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SUMMART
This note describes the measurement of the moments of inertia in roll,
pitch and yaw of a Hawker-Siddeley (de Havilland) Dove Mk. 5 aircraft, using
a spring-restrained oscillation technique. Using the mresent equipment it
did not prove possible to measure the product of inertia. Inertias were
neasured in six different fuel conditions. The results are given in Tables
I-V.

A device was developed which neasures the periods of oscillation of
large structures, quicker and more accurately than hitherto possible. This
device is described in the Appendix.
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Symbol

C C C
x? v’ Tz

g

Subscripts
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A/C + CR

A/c
CR

S

Unit

- -

1b.wt/ft.
ft/sec?

fe.

slugs.ft2

Tt.

sec.
Tt

.

Ib.wt.

slugs/ft>

Definition

Spring stiffness
Acceleration due to gravity

Height of centre of gravity above the
knife edge in the rolling and pitching
oscillation.

Moments of inertia in roll, pitch and yaw
(for axes definition, see subscripts).

Non~dimensional moments of inertia, defined
in Tables 2 to L,

Perpendicular distance from centre line of
restraining springs to axes of oscillation
in piteh and roli.

Perpendicular distance from aircraft centre
of gravity to axes of oscillation in roll,
pitch and yaw.

Period of the oscillation sbout the roll,
pitch and yaw axes.

Wing semi-span

Tail arm

- Alrcraft volume

Aircraft weight

Air density

Refers to moments of inertia of aircraft
and cradle about axis of oscillation

Refers to alrcraft alone
Refers to cradle alone

Shift of axes term




1. Introduction

This note describes measurements made of the moments of inertia of
a Hawkergiddeley(dﬁ Havilland) Dove alrcraft. The tests described are
a sequel to those described by the author in Reference 1.

The thecry of the method is relatively straightforward and is described
in References 1 to k. The method used in the present tests was the
spring-restrained oscillation method wherein the aircraft is pivoted sbout
knife edges or suspension rigs and constrained by means of coil springs.

The equipment needed for these measurements is relatively simple and
inexpensive, and the corrections necessary to correct for axis transfer
are relatively small.

The Dove is a particularly difficult aireraft on which to carry out
tests of this nature. The scarcity and singular uselessness (for this
purpose) of jacking znd strong points on the airframe necessitated the
use of a heavy steel cradle on vhiich to mount the aircraft. Knife z2dges,
slings, reciraining springs and measuring equipment could then be fitted
to the cradle.

2.  Design of the cradle

A photograrh of the cradle is shown in fig. 1. The cradle was roughly
A-shaped and hal overall dimensions of 23 feet by 11 feet. At the front,
narrow, end the alrcraft was located by means of the aircraft's normal nose
jacking system. A machined horizontal bar picks up on two locating lugs in
the airframe. The ends of the bar passed through vertical supports of
the cradle. The aircraft could be clamped to the cradle by means of
sleeves on the bar and nuts on the ends of the bar.

At the rear of the cradle the aircraft was fixed by means of specially
machined jacking pads fitting into the aircraft's inboard jacking points.
The jacking pads were boited to the upper cross member of the cradle.

The cradle was fitted with castors for ease of ground handling. The
cradle configuration had to be altered slightly for each moment of inertia
measured, and provision had to be made for the attachment of both lateral
and longitudinal knife edges, and yaw and pitch restraining springs. For
the yawing tests, the four wire sling was attached to lugs on the four
corners of the cradle by means of shackles and turnbuckles. The turnbuckles
were used to alter the sling geometry in order to satisfy the requirements
that the alircraft plus cradle assembly should oscillate about "its combined
c.g. and that the aircraft longitudinal datum should remain horizontal.

In order to obtain a close Tit onto the aircraft, the cradle was built
Vin situ! on the aircraft, the cradle being fixed together with a large
number of 4’ BSF nuts and bolts.



3. Test methods
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5.1 Measurement of the position of the aircraftls cemtre of gravity

The location of the aircraft!s centre of gravity was determined by
the method described in reference 2. The aircraft was positioned with
the main wheels resting on a weighbridge and the nose supparted by a
2-ton crane via a beam balance, as shown in fig. 2. The beam balance was
connected by a sling to the normal nose jacking point. = Main wheel and nose
reactions were observed with the aircraft in various nose up and nose down
attitudes, pivoting about the main wheel axles. The location of the
horizontal c.g. was computed from interpolations of the observed readings
for the zero inclination condition. The vertical position was computed
for each of 10 or so angular positions observed for each loading condition.

The main wheels were mounted on blocks in order to increase the
clearance between the tall bumper and the ground, thus enabling a higher
angle of incidence to be achieved. The main undercarriage oleos were
gagged to prevent compression of the legs from affecting the vertical c.g.
results. It was particularly important that the front sling should remain
vertical at all angular positions. In order to achieve this a plumb-bocb
was suspended from the beam balance vhich was zeroed onto the end of the
horizontal (jacking) bar by the fore and aft movement of the crane. Before
applying the measured c.g. figures to the inertia tests they were corrected
to the undercarriage retracted condition.

The location of the centre of gravity was detemined with the aircraft
enpty of fuel but with a crew of eight on board. The resulting change of c.g.
with crew could then be applied to the inertia results, which had to be
measured without crew.

The centre of gravity of the cradle was debtermined in a similar manner
to that of the aircraft.

5.2 Measurement of the moment of inertia in pitch
Fig., 3 illustrates the arrangement used for the measurement of the
pitching inertia. :

The aircraft and cradle were supported on laterally displaced knife
edges, fitted to the cradle below the inboard jacking pads. The aircraft
nose was supported by a bank of coil springs fixed to the front of the cradle
and hanging from g bridge~like structure. The spring stiffness of the
system had to be determined 'in situ', in order to take into account the
stifiness of the bridge structure.

The aircraft's moment of inertia in pitch, about an axis through the
aircraft centre of gravity parallel to the lateral axis, is given by:

I =1 -I -I (1)
Y Ypjeecr YR s




where

I —_—(c%’-w <yAC+C) (2)

Y3 /c+CR vy A/CHCR © :m/c+cz<

, P \é .

I =(ct 2. 5 B '

I < Alc Vg)«v = (&)

Igq g

The second term in equation (1) represents the inertia of the aircraft

plus cradle about the KPL'G edges. The third term represents the inertia
of the cradle alone about the knife edges. The cradle was oscillated

separately from the aircraft but using the same springing system.  The
last berm in equation (1) is the shift of axes term which accounts for the
shift of axes of the aircraft's inertia from the knife edges to the centre
of gravity axis.

The term usually referred to as the 'additional mass correction' has
been omitted from the measurements described in this report. This term
accounts for the mass of air which is put into motion by the oscillation of
the aircraft. This means that the effect of this term is dependent on
altitude, and that Inertias used in airborne tests should also be corrected
for this effect at the relevant altitude. The airborne work on the Dove
is normally carried out below 8,000 feet, in which case the difference
between the corrections at sea 1eve1 and 8,000 feet is an order of magnltude
smaller than the sea level correction.

No correction has been applied for fuel sloshing effects. These
effects are usually corrected for by mathematically 'freezing' the fuel
tank contents. It was considered that these effects are best accounted
for by measurement of the moments of inertia in as many fuel states as
possible, the aircraft being oscillated at approximately the relevant
airborne frequencies (short period oscillation for pitching and Dutch roll
oscillation for roll and yaw).

3.3 Measurement of the moment of inertia in roll
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Figures 4 and 5 show the arrangement used for the measurement of the
moment of inertia in roll.

The aircraft and cradle were supported by knife edges displaced fore
and aft along the fuselage centre line. Spring restraint was applied by
single coil springs Tixed to the wing Jjacking points and firmly anchored to
the ground. The knife edges were arranged so that the fuselage longitudinal
axis was horizontal.




The cradle's inertia in roll was measured by a similar arrangement
as the aircraft and cradle combined. The spring restraint was provided
by coil spings hanging from an overhead gantry.

The moment of inertia in roll about an axis passing through the
aircraft centre of gravity and parallel to the longitudinal axis is given
by an expression similar to equation (1)

I, =1, -I, -1 (5)
A/C+CR  “CR S
where
(et _P.XJ__.___\Q )
I = (¢t 2 - h A C+CR) (6
X
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Figures 6 and 7 show the aircraft and cradle on the yawing rig used
in these tests. A vertical axis of oscillation was established by
supporting the cradle, on which the aircraft rested, by a four wire sling
from a mobile crane.

Torsional restraint was provided by four tensioned coil springs
attached in pairs to two vertical posts suspended along the centre line of
the cradle and either side of the combined centre of gravity.

The ends of the slings were attached to the cradle by means of heavy
turnbuckles. The turnbuckles were used to change the sling geometry to
cater for shift of the centre of gravity with fuel state. This enabled
the axis of oscillation to pass through the combined centre of gravity, and
the aircraft fuselage to be kept horizontal.

An attempt was made to measure the product of inertia and the inclination |
of the principal axis by the method described in references 1 and 2. This :
method requires measurement of inertially induced roll whilst on the yawing
rig. The attempt was thwarted by the presence of the cradle which prevented
the aircraft and cradle combination from having a rolling motion at all
during a yawing oscillation.

The aircraft's moment of inertia in yaw about a vertical axis passing
through the aircraft centre of gravity is given by




= I -1, -1 BNC)

where ' ‘
Py 2
I =ct2 (1:¥¥§ﬁ9§> ~ (20)
Z Z z 2%
A/C+CR \

: APZ \2
= 2 (_ZCR
L = %% (& (1)
' W
("a/c \ 12 '
I = + Vo ) /2 X
zg "\ )z (2)
The inertia of the cradle I%y% was determined using exactly the same
system as the aircraft and cradle combined. The term I___is necessary in

ZCR
this instance to account for the shift of axis from the combined c.g. of the
aircraft and cradle to the c.g. of the aircraft alone.
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The moments of inertia calculated from equations 1, 5 and 9 were further
corrected for the addition of eight crew members, composed of six students,
one pilot and one demonstrator seated on the main spar. The corrections
are composed of two parts, the Tirst part due to the inertia of the crew
about the aircraft c.g. and secondly the shift of axis term for the shift
of the aircraft inertia from the c.g. of the aircraft without crew to the
c.g. with crew. The first correcticn added to and the second subtracted
from the empty aircraft's inertias. ' ‘

The following table gives details of the crew corrections:

Inertia Shift of
of crew axis term
(siugs .ft2) (slugs.ft®)
Roll 70 -
Pitch 592 18
Yaw 592 ; 16




4, Measuring equipment
The two most important measurements involved in inertia tests of
this nature are the measurements of ocscillation period and spring rate.

k.1 Spring rate

The spring rates of the yawing and rolling springs were measured by
suspending the springs from a heavy iron girder and loading them with
accurate weights. The deflections of both the spring and support were
measured by dial gauges. The pitching spring system was calibrated Yin situ
as explained in section 3.2. The spring rates were determined from large
scale load/extension graphs. The accuracy of this method is believed to

be 3.

4.2 Oscillation period

The method used to measure and record the rolling and yawing motions
consisted of a linear potentiometer, of low friction, fixed at one ead to
the aircraft. The potentiometer output was recorded on a T.R.P. 12”
galvanometer. The oscillation period was computed by measurlng the
elapsed time for 10 or more oscillations, using the recorder's own l/lOO
second time markers.

For the pitching inertia tests a new device was developed which measured
the oscillation period both quickly and accurately.

The apparatus, which is described in the Appendix, consisted of an
optical lever system using a projector or a mirror fixed to the cradle
which amplified the oscillation movement by means of a light beam. The
light beam passed across a photo~electric cell, which via a counter chain
passed start~stop signals to a digital time counter. By this means it was
possible to measure the elapsed time of 20 cycles to an accuracy of
considerably better than *,02 seconds. The oscillation period was started
manually and the time taken for successive sets of 20 cycles was measured.

5. Results

The position of the centre of gravity and the moments of inertia were
measured with the aircraft in various fuel states but without crew. The
final results were corrected for the addition of crev. The aircraft was
otherwise in a representative flying condition, with recorders and all
test equipment installed.

5.1 Measurement of the position of the aircraflls cemtre of gravity

The results of the centre of gravity measurements are shown in Table I.
The addition of fuel is seen to move the centre of gravity aft and downwards.
The zero fuel with crew case was included to determine the c.g. shift due to




crew so that the measured inertias could be corrected. The measured
c.g. positions were also corrected for undercarriage retraction (11’ up)
vefore they were applied to the inertia results. The movement of the
fuel to the rear of the tanks at high angles of 'incidence' was not
observed to alter the vertical position of the c.g.

The accuracy of the horizontal centre of gravity location is believed
to be better than *0.25” and that of the vertical c.g. better than *0.50".

5.2 Measurement of the moment of inertia in pitch
An dnalysis of the measurements of the pitching inertia is given in
Table 2.

The pitching inertia is seen to vary quite considerably with fuel load.
The greatest difference is between the 50 gallons of fuel case and the full
fuel case and at 1076 slugs.ft® represents approximately 8% of the full fuel
inertia. The probable error for these measurements is *130 slugs.ft®, and
coupled with the fact that the measurement of the oscillation period in
pitch was the most accurate period measurement taken, means that the
difference in measured inertia with fuel is undoubtedly due to fuel sloshing.
Although the inertia varies appreciably with fuel state, the maximum inertia
measured in this series of tests pertains to the full fuel state, which is
to be expected.

5.3 Measurement of the moment of inertia in roll
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The rolling inertia measurements are analysed in Table 3.

The inertia about the c.g. axis is seen to increase from 10,672 slugs.ft2
with zero fuel to 11,341 slugs.ft® with full fuel. The variation with fuel
load is quite smooth and progressive and indicates no fuel sloshing effects.
The probable error for these measurements is £110 slugs. 2 ox 1.03%.

5.4 Measurement of the moment of inertia in yaw

An analysis of the yawing inertia measurements is given in Table L.
The inertia in yaw is seen to have some dependency on fuel condition; the
inertia increases with fuel load except for one condition where it decreases
very slightly. The empty aircraft inertia in yaw is 21,519 slugs. £t2 and
the increase due to full fuel 771 slugs. L2, The probable error of these
measurements is *165 slugs.ft® or 0. 5% .

5.5 Bffect of fuel sloshing

The moments of inertia in pitch, roll and yaw are shown plotted against
aircraft weight or weight of fuel added in fig. 8. The rolling inertia is
ostensibly unaffected by fuel slashing, as evidenced by the smooth and
progressive manner with which it varies with fuel contents. The yawing
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inertia variation with fuel is seen to be progressive but not smooth,
which indicates that some degree of fuel sloshing was present during
these tests. The variation of the moment of inertia in pitdh with

fuel contents is neither smooth nor progressive but merely random,
indicating that the measurements are subgect to quite large fuel sloshing
discrepancies.

The Dove's Tfuel tanks are set in the wings between the fuselage and
engines, there being a front and rear tank each side connected by balance
pipes. The tanks are baffled fore and aft only, the baffles being fore
and aft partitions with large diameter lightening holes. This means that
the fuel can slosh fore and aft during the pitching oscillations, and ¥
cannot slosh sideways during the rolling oscillation. The yawing oscillation |
would result in some fore and aft slosh combined with a lateral movement i
restriction.

The preceeding remarks provide the explanation for the plots shown in
fig. 8.

6. Conclusions

The moments of inertia of the Hawker Siddeley Dove Mk. 5 aircraft have :
been determined experimentally using a spring restrained oscillation technique.

The inertias of the aircraft without fuel but with a crew of 8 people
were: =

moment of inertia in roll; 10,572 (*110) slugs.ft®
moment of inertia in pitch; 12,833 (+¥130) slugs.ft®
moment of inertia in yaw; 21,519 (*165) slugs.ft®

The effect of fuel sloshing on the measured inertias has been explained
as being due to the baffling of the fuel tanks.

The benefit of hindsight reveals that the cradle used to support the
aircraft for the inertia measurements was perhaps too large.. The inertias
of the cradle, expressed as percentages of the inertia of the aircraft plus
cradle about the axes of osclllation were:=

Roll 5%
Pitch 21%
Yaw 17%

No corrections have been applied to the measured inertias to account
for fuel sloshing or additional mass effects.

It is suggested that care should be taken in accepting the pitdhing
inertia measurements with the fuel tanks partially fulli; alternatlvely
lateral baffles should be added to the tanks.




accurately than hitherto possible.
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A system has been develowned by which the period of coscillations of
large or small structures can be measured easier, gquicker and nore
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Appendix
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Time and Period Measuring Apparatus

This apparatus was designed to permit the accurate measurement
of the periodic time of oscillation of structures, but could also be
used for measurements of elapsed time where movement is present.

A block diagram of the system is shown in fig. 9. A narrow beam
of light from a stationary source is arranged to fall on a plane mirror
fixed to the oscillating member. Reflected light then forms an optical
lever vhich amplifies the movement of the oscillating structure. The
light from the mirror is collected by a simple lens system and focused on
the active area of a photo~sensitive transistor. The arrangement is such
that for half the period of oscillation the cell is in comparative darkress
and illuminated for the other half period. For setting-up purposes the
photoelectric cell is de~sensitised and the current flow due to illumination
indicated on a moving coil meter. This allows the user to obtain optimum

light pick-up.

For pericd measurement purposes, the photo cell current is fed to a
regenerative trigger circult whose operating point can be varied by a
VZERO SHIFT' control. The circuit is adjusted so that the trigger operates
at the point of maxirum velocity of the passage of the light beam across the
cell. In this way a fast rectangular voltage waveform is generated having
the same period as that of the oscillating structure. This waveform is
the input signal to a counter chain which generates start and stop signals.
The counter can be switched to divide the input signals by 1 to 10n where
n varies from 1 to 10. The start and stop signals gate a digital timer
which measures the elapsed time for a pre-determined number of cycles from
which the average period can be determined.
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TABLE 1

-

Analysis of centre of gravity measurements
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Fuel Aircraft Longitudinal Vertical
Condition Weight c. of g. c. of g.
(gallons) (1bs) position aft position above
of datum M/W axles
(ins) (ins)
0 6595 - 3.66 h2.05
50 6961 - 2.4k 41.08
70 7108 - 2,02 40.70
90 7252 - 1.65 Lo.22
110 7396 - 1.37 39.9%
166 7782 - 0.70 7.13
(Full)
Zero Fuel 7912 - 0.69 39.66

8 crew




TABLE

Analysis of the measurement of pitching inertis

Fuel Weight of Spring Oscillation Moment of Moment of Axis Inertia

Moment of Weight of Hon=-dimensional Probable
State Aireraft + Bestraint Period Inexrtia of Inertia of Transfer Correction Inertia of Alreraft Inertia Error
(gallons) Cradle {c. 42 P, Aireraft + Cradle about (IYS) for Crew Alreraft + + Crew I
W AJCHCR (131: Zt) A/C+CR Cradle gbout  Knife Edges 1 P42 Crew gbout 1 ip = L
(1};3 . (sec.} Knife Edges (IYCR) (s1lugs.fs?) slugs. c.g. axis ° M&TZ,
(IYA/C+CR) (siugs.ft2) gﬁ 12
{slugs.ft3) ugs.
o LB
0 8,769 736,945 1.018 18,631 3,855 2,517 57h 12,853 7,912 .1050 iiolsgggwft
50 9,135 736,945 1.010 18,275 3,855 2,907 57h 12,105 8,278 L0947 “
70 9,282 736,945 1.028 18,916 3,855 2,905 57 12,730 8,428 0978 “
90 9,426 736,945 1.020 18,618 3,855 2,838 574 12,49 8,569 .09kt “
1.0 9,570 756,945 1.018 18,537 3,855 2,941 574 12,315 8,713 L0515 “
(_168 ) 9,956 736,945 1.0335 19,110 3,855 2,648 57k 13,181 9,099 .0938 o
TABLE 3
Analysis of the measurement of rolling inertia
Fuel Weight of Spring Oscillation Moment of Moment of Axis Inertia Moment of Weight of Non-~dimensional  Probable
State Alrcraft +  Restraint Period Inertia of Inertia of Transfer Correction Inertia of Alreraft Inertia Error
(gallons) Cradle (cxéxe} PKA/C+CR Aircraft + Cradle about (IXS) for Crew Aireraft + + Crew I %
{w ) : ‘. Cradle sbout  Knife Edges 2 ) 2 Crev about 1, = i
%{%;CR (1v.7t) (sec.) Knife Edges Tren {slugs.£t2) (slugs.£42) g"gi ixie (16.) A ’“(2)2
xxA/ =3 I
C+CR {slugs, ££%) X 2
(slugs.Tt2) {slugs.Tt2)
P2
0 8,769 108,651 2.573 13,700 698 2,530 70 10,672 7,912 053k e
50 9,1%5 108,631 2.655 14,000 693 2,749 70 10,713 8,278 L0513 “
70 9,282 103,631 2.665 14,133 693 2,757 70 10,748 8,425 L0505 v
30 9,426 108,6%1 2.67h 1,176 698 2,7hg 0 10,799 8,569 L0500 g

9,570 108,631 2.688 1k,252 693 2,765 70 10,859 8,713 -0kgk ¢

{Fuil)

Og&f‘é‘ £ \ 9,956 108,631 2.706 1k, 456 698 2527 70 11,341 9,099 0458 "
O




Anelysis of

the me

Fuel State Weight of Oscillation Mon Moment of Axis Inertia Moment of Yeight of Non=dinensional Probable
{galions) Aircraft Period Inertia of Inertia of Trensfer Correction Inertia of Aircraft Inertia Error
Z Cradle (P A/c ACR? Alveraft + Cradle stout  (I,) for Crev Aircraft + + Crew I
W Cradle about  Suspension s {slugs, L5} Crew abouk el
+CR C o - . 5 5, 08" SF. - T
A{S’o) (seee) ?uspension (Tyeg) (slugs.£6%) Suspension () ¢ x‘ﬂzé:}
) I, i - 2 T
A/C+CR (siugs.Tt2) z s
(slugs .£5%) {slugs, £t%)
2
0 8,769 3.852 25,527 L, 46k 121 577 21,519 7,912 1078 165 slugs,ft
or 0.75%
50 9,135 3.801 26,0b7 4,464 152 576 22,007 8,278 1053 ’
70 9,282 3.893 26,074 Iy, 46k 165 576 22,021 8,425 1036 7
90 9,426 3.892 26,061 b ok 177 576 21,596 8,569 L1017 “
110 9,570 3.900 26,168 b, L6k 188 575 22,091 8,703 L1005 “
168 9,956 3.917 26,396 4,6k 217 575 22,290 9,099 0960 “
{fa11)
TABLE 5
Brror Analysis
Source of s . - . i
Possible Error Pitching Inertia Roll Inertis Yaw Inertis
Possible Possible Possible Possible Possible Possible
Error Error in Error Error in Error Error in
Inertis Inertia Inertia -
{slugs, £t7) {slugs, Ft2) (slugs.ft5)
Period +.002 sec. 280 +,002 sec. +p5 +.,002 sec. *29
spring Constant | *20 1b/ft %105 %5 Ib/Tt *86 10 1b/ft 127
{0.5%) (0.5%) (0.5%)
Spring Arm +,020 ft. %50 +,.020 ft. +70 +,020 ft. Eh3
Alreraft Weight | %3 1b. 5 £3 1b. &5 - -
vorteal PosIOn) 1 ol £, 65 .04 ft. £11h - -
Longltudinal “ " .
position of c.g. ®.02 £5. *8 - - -
Moment of inertia: 280 slugs.ft? %80 £1k siugs, £t2 £1h 89 slugs, £+2 %89
of cradle : %) (2%)
Moment of inertia! %P0 slugs.ft2 %20 #20 slugs.Tt® 20 00 slugs., £t2 +20
of crew o) =) (%)
Probable Error *130 +110 165
Fh e e ey S £ e 3 g P ks b h Q. or or
TR :‘:\‘52 g?égs%ie’f‘ T A - 05T (ol
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FIG. 3. VIEW OF THE AIRCRAFT IN POSITION FOR |
THE PITCHING INERTIA TESTS. |
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FIG. 4. VIEW OF THE
THE ROLLING INERTIA




FIG. 5. VIEW OF THE METHOD OF
ATTACHMENT USED IN THE ROLLING INERTIA
TESTS.
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FIG. 7. VIEW OF THE METHOD OF SPRING |
ATTACHMENT USED IN THE YAWING INERTIA
TESTS. g




