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SUMMARY

Measurements have been made of the pitching, rolling and yawing moments
of inertia of the Avro 707B aircraft using the spring constrained oscillation
method. Satisfaoctory results were obtained for the empty aircraft, but sone
interference effects were observed when the fuel tank was partially filled,
These were traced to the presence of a rcsonant frequency of fuel motion in
the tank which lay close to the alircraft cscillation freguency. Attempts to
neasure the orientation of the principal inertia axes were unsuccesful
because the nmeasuring frequency lay close to the frequency of one of the
natural rolling modes of the equipment.

The inertia measuremcnts are compared with estimates which had been
nade from the welght schedule of the aircraft. Dynamic flight measurements
of the lateral derivative n, which had been analysed using these estimated

inertias, showed a discrepancy with steady state flight measurements. This
discrepancy was largely resolved when the measured mements of inertis were
uscd in the analysis.
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1 ZNTROPUCTION

The measurcment of an aircraft's aerodynamic derivatives in flight
forms an important branch of flight testing, allowing earlier wind tunnel
mecasurenents and estimates to be checked, and bu¢id1ng up a body of full
scale data which may be used in future designs. One method' of making these
measurements, which is both rapid and easy to use, lies in the analysis of
suitable dynamic flight manoeuvres, but the accuracy which may be obtained by
this method depends to a large extent on the precision with which the aircraft's
moments of inertia are known. In rccent flight measurements? made at the
R.AE, on the Avro 707B aircraft, a discrepancy was found betwecn the value
of the lateral derivative n, as measured in straight sideslipping tests,

and the value which was calculated from measurements of the period of the
lateral oscillation. The measuremcnts made from the sideslipping tests
depended on a very dircct and accurate mecthod of measuring the aircraf't's
rudder power, that of towed wing tip parachutecs, so they were thought to be
reliablc. The discrepancy ocould therclfore arise, either from a genuine
diff'erence between thce value of the derivative in the static and dynamic
cascs, or from errors in the values of the aircraft's moments of inertia
used in analysing the oscillatory tests. Tucse had been estimated’ from the
aircraft weight schedule, Equipment for actually measuring the rolling and
yawing moments of Inertia of the full siue aircraft was not available at

the R.AE. when the original flight tests were made, so that no data, other
than the incrtia estimates by the design firm, were available. Equipment for
measuring the moments of incrtia about all three axes, following clgsaly the
methods developed at the Cornell Aero Iuaboarna,*tor;ylF and the NeA.C.A.250, has
since been bullt and has been used in the present tests.

The technlquco which were originally used in aircraft moment of inertia
measurenent/»059510,11,12 were almost direct adaptations of classical
laboratory methods, such as the compound pendulum and the bifilar suspension,
which had originally bcecen developed for mcasuring the moment of inertia of
nuch smaller masses. Some success was achieved with these methods, but the
handling difficultics asgsociated with larger and heavier aircraft, coupled
with an inherent limitation in the accuracy of the pendulum method, due to

the large corrections for axis transCer? s gd to the search for an alternative
technique. A suitable method was foundk»5,6 in the simple oscillatory system
formed by pivoting the aircraft about a knife edge fulcrum, or suspending it
from o single torsionless cable, and constraining it by coil springs. The
equipment which is necded for this method is relatively simple and inexpensive,
only one overhead support point being required, and the corrections for axis
transfer are comparatively small,

The methods used in the present measurements followed closely those
described in the N.A.C.A, refercnces 5 and 6, and no difficulties were
experiencced in using the equipnent to measure the moments of inertia of the
empty aircraft. MNeasurements made with the fuel tank full or partly filled
were less satisfactory due to interference caused by fuel sloshing.
Attempts were made to measurce® the orientation of tho aircraft's principle
inertia axces but these werc unsatisfactory becausc of interference between
the various modes of rolling oscillation.

The measurcments of the aircraft's inertia showcd that the discrepancy
between the two values of n, obtained by different flight tecst methods could

be largely accounted {or by errors in the moment of inertia estimates.



2 TEET METHODS

241 Measurement of the centre of gravity position

= e

The posgition of the aircraft's centre of gravity was found by measuring
the ground reactions of the main wheels and nose wheel on separate weighbridges.
These measurenents were made with the longitudinal axis of the aircraft inclined
at various attitudes to the horizontal between 10° nose up and 7° nose down,

The attitude variation was obtained by altering the height of the nose wheel
weighbridge. The method of analysis to determine both the longitudinal and
the vertical position of the centre of gravity is shown in Fig.t.

With the fuel tank only partly full the longitudinal position of the
aircraft's centre of gravity varied slightly with attitude as fuel ran to the
front or back of the tank, but for the squat shape of tank fitted to this air-
craft the effect was small enough to be neglzcted.

The measured positions of the centre of gravity are shown in Table 1.

The position ¢ the centre of gravity of the aircraft with the under-
carriage retracted could not be neasured directly, but its estimated position,
based on the known weight of the undercarrisage and the measurements with the
undercarriage down, is shown in Table 2,

The accuracy of the determination of the longitudinal centre of gravity
position is believed to be within +0,25", and that of the vertical centre of

grovity position, within +0.5",

2.2 lMeasurement of the moment of inertia in pitch

Figs.2 and 5 chow the general arrangement of the aircraft on the rig
used for measuring the moment of inertia in pitch. An axis of oscillation
parallel to the aircralt's pitching axis was established by supporting the
airvcreft on knife edges at the two rear jacking points. The nose of the
aircraft rested in a wooden cradle which was suspended on six vertical coil
springs, these forming the elastic element of the oscillatory system. The
knife edge supports at the rear and the spring support at the nose were
carried on standerd aircraft serviceing jacks, but heavier jacks than are
usual for this class of aircraft were used in order to eliminate rocking of
the supporte which had occcurred during previous tests. The knife edges and
springs were similer to those used in previously reported13 R.AE, tests.

£

The motion of the aircraft was mcasured by a spring constrained rate
gyro, mounted in the fuselage of the aircraft, which registered on a continuous
trace galvanometer recorder. The specially calibrated time base of this
recorder provided the timing reference for measuring the period of the rig's
oscillation.

The equation of wotion of the aircraft for small amplitude oscillatlons
about the knife edge supports, (and sssuning that the sircraft and its coentents
nay be treated as a rigld body), is given by:-

2 ~ -
S ~Lc LZ-Wh_]e . (1)
" vy Ty

The {irst term on the right hand side of this equation rcpresents the
restoring moment provided by the coil springs, while thc second term takes
account of the varying moment of the aircraft's weight about the knife edges
for small angular displacements.



By solution of equation (1) a relationship may be established between the
period of oscillation of the rig and its moment of inertia about the knife
edge support:i-

/ 2
T = (c12 -wn ><23:-’~> . (2)
Yknife edge I MR VAN

The moment of inertia measured in this way includes, of course, the
moment of inertia of the measuring eguipment as well as that of the airocraft.
It is also referred to an axis passing through the knife edge supports, whereas
the mcment of inertia used in evaluating the aerodynamic derivatives from
flight tests is that about an axis through the aircraft's centre of gravity.
These effects must be accounted for by corrections to the measured values of
the moment of inertia. Small corrections nust also be made for the effect of
the mass of the air surrounding the aircraft, which is set in motion by the
oscillation, ("additional mass effect"), and for the bouyancy of the aircraft.
These corrcetions are shown in the following expression:-

I = I - I

7
- (YI’ + UP)Zz -~ I .
IC.G. Yknife edge yéquipment &

y Yadd. mass (3)

The correction for the moment of inertia of the experimental equipment
includes the inertia of those parts of the rig, such as the cradles, which
moved with the aircraft, and the inertia contribution due to one third of the
true mass of the constraining springs. This assumption follows from the
theory of heavy springs. It was found that the more complicatcd effects
arising from the inertia of the springs, such as those described in Ref.17,
could be ignored under the conditions of these tests,

The data contained in the standard references’5»16 to additional mass
corrections did not cover the present case of the highly tapered delta shape
of wing. It was found however, that the data givcn1 for the less tapered
shapes varied in the way which might have been expected from the moment of
inertia of thin laminae, and this feature was used to extrapolate the existing
data to the values of taper of the delto wing. Since the correction was, in
any case fairly small, the cccuracy of the experiment would not be appreciably
affected by errors in this assumption, but model test data would have been
more satisfactory.

245 Measurcnent of the moment of incrtia in roll

Figs.3 and 6 show the general arrangement of the aircraft on the rig
used for measuring the moment of inertia in roll., The equipment was very
similar in principle to that used for measuring the moment of inertia in
pitch, but in this case there were no jacking points on the fuselage fore and
alt centre line which could be used to form a rolling axis. The aircraft was
therefore mounted in a cradle, with the fuselage supported on bulky wooden
formers which coincided with the position of load bearing frames in the
fusclage structure. This oradlc was supported, in turn, on a pair of knife
edges below the fuselage centre line so that the whole assembly of cradle
and aircraft was free to rotate about a longitudinal axis some way below the
aircraft. The rolling constraint was applied by bunches of four coll springs
which stretched betwcen the floor and a strong point on each wing at about

the mid span position.



A relstionship, similar to that at (2) for the pitclhing inertia, may be
obteined relating the period of oscillation of the rig to the rolling inertia
about the knife edge axis:~

2
2 P
T = (0L =Wk ()
“enife edge < X >< ">

leadlng, with similar corrections to thosc for the pitching inertia, to an
expression for the rolling moment of inertia about & longitudinal axis through
the aircrafts centre of gravity:-

Iy = I}’ bt I,X_ el - UP> x I"{ ¢
C.G. knife edge equipncnt \5 } “add nass (5)

20k Moasurcment of the moment of inertig i1 in yaw

In the vifilar suspension system which has been used in the past for
reastring the moment of incrtia in yaw, the yawing rcestoring moments were
inkerently supplied by the suspensicn itself, In the present tests this
syoten was discarded in favour of a single torsionless suspension cable and
the yawing constraint was supplicd by horizontal coil springs attached to the
nosc and tall of the alrcraft. Apart from the advantage of requiring only
one overhead sup ort, this system could be easily adapted to measuring the
ivclination of the principal inertia axes by the N.A.C.A.Y method.

Pigs.h and 7 show the general arrangement of the aircraft in position
on the rig. The aircraft was suspended from a single point at the crane
heok by a four wire sling, Since the useful flying life of this ailrcraft
had ended, the sling could be attached dircectly to lugs bolted onto the
aircraf't in the most convenient positions. In other instances it might be
necessary to build a cradle’ 12 4o distribute the leads to suitable strong
points on the aircraft, while maintaining the sling attachments in their
proper positions.

Experinent showed that the form of suspension adopted was virtually
torsionless, ond thot the upper end of the jib of the 20 ton Coles cranc could
be treatcd as a fixed point when the aircraft was moving through small
amplitudes., The height of the hanger roof was only Jjust sufficient to allow
the crane Jib to be clevated to the minimum angle for the welght of the
aircraft, and difficulties might occur in testing heavier aircraft in this
situation. The rclationship betwcen the period of oscillation of the rig
and the yawing moment of inertia about the suspension axis is obtaincd in
similar manner to that for the other axes:-

2
- 2 (P
o=l - (6)

suspension

®©

Bocause the aircraft was suspended from a single point, the experi-
mental yawing axis nccessarily passcd through the aircraft's centre of gravity.
The axis transfer corrections nceded for the pitching and rolling inertia
ncasurencnts were thercfore unnecessary here, ©Small corrections were made
for additional mass cffects and for the incrtia of the experimental
cquiprent in the manncr previously described:-

- -



I, = I -1, -1, (7)
C.G. suspension equipment add mass

The position of the aircraft's centre of gravity varied with fuel
loading and it was necessary to maeke slight adjustments to the geometry of
the lifting sling in order to maintain the aircraft's longitudinal axis in
& horizontal attitude. A simple system of remote indicating lamps operated
by & wercury level switch was used when levelling the aircraft.

2.5  Meosurcment of the inclination of the prineipal axes of inertia

The method of measgring the orientation of the principal inertia axes
proposed by the N.A,0.A.° used a simple modification of the yawing

equipment described in the previous section. It relies on measuring the
incrtially induced rolling motion which occurs when the yawing axis of the
tcst does not coincide with the yawing principal inertia axis. One method

of making this measurement would be to vary the attitude of the airoraft on
the rig until there was zero rolling motion accompanying the yawing
oscillations, The test yawing axis would then lie along the principal inertia
axis., A simpler method used in Ref.6, which avoids the need to vary the
sireraft attitude, lies in placing the nosc and tail restraining springs at
different heights. This leads to rolling moments being produced by the
springs during the yawing oscillations, and thesc moments can be made to
either oppose or reinforce the inertially induced moments by ad justing the
relative heights of the springs. The advantages of a null method may be
obtained by measuring thc amplitude of the rolling motion at various spring
positions, and interpolating for the position at which the rolling ronents

due to the springs cxacily balance those due to thc inertia effects. The
relationship which then exists between the various parameters is derived in
Refo 6 .

The success of the method depends on the precise measurement of the
rolling motion which results from the spring and inertial momcnts.
Unfortunately it was found that it was impossible, in the present tests, to
set up the yawing oscillation without at the same time stimulating the roll-
ing natural frequencics of the equipment. As one of thesc frequencics lay
very close to that of the yawing oscillation, it proved impossible to
separate the rolling motion which it was desircd to measure from that due to
excitation of the rolling natural modes. These cffects are discusscd in
Section 3ok,

3 RIESULTS

The measurements of moment of inertia given in this note are referred
to an axis system through the centre of gravity, having the longitudinal
sxis parallel to the aircraft datum line and the other two axes forming the
usual mutually perpendicular system.

Attempts to measure the orientation of the principal inertia axcs
during these tests were unsuccesful, but it is belicved that the longitudinal
principal axis lay very nearly parzllel to the aircraft datum line. The
results given should therefore correspond very closely to the values of
the principal mncments of inertia of the aircraft.

In using these results in studies of flight dynamics it will normally
be neccessary to convert them to the wind body axis system appropriate to
the £light condition. The necessary relationships are given in Ref.14.



341 Moment of incrtia in pitch

Measurements of the pitching moment of incrtia for various under-
carriage positions and with various gquantities of fuel are shown in Table 3.
The moment of inertia for the empty alrcraft with the undercarriage up is
15,109 Slug-feetz. The probable error of this measurement, calculated in
the error enslysis of Table 6, is *310 slug-fect? (i.c. +2%),

The variation of the measured moment of inertia with different
quantities of fuel was within the probable error of measurement for the
empty aircraft. The expected!? increase in inertia due to full fuel was
45 slug-Teet?, 1In practice all the nmeasurements with fuel were slightly
lower than that for the empty aircraft, and this may be partly accounted
for by the assumption, made when calculating the axis transfer from the
measuring to the reference axes, that the fuel behaved as a frozen solid.
It is known that the frozen solid analogy is incorrect?® 19 for motion con-
sisting predominantly of rotation, but it was thought to be reasonably
accurate for translational metion, such as that considered in the axis
transfer. The small overall effect of fuel load on the Hiteching moment of
inertia arises from the proximity of the pitching reference axis to the centre
of the tank, and from the squat shape of the tank, (a mcan length : depth
ratio of about unity).

The measurcd increase in pitching noment of inertia due to lowering
the undercarriage was 305 slug—feotz, a change of 2/4. This increase again
lay within the probable error of measuremcnt, so that the discrepancy
between it and the estimated increase, 18 slug-fcet?, is not unreasonable.

342  Moment of inertia in roll

Measurcmnents of the rolling moment of inertia for various under-
carriage positions and with various quantities of fuel are shown in Table k.
The moment of inertia of the empty aircraft with the undercarriage up is
LaoL7y slug—feetz. The probable error of this mcasurcment, calculated in
the error analysis of Table 6, is *132 slug-feet?, (i.e. *374).

The variation in the rolling moment of inertia with gquantity of fuel
was cxpected to be small, as in the pitching case, since the rolling axis
passcd close to the centre of the fuel tank, The actual measurements again
gave values for the inertia at intermediate fuel states which were smaller
than those for ihc empty aircraft, but in this case the discrepancies were
much larger than thosc of the pitching measurements. For one case,

157 gallons, the discrepancy was 13%; much larger than could reasonably be
accounted for by expcrimental error; while for 70 gallons of fuel the
discrepancy of 3%% was larger than would be expected from the probable
error of measurencnt. DBxanination of the actual records for the tests at
157 gallons revealed the probable reason for this. The time history
reproduced in Fig.Ba shows a marked beating cffect, such as that which
might occur if a resonant frequency for fuel motion in the tank lay close
to the natural frequency of the aircraft on the inertia rig. This effect
was investigated more closely by removing one of the four constraining
springs on either side of the rig, so that the period of thc aircraflt
oscillation was increased from 1.0 seconds to asbout 1.25 seconds. As

nay be seen from Fig.8b, the beating effect became more severe.

Calculation of the lowest resonant freguency of this quantity of fuel
in the tank, using the relationship19:-

Wy = ’%% tanh %h% (8)
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gave a value of 1.2 seconds, and there can thus be little doubt that the
observed phenomena was due to fuel rcsonance effects.

A similar effect could not be detected on the records for the tests
with only 70 gallons of fuel, but the fuel resonant {requency of 1.4 seconds
in this case would have becn fTurther removed from that of the aircraft
rolling oscillation, and a smaller mass of fuel was involved. The effects
may, nevertheless, have becen sufficiently important to cause part, at least,
of the measured discrepancy.

It is not considered that the fuel resonant effects encountered here
are of direct significancc in relation to the flight measurements, since the
aircraf't oscillatory freguencies and the translational motion of the fuel
tank in flight would be quite different. Fuel motion effects are, of course,
sometimes important in aircraft dynamics and with this particular aircraft
they were noticeable in the longitudinal plane, fdllowing abrupt disturbances
such as those due to cxtending the air brakes.

The increasc in the rolling moment of inertia due to lowering the
undercarriage was measurcd at two different fuel states. The results, of
468 slug-feet2 for the empty aircraft and 516 slug-feetz for the 70 gallon
condition, were reasonably consistent and agreed fairly well with the
¢stimated increase of LL6 slug-feet2. Phesc valucs represcent an increase in
the rolling incrtia of about 125 due to lowering the undercarriage.

3.3 lMoment of imcrtis in yaw

Measurements of the yawing moment of inertia for the aircraft with
various undcrcarriagc positions and quantities of fucl are shown in Table 5.
The moment of inertia of the empty aircraft with the undercarriage up was
19,720 slug-feetz. The probable error of this mecasurement shown in the
crror analysis of Table 6 is *297 slug-fect2, (i.e. *1.5%).

As in the previous cases the expected increase in the moment of
incrtia duc to fuel was small, but the actual measurements showed unsystematic
variations similar to those found in the pitching and rolling cases. With
70 gallong of fuel, the measurcd moment of inertia rose by 1%, while with 157
gallons and 217 gallons it fell by 2.54 and 1.5% respectively. These changes
arc rather larger than the cxpected variation due to errors in measurement.

Similarly, the measured increase in inertia due to lowering the
undercarriage, 90 slug—feetz, was much smaller than the cstimated value of
360 slug-fccté. This measurement, in contrast to those in the pitching and
rolling cases, was obtained from tests with the fuel tank partially filled,
so that some of the crrors which appear to bc inherent in the partially full
tests may have contributed to the disercpancy. The estimated incrcase in
yawing inertia duc to lowcring the undercarriage represents about 2% of the
total inertia.

3k Measurement of the inclination of the principal axes

The difficulties which werc encountered in trying to measurc the
orientation of the vprincipal axcs have been outlined in scction 2.5. The
type of suspension uscd in the present tests, consisting of a four wire
sling suspended from a crane hook lowcred some way bolow the jib, allowed
two natural modcs of oscitlation in the rolling plane. These are shown in
Fig.9. The first consisted prcedominantly of a pendulum like motion,
centered on the crane jib and having a period of 2.7 seconds. The second was
a rocking motion which involved little sideways movement of the aircraft
and had a pcriod of 1.1 scconds. It will be seen that the longer of these
pericds, that of the pendulum motion, coincided with the period of the

~ 10 -



natural yawing oscillations. The rolling motion which resulted from the
combined effects of these natural modes with the rolling moments produced
by the yawing springs is shown in Fig.10. The higher frcquency rocking
mode is very apparant.

In future tests it is hoped to overcome these difficultics by
varying the proportions and stiffnesscs of the rig so that the various
natural frequencies are well separated, or by dcsigning a suspension that
elininates some of the natural modes entirely.

4 COMPARISON OF MBEASURED AND ESTIMATED MOMENTS OF TNERTIA

Estimates of the pitching, rolling and yawing mements of inertia
were made by the design firm from the aircraft welght schedule?, and these
valucs had been used in analysing the flight measurements®. Recently it
has become apparent that the original estimation procedure tended to give
valueg for the inertias which were too large, and new estimates by the
firmZO, bascd on a revised procedure have becn produced. Both sets of
values are compared in Table 7 with the results of the measurements.

As had been anticipated, the discrepancics between the measurements
snd the original estimatcs were quitc large; 23,6 in the case of the
pitehing inertia, 45 in the rolling cese and 16;5 for the yawing inertia.
The discrepanciuvs between the measurements and the revised estimates were
much smaller for the pitching (1.3%) and yawing (3/4) inertias, but the
reviscd estimate for the rolling inertia was now some 10% below the
measured value,

5 FLIGHT MEASUREMENTS OF THE AERODYNAMIC DERIVATIVE n  USING
MEASURED INBRTIA VALUBS -

In the flight measurements described in Ref.2 thc lateral derivative,
n,, was neasured by two independent methods. The first relied on measurements

of the rudder angle necded to trim straight sidcslips and depended on a
knowledge of the aircraft's rudder powcr., This had been reliably established
in another part of the experiment. These were essentially steady state
measurcments., The second method relied on a thcoretical relationship which
had been established?! between the pericd of the aircraft's lateral
oscillation and various aerodynamic and incrtial parameters:~

_ 278 2 (9)
v n iE £
¢ ¢ ta

One of the predominant aerodynamic parameters in this relationship
is the lateral derivative n_, 80 that provided the equally important
inertial properties, iC’ iA and iE have been accuratcly established, values
of n, may be calculated from measurements of the oscillatory period.

3light adjustments to the estimatced and measured values of the
moments of inertia werc necessary to make them represcntative of the
condition of the aircraft during the f£lizht tests, and these adjusted
values are shown in Table 8.

Values of n, obtained from the two flight test methods, but using

the earlier estimated values of the moments of incrtia, are compared in Fig.11.

-1 -



The difference between them is rather larger than could be accounted for
by purcly cxperimental inaccuracies. Reviscd calculations of n_, using

the same oscillatory data, but substituting the measurcd values for the
incrtias are shown in Fig.12, Herc the agrcement is much improved and the
discrepancies, at least at low 1lift coefficicnts, are probably wholly
accounted for by experimental inaccuracies, At the higher 1if't coefficients
the discrepancics may be partly due to the effects of flow separation,

6 CONCLUSIONS

The moments of incrtia of the Avro 707B aircraft about the pitohing,
rolling and yawing axes have been measured by the spring constrained
oscillation method. The mcasured inertias for the eumpty aircraft with the
undercarriage up, (and the probablc crrors in these measurencnts) were:-

moment of incrtia in pitch: 15,109 (310) slug-fcet2
moment of inertia in roll : 4,247 (#132) slug—feet2
moment of incrtia in yaw : 19,720 (2297) slug-feetz.

The methods used in the present tests proved to be simple to operate
and fairly reliablc for the empty aireoraft, but severe interference effects
duc to fuel sloshing were cnoountered in some of the rolling tests. Other
uncxplained variations in the measured incrtias with differcnt quantities of
fuel suggested that care was needed in accepting the results of measurements
with the fuel tank completely or partially full.

It was not possible to measure the oricntation of the principal
inertia axes by the method which had originally been proposcd because of
interference betwecn the various possible natural modcs of oscillation of
the airecraft on the rig. Redesign of the equipment would be needed to
eliminate these cffcets,

Differences which had ocourred between values of the lateral
derivative n, for this aircraft when measured in flight by two different
methods, onc dynamic and the other stcady state, oould now be largely
attributed to errors in the cstimates of the aircraft inertie which were used
in the former, This underlines the importance of moment of inertia
ncasurements,

LIST OF SYMBOLS

Symbol Unit Definition
€ Cy’ c, 1b wt/foot Spring stiffness for springs used in
the rolling, pitching and yawing tests,
g feet/sec2 Acccleration due to gravity.
<? h feet Height of centre of gravity of airoraf't
Y and equipment above rolling and yawing

knifc edges.

h feect Depth of fuel in the fuel tank,

- 12 -



LIST OF SYMBOLS (Cont'd)

Symbol Unit Definition
Ix’ Iy’ Iz slug-feet2 Moments of inertia about the rolling,

pitching and yawing axes defined in
section 3.

ips igs ig - Non dimensional inertia coefficients,
sce Ref.21 .

., & , ¢ feet Arm of the constraining springs used
in rolling, pitching and yawing tests.

£ - Non dimensional aerodynamic derivative
of rolling moment due to sideslip.

£ feet half-length of the fuel tank.
n, - Non dimensional aerodynamic derivative

of yawing moment due to sideslip.

P secs Period of oscillation of the aircraft
on the inertia rig.

5 feet Aircraft semispan.

T secs Period of the aircraft lateral oscillation
in flight.

U feet3 Total volume of the aircraft.

v feet/sec Adrcraft true airspeed.

W 1b wt Weight of the aircraft.

w., W 1b wh Weight of the aircraft and attached

x' 'y

equipment during inertia tests.

Zx’ Z feet Distance from the rolling and yawing

J knife edges to the aircraft centre of

gravity.

0 radians Attitude of the aircraft on the pitching
rigo

p slugs/cubic foot Alr density.

Ho Relative density of the aircraft, see
Ref.21.

wp radians/sec Lowest angular frequency of fuel
oscillations.
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TARLE 1

Measurcd centre of gravity positions.

Undercarriage down

ey

. . Vertical
Adrorast | Uongitudinal C of G
Fuel X C of G .
Gallons| "eigh® position position
= 1b inohes A.0.D inches below
1nenes A.Vels ruselage datum
0 7376 105,1" 343"
157 8647 106.5" 3,0"
217 99 3. 106, 7" 2,2"
(Fall)
Accuracy! +15 1b +0,25" +0,5"
TABLE 2

-

Calculated centre of gravity positions.  Undercarriage

up

. . Vertical
. Longitudinal
ol el B E L I
Gallons 1% position b lP i ?
A.0.D. elow fuselage
datun
O 7376 10"4—.8" 1 01 "
157 8647 106.25" 1.2"
217 9134 106.5" 0.5"
(Full)
Accuracy! *15 1b *0.25" t0,5"

-6 -



T-BLE 3

Analysis of pitching moment of inertia measwrements
D

"'Z.L"

o z
i r 5 Moment of
Heasured moment : I of I of A ) e Moment of
Veight . of inertia of | cradle | -aditional t dpertia of _ inertia of
Under- Period of . " . mass and aircraft Axis .
Fuel i of oscillation aircraft + cradle | about knife entravoed | aboct ouTe | trenst aircraft about
gallons ;izi%igz aircraf ;ecs about the keifs edges2 aiip aoogggegl © anster referencezaxes
eS. t t
1b edges. Slug/f Slug/f STug/Pt2 Slug/ft
0 Down 7376 0.692 21,645 2567 271 18,810 3396 15,414
0 Up 7376 0.689 21, L0y “ " 18,606 3497 15,109
70 Up 79L2 0.689 21,435 " " 13,597 3666% 4,931
157 Up - 8647 0,692 21,666 " " 18,828 3855% 14,973
217 Up P93k ‘ 0.796 ‘ 21,906 l " " 19,068 o LO58* 15,010
¥ Fuel treated as a frozen mass Probaf%foerror




—gt-

TABLE L

Analysis of rolling moment of inertia measurements

Moment of

Ved Heasurcd moment | M of T of | ,..... . NP Moment of
- Under- Welght Period of of incrtia of cradle Additional 1n§rt1aﬂ01 . inertia
fuel 1 carriage | . O oillation | sircraft + oradle | about keie | 19 57 | afrereft | kds | . SPETEE
gallons 888 | giropart | OSCLIAtiOn | BITCE : —C | abou e | entropped | about knife | transfer | 21ircraft about
position T sces about the knlzg edge32 air edges reference _axes
edges. Siug/T4° | Slug/ft Slug/Tt2 Slug/ft2
0 Down 7376 1.013 6999 19 320 6560 1845 4715
0 Up 7376 0.999 o677k " " 6335 2088 k247
70 Down 7942 100k 6982 " " 6543 1931 %% 4612
70 Up 7942 0.998 6723 " " 628L 2188** 5096
157 Up 8547 0,992% 6579 " " 6140 24 29%* BTAN
2l e 913k 1.056 71 " " 6971 2676%* 4295
* Tuel sloshing made this determination unreliable (see section 3.2) Probable error

=% Fuel treated as a frozen mass

*+132




"6\(“

TABLE 5

Analysis of vawing moment of inertia measurements

Measured moment

s . . Moment of incrtia
Fuel |Undercarriage We}ght of Pe?lOd ?f of inertia of aircraft ¥ of I of Additional of aircraft
‘o aircraft | oscillation . equipment sbout
gallons position 1b + eguipmcnt about suspension mass about reference
secs suspension., Slug/ft2 p oxis. Slug/ft°
0 Up 7376 2.807 19912 81 111 12,720
70 Down 7942 24829 20,181 " " 19,989
70 Up 7942 2.820 20,091 " " 19,899
157 Up 8647 2.773 19,384 " " 19,192
217 Up N 3l 2,781 19,553 " " 19,361

- o

B

e

p—

Probable error

*297




TLBLE 6

Error analysis

Pitch nmecsurement

Roll measurcnent

Yow measurenent

Source of error Uni ts Error in Error in Error in

Possible| jpeptia | Possible | ipoptial Possible| jpeprtisa

error Slug/f42| error Slug/ft2] error Slug/ft2
Period of oscillation - Szcs +0,002 427 * 0,00% i L — :t0.0155‘ + 214
Spring constint B To/ft | +138(%%) * 11,3 tlu,ﬁ ﬁ:& 160 +18 + 385
3 Spring arm 4 *0.015 42 * 0,015 + 34 + 0,04 + 3
Woight of sireraft b |+25 £ 41 | +025 £ 9 - _
“W}ortical height of C.G. £t £0.04 4 * 0.04 + 63 - -
Longitudinel position of C.G. £t $0.02 + 35 - - - -
m’;(‘eight of experimental cquipment 1b * * L0 2 + 2 +2 + 6
Redius of gyration " £t *0.05 neg *0.05 4 +0.,05 + 1
Add:;tional nass Slug/Tt2 * 50 + 75 + 50

Probable crror = o

0.675 \/Z (possible error)z Slué’/ft =10 152 =297

* Only applies to empty eircraft
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TAB 7

Comparison of measured and estimated moments of inertie.

Full fuel,

Undercarriage down

Source \ Centre of Moment of inertia
Aircraft .
of woisht grovity =T -
data & position Pitching Rolling Yawing
Present 9240 1b 105.6 15,390 4790 19,790
tests ins 4,0.D.| Slugs/Tt2 | Slugs/rt2| Slugs/ft2
Estimatcs
9290 1b 105 .1 15, 650 4280 19, 180
from Ref. . S / 2} 51 /ft
20 ins 4.0.D. Slugs/ft lugs/ft ugs
Estimates
from Ref.3 | 9290 1b 105 .1 18 990 4980 22,860
(as used ins 4.0.D. Slugs/ft Slugs/ft2 Slugs/ft2
in Ref,.2)
TABLE 8
Comparison of estimates used in reducing the
flight neasurcments of Ref.2 with revised
valucs based on the present tests
Source Adireraft Centrg of | Moment of incrtie
of woight gravity
data position] Yawing Rolling
Estimates
bascd on Ref.3 8700 1b 102.8 23,600 4500
(as uscd in (half fuel) Slug/ft2 Slug/ft2
Ref.2)
Proscnt 8700 lb 102.7 20,680 4250
tests Slug/ft2 Slug/ft2




IABLE 9

Table of miscellencous data

Pitching cquipment

C Spring stiffness used in pitching test

y,
hy’ Height of centre of gravity above knife edge
6y, Moment arm of constreining springs

Weight of nose cradle

Weight of constraining springs

Rolling eguipncnt

Cx, Spring stiffness used in rolling tests
hx’ Hoight of centre of gravity cbove knife edges
8X, Moment arm of constraining springs

Weight of cradle

Weight of constreining springs

Yowing equipment
Cz, Spring stiffness used in yawing tests
Ez’ Moment arm of constraining springs

Weight of constroining springs

6993.0
0,65*
16,0
290,25

98

7055
2.,8*
6,42
526

189

926

10.37

12

* Vories with fuel load and undercarriage position

- D2 -
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feet
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THE HORIZONTAL DISTANCE h OF THE CENTRE OF GRAVITY
FROM THE C.G. ORIGIN, O, MAY BE FOUND BY THE USUAL

WEIGHING PROCEEDURES TO DETERMINE THE NOSE WHEEL
AND MAIN WHEEL REACTIONS, R,, AND R,,.
THE CO-ORDINATES X AND Z OF THE C.OF G WITH RESPECT
TO THE C.G. ORIGIN MAY BE EXPRESSED IN TERMS OF h AND
THE AIRCRAFT ATTITUDE O :—

x=h Sec 0 + z tan ©
IF MEASUREMENTS OF h ARE MADE FOR A NUMBER OF
DIFFERENT ATTITUDES ©, THE SLOPE OF THE PLOT OF
h sec & AGAINST tan © 1S Z AND THE ORDINATE AT
=0 IS X.

FIG.|. DETERMINATION OF THE CENTRE OF
GRAVITY POSITION.



APPROX. AIRCRAFT

C.G. POSITION
CG. DATUM

PowV

i

-l 2 Tj
\—_——X_—_—J

SPRINGS %:55 \
\ai KNIFE EDGE.
|
FUEL TANK POSITION
[ canunttl e
NOSE CRADLE

|
SCALE 36

FIG. 2. AIRCRAFT ON THE PITCHING MOMENT OF INERTIA RIG.



APPROX. AIRCRAFT
CG. POSITION.

C.G. DATUM

pOINT/
@ -~
R e
— ; | ,
= L__—“—__—KJ —

CRADLE \)[_ ‘l \ [ 'I

KNIFE EDGE %f\ é% KKNIFE EDGE.

N

FUEL TANK POSITION.

—t ]

-~ ~

/
( \
|
i
|

|

s
CRADLE —_|

T KNIFE SPRINGS
J

EDGE.
g € /

I

I

|
\j

VI

{
SCALE 736

FIG. 3. AIRCRAFT ON THE ROLLING MOMENT OF INERTIA RIG.



A

SINGLE POINT SUSPENSION \
AT CRANE HOOK

FOUR WIRE
LIFTING SLING

APPROX. AIRCRAFT
CG DATUM CG. POSITION.
POINT

O
¥
/

|

_____________

SPRINGS— ™ SPRINGS

ﬁ FUEL TANK POSITION,

SPRINGS\

J
SCALE 36




5 VIEW OF AIRCRAFT ON THE PITCHING RIG

FIG

FIG.6 VIEW OF AIRCRAFT ON THE ROLLING RIG
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\ ROCKING
MODE

PENDULUM
MODE

FIG. 9. MODES OF AIRCRAFT ROLLING OSCILLATIONS
WHEN SUSPENDED ON THE YAWING RIG.



RATE OF ROLL

/\/\/\/\/\/\/\/\/\f\/"\ﬁ'//\/‘/\\/\

RATE OF YAW

—| 1sEC~—

FIG. 10. TIME HISTORY OF ROLLING AND YAWING MOTIONS WHEN
MEASURING THE INCLINATION OF THE PRINCIPAL AXES.



FLIGHT FROM [LATERAL
OSCILLATIONS USING 1 A
o-oaf— ESTIMATED INERTIA] — s
nv T/ / ,/
e
oo |- =T G g e
- _/g ’/<\ TUNNEL
e e =1 B \
ESTIMATE
0-04
o-02
Ce
o ol o2 03 o4 05 06
FIG. Il. Ny FROM LATERAL OSCILLATIONS
USING ESTIMATED MOMENTS OF INERTIA.
i
FLIGHT FROM FLIGHT
O-08™  [LATERAL OSCILLATIONS SIDESLIPS
Ny USING MEASURED INERTIA] /
006 ><l --7‘/ 7"
I =z TUNNEL
————— ESTIMATE
004
0-02
Co
o o o2 03 04 05 06
FIG. 12. Ny FROM LATERAL OSCILLATIONS

USING MEASURED MOMENTS OF INERTIA.
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The inertia neasuraients are ccrpared with estimates which hod been
nade from the weight schedule of the afreraft, Dynonie f1ight neasurenents
of the lateral derivative nv, vhich had been analysed using these estimated

inertias, showed o discrepancy with steady state filght neasurenents, This

discrepancy was largely resolved when the neasured nonents of inertla were
used in the cnalysis,

The inertia neasurenents are conpared with estinates which had been
nade fron the welght schedule of the aircraft, Dynanic flight neasurenents
of the lateral derivative Ny which had been analysed using these estimcted

Inertias, showed a discrepancy with steady state flight neasurenents. This

discrepancy was largely resolved when the nieasured nonents of inertia were
used In the amalysis.

The inertia neasurenents are corpared with estimates which had been
nade fron the welght schedule of the aircraft, Dynanic flight measurenents
of the lateral derivative nv, which had been analysed using these estimated

inertias, showed a discrepancy with steady state flight neasurenents, This

discrepancy was largely resolved when the neasured norients of inertla viere
used in the analysis.
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