length of the
suspension, r, and r, the radial distances from the c.g. of the front and rear
suspension tubes respectively, X, is the longitudinal horazontal distance of
the reer suspensien from the c.g., W the effective werght of the moving system
and B the angular displacement, If P 1s the pericd of oscillation, this may

be solved to give

C, = (E/2ﬂ)2 [(xé rf +r, rg)/(x2 + r1)] we . (10)
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If r, and r, are equal thas reduces to the standard eguation for a

multifilar torsioncl penduluua.
From the result thus obtained must be subtrected the moment of inertia of
the moving part of the rig, the virtual inertia of the air moving with the air-

craf't, and the appropriate axis transfer terms.

The process wag fepe&ted for various angles of pitch attitudes and the
results plotted as a function of incidence to obtain the principal moment of

inertia C0 and the inclination of the principal axis €,e

2.5 Aerodynamic or virtual inertia

To obtain the structural moment of inertia, tre moment of inertia of the
alr moving with the aircraft must be subtracted from the experimentally derived

values,

-

From consideration of eircreft geometry it was concluded that the grea:tes‘t
valve of the virtual inertia would be in the pitching case, and to obtain a
value for this a cne sixteenth scale flat plate model of the correct planform
ard c.g. position was gllowed to oscillate in pitch in an altitude test cell,
By comparing the periods of oscillation at densities equivalent to sea level and
100 000 £t (relative density 0,014) the aerodynamic inertia was deduced. It was
found to be equivalent to 784 slug-ft2 full scale, about an axis through the

eircraft c.g.

The available information on the predictioq‘ﬁf v1f£ual inertia5’6 is
related to aircraft having high aspeot ratio wings with moderate taper and no
sweep., However, the taper factor used in Refs.5 and 6 was the retio of the
pitching inertia of a lamina of the desired plan form sbout its centroid to that

of a rectangular lamina of thc same span, area, and aspect ratio,

Using the same method waith a toper factor appropriate to the HP115 plate
model planform, the virtuel inertia was calculated to be equivalent to 807 slug-Tt
full scale about an axis through the c.g., It wos therefore concluded that the

2

method was acceptable where ground proximity was not likely to be significant,

In order to be able to cormpare the test results with estimated values, the method
was used to calculate the aerodynamic inertia about the three experimental axes.
It was accented that ground effect would probably introduce significant errors
ard that the calculations would establish orders of magnitude rather than precise

values for the acrodynamic inertilas.
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3 RESULTS

3.1 Alroraft c.g. position

Measurements made previously, prior to the inztial flight test programme?,
had shown that the mid c.g. position (15 in aft of datum) could be achieved with
21 1b ballast in the forward position, and the flight tests were carried out in
this condition. The weight, c.g. position, and moments of inertia were deter=
mined, therefore, with this ballast, and with a dummy pilot weighing 182 1b
strapped in the coockpit.

Measurementsy were taken as described in Section 2.1 over a ranges of pitch
attitule of the fuselage datum from -7° 1o 15° wath fuel terks full and empty.
The results are plotled in Fiz,5 and the values obtained for the c.g. co-ordinates,
% and % were subsequently corcected for the undercarriage oleo extension., (The
iP115 has a non-retracting urdercarriage.,) This ocorrection lowered the c.g. by
approximately 0,2 in but made negligible difference to the longitudinal position.
The corrected values are given in Table 1 and are referred to axes parallel and
normal to the fuselage datwm line, witn their origin at the datum point, as
defined in Section 2.1. The firn's estimates8 for the weights and c¢.g. positions,
with pilot, were modified to take account of the 21 1b of ballast in the nose, and
also of the 10 1b of modifications and equipment added after the estimates were
made, These modified estimates are also given in Table 1, Comparison of the
results show that the measured c.g. positions were betwecn 1.h4 and 2.04 in
(according to fuel load) forward of the estimated positions. The measured vertical
positions of the c.g. were between 0,11 in and O.45 in above the estamated posi-
tions., The measured weight with no fuel was 34 1b greater than the estimate, and
that wath full fuel, was 22 1b greater than the estimate., These dif'ferences are

discussed an Section 4.

3.2 Moment of 1inertia in roll

Meesurements of oscillation period and rig dimensions were taken as
described in Scction 2,2 over a range of pitch attitude, of the fuselage datum

line, from 1° 30' nose down to 10° nosc upe

During the tests 1t was observed that a yawing motion was teking place
about a vertical axas through the aft end of the rolling cradle., The amplitude
of yaw increesed with pitch attitude and was ascribed to the low lateral stiff-
ness of the upper member of the cradle., The only restraint on the yawing motion
was that provided by the serewjack between the forward ends of the two cradle

members, and this restraint,became less effcetive as the jack extension increased.
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The amplitude of the yawing waction was considerably reduced, but not
elininated, vy goiming the upper acd lower cradle members at their forward crds.
This bracang had to be rcpositioned at each change of pitch attitude. To
aoéount for the residual motion, the system was treated as having two degrees
of freedom and a correction to the observed frequency deduced. This ceorrection
wes then used to obtain a revised value for the roll moment of inertia. The
aerodynamic inertia was calculated to be 151 slug~ft2 about the experimentel
roll axis at a pitch attitule of 4°. The variation with pitch attitude was
negligible.

The results are given in Table 2 and show the moment of inertia in roll
for the aircraft about a horizontal axis through the aircraft c.g. at various
angles of pitch attitude. Corrections for the yawing meotion are included and
are seen to be small. The results are plotted against pitch attitude in Fig.10,
from which the pirineipal ﬁoment of inertia and_principal axis 1nci1nation were

determined.,

To obtain a more precise value for the inclination of the principal inertia

axis, £, geveral values of & were selectedl ard used in the relation

A = Ao + (Co - AO) . sin® (So-%) (6)
as described in Seotion 2.2, and a serdes of graphs plotted of A as a function
of sin’ (e=a), as in Figs.11 and 12, until for a particular value of & the
values. of A were disposed about a single straight line, In this case, € = €,
The values for the principal structural moments of -inertia derived from Fig.10
were then corrected to give values appropriate to the- aircraft weights measured
in the determination of the c.g, position - Scction 3.1. These corrected
values are quoted in Table 1 together with estimates of the possible experimental

errors and are rcepeated below for convenience.

Aroraft weight 1b 2906 | 5070
Praincipal axis inclinetion deg %.0° 3.9°
Moment of inertia slug-ft2 1195 1357
Experimental error slug-ftz 66 85
Aero&ynamic.inertia error slug~t i 15 : 15

- i

From the slopes of the curves shown in Fig.11 and 12, C0 was derived,

and 1t was here that the corrections for the yawing motion were significant.
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Table 2 shows that the yaw corrections were greatest at the ends of the atititude
range, i.e¢. at the larger values of sin? (e-a). Thus if the corrections had
heen neglecied in Figs.11 ard 12 the values of A would not have been
szgnlf;cantly different but the slope would have been increased to give higher
values of CO. The values of C_ derived from Fags.i1 and 12 were 17700 slug-ftz,
tanks empty, and 17806 slug-fi°, tanks full.

These compere reasonably well with the results derived independently for
CO of 17064 slug—ftz and 17368 slug—ft2 (see Section 3,4) when it is considered
that-the former values were determined from the slope of a graph.

To establish orders of magnitude, it may be noted that the corrections to
roil inertia due to yawing motion of the rig were of the order of 10 slug-ft2
for a ratio of roll to yaw angular emplitudes of approximately 1000:1.

The results are discussed further in Section k4.

el

3.3 Moment of inertia in pitch

Measuremenls were taken as described in Seotion 2.3 but in addition the
effective staffness of the steel chammels, to which the tension springs were
attached, was also determined. The combined spring rate for the springs and
two steel channals was found to be epproxirately 10% less than for the tension
springs alone. If the channel members had been assumed to be ragid, the pitch-

ing moments of inertia would have been in error by nearly 15%.

The aerodynamic inertia about the experimental pitching axis was caleculated
to be 613 sxug-ftz ﬁsing the method of Ref.5.

The valuss for the structural moment of inertia are given in Table 3.
The corrections required by differences in aarcraft weights from those measured
in the determination of the c¢.g. position were found to be negligibvle, and the
same velues for the moments of inertia are thercfore quoted in Table 1 and ere

repeated below,

Aircraft weight 1b l 3910 i BOE65
Moment of inertia slug-£+° ' 15619 11 5529
Experimental error slug-f‘b2 ' 338 I 350
Moment of inertia error slug—ft2 T '

i

These results sre.disocussed further in Section 4.
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3.4  Moment of inertia in yaw

While the 1links attaching the Y beam to the aircraft were vertically below
the rear suspension tubes, the forward end of the Y beam was attached to the air-
craft some 8 ft ahead of the front suspension tube. As a result the Y beam was
distorted in the vertical plane, thus increasing the effective distance of the
ceg. of the aircraft~beam combination below the suspension lower ends. In
addition the aircraft itself was distorted in the vertacal plane, but since i1t
was suspended from the Y beam at points vertically above the undercarriage legs
it was assumed that the aircraft dastortion was the same as when resting on its
undercarriage and tnus that the vertical co-ordinate of the aireraft c.g. was

the same as that determined in Section 3.1.

The deflected shape of the Y beam was determined oy theodolite and it was
fourd that the c.g. of the sircraft beam combination was approximately 0.25 in
below the position it would have occupied with a rigid Y beam. This correction

was wncluded in the subsequent analysis.

Measurements were taken as described in Section 2,4 at various angles of
piteh attitude with tanks £uil and empt&. Care was taken in displacing the
systemz from the egquilibrium position Lo ensure that only yawing motion was
exoited. As a check, a plumb bob was suspended from a point vertically below
the c.g. of the combination and when significant motion of the bob occurred the

results were discarded.

The moment of inertia of the suspension system, comprising the suspension
tubes, universal -joints, attachment links and Y beam was determined experiment-
ally in a similar fashion and found to be 535 slug—ftz. The computed value was
558 slug~ft2 ard the discrepancy can be accounted for in the simplifying assump-
tions made in the computation, together with departures from nominal specifica-

tion of the plate amd steel sections from which the beam was fabricated.

The aerodynamic inertia was calculated to be 303 slug-ft2 using the
method of Ref.h.

The results are sumarized in Table L.

The lateral deflection of the upper end of the tower from which the air-
craf't was susperded was measured with the rig in motion., This was found to be
less than *0,001 in in a height of 20 %, and it was concluded that no correction

for this was nccessary.

To obtain the praincipal moment of inertie, the values of the structural

inertia obtained were plotted as a function of pitch attitude in Fig.13.
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While it should be possible to determine the value of &, from the

relation
C = C - (C - A ) sin2 (8 -a) (11)
0 o} o} ]

using the same technique as for the roll inertia, the range of a available gave
only a small percentage variation in C (approximately 3% compared with 15% varia-
tion in the roll case) and it did not appear likely that g, would be obtained

with the same precision as from the roll case.

The value for the principal structural moments of inertia and the inclina-
tion of the principal axis were determined from Fig.13 and are given below,

together wath estimates of the experimental error.

Aireraft weight 1b 2920 5058
Inciination of principal axis deg 3.9° 3.5°
toment of inertia C_ slug*ftz 17064 17368

. Bxperamental errvor slug~f+ 188 185
Aerodynamic inertia error slug-—f‘t2 30 | 30

The corrections due to diffeerences hetween the weights of the aircraft in
the test rig and the weights measured during the determination of the c.ge.
position were found to be negligible amd the results as above are therefore

quoted in Table 1.

4 DISCUSSION OF ISTIMATED AND EXPERIMENTAL VALUES

b.1  Adroraft weight and ec.gz. position

There was sore variation in the measured weights of the aircraft between
each set of tests and this may have been due to differences in residual fuel in
the tanks, to the tanks not being completely filled, or to errors in weighbridge
readings. In Table 1 the values for the moments of inerftia have been adjusted
to correspond with the weights with tanks empty and tanks full, as measured
during the determination of the position of the cemtre of gravity. These
latter weights were the manimum and maximum measured throughout the whole
series of tests, and the dafference between them is equivalent to tne nominal

capacity of the fuel tanks.

Table 1 contains the cxperimental results (adgjusted for weight as
explained above) after deduotion of the estimated aerodynamic inertia. Table

olso gives the pre-flight estimates for the aircraft for the same ballast
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conditions adjusted to allow for the effects of equipment and modifications known
to have been added aféer the estimates were made. These additions increased the
weight by 10 1b, moved the c.g. forward by 0.47 in with no fuel and by 0.37 in
with full fuel., There was no significant increase in the roll moment of inertia

but the pitch and yew inertias were both increased by 72 slug-ftz.

Comparing the estimated and experimental velues in Table 1, the measured
weight of' the aircraf't was 34 1b greater than the estimate with tanks empty and
22 1b greater with tanks full. These are extremely small differences, being less
than 1%, and mey be ocompared with the estimated possible error in measurement of
+10 1b,

The vertical position of the centre of gravity was higher than the estimated
position by O.,11 in with tanks empty and by 0.45 in wath tanks full, These
differences may be compared with the estimated possible error in the measurements,
wnich was 30.3 in in each case. The measured longitudinal positionAbf the c.g.
was forward of the estimated position by 2.04 in with no fuel amd by 1.4 in with
full fuel while the estimuted experimental error was only 20.06 in.

The change in c.g. position due to adding fuel te the experimental values
with no fuel was therefore computed and the horizontal movement was found to be
0.63 in while the-measured change was O0.77 in. HNowever the difference between
these two figures, 0.14 in, is close to the sum of the experimental errors which
nere estimated to be *0.,06 in for both tanks full and tanks empty cases,.

Ne comparison was possible with the firms estimate for the longitudinal
change since the digtance between the aircraft e.g. with no fuel and the c.g. of

the fuel was not the same as in the experlmental result.

Tne computed vertical change of c.ge position was 0,48 in whlle the measured
change was .07 1n and the firms estimate was O.41 in, The experimental error in
vertical c.g. position waes estimated to be 10,3 in for both tanks full and tanks
empty cases 30 that the mcaéured vertical positions of the C.ge &re compatible

with these errors.

Although the differences between the estimated and measured longitudinal
Ce.fe positions seem numcrically large, they could be accounted for by relatively
small changes in the weight distribution. TFor example, transferring 15 1b from
the rear of the fuselage to the nose, or adding approxzmately 30 1b 2t the
fuselage nose, would each bring the estimated and mecasured c.g. positions into
coincidence., It 1s doubtful if the weaght cstimates could be guaranteed to thas

order of accuracy in any case.
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L.2 Moments of incrtiaz of the fuel

The assunptions made-by the firm in computing the fuel moments of inertia
were not kuown, although it was believed that the fuel was treated as a solid
body. Indeperdent estimates were therefore made, first assuming that the fuel
behaved as a s0lid body, and then assuming that the fuel in each tank did not
rotate about the centroid of the tank as the tank rotated about the &iréraft

CaBa
.

These calculated values, and the firms estimates, were in slug-ftz.

Fuel moment of ,inertia
Case Assumption slug-f'
Roll Pitch Yaw -
1 | Firns estinete 212 | 24 216
2 Seolid body . 234 20 218
3 Irrotational 1liqud ; 202 2 184
Lo Mean of (2) ana (3)! 218 | 11| 201
| ! ! I

The mean values, Case 4, are used in the subsequent sections, end these

are not significantly different from the estimates-made by the manufacturer,

L.3 Moment of inertia in roll

The experlmental values, after subtreotion of. the oomputed aerodynamlo
inertia, were 1ess than the estimated values by 24 slug-ft (2%) with no fuel
and by 7& slug-ft (5.24) with full fuel, The total estimated errors (i.e.
including an arbitrary 105 error in aerodynamic inertia) were 81 siug-f't2 and,
100 slug-ft2 respectively. The change in moment of inertia between tanks
emﬁﬁy and tanks full was found to be 162 slugnftz, or 56 slug—ft2 less than
calculated figure given és Case 4 in Section 4.2. However, reference to
Table 6 shows that the possible error in determining the vertical position of

the aircraft c.g. could result in e discrepancy of this order.

As the measured weights were slightly greater than the estimated values,
it was expected that the!moments of inertia would alsc be greater than the
estimates. It 1s possible that the aerodynamic inertia was overestimated, aince
the method used made no allowance for grourd effect. This could have been
significant, since in the test cord:tions the motion of the wing was normal to
the grourd, which was about one quérter of the mean chord below the aircraft
wing, If the aerodynamic inertia was overestiﬁated, then the strustural

- t > ~ '
memznts of irertia derived from the experimental data would be too low.
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If ground ef'fect caused a reduction of 30% in the aerodynamic inertia compared
with the free air condition, then the experimental values of the moment of
inertia would be slightly greater than the manufacturers estimate with no fuel,
and slaghtly less with full fuel,

holy  Moment of inertia in pitch

The experimental values, after subtraction of the computed aerodynamic
irertia, were lower than the estimates by 178 slug-ft2 (1.1%) with no fuel and
by 192 slug-£t° (1.2%) with full fuel. The total estimated errors, including
an arbitrary 40/ error in aerodynamic inertia, were 400 slug~ft2 and *411 slug-
ft2 respectively. The change in moment of inertia due to fuel was found to be
10 slug—ft2 while the estimated change, Case 4 of the table in Section 4.2, was
11 slug-ftz. The firms estimate for the fuel contribution was 24 slug—ftz.

As in the roll case, it was expeoted that the moments of inertia would be
s3lightly greater than the manufacturers estimates because of weight dafferences
and a similar argument that the aerodynamic inertia was overestimated due to
neglecting ground effect can be advanced., If a 30 reduction in aserodynamic
inertia due to ground effect is assumed, then the differences between the experi-

mental results and the pre-flight estimates would be negligible.

4,5 Moment of inertia in yaw

The experimental values for the structural moments of inertia were in this
case greater than the manufacturers estimates by 278 slug-ft2 (1.7%) with no
fuel and by 366 slug-ft2 (2.1%) wizh full fuel, The corresponding total
estimated errors, again assuming an arbitrary 10% error in aerodynamic inertia,
were *218 slug-ft2 and *215 slug-ftz.

The change due to fuel was found to be 304 slug-ftz, while the computed
value was only 201 slug-ftz. Reference to Table 6 shows that this discrepancy
could be accounted for by the possible errors in measuring the period of

oscillation.

The effects of grourd proximity on the aerodynamic inertia was probably
much less in the yaw case than in the other two since the aircraft motion was
parallel to the ground, which could therefore be expected to have less influence

on the volume of air moving with the aircraft,
l§-06 A +B -0
e 0
For a solid body, the sum of the moments of inertia about two orthogonal

axes through its centre of gravity must be greater than the moment of inertia

about a third axis perpendicular to the first two. For aircraft, whose vertical
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dimensions are much less than their longitudinal and lateral dimensions, the

sum of tne moments of inertia in roll and pitch is usually only slightly

greater than the moment of znertia in yaw. From the firms estimates,

A0+B—- CO = 130 slug-ft2 with ftanks empty and 150 slug-—f‘bz with tanks full,

From the test results, after subtraction of the serodynamirc inertia to give

the results in Teble 1, Ao4-B- C0 = =380 slug--ft2 with no fuél and -4?2 sl;g-ftz
with full fuel, The experimental errors in this summation are 592 slug-ft {no
fuel) and 620 slug—ft2 (full fuel) both assuming no error in aserodynamic inertia,.
If a 10 error in the latter about each axis is assumed, then the errors become
658 _slug—f‘t2 and 726 slug—-f‘tz. Thus although Ao F B~ C0 is negative in both taris
cmpty ard tanks full cases, the possible experimental errors are sufficient to
make the sum positive even if no account is taken of errors in aerodynanic

inevtia,

he7 Inclination of praincipal inertia axis

The inelinetion of the principal axis was determined from both the roll
and yaw tests. From the roll tests the values obtained were 4° and 3.90 with
tanks empty and full respectively, while from the yaw results the corresponding
values were 3.90 and 3.50. In the roll tests the range of pitch attatude avail-
able was from -1° 30! to +10°, giving a variation in measured moment of inertia
of 1%, In yaw the range of eititude available was from 0° to 8° but the
moment of' inertia variation was only 3o of CU. Since e was determined graphic-
ally, the values of €, obtained from the roll tests were censidered to be the

more reliable, and are gquoted in Tablc 1.

They differ from the estimates by 1.1° and it is worth noting that
apparent differences between flight and wind tunnel values in the deraivataves
6v and n were considerably rcduced when the measured values for & were

substituted for cstimated values in the analysis of flight test results.

5 MOMENTS OF TWERTIA WOR FLIGHT TESTS ANALYSIS

The moments of znsrtia for use in the anaiysis of [laght test results
should comprise the moments of inertia of the sireraft in vacuo and the aegro-

dynamic inertia anpropriate to the test altitude,

However, because of doubts in avplying the method for calculataing virtual
inertia to the experimental conditions, ag discussed ain Section 4, it d1d not
appear that subtracélng the sca levcl ecrodynanic incrtia from the experimental
momnits of inertia and then addaing the acrodynamic anertia for the test attitule
would significantly increase the accuracy of results derived from the flight

teats.



20

In support of this, 1t is suggested in Section 4 that the calculated
asrodynemic inertis in pitch and roll may have been as much as 306% greater
than that actually present in the experimental ccndations. This change is
avproximately the same asg the reduction in virtual irertia at 10000 ft (the

maximum test altitude) from the sea level value, that is, 26%.

The moments of inertia used for flight test analysis were therefore taken
a3 the experimental values before the subtraction of the calculated aerodynamic

inertia.

These were, for fuel tanks empty, 1346 slug-ft2 in roll, 16132 slug-ft2
in pitch, and 17367 slug-ft2 1n yaw. The correasponding figures for full fuel
were 1508 slug-ft°, 16142 slug-£° and 17671 slug-ft2.

The sum AO+-B— C0 is 111 31ug-ft2 for no fuel and -21 slug—ft2 for full
fuel., However, as discussed in Seotion 4, it is possible that with full fuel,
the measured moments of inertia were too low by 56 slug-ft2 in roll and too
high by 103 slug-ft2 in yaw, If allowence is made for these changes, then for
full fuel, Aoi-B- Go = 138 slug-ft?.

The values for this summation wsing the firms estimated values are
130 slug-Ft® with no fuel and 150 slug-ft> with full fuel.

6 CONCLUSIONS

Values derived from the experimental results for the weights, c.g.
positions, principal moments of inertiae amd the inclination of the principal
axes, together with the correspording estimated values are given in Table 1.
The soments of inertia used in analysis of flight test results are given in
Table 5.

Comparison of the results in Table 1 shows that the aircraft weight was
underestinated by 34 1b (0.9%) with no fuel and by 22 1b (0.4%) with full fuel.
The estimated c.g. positions were too far aft by between 1.44 in and 2,04 in,
according to the fuel state, but comparatively small changes in the weight

distribution could account for this.

The measured changes in c.g. position due to adding fuel were consistent

with oalculated changes within the estimated limits of experimentel error,

The expecrimentael velues of the moments of inertia in roll, after subtrac-
tion of calculated values of the aercdynamic inertia, were less than the
estimated values by Z5 with no fuel and by 5.2% with full fuel., These differ-
ences were both less than the experimental errors. In pitch, the experimental

values after subtraction of estimated aerodynamic inertia, were lower than the
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estimates by 1.,1% with no fuel and by 1.2% with full fuel. These differences

were also both less than the estimated experimental errors.

In yaw, the results derived from the experimental values by subtracting
the calculated aerodynamic inertia were larger than the estimates by 1.7% with
no fuel and by 2,14 with full fuel, These differences were slightly greater
than the ocombaned experimental end aerodynamic inertia errors of 1.3% in both

tanks full and tanks empty cases.

The differencc between the experimentel moments of inertia with tanks
full and tanks empty about cach axis is compatible with the calculated moment

of inertia of the fuel and the estimated experimental error about that axis.

The inclination of the principal axis relative to the fuselage datum line
was found to be Lo nose dovm with no fusl anmd 3.9o with full fuel, compared
with the estimated value of 5.1° in both cases. The differences between these
estimated and measured values were sufficient to cause appreoiable changes in

stabality derivatives deraved from flaght test analysis,

The values for the moments of inertia in yaw obtalned from the roll moment
of inertia deriviation differed from the values derived directly by less than L%,
suggesting that the yeaw inertia could be obtained to this order of accuracy by
the variable attitude roll ilaertia technique 2f weight and space considerations

prevent the use of a scparate yaw rig.

Flexibilities ain the pitch anl roll rigs were significant enough to be
taken into account, although in the roll rag they could probably be neglected

when it is not required to obtain yaw inertia from roll tests.

The methed used for caleulating serodynamic inertia needs to be revised
to allow for ground effect and to include current airceraft shapes. Some tests
are sbout to start on a model of the Fairey Delta 2 with these objectives, and

similar tests for a modsl of the HP115 are plannesd. -
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Appendix A
EQUATION OF MOTION I ROLL

Referring to Fig.5 and dencting gquantaities to raight and left of the centre

line by subscrapts R and L

= 3 ; cosB %1

sin 6 = Yh1/6

.
H

=~5T =;\yY -

Taking moments about the knife edge

-L = y{T+8T) cos © - (-6-h1) (T+8T) sin & - y(T-8T) cos ©

- (&-h1) (T-8T) sin & - Wh, sin y

To first order of small gquantaties, this reduces to

-L

Whernce

=L [21y2

i

y(Teryy) = 22(6-hy) vh, /e - y(T-Ayy) - Whyy

- 2Th1(1—h1/€) - W}xz] ¥

and af A1 is the moment of inertia of the rolling system

Whence

b=
]

where P is the period of

"'L -

(P/zot)2 [27\y2 - 2Th1(1-h1/-6) - th]

oscillation.

(A1)

(A.2)

(A.3)

(AL)



AEEendix B
EQUATION OF MOTION IN PITCH

Referring to Fig.6, with the system at rest

23

(B.1)

If it is now displaced tﬂrOugh a small angle ¢, taking moments about the

knafe edge.
Ho= x, (T-8T) oos 8 + (6—h1) (7-8T) sin 6 = W(x2+h2¢)
To first order of small guantities,

cos 8 £1, sin6 = h1¢/£ , OT = lx1¢

and we have
M o= x1(Tnhx1¢) + (T-hx1¢) (ﬂ—h1) h1g/6 - W(x2+h2¢)

Substituting from (B.1) and negleoting the term in ¢-

2

Moo= [-a o+ Th1(1—h1/6) - th] ¢ .

‘

Ifr B1 ia the moment of inertia of the systen

1]

B1 56 -M L]

Whenoe

vt
{

(P/Zﬂ)z [Axf - Th1(1—h1/3) + Wh2]

where P is the period of oscillation,.

(B.2)

(B.3)

(B.4)

(8.5)
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Agnendix C
EQUATION OF MOTION IN YAW

T1, T2, T, are the tensions in three vertical suspension tubes of length £

3

at radii Tys Tps T from the centre of gravity of the suspended body of weight

3
W. If the body is displaced through a small angle § about a vertical axis
through its c.g. then the suspension tubes will make angles rf/f to the vertical.
The tangential components of the tension an the plane of rotation are TPr/¢ and

the total moment about the c.g. is
2
N - E Tﬁr /‘E’ .' (001)

Assuming a symmetric system where r, = r3 ard the projection of r

T, is X, and that the verialion of T with £ can be neglected.

o along

T, = sz/(r1 + xz) (c.2)

T, = T3 = -Wr1/2(r_] + xz) ) (c.3)
and

N = Wﬁ(xz rf +r, :r:'z)/(:t:'1 + x2) £ . (C.h)

If € is the moment of inertia of the system oscillating with period P

C = (P/27t)2 W(x:2 rf + T, I'S)/(J:‘1 + x2) L . (C.5)
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Aggendix D
FRROR ANALYSIS

The determination of the c.g, position amd of the six moments of inertia
involved taking a number of measurements of distance, weights, times, and
spring rates. The possible error for each measurement was assessed from the
scatter of repeated measurements of nominally identical values, or by comparing
measured dimensions with nominal values from constructionsl drawings. Where no
comparison was possible errors of 1/32" were assumed for distances and 0° 5
for angles., The errors in timing were estimated from the scatter in repeated
measurenents of the total time for a large number of oscillations (50 cycles in

roll and pitch, 20 cycles in yaw).

An arbitrery error of 10(5 was assumed for the aerodynamic inertia but to
facilitate examination of the effects of the latter, Table 5 gives the total of
the experimental errors ard then the sum of the experimental and 'aerodyma.mio
inertia errors. Certain of the experimental errcors are random in that the error
with no fuel may not be of the same sign as the error with full fuel, while
others are systematic because the measurement was the same whether the ‘tanks
were full or empty, and the error in the parameter would therefore cause the
consequential error to have the same sign in both cases. Examples of random
errors are the oscillation period and aircraft weight, while the prancipal
systematic errors were the spring rates and moment arms, the test rig weaghts,

c.g. positions, and moments of inertia,

The systematic errors are denoted by an asterask in Table 5,



Table 1

SUMMARY OF ESTIMATID AND EXPERIMENTAL VALUES

Units EXP?Z;ii:Eal Magziigzzzzrs Possible error
Fuel state Tanks Tanks Tanks Tanks Tanks Tarks
empty full empty full exnpty full
Adrcraft weight 1b 3906 5070 3872 5048 0 *10
c.g. af't of datum in 14..54 15.31 16.58 16.75 +0.06 *0,06
c.g. above datum in 21.76 21.69 21.65 21,24 +0,30 *0,30
Praincipal moment of incrtia - roll slug—ft2 1195 1357 1219 1431 =51 00
Mement of inertia - pitch slug-ft2 15519 16529 15697 15721 +,00 ot
Principal moment of inertia - yaw slug-ft2 17064 g 17368 16786 17002 +218 215
Inclination of princapal axis dez. 4.0° :} 3.9° 5.1° i 561° +0.1° +0.1°

9e



Teble 2 ~- MOMONT OF INERTTA IN ROLL

f Moment of M .
Marcraft ¢ Pitch inertia of oment o | ¢ i Aoz
. ! - . 1nerti orrection ™ Moment of
weight ; attitude alrzi:if i.ngb “ ) rizra;iu‘zf for yawing transfer |Aerodynamic Total inertia of
. 3 © knife edges motion for inertia deductions | eireraft about
— - knife e g;s i aircraft horizontal axis
eg. min, slug~ft slug-ft 2 ) through c.g.
lug- - 2
- slug-f't alug-f't slug-f't slug-ft2 slug-f 2
-1 '
) 30 _ 2315 99 6 710 151
0 2285 99 > 760 966 1345
0
5 2988 5 . o 12 1011 1274
3° 2306 100 0 862 ! 1075 1213
o
3907 1,_0 2339 101 o 500 151 1111 1195
50 2376 1o o oo 151 1142 1197
57 59¢ 2430 103 0 958 e n 1202
o
80 2569 106 8 1024 e 2 1218
9 2655 107 10 ! 1289 1280
10° 1t 1060 151 1328
_ 2740 108 45 1093 1327
-17 30! 2681 99 6 92 - 22 T
o
0 2671 5 1 982 151 1181 1500
)
2 2695 99 0 1068 I 1% 143
Q
3 2720 100 0 1110 ! 1518 1377
)
5057 40 2757 101 o 1150 151 1361 1359
5 2811 101 0 1192 1! 1402 1355
o
6 2870 103 0 1237 o o 1367
o
80 3019 106 8 1 32;’» 7 1491 1379
10 3218 108 151 1588 1434
12 1401
{ 151 1672 1546

l2



Table 3 ~ MOMENT OF INERTIA IN PITCH

Moment of : . .
. . . . Moment of Aerodynanic Axis Structural nmoment
Alr?riit 1ne:§;ar9f zézziaft inertia of rig inertia about tranafer a §0t21 of inertia of
welg 8 about knife edges | knife edges | for aircraft | oV IONE | aireraft about c.g.
knafe edges d
Jb slug~ft2 slug-ft2 slungtz slug-ft2 slugeftz slug-ft2
%910 20027 1513 613 2382 4508 15519
5065 20653 1513 613 2998 5124 15523
Table 4 ~ MOMENT CF INZERTTA IN YAW
Homent . .
Aircraft | Pitch inertia of Mome§t of Axis Axis Aercdynamic Total . M?men? of
. T . . inertia of | transfer | transfer . . . inertia aircraft
welght attitude rig and . . ot inertia deductions bout
aircraft rig rig aircra about c.g.
1b slug-Tt° slug-ft2 | slug-Pt° | slug-ft> | slug-Ft° slug-Ft° slug-ft°
05 19° 17829 535 17 2 303 857 16972
20 19¢ 17894 534 - 15. 2 303 85 . 17040
3920 ko 191 17911 532 13 2 203 850 17061
60 191 17776 529 11 . 2 303, 845 16934
8" 19¢ 17358 525 9 1 303 838 16520
0 19¢ 18086 535 20 ] 2 303 860 17226
20 19: 18201 53L, 17 2 203 856 17345
5058 ho 19 18191 532 15 2 203 852 17339
60 19t 18032 529 13 1 303 846 17186
8 19t 17736 525 11 1 303 840 16896

8¢



Table 5

MOMENTS OF INERTTA FOR FLIGHT TEST ANALYSIS

CONDITIONS: 21 1b ballast in nose position

182 1b pilot

Aircraf't batteries in rear compartment.

Welight

c.g. aft of datum

C.gs above datum

foment of inertia in roll
Moment of inertia in pitch
Moment of inertia in yaw

Inclination of principal axis

1b

in

in
slug—ft2
slug—ft2

slug-ft2

3906
14.54
21.76

1346

16132
17367
%.0°

5070
15,31
21.69

1508

16142
17671
3.9°

29






b

o

Table 6
TYPICAL MEASUREMENTS AND POSSIBLE ERRORS
Axis Roll Pitoch Yaw
— Toartie st Tamcite ez | Taertie ey
Units | Nominal | Possidle ug- Nominal | Possible slug-f't Nominsl | Possible slug=
value error Penks | Tanks value arror Panks | Tanks value arror Penks | Tanks
empty | full empty | full - empty | full
Osoillation period - tanks empty seo 1.733| +0.002 +6.8 0.7585 | *0.002 | #110.0 6.378| %0.010 58,4
Osoillation period - tenks full seo 1.986| 0.002 +6.6 0.7706 | *0.002 £110.3 5.795| %0.010 62,4
Weight of airoraft - tanks empty b 3907 $10,0 2,2 3310 0 6,2 3920 £10 4.8
Weight of airoreft - tanks full 1b 5057 0 .2 5065 +10 +6,0| 5058 *10 +28.6
Welght of test equipment 1b 822 * *.4] *0.6| 148 5 52,0 | *51.7] 55 5 464 9.6
Adroraft o.,8. aft of datum, tanks empty in 1454 *0,06 #,0 14454 £0.06 5,4 14,55 +0.06 4.8
Alroreft c.g. aft of datum, tanks full in 15.3 +0.06 $0.7 15,30 +0,06 *6.7 15.30 +0.06 1.8
Adroraft c.g. sbove datum, tanks empty in 21.76 0,30 | *23.8 21.76 0,30 17,2 21,76 +0.30 $0.7
Airoraft o.g. above datum, tanks full in 21,69 +0,30 *34.0 21.69 *0,30 8.8 21.69 +0,30 1.8
Test equipment o.g. aft of datum in _ 0.94 | *0.85 $2.0 *3.4
Test equipment c.g. below datum in 11432 £0.65 +2.9 +3.7 13,04 *0.43 £0,2 20,2| ~hba95 +0,10 0.5 0,5
Bpring moment arm in 56,72 *0,03 3.3 .9 216.1 0,25 3.0 77 |
Bpring effeotive length in 55,88 20,06 | *0,7 | 0.| 62.0 £0,15 0 0
Pitch attitude aeg ¥° ot 2% 51 | t.9 | 2.7 4° 19t x0° 5t #M.7| =40
Spring rate 1b/in 77.72 0,39 | 25,7 | *21.2| 3544 *4,8 99,8 | %103.7
Datum forward of rotation exis in 66,62 *0,16 4.2 8.0 12,85 +0,07 22,4 .9
Datum above rotation axis in 11.94 0,03 2.8 3.3
Bpring attachment above axis in 14.50 +0.03 22,1 5| =22,01 $0.13 10,2 0,2
Tost equipment moment of inertia slug-ft> | 102 1.5 x5 | .5 (Included in rig weight error) 532 £7.0 s.01  27.0
Yront suspension forward of datum in 67.88 *0,06 B *13.3
Rear suspension aft of datum in 66.10 20,20 *37.0 £36.3
Rear suspension - spanwise position in 56.75 *0,06 5.8 b
Suspension length in 133.0 +0,06 6.9 9.9
Experimental errors slug-£+> 65,8 | 85.3 £338.2 | 349.7 £187.8 | 1849
Aerodynamic inertia slug-£t° | 154 25,4 | 5.4 643 1.3 61,3 Bo3 £30.3| 230.3
Totel errar slug-gt? £80.9 | 100.4 £399.5 | sa1.0| . 2184 | 25,2

¢ Systematic errors (see Appendix D).
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STMBOLS

Symbols Unit Definition

A, A1 slug—ft2 roll moments of inertia

Ab slug-f‘b2 roll moment of inertia about principal axis

B, B1 slug-ft2 pitch moments of inertia

G, C1 slug-ft2 yaw moments of inertia-

C, slug-ft2 yaw moment of inertia about principal axis

d1 bl horizontal distance from main wheels to datum

d2 't horizontal distance from main wheels to nose wheel

h1 £t vertioal digtance from pitch or roll axis to moving
spring attachment '

h2 't vertical distance of c.g. of aircraft and rig from
pitch or roll axis

£ 't distance between fixed and moving spring attachments;

‘ sugpension length ’

L, M, N ft 1b rolling, pitching and yawing moments

P sec peried of oscaillataion

RN 1b weight of aircraft carried by nose wheel

RM 1b weight of aircraft carried by main wheels

ry T, 't radii of front and rear yaw suspensions from ¢.g.

T 1b tension in spring or suspension

W 1o weight

X 't longitudinal distance of aaircraft c.g. from datum

X 't spring arm about pitch axis

X, ft yﬁw‘rlg longitudinal distance from rear suspension to
CeB»

¥ 't spring erm about roll axis

Z 't vertical distance of aircraft c.g. from datum

a radian pitch attitude

B radian angular displacement in yaw

Y radian angular displacement in rell

? radian anguler displacement in piteh

S radian angular displacement of suspension from vertical

€, radian inclination of principal axas

A b/ft spring rate



Sh

No,

Author

W.J.6. Pinsker

D.H, Perry

D. Hope

R.W. Boucher
D.A. Rich
H.L. Crare
C.E..Matheny

F.8. Malvestuto
L.J. Gale

W. Gracey

P.L. Bisgood
C,0. Q'Leary

Handley Pege Litd.

REFERENCES

Zitle, e¥o.
The lateral motions of aircraft and in particular of
inertially slender configurations.
AR.C, R & M 3334, September 1961 °

Measurements of the moments of inertia of the AVRO 707B

aircrait.
A.R.C. C,P, 647, August 1964

Measurement of the moment of inertia of the Buccaneer 8
Mkot,
Hawker Siddeley Report YMT 2623, January 1964

A method for measuring the product of inertim and the
inclination of the principal lengitudinal sxis of
inertza of an airplane.

NACA Technical Note 3084, April 1954

Formulas for additional mass corrections to the moments
of inertia of airplanes.
NACA Technical Note 1187, February 1947

The additional mass-effeot of plates as determined by
experiment,
NACA Report 707,

Interim report on low speéd flight tests of a slender
wing research aireraft (HP115).
A.R.C. C,P. 838, November 1963 /

HP115 inertis summary.
HP Reference WDS 115/11, 115/13~ 115/18, March 1961



‘Sl d'H 39Vd-A3TIONVH 4O INIWIONVHYY TTvd3IN3IS 1701

(210611 °N 'BNG 3bYd AIIANVH OL)

SHNVL TI3Nd 1J3vaddly JO NOILISQOd _ _ _ _ _ -

Ld Ol S Q

el Nl

wZ

4ANIOd WNLVQA LlAVNOSEIY @

WNLlva 35vI3Snd




AIRCRAFT DATUM

(HNfHM)(Q cos.< +2 SIN.“) + Ry (da-dD - Rm d; =0

FIG. 2 DETERMINATION OF AIRCRAFT CG.
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ATTACHMENT TO AIRCRAFT

KNIFE EDGE

KNIFE EDGE

ATTACHMENT TO TENSION SPRINGS

FIG.4 DIAGRAM OF CROSSED KNIFE EDGES
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(b) sysTEM DISPLACED

FIG.5 ROLL INERTIA RIG IN DIAGRAMMATIC FORM



(b) SYSTEM DISPLACED

FIG.6 PITCH INERTIA RIG IN DIAGRAMMATIC FORM
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FIG. 7 AIRCRAFT ON PITCHING MOMENT OF INERTIA RIG.
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A.R.c. C.P. No.m . 51-%1 ]
September 1965 E3346.013.152/154
Fennell, L.J.

MEASUREMENT OF THE MOMENTS OF INERTIA OF THE HANDLEY PACE HP115 AIRCRAFY

Measurement of the mgments of Inertia in pitch, roll, and yaw, and of the
inclination of the principal inertia axis have been made on the HP115
slender wing research alreraft. In pitch and roll a spring canstralned
osclllatory technlque was used, while In yaw the alreraft was suspended
ag a torsional pendulum, The Inclination of the principal Inertia axis
was found by varylng the attitude of the afrcraft on the rolling and yaw
rigs, Measurements were made with fuel tanks full and empty,

An estimate of the accuracles of the techniques used shaowed that the
inertlas could be measured to within 2%, 25% and #1% for the pitch, roil,
and yaw axes respectively. The Inclination of the princlpal axes gould be
determined to within 40.1%

01,531 3
53¢6,013,152/154

A.Rlc. C-P. NO.W?
Beptember 1965

Fennell, L.J.
+ MEASUREMENT OF THE MRMENTS OF IMERTIA OF THE HANDLEY PAGE HP115 AIRCRAFT

Measurement of the moments of fnertia in pitch, roll, and yaw, and of the
inclination of the principal inertia axis have been made on the HP115
glender wing research alreraft. In pitch and rell a gpring constrained
oscillatory technique was used, while in yaw the alrcraft was suspended
as a tarsional pendulum, The Inclination of the principal inertia axis
vas found by varying the attitude of the alreraft on the rolling and yaw
rigs, Measurements were made with fuel tanks full and empty,

An estimate of the accuracles of the technigues used showed that the
inertias could be measured to within 2%, £5% and 1% for the pitch, roli,
and yaw aXes respectively, The Inclination of the princlpal axes could be
determined to within 20,1°,

AsReCqe CuPy NOL,907 1,31
September 1965 - B3.6H13.152/154
Nmu, Lula

MEASUREYENT OF THE MOMENTS OF INERTIA OF THE HANDLEY PAGE HP115 AIRCRAFT

Measurement of the moments of inertia in pitch, roil, and yaw, and of the
inclination of the principal inertia axis have been made on the HP115
slender wing research alreraft, In pitch and rell a spring constrained
oscfllatory technique was used, while in yaw the alrcraft was suspended
as a torsional pendulum, The Inclimatlon of the principal [nertia axis
vas found by varying the attitude of the aircraft on the rolling and yaw
rigs, Measurements were made with fuel tanks full and empty.

An estimate of the accuracles of the teclmiques used showed that the
inertias could be measured to within ¥2%, 25% and 2% for the piteh, roll,
and yaw aXxes respectively, The inclinatian of the princlpal axes could be

determined to within 20,1°,
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After allowing for the virtusl Inertia of the surrounding air mass, the
experimental values were less than the marmfacturers estimates In pitch
and roll but greater in yaw., The largest discrepancy wes approXimately.
5% The measured inclination of the principal axis was conslderably less
than the estimate, 3,9%5° instead of 5.1°,

After allowing for the virtual inertia of the surrounding asir mass, the
experimental values were less than the manufacturers estimates in pitech
and roll but greater In yaw, The largest discrepancy was approximately
5% The measured inclination of the principal axis mas considerably less
than the estimate, 3,9%° instead of 5.1°.

Atter allowing for the virtual inertia of the surrounding air mass, the
experimental valueg were less than the menufacturers estimates in pitch
and roll but greater in yaw. The largest discrepancy was approximately
5% The measured inclination of the principal axis was considersbly less
than the estimate, 3.95° instead of 5,1°,
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