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- SUMMARY

- The Report describes the design, comstruction and
calibration of a five~component strain gauge dynamometer suitable
for the free-stream testing of control surfaces in a wind tunnel at
a Reynold's Numbé; Bf up to 1.5 x 10¢

The dynamometer has been designed primarily for the
testing of ship control surfaces including, in particular, skeg rudders;
it has facilities for the independent adjustment of angle of attack, and
the derivation of the forces and moments, on both rudder and skeg.

A review is made af background.design philesophy and
design requirements, leading to the bhoice of strain gauged shear
flexures incorporated in a fabricated structure; a full description
of the dynamémeter follows, together with the relevant design calculations,

‘ A report on the complete calibration leading to the
interaction correction equations is given; assessments of the magnitudes
and origins of the interactions and overall measuring accuracy of the
dynamometer confirm the choice of overall design concept,

Brief comments are made on the operation of the dynamometer
following successful commissioning experiments in the wind tunnel,

ii




-

] )

aty

CONTENTS

2.1

242
2.3
2.4
2.5
2.6

3.1
3,2
3.3
34
3.5
3.6
3.7
3.8
3.9
3,10
3,11

4.1
4.2
4.3
4e4
4.5

SUMMARY

INTRODUCTIOH N 'YX ] 'TX] see ese sas

DESIGN REQUIREMENTS

‘Components ee ere  aee eee ces
Loading soe eoe see ...' o
Accuraey voe ens see ces  eee
Dimeﬁsional Requirements PPN sse ses ces

Independent Measurement of Rudder and Skeg Forces ...

Angular Adjustment cse Iy see tee oo

PHILOSOPHY OF DESIGN AND OUTLINE OF
PRINCIPAL DESIGN FEATURES

- e 8

oo

General cae sse .... s oss
Flexure Types von see ave cos ese
Overall Layout of Flexures and Gauges " eee ase
Measurement of Forces and Angulai- Adjustment of Test Models.,.
Worm DFives = .is 7 ees See ees .
Vernier Scales cos von - cee “eee
Main Lower Rotational Bearing (Skeg and Dynamometer)..
Main Upper Rotational Bearing (Rudder) cee cee
Dimensions and Materials of Dyné.mom_eter Frame - ...
Dimensions and Materials of Flexures vee cee

Warping of Plates Adjacent to Measuring Flexures and
Measurement of Torque ses see ves ave

STRAIN GAUC—ES, ELECTRICAL CIRCUITS AND INSTRUMENTATION

‘General ves ves aes ess vos
Selection and Mounting of Strain Gauges soe ses
‘Bridge Circuits cae “ee oo ves ses
Instrumentation - ... ot see cas .
Bridge Supply Voltage ves ces cee

iii

LE R ]

PAGE

- AV IV ' S I )

WO WY @~ oW

[
o

o]
N

15
15
17
18
18



Fw

5.1
5.2
52,1
50242
5243

) 502 n4

54245
5.3
5.4
5e5
5¢5.1
5e542
5e543
5e544
555

5.5.6

5¢57
54548
54549
56
547
548
5.9
5.0

6.1
6.2
643
644
6.5
6.6
67
6.8

69

CALIBRATION

General oo "o 'y’

PAGE

22

Calibration Rig, Application and Aligmment of Calibration Fprées 22

Rig see eoe ees
Calibration Masses ,.. aee ees
Application of Forces e e
Locking of Chosen Skeg and Rudder Angles
Aligrment of Forces ... cee see
Proof Loads ess ess cse
Deflections " eee . ces

Calibration Data and Discussion soe

ae e

Bridge Voltages and Electrical Zero Stability
Derivation of True Roll Centre of Dynamometer

[ X 2

LR N

Secondary Interactions Caused by Loads on Skeg

Maximum Allowable Loads and Moments ee.

*e e
*e s

LR X

. Maximum Angular Adjustments of Rudder and Skeg
Corrections Caused by Changes in Bridge Voltages

Resolution of Measured Loads and Moments caused

by Rotation of Dynamometer, hence Dynamometer Axes

Note Oh Units sse sew sne

civ

ase

*e e

[ B R J

[ X 3

Component Calibration Slopes ses
Comparison Between Measured and Predicted Sensitivities
Interactions see ose vee
‘Second Order Interactions .. .ee
Calibration Matrix ... see cee
Origins of Interactions cos see

aa8
see
LN )
LR X J
*e e

LA R

LE X ]

LR B J

*e 8

e

- Hysteresis and Creep con cos
Repeatability and Accuracy ... Y
Calibration Time ess ces ees
Sixth (Z-Direction) Component R
Summary of Calibration Results e
OPERATION
General ses coa . eea
Attachment of Rudder to Dynamometer and Dynamometer to Groundes
Check Calibration Facilities .es ase
Details of ?ﬁnnél‘Operation cee  eee

22
23
23
23
23
25
26
26
26
27
28
29
31
31
33
35.
36
38
39
N
41
42

45
45
46
46
48
48
49

49
50



-

-

APPENDIX

APPENDIX

APPENDIX

. APPENDIX

APPENDTX

APPENDIX

CONCLUSIONS- [ X X ] [N 3] L2 ] ‘... [ R B )
ACKNWLEDGBIENTS see see eée sae eee
chmmE [ K K J LA N ] LN N ] LN N ] LN
B.EE’TEREHICES .-.. LA X ] L B N ) L N X ] [ N ]
Al SUMMARY OF FLEXURE TYPES AND
‘CHOICE OF FLEXURES '
Al,1 Summary of Flexure Types ... vee coe
Al,.2 Choice of Type of Flexure ,,. oo ese
A2 OUTLINE OF OPERATION.OF THE SHEAR FLEXURE ...
A3 CAICULATIONS FOR DIMENSIONS OF FLEXURES
A3.1 Summary of Formulae and DPata Applicable
to the Design of the Shear Flexures P
A3,2 Dimensions of Flexures = se. coe cee
A4 ERRCRS IN STRAIN DUE T0O ERRORS IN
Hlm DDIENSIONS *089 LN J [ X N ] s
A5 SUMMARY OF PROPERTIES OF THE |
RESISTANCE STRAIN GAUGE AND UNBALANCED BRIDGE.
A6 . RE-ANALYSIS. OF STRAIN AND

SENSITIVITY PREDICTIONS ses  eee

%

PAGE
52
55
56
58

60
60

63
64
65

(F]

17



Pral

v

fn

4

1. INTRODUCTION:

S m.propdsed series of free-stream tests in the wind
tunnel (Ref. 1 ) at the Uhlveraity of Southampton on models of ship
control surfaces including, in particular, the case of the semi=-
balanced skeg rudder, called for the use of a dynamometer specifically
designed and constructed for this purpose.

The proposed experiments required that the dynamometer
should be suitable for mounting the models through the floor of the
7' x 5' section of the wind tunnel (Fig, 1 ), be capable of the

nmeasurement of five components, measure the rudder and skeg forces

~ either separately or combined and allow independent adjustment of
”angle of attack of both control surface and skeg about a common axis,

Design parameters for the dynamometer including components,

_Gimensions, loading and angnlar adjustments were basically derived from

the projected control surface test series; where practicable, account

was also taken of possible future extensions to its use including the

testing of other ship control surfaces such as stabiliser fins and
other control surfaces and half (or reflection-plané) models in general.

Following a review of wind tunnel balances using strain

gauge techniques, and the determination of some desirable design

features from the calibration of a emall three-component dynamometer
constructed by the writer for supplementary test work, a final design
was evolved and subsequently constructed and calibrated.,

, The design, construction and calibration of the dynamometer
was carried dut in imperial units; suitable conversion factors are
presenied as necessary in the Report enabling the results of tests with
the dynamometer to be analysed in S,I, units.
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2. . DESIGN REQUIREMENTS

2,1 Components:

The dynamometer was to be capable of the measurement

of five components (two forces and three moments) Fig, 2

compriging lift, drag, torque (hence derivation of control surface

centre of pressure chordwise)

and moments about X and Y axes

(hence derivation of control surface centre of pressure spanwise),

2,2 Loading:

A control surface mean chord of 450 mm

(17.7 in ) and
" 8pan of 900 mm '(35.4_in ) was chosen as being the largest gize possible

for the University wind tummel commensurate with acceptable limits on

corrections due to blockage.

assuming CL max, = 1.2,

Co max.’=

0.6,

and a maximum wind speed of 160 ft/sec,

6 in ,

The proposed d951gn load and moment requirements

therefore as follows:

Lift
. Dreg
Torque
Moment about X axis

Moment about Y axis

*  about vertical centre axis of dynamometer
**  about horizontal roll axis of dynamometer

B B o =

MY

seee
LR BN
seee
soee

170

85
1200
4100
2100

Ibf

1bf

1bf in

"1bf in

1bf in

The maximum working loads on the dynamometer
 were therefore estimated assuming the largest énticipated model and
CP; =

were

In order to take account of rotation of the skeg and

hence dynamometer axis (the need for rotating the dynamometer is
discussed later in SECTION 3.4

)s

the dynamometer has to carry




the following maximum loads and moments relative to its own rotational
axess

Transverse load Np  eeee 190 1bf

Axal load Ag  ee. 140 1bf
Torque ' . MZP asse 1200 1bf in
Moment about longitudinal axis MKg ... 4600 1bf in
o n transverse axis'Fﬁp ;... 3400 lﬁf in

Design calculations and proof loads take account of these maximum values,
It is to be noted that these maximum loads and moments can ocour
individually due to positive and negative rotation of the whole dynamometer;
the dynamometer is however ggi designed to carry all the maximum loads and
moments simaltaneously. An outline of some permissible combinations of
these maxima is given in SECTION 6.5,

2.3 Accuracy:

Published literature indicates that accuracies of the
order of 0.1% to 0.,5% of the full scale loads are attainable with
dynamometers utilising strainegauge flexures, It was considered that,
for this dynamometer, accuracies of the order of %% would be desirable,
Accuracy, however, is closély related to sensitivity which is itself
related to flexure stiffness. APPENDIX A3.,2 outlines the backgiound
reasons for the choice of skin strains and sensitivities for the various

flexures, and SECTION 5,7 discusses the resulting accuracies for the
calibration loads, ' '

2.4 Dimensional Requirements:

The distance between attachment points of rudder and
skeg models formed the only physical limitations on size; this was
restricted to a maximum of 6,25 in to accommodate the limiting case
of envisaged rudder/skeg combinations,




i

.
py

2.5  Independent Measurement of Rudder and Skeg Forces:

In order to investigate variations such as skeg size
and angle of attack and the contribution made by the skeg, it was
required that the forces and moments on rudder and skeg could be .
detemlned either separately or comb:.ned, Fig, 3

2.6 Angular Adjustment:

The projected éxperiments required that independent
adjustment of angle of attack for both control surface and skeg about
a common axis could be made, Fig. 4 , and that the rudder angle §
could be varied through % 35° and the skeg angle 8 through + 25°




3 PHTL.OSOPHY OF DESIGN AND OUTLINE OF
PRINCIPAL DESIGN FEATURES

3.1 (eneral:

~ The measurement of forces and moments by means of
strain-gauged flexures was adopted since, with careful design, force
and moment readings of sufficient magnitude can be achieved with
very small’ absolute deflections of theldynamometer. This criteriom

- was important in the case of the proposed tests which would include

control surfaces whose component parts (rudder plus skeg) were |

required to-be separated by a small, but constant, gap during testing,

Also, a small constant gap'is réquired between the -control surface and

the tunnei'base, or groundboard, during testing. Such a near rigid system
is also capable of coping with the fluctuating loadings which can occur
on a control surface near stall. '

Fig, 5 1illustrates the prinecipal featureé of the
completed dynamometer and Figs. 6, 7 and 8 show overall views,

' The following Sections outline the philosophy of design
of the variocus features,

-3;2 Fleiure Types:

Refs. 2 to 19 were surveyed in respect of applications
of atrain gauges to the measurement of forces and moments,

In respect of Refs. 8 to 16 it should be noted that
whilst strain gauge technology itself bas progressed considerably since
the publication of these reports, the overall concepts and réquireménﬁs
of balance or dynamometer design remains unchanged, Refs. 8 and 9
contain useful design information and Ref. 16 contains useful information
on calibration of balances, Whilst Refs. 10 to 14 are not referred to
specifically in this Report they are inecluded in the list of references
since it is considered that they formed useful background reading,

An outline summary of principal flexure types and choice
of flexures is given in APPENDIX Al, '
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The size of the proposed dynamometer, and available _
mamifacturing facilitiés, called for a design of faﬁricated constructions
this compares with the possibility of machining thick end plates and
flexures from one solid piece of material, It should also be noted that
fabricated construction does allow the future exchange of flexures +o
suit a different range of loadlng requirements for the dynamometer;

Cole dynamometers designed on this principle are discussed in Ref. 19,

Due to the possible incompleteness of end fixing in
fabricated construction, and the desire for flexures of simple design
and hence construction, force and moment measurement by flexures gauged
to measure the direct strain resulting from simple shear was adopted,
Some typical applications of the shear plate principle, and its advantages,
are given in Refs, 17 and 18,

3,53 Overall Layout of Flexures and Gauges:

The overall design iéyout may be considered as two
distinet platform arrangements, the lower measuring lift, drag and
torque and the upper measuring moments about X and Y axes. (This
assumes f9 = 0, Fig. 4 b, i.e. dynamometer axis is on fiow axis),

The combiﬁation of the lower and upper platforms,
Fig. 9 a , ylelds the measurement of the five components, Lower Platform
fFig. 9 b ):- This comprises two rigid plates separated by the four force
flexures (e, , ¢, , a, ; d2 ) and four supplementary pillar
flexures (&, s S 4 83 , Sa ). The gauges are arranged at 45°
to horizontal whereby they meaéure linear strain due to shear. When
flexures d, , and d; record, say, drag, flexures c and c,
bending in contraflexure offer relatively little resistance, and outputs
from bridge circuits on e, and €2 are arranged to cancel., Similarly,
when flexures c, and ¢, record, say, lift, d, and d2 cancel,
Torque is measured by further gauges on d, , d; , ¢, and cg
which are arranged to record the difference of forces on dy and 4., ,
and ¢, and ¢, .

Since the applied forces are some distance above the mid
plate, the measuring flexures in the lower platform are also subjected




to tensile and compressive loading, Fig.9 ¢ . If the gauges are
perfectly aligned the influence of tension and compression in these
flexures will be cancelled in the bridge circuits; however, since

- the tensile and compressive loads are relatively high, even small mis-
alignment of the gauges coupled with the high skin strains could lead to
incoﬁplete cancellation and unwanted interaction effects. In order to
minimiée the possibility of these effects, supplementary pillar flexures
(s , 82 , 8 and s, ), which are not gauged, are located at
the cornmers to share these loads with the measuring flexures, These

- pillars, Fig. 9 4, are designed whereby they will share the tensile
and compressive loads, but offer very little resistance to the horizontal
shear loads,

Upper Platform (Fig.9 e ):- This comprises a rigid centre
* portion through which the moments are transmitted, separated from the
rigid mid-plate by the four moment flexures, The gauges are arranged at
45° to the effective forces (assumed linear) at flexure ends whereby
they measure linear strain due to shear, When flexures a, anmd a,
‘record, say, moment MY, flexures b, and b, warp, offering
‘relatively little resistance, and outputs from bridge circuits on b,

and b: are arranged to cancel, Similarly when flexures b, and

b, record, say, MX, a, and a, cancel. In this arrangement little
. resistance to torque is offered; hence whilst the bridge‘circuits-are '
.axranged to cancel torque response, supplementary énti-torque flexures

(P, and T> ), which are not gauged, are required to minimise angular
deflection, These flexures are basically thiﬁ ﬁlates arranged in a
horizontal plane between the rigid centre portion and the mid=-plate

whereby they offer high resistance to torque and very little resistance to
ML or MY.

3.4 Measurement of Forces and Angular Adjustment of Test Models:

The design requirements call for independent adjustment
of angle of attack for rudder and skeg and independent measurement of
forces on rudder and skeg; +the achievement of these.two basic design
requirements is illustrated in the simplified diagrams, Fig. 10 , which
show alternative working arrangements of the dynamometer.
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In case (a), the skeg is attached to the 'active' side
of the dynamometer and the syétem will measure‘the forces and moments
on the rudder plus skeg combination. In case (b), the skeg is fixed
direct to the base (rotational) by means of an 'insert piece' whereby

only the forces and moments on the rudder are measured.

In cases (a) and (b) the rudder and skeg angles
are adjusted about a common axis. Rudder angle is adjﬁsted relative
to dynamometer, and skeg (and dynamometer) angle adjusted relative
to a fixed base plate. Hence in the case of rotation of the skeg there
is a change in the direction of the measuring axes; the resolution
of the forces for this case is described in ,SECTION 6,8 « It should
be added that the pdssibility of rotating the skeg relative to the
dynamometer (for cases (a) and (b). ) was investigated in the early
design stages, Whilst possible, such a system would have necessitated
a very sophisticated design involving running bearings within bearings
and demanded mamufacturing tolerances to very fine limits in order to
minimise play in the increased number of moving parts; such a system
would also have required a further worm drive and angular measurement

. quadrant. In order to keep the overall design relatively 91mp1e, and
"since the resolution of axial and normal forces described in SECTION 6.8

is a relatively straightforward task, the system described above was:
adopted for the angular adjustment of rudder and skeg.

3e5 Worm Drives:

‘ Angular adjustment is-carried out by manually driven worm
gears  for which one revolution of the worm drive results in 0,83 deg,
radial movement of the worm wheel for both rudder and skeg: the wheels are
constructed of brass and the drives of steel., These gears allow very small
changes in angle to be made if desired. In order to predlude the possibility
of any backlash in the worm drives having an influence on the angles tested,
small bolts with wing-nuts are provided to lpbk the chosen angles for

rudder and skeg.

346 Vernier Scales:

Vernier scales (20:1 ratio) moving over the radial
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quadrants allow adjustment of rudder and skeé angles to 0.0250. ‘This
order of resolution is required since an error of 0.025o in angular
measurement yields an error of approximately 4% in 1ift at 10° and

.at. 5° a similar angular error yields an error in 1lift of approximately

.%. N

3.7 Main Lower Rotational Bearing (Skeg and Dynamometer):

For the lower steel bolt attaching the rotational base to

~ the- fixed base a simple sleeved bearing is used; since the stainless

steel sleeved rotational base runs on the centre bolt which is fixed by
virtue of a press fit into the fixed base, play in the bearing is minimised,

3.8 Main Upper Rotational Bearing (Rudder):

The upper main steel bolt carrying the rud&er runs in
taperéd roller bearings whereby play is minimised, Roller bearings were
preferred in this case since the rudder is likely to have many more
‘angular adjustments, hence wear, than the lower bearing '; further, the
rigid centre portion of the upper platform is fabricated from three layers
of materials which would have led to complicated fitting and reaming if,
say, a sleeved bearing system had been employed.

3.9 Dimensions and Materials of Dynamometer Frame:

Incorporating the limitation that the maximum distance
between attachment points for rudder and skeg should be 6.25 in , the
dynamometer was sized to space the flexures at a maximm distance aparf,
A wide spacing of flexures is desirable in order to minimise interactions,
reduce unwanted stresses in non-reading directions (e.g. tension/compression
in 1ift and drag flexures, Fig, 9 ¢ ), minimise error due to misalignment
(e.g. effect on torque, SECTION 3,11) and help provide the moment flexures
with end effects which are closer to the linear case, Fig. 9 e , The
final dimensiéns evolved on this basis gave a spacing of force flexures




(in lower platform) of 7.75 in , and a spacing to outside of moment
flexures (in upper platform) of 9.0 in ; the final overall layout
is shown in Fig, 5 . ' -

Iﬁ order to minimise the overall mass, the basic material
chosen for the dynamometer frameWQrk was aluminium alloy, the fixed
base;'rotationai base, mid plate and upper structure being machined
from NP8 plate., Sieel was used where high strength and minimum
deflections were reqﬁired such as the brackets attaching the moment
flexures to mid plates, the rotational centre bolt (Tumning in tapered
roller bearings) carrying the rudder stock, the upper quadrant arm
carrying the angular adjustment gear and measuring scale, the lower
gleeved bolt conﬁecting the rotational bage to fixed base qnd the arm
attaching the skeg direct to the top of dynamometer. Bare steel surfaces
such as the upper gquadrant arm and moment flexure bradkets were cadmium
plated after construction; the remaining steel surfaces and some chosen
aluminium surfaces were stove enamelled. '

Connections of flexures to adjacent structures:

Each end of each flexure is bolted to its adjacent
structure by -6 2BA screws. It is considered that the fineness of the
screw threads and the method of attachment will provide adequate. frietion
to prevent slip. The use of pegs _(ﬁr'dqwels),.was investigated but it
was felt that unless perfect inh dimensions and location -(hhich,(if
feasible, would prove very expensive in manufacture) pegs offer little,
if any, advantage over the method chosen.

3,10 . Dimensions and Materials of Flexures:

The forces and moments acting on each flexure were
determined by resolving the estimated maximum loadings for the dynamometer,
Acceptable maximum skin strains were determined from published data, and

hence dimegsions of the flexures derived.

Aluminium alloy was chosen for the flexures; its.

- satisfactory use for this purpose (provided stresses are limited to about
5 tonf/in® ) is reported in Ref.6., Since the modulus of elasticity of
aluminium is about % that of steel then for the same load and required

10




sensitivity (hence strain), the sectional area for aluminium will

be about 3 +times thét for steel. Hence for the same manufacturing
tolerances the possible percentage error in cross-sectional area in
way of strain gauges will be reduced, and measuring accuracy increased,
Outline calculations indicating the order of error in strain due to
‘errors in flexure dimensions for both aluminium and steel are given in
APPENDIX A4. The flexures are required to have a r@latively large -
breadth/thickness ratio in order t6 bend in contra-flexure and offer
little resistance when loaded at right angles to the breadth (non-
‘measuring direction); the use’ of aluminium of 3 times the area but
with the same breadth/thickness ratio and the same strain as steel,
will provide increased resistance to buckling.

Refé. 6, 8 and 19 recommend a maximum skin strain .
at gauge stations of up to 0.001 (0.1% or 1000 ME ), which leads
to a stress of about 5 tonf/in*  in aluminium alloy, Whilst the
limit of proporﬁionality for aluminium alloys is not clearly defined,
inapectlon of stress-strain results for the HE 30 material used would
suggest an’ approxlmate value of about 12 tonf/in $ hence in order
to provide a satisfactory factor of safety in respect of hysteresis,
the limitation of design stresses to about § tonf/inz would appear -
satisfactorya

The flexures were manufactured from HE 20 aluminium

- alloy (0.1% Proof Stress of 17 tonf/in® |, Tensile Strength

20 tonf/in® , Ultimate Shear Stress . 14 tonf/in® ' .), since it

had satisfactory properties for the envisaged loadings, and was readily .
'available, care was taken to ensure that all flexures were cut in the
same grain direction from the same extrusion, Fig.1l , Manufactured
thickness in way of gauge stations was maintained to within % 0.001 in H
the need for this toierance'ia illustrated in the outline calculation in
APPENDIX. 44,

Fig;ll shows the principal dimensions of the flexures
(including supplementary non-gauged flexures), and an outline of the
calculations for the derivation of flexure dimensions is given in
APPENDIX A3,2

11




73.11 Warping of Plates Adjacent to Measuring Flexures, and
: Measurement of Torques

This Section outiines some design featurese derived from
the contruction and calibration of a small supplementary dynamometer.
A small three-component dynamoﬁeter (Fig. 12 ) had been constructed
by the writer for the prupose of carrying out supplementary rudder tests
in the test tank at Southampton College of Technology; the measuring
section consisted basically of two steel plates separated by four
flexures gauged to measure linear strain due to shear. The construction
of the-dynamometef ran concurrant with the early design period for the
larger five-component dynamometer described in this Report, and experience
derived from its design and calibration was incorpérated in the 1arger
wind tunnel dynamnmetér. The final design of this small three-component
dynamnmeter‘was satisfactory in that all calibration curves, includiﬁg
interactions beﬁween components, were linear within acceptable limits;
some limitations. in the measurement of torque (to be discussed later)
exist, but otherwise the dynamometer has proved satisfactory in use for
the preliminary ekperiments carried out so far in the test tank, Further,
it is considered that an important overall conclusion from these tests
was that the resulis confirmed the feasibility and suitability of the
employment of flexures gauged to measure linear strain due to shear for
such multi-component dynamometers.

Warping of end plates:-

It had been the original intention to measure rudder
forces relative to the test tank axes, and preliminary calibration of
the force measuring unit (by hanging masses) entailed rotating the
measuring unit relative to a base plate. Severe interaction between
the applied force and torque was recorded, the largest interaction being
at the limiting angle of 45° (Fig, 13 b) which would have precluded the
measurement of torque with sufficient accuracy. The interaction was
eventually located as being due to 'restricted' warping of the force
measuring unit end plate, Fig.l3 ¢ ;3 the insertion of a small washer
between these two surfaces cémpletely eliminated the problem, allowing
what is effectively 'symmetrical' warping, Fig.13 4@ , However, in the
case of this small-dynamometer, since mamufacturing tolerances and some
slack in the washer/bolt design did not allow the construetion to proceed

12
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by this method, it was decided to use rudder body axes. This entailed
incorporating the measuring unit in the rotational part of the
dynamometer column, and to bolt it to thick machined pads which were
themselves welded to tubes above and below the measuring unit, Fig.12
this is the deeign'ehioh was consequently used with success in the_

test tank,

The discovery of the restricted warping of the end plate
was important in that it allowed modificatlons to be made to the five-
component wind tunnel dynamometer early in the design stage, since a
flat rotational base plate rotating on a flat_flxed base plate had been
originally envisaged. Ideally, the flexures of the lower platform of
the dynamometer should be containeﬁ between two infinitely rigid platee
which would preclude any warping, An actual thickness of 1 in aluminium
alloy for the plates had been estimated as adequate, based partly on fhe
reported satisfactory operation of approx. 0,5 in steel plates used in
the dynamometer described in Ref, 18, In order to alleviate the

_,poeelbllity of problems due to warping, therefore, the rotatlonal base

plate was increased in thickness:from 1 in to 1% in aluminium alloy"
end_a 3 in dia. x 0,05 in thick stainless steel washer incorporated
between the rotational and fixed bage plates.

Torque measurements:=-

Calibration of the small dynamometer also indicated further
problems which concerned the measurement of torque. From an early stage
in the calibration, asymmetry was evident in the results, these being
different . (although still linear) for the clockwise and anti-clockwise
applications of torque. Considered reasons for this included the
possibility that there could be some asymmetry in the flexure unit itself
(esg. flexures on opposite sides not identical in section), and that
since the flexures were only spaced 2,5 in apart, any small errors in
symmetry of the unit would become very apparent in thé measurement of
torque. Further, torque gauges were only attached to two flexures, and it
was considered that this problem would have at least been minimised if
all four flexures had been gauged for torque and their outputs included in
the same bridge.

Based on these conclusions, therefore, the following criteria
were incorporated in the new five=component wind tunnel dynamometer.

13
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(a) The flexures between the rigid plates of the lower platform
(hgasuring 1ift, drag and torque) were spacéd as far apart as other
physical limitations would allow (further reasons for this wide spacing

. were discussed in SECTION 3,9) and,

(v) Torque gauges were incorporated on all four flexures: (8 gauges
in all) and their outputs included in the one torque bridge (the torque

. bridge is described in more detail in SECTION 4.3),
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4. STRAIN GAUGES, ELECTRICAL CIRCUITS AND INSTRUMENTATION:

4,1 General:

The principal strain gauges employed in force measurement
dynamometers are semi-conductor gauges where very high sensitivity is
required (gauge factors k, see later, of up to about 120 are
attainable) and the wire or foil resistance strain gauge., A preliminary
investigation indicated that, for the envisaged flexure sizes and
estimated strain levels, adequaté sensitivity would be achieved by the
use of resistance strain gauges. Due to this, and considerations of the
possible compensation techniques required for nonulihear'responses and
temperature effects with semi-conductors, and their high cost (up to
twelve times that of an equivalent resistance gauge), the use of semi-
conductors was; not considered further. For more detailed information the
reader is referied to Ref,3 in which useful comparisons are made betwéen

semi-conductor and resistance strain gauges,

4.2 Selection and Mounting of Sirain Gauges:

Geuge length:-

Refs. 3, 5, 6, 7 and 15 all recommend the use of the
largest possible gauge for dynamometer applications. The larger gauge
has the capability of greater sensitivity, improved bonding, decreasing the
effect of creep, a larger area leading to greatér heat dissipation and
hence capability of carrying higher currents, and'lends itself to easier -
installation and more accurate alignment, (It is desirable to restrict
gauge length if actual strain is required at a point in an area with a
rélatively high straiﬁ gradient; the dynamometer requirement, however,
calle only for a function of strain). Inspection of the final dimensions
of the flexures, with an allowance for the gauge ﬁacking base size,
indicated that a gauge length of 10 mm would be suitable. The location
of the gauges and bases, and their size relative to the flexures is shown
in Fig. 14 ,

Gauge Material:-

Although temperature compensation is provided by the full

15




bridge cifcuits in which the gauges are employed, since there was a

free choice of gauge material, gauges offering temperature compensation

when mounted on-aluminium flexures were selected.

Particqlars of Gauges Used:=

Make

Type
Gauge Length

Base Size
Gauge Reéistance

Gauge Factor

TML - Tokyo Sokki Kenkyujo Co. Ltd.

FCA - 10 - 23 (Crossed foil Two~Gauge Rosette)

10 mm

l6m x 16 mm

1200km % 0,5 ohm

2,13, é.14

_ Temperature compensation when test object is aluminium

Mumber of Gauges:=-

Each of the eight flexures has a Two-Gauée 45° Rosette

.on each of its sides, totalling 16 rosettes or 32 gauges in all,

The gauges are deployed as follows:=

Lift Circuit R
Drag " -
Torque " -
MX ' -
MY -

4 Gauges
.

8

4
4

n

(2
(2
&
(2
(2

on each
on each

on each
on each

on each

on each

of the 2 1lift flexures)
of the 2 drag flexures)

of the 2 1ift flexures
of the 2 drag flexures

of the 2 MX . flexures)

of the 2 MY flexures)

There is a further Two-Gauge Rosette on each of the four
moment flexures (8 gauges in all); in the présent configuration these

are treated as spare gauges, although they could be suitably wired and

calibrated to provide a sixth ( Z - direction) component for the dynamometer.,

Location of Gauges:=

The gauges are located in the centre of each side of each

flexure with their axes at 45° to the vertical or horizontal axes of the

flexures; dimensional particulars of their locations are shown in Fig, 14
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Bonding and Protection:-

The gauges were bonded to the flexures using
TML P-2 Polyester Adhesive, since this adhesive should provide a
long term of use for the bonded gauges; the gauges. were applied using
the gauge and adhesive manufacturers recommendations for cleansing,
clamping pressures and cuiing times, After bonding, all gauges were
coated with R,S. Silicone Rubber Compound {clear) to give physical

as well as humidity protection.

4.3 Bridge Circuits:

The wiring of the various component bridges is shown in
Fig.15 . The gauges were wired in each bridge whereby the maximum
signal output was produced, as outlined in APPENDIX A5 . Key diagrams
showing gauge numbering relative to flexures, and relating to the bridge
circults (Pig. 15 ), are shown in TFig, 16 .

, Possible inaccuracies in torque readings due to possible
agymmetiry between flexure units were discussed in .SECTION 3,11 ; hence,
in order to increasé the accuracy of the torque bridge, gauges on both
the 1ift and drag flexures (8 in all) are employed, with two gauges in
series in each arm of the bridge. It is to be noted that connecting
gauges in series'such as for the torque bridge will only improve the
accuracy (or average value) of response for each bridge arm, but will
not increase the sensitivity or output signaly; the increased total
equivalent resistance of the series bridge dbes however allow an increased
supply voltage for the same gauge current (see calculations in SHECTION 4.5),
with consequent inorease in total bridge sensitivity. o

The terminal wires for the 32 gauges are firstly led to
64 terminals on two tag boards mounted on the dynamometer; the component
bridges are made up by suitable connection of these 64 gauge terminals to
the 34 brid.ge.ferminals below. This arrangement is shown in Fig, 17 .

) The lead wires carrying the inward supply voltage and output
response 31gnals are led from the dynamometer bridge terminal boards to the
recording instrumentation by means of a multi-core cable (with an
approximéte length of 40 ft ); the cable is attached to the instrumentation
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by means of a standard multi-pin plug; The plug terminal reference
mmbers are related to the equivalent bridge terminal numbers
(Pigs,15 and 17 ) as listed in Fig, 18 .

Wires are led from .the bridge supply voltage ping in the
multi-pin plug box direct to the data transfer unit in order to monitor
the supply voltage for each bridge; these lead wires are numbered
according to the bridge terminal numbers, Fig. 15 .

‘ The polarities of the connectlons between the brldge unit
and the data transfer un;t are shownt in Fig. 19 |,

4.4 Instrumentations ‘ .

The dynamometer is de31gned to be electrically linked with
‘the existing wind tunnel recording equlpment-' this consists of a strain
gauge bridge unlt,coupled to a data transfer unit and a digital voltmeter,

The strain gauge bridge unit is cépable of accepting up to
8 full bridges, and of balancing each bridge independently. The
bridge unit provides a stabilised overzll input voltage of betweeh
0.2 volts D,C,. and 32 volte D.C,, leading to actual stabilised supply
voltages at the strain gauge bridge terminals of up to approximately
6v for a four (x 12002 ) gauge bridge and approximately 13v for an
eight (x 120 . ) -gauge series bridge, see Fig. 15 . Whilst the _
overall input supply voltage to the bridge unit can be édjusted, the supply
voltage to each individual bridge cannot be adjusted separately.

7 The data logger has 20 chammels and fhe voltmeter can
measure down to 1’}Lv; the system has facilities for output either by
visual digital voltmeter, or by recording on automatic paper print out or
hlgh speed punched tape. A typical example of a calibration data prlnt out
for the dynamometer, with various components labelled, is shown in Fig, 20

4.5 Bridge Supply Voltage:

The output voltage and hence sensitivity of the unbalanced
bridge is proportional to the supply voltage as shown by equation A5.3
hence maximum bridge excitation level ie desired in order to maximise the
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sensitivity of the load measurements, Excess bridge voltage can, however,
lead to overheating of the gauges with consequent zero or no-load
instability. The most important falctb,rs which determine the acceptable
excitation level are the power dissipation capability of the gauge which
varies approximately with the size of the grid, and the heat sink: )
properties of the mounting surface; in this case the gauges. are foil and
relatively large (10 mm x 2,5 mm) and the mounting surface is almiﬁim
. alloy which provides a good heat sink. ‘

The current carrying capacity of foil gauges is frequently
quoted as the power dissipated per unit grid areat for example, Ref, 3
éuggests an accepted value for static measurements when mounted on metals
as 6.5 watts/in? , Ref. 5 suggests an accepted value as 5 watts/in? ,
- Ref, 20 suggests: 2 to.5 watts/in® for high accuracy static measurement
-with excellent -heat sink conditions (e.g. heavy aluminium or copper
specimens) -although a small derating factor should be allowed due to
the stacking effect of the rosette gauge; . Ref. 21 - suggests 1 to 5 watts/in®*
whilst Ref, 22 . suggests that the values quoted in Ref, 21 are conservative,

R‘ef. 2 suggests that most wire strain gauges will carry
approximately 0,030 amp., (30 m,a,) without overheating and that foil
gauges, because of theif heat dissipation characteristics, will have two
to three times the éu&:rént-carz;ying capacity of wire gauges (i.e. 60 -
90 Mm.a,). . For the foil' gauges :.n quesfion, and éssuming the lower value
of 0,060 amps.: ' o

For balanced case (Fig.2l. ):

I, = I, = 0,06 amps
and I = I, + I, = 0,12 amps.
Equivalent total resistance of bridge = 120.
hence limiting voltage v = 0.12 x 120
= 14,4 wvolts
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For the torgue bridge, two gauges in series are used in
"each arm, hence for balanced case (Fig, 22 ):

I, = I 0,06 amps:

]

‘and T = I, + I, = 0,12 amps

Equivalent total resistance of bridge

= 240
hence limiting voltage v =. 0,12 x 240
= 28,8 volts

In order to provide ample margin against gauge overheating,
a maximum supply voltage of 7 wvolts is assumed for the !'four gauge!
bridges (L, D, MX and MY) and 11 volts for the 'eight gauge!
bridge (Mz). (The value of 11 volts for MZ is the approximte value
obtained when 7 volts is supplied to the other bridges, as discussed in
-~ SEOTION 4.4 ),

Also power dissipated in grid, ‘\va\,‘l:'!:s/:i.n“L = v: /'R x Ag

where v, = wvoliage across 'eaéh gauge
Aq = grid area :
and Ag= 0.4 in x 0,1 in

it

Q0,4 in x 0,1 in

0,04 in®

hence for bridge voltage of 7 volis
and gauge voltage of 3.5 volts 7
2.55 watts/in®

power dissipated 3,52 /120 x: 0,04

and current in each gauge = v/R = 3.5/120 29 m,a,

for the bridge voltage of 11 volte
and gauge voltage of 11/4 = 2,75 volts

power dissipated 2.’{52 /120 x 0,04 = 1,57 watts/in?

2.75/120 (or = 1/2 x 11/240)

and current in each gauge

= 23 m.a,
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These power densities lie within the range of limits for static
measurement suggested by Refs. 3, 5, 20, 21 and 22 and the
upper current values suggested by Ref. 2 and the gauge manufacturer
Ref, 23, ‘ '

The original estimates for strain and hence eignal
voltage output (APPENDIX A3.2) were based on 5 volts supply; the
use of 7 volts supplies will, therefore, lead to increases of 40%
in output signals, and the use of 11 volis for the torque bridge
supply lead to a 120% increase in torque output signal.
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4!

Interactions,

5e CALIBRATION

5.1 General:

For a dynamometer of this type there is a requirement
for comprehensive calibration imrolving the evaluation of the usual
component calibration slopes, together with the derivation of interaction
effects between the five components; "components are firstly applied
individually in order to determine calibration slopes and first order
interactions, and pairs of loads are then applied to determine the
mamtude of the second order interactions. Fig.23 1iets the loads and
com'binations of loads for the derivation of the first and second order

4

Mea.surements are also required in order to derive linear

and rotational deflections when loaded, proof loads and sensitivities,

and checks are required for defects such as play of assembly, hysteresis
and creep. A check is also required in order to determine whether
applications of loads on the skeg when connected to base will have an
influence on any of the components,

5e2 Calibration Rig, Application and Alignment of Calibration For.cee:

5020_1 R'I.g

A’ ealibration frame was designed and constructed which .
allows forces and moments of known mgnitude and direction to be applied

: individually or combined by means of pulleys and known masses under gravity.

In order to obtain rigidity and stablility during calibration the frame
was constructed of welded heavy mild steel angle which wae suitably machined

_and drilled after welding to take the dynamometer and calibration mass

beams. Figs.24 and25 illustrate the complete calibration rigy TFig. 26
shows the loading points in the calibration arm for the application of
moments, and in the calibration plate for the application of torque; Fig.27
shows diagrammatically how the various forces and moments, and their
combinations, may be applied in the calibration rig.
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54242 Calibration Masses.

. The calibration masses were all checked relative to
certified standards, Some small corrections were necessary such that
all. the 20 1b masses were correct within % 0.0044 1b and the
10 1b  masses within % 0,0022 1b  ; this amounts to % 0.022% in
each case.

5e2.3 Application of Forces

The application of forces and moments in Fig.27 are
shown idealised and, since it was not possible to apply loads‘or offset
loads through the dynamometer roll centre; it was necessary to apply
both the load and its offset on the calibration arm; thus moments
(MX and MY) were obtained by applying equal loads at different levers,
Fig. 28 (a), and loads (TL. and D) were obtained by applying dissimilar
loads at levers inversely proportional to their values, Fig. 28 (b),

5e2.4 Locking of Chosen Skeg and Rudder Angles

Dnring the early stages of calibration it was noted that
tightening of the skeg/dynamometer angle clamping ving nut caused small
but erroneous meter readings due to deflections in the rotational base
plate; (due to design differences, thg same problem could not occur with
the rudder angie clamping screw), The gap between the rotational and
fived bases at the clamping screw was suitably shimmed with stainless steel
waghers and the problem was completely overcome. . For consistency, however,
all further calibrations were carried out with the wing nmuts for both angular
adjustments tightened and, as a calibration as well as backlash precaution,
it is recommended that both wing muta be tightened at all chosen angles
during wind tunnel testing, |

5e2.5 Aligmment of Forcges

Early calibration results indicated poor aligment of the
calibration rig relative to the dynamometer., This did not have a
significant influence on the direct calibration slopes since errors are
proportional to cosy, where ¢ is the angular error in the direction
of the applied force, Small errors in horizontal alignment were however
seen to have a significant effect on interactions., This was discovered
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by the appearance of dissimilar interaction slopes positive and negative,
and then a change in these slopes during re-calibration following changes
. in the positions of the calibration beams (such as for calibration in

" other direction, or for torque). The problem was magnified by the need
t0 apply loads and moments with offset loads as discussed earlier, and
shown in Pigs, 28 (a) and 28 (b).

It should be added that erroneocus and sometimes very large
interactions on torque were observed in the early stages of the calibration.
It was obvious in hindsight that even the smallest of errors in 'a.lig'-mnent
of the 12 in, 'x 12 in, calibration plate would cause the tré.nsmission
of incorrect and unwanted torque via the calibration arm. This particular
problem was successfully overcome by transmitting the forces to the
 calibration arm via ball races within plates which were then able to
self—centre under load; this system is shcwn diagrammatically in Fig.29
The 12 in., x 12 in, ‘calibration plate was of course retained and used
for the torque calibration.

The effect of the rig mis~aligmment described above is
illustrated in Fig. 30 (_a)‘ which shows diagrammatically the typical
curves produced for one of the interactions, 'Curve @ shows a typical
interaction celibration and eurve @ a later repeat calibration for
the same interaction; both curves indicated a similar deviation from
the correct curve (3) for both positive and negative loads. At this
stage the need for very acourate aligrment became evident, The position
of the dynamometer relative to the calibration frame was checked carefully
and, prior to calibrations in the X or Y direction, the calibration
mass beams and pulleys were carefully adjusted whereby they were perfectly
in line per case (3) , Fig. 30 (b), hence producing a correct result
pexr curve @ in Pig, 30 (a). The procedure adopted to achieve this
alignment for the X direction was to vary the position of the calibration
beams and at the same time monitor one or two check spots for the
influence of MX on MY (or MY on MX for the Y direction) for both
positive and negative values; when equal values for both positive and
negative check spots were obtained, complete calibration of the interaction
effects was carried out, This procedure proved to be entirely satisfactory,
producing the interaction results shown in Figs, 37 to 41 , Repeat
calibrations using the above alignment procedure, following changes in
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position of calibration beams, gave data within the experimental scatter
shown in Figs, 37 to 41 .,

It is considered therefore tha.t the aligmment procedure
adopted for the rig and described above will prove satisfactory for any
‘future repeat or check calibrations,

5e3 Proof Loads :

In order that the flexures should not be subjected to
unnecessarily high stresses, only approximately 5% overload was used —
above the maximum loads and moments listed in SECTION 2.2. The dynamometer
was therefore subjected to the following individual proof loads and moments:

atp

nift . ¥ 200 1bf

Drag  t 150 1bf
Mz - % 1200 1bf in
Mx I 4775 " 1of 4n
MY T 3775 1bfin

The dynamometer is not designed to carry all the maximum loads and moments
simultaneously, as mentioned in SECTION 2,2 and discussed in SECTION 6.5
The combination of maximum 1ift, drag and torque does not cause any problems,
but limitations exist in the combinations of MX and MY due to combined
stresses and the follow:lng maximum combinations of moments were tested for
proof purposes.at {6 :

MX'

+ MY
4775 1bf in + 500 1bf in
4500 1bf in + 1000 1bf in
4275 1bf in +- 2100 1bf in
3275 1bf in + 3325 1bf in

The response readings were recorded for all proof loads
and combinations. Small amounts of hysteresis and gauge creep were
observed in different components. Sustaining the maximum loads over short
periods of time did not increase the creep, The effects of hysteresis and
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creep are discussed in more detail in SECTION 5.6.

From the point of view of structural integrity all the
proof loadings proved to be satisfactory and the detailed calibrations )
reported on in the following Sections were proceeded with,

Sed Deflections:

Deflections for maeximum loads and moments were recorded
at points 5 in., above the dynamometer roll centre for the dynamometier
and skeg (approximately where dynamometer penetrates wind tunnel floor).
It was not possible to obtain accurate deflections at a greater height
due to deflections in the calibrating beam itself; it is assumed that
the projected models will be of solid laminated construction, and will
therefore deflect by negligibdle amounts,

Deflections were monitored relative to fixed base (fe.g.
relative to wind tummel floor) and relative to rotational base; the
latter indicates the likely deflections of the rmdder relative to the
skeg,

The measured deflections are summarised in Fig, 31 .
It is considered that the linear deflections are within acceptable
limits. The influence of the angular deflection of 0.000130/1bf in
torque can be neglected up to about 200 1bf in since it is less than
the minimum measurable angle on the dynamometer; above this torque,
however, an angular correction of 0,00013°/1bf in will be required in
the model data analysis. '

5.5 Calibration Data and Discussions:

5e5.1 Hridge Voltages and Electrical Zero Stability

The 1ift bridge voltage was set as close to 7,000 volts
as was posaible (the choice of 7.0 volts was disoussed in SECTION 4.5).
The typical repeated drift of the stabilised voltage in the course of a
complete day's calibration was from 6,999 volis to 7.002 volts; this
amounts to only 0,04% change in voliage and no corrections to calibration

26




slopes for this order of voltage drift were necessary,

After the instrumentation and gauges had been allowed to
warm up completely (approximately 1 hour maximum), .and settling time
allowed after adjustment to voltmeter zero and/er bridge‘balance, zZero
gtability was found to be very satisfactory. The ekctrical zero checke-
were made over periods of up to half an hour and no significant shifts
were recorded, This time period well exceeded the time for amy of the
calibration runs; tumnel rumning time for a series of angles (or conditions)

" is not expected. o exceed this approximate limit.

" Instability effects due to temperature changes will be
insignificant, Temperature eompensation is provided by the full bridge
circuits as discussed in SECTION' 4,2.; also, the dynamometer is
completely extermal to the wind tunnel working section and will be
subjected only to the relatively small changes in laboratory temperature,

5¢542 Derivation of True Roll Centre of Dynamometer

For the purpose of the design of the calibratlon rig the
roll centre was assumed to be at mid height of the  moment. flexures,
i,e. 2.885 in Ybelow the top of the dynamometer as shown in Fig. 26,
Througheut the calibration process, therefore, loads were applied to
" the calibratiom arm at assumed levers of 5in, 10in, 15 in and

20" in . |

| In order to'firstly derive the true roll‘centre prior to
analysing the calibration data, loadings were applied at each of the
assuned levers of 5in, 10in, 15in and 20 in 3 the date was
regressed and a mean value obtained for the applicatien of 100 1bf at
each of the assumed levers, These values were cross plotted and regressed,
as shown in Fig., 32, ’ ’

The intercepts of the graphs in Flg. 32 indicate that the
true roll centre for moment MX 4is 0,0476 in below the assumed roll
centre and for MY is 0,0666 in . This difference between the two
moments is probably accounted for by the asymmetry created by the Anti-
Torque flexures which are located on the Y-Y axis only, Since one common
roll axis is required, a mean correction value of 0,057 in was assumeds
the use of this mean value between 0,0476 in and  0.0666 in for MX and
MY leads to errors of less than 0.1% in moments MX and MY’ for levers
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greater than about 10 in .,

Hence derived true roll centre
below top of dynamometer = 2,885 + 0,057
= 2,942 in

The analysis of all the following calibration data has

therefore been based where necessary on the use of this true roll centre,

5eDe3 ‘ Component Calibration Slopes

The data for the five components are shown plotted in
Figs, 33, 34 and 35, and all slopes are linear within acceptable limits.
Positive and negative calibration slopes were investigated separately
leading to the following differences: Lift 0,32%, Drag 0;21%;
Torque 1.52%, MX 0,56% and MY 0,1%. The values for L , D, MX
. and MY are very satisfacfory. The value for torque, whilst high, is
considered acceptable; this had been 1,7% for all data, but a plot of
errors indicated bigger errors at the larger values of torque., Data
within % 720 1bf in repreéenting the practical limits of torque, were
therefore considered which led to the difference of 1,52% between the
positive and negative slopes; +this is of course an effective difference
of 0.76% between the mean slope for either the negative or positive
data compared with the mean slope for the combined data,

Simple torque was cbtained by the application of couples
created by offset loads in both the 1ift and drag directions; the
differences in torque response resulting from the applicafion of the loads
in the two directions was insignlflcant and all data (up to % 720 1bf in )
were ineluded in the final mean regression line,

‘j Mean callbratlon slopes for the five components for combined
positive and negative data obtained by'leastrsqpares linear regression
and shown on the respective calibration curves Figa.‘33, 34 and 35 are
sumarised in SECTION.5.10.

Tiue errors in actual measured data for each component
compared #ith the regression lines are shown plottéd in Fig., 36, The
relatively even positive and negative distribution of errors indicates good
linearity for each component. The scatter of data is generally within the
limits of % 1% of true values; 1ift has some positive data a little outside
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these limits although it had been observed throughout the calibration
process that the voltmeter readings for 1ift had always been the least
stable of the components, Torgue errors lie within % 1,2%, +hese being
due maiﬁly to the difference in slopes of negative and positive data as
dizcussed above,

The reasons for the difference in slopes for positive and
negative torque are not altogether clear. The identical results obtained
by the application of couples in the lift and drag directions suggest
that there are no mechanical or dimensional defects in the dynamoﬁeter
itself., The cal;bration-plate may not have been exactly correct in. the
X-Y:i plan9 and, since the‘loads were applied at the edges of the plate,
small rotational errors would have led to an increase in the moment arm
and hence torque in one direction and a decrease in the other; a check
on the accuracy of aligmment was very difficult and proved inconolusive,
Further, due to the pin attachment between the calibration plate and arm
the plate was seen to rotate a emall amount under load relative to the
arm. The machining tolerances between the calibration plate pin and‘holes
indicated that rotation may not have been the same for positive and
negative torques, hence leading to aaymmetry in application of loads., The
results do therefore suggest that there was probably some'aéymmetry in the
application of torgque through the calibration plate and fig, in which case
the mean calibration slope for torque is closer to the correct result than
the errors suggest.

5544 Comparison Between Predicted and Measured Sensitivities

It is useful, from the po;nt of view of compléﬁeneas anﬂ
possible future design pﬁrposes, to compare the ﬁéasured calibration®
slopes, or sensitivities, with those predicted in APPENDIX A3.2, A summary
of the predicted and measured seﬁsitivities is given below, together with
the percentage difference in measured values compared with predicted values:

(Measured values are obtained from the reciprocal of the calibration
slopes summarised in SECTION 5,10 and predicted values are obtained
using the values of strain in APPENDIX A3.2, the voltages shown in
SECTIOR 5.10 and a gauge factor of 2,14 ).
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PREDICTED - MEASURED - ~ DIFFERENCE
JAV/1bf or 1bf in MV/1bf or 1bf in ‘ %
L “ 9435 . 13.16 +41%
b 12,98 - 17.61 +36%
Mz 2,15 ' 2485 ' +33%
MX 1.19 1,78 ' +50%
My 150 2.33 +55%

The increased sensitivities recorded are desirable from
the point of view of the resolution and accuraey of the dynamometer.

The likelihood of some increase in measured sensitivities
over the predicted values was recognised‘ip the design stage, APPENDIX A3.2,

The size of'the disparity between the measured éndlpreQicted
values does however question the use of average shear stress in the
estimates of strain and hence sensitivity. '

A problem did exist in the design stage in that mean direct
strains were assumed in order to derive flexure dimensions; the derived
flexure dimensions then allowed a choice of gauge size’fo be made, An
1terative process would have been necessary in order to relate with the
assumed strain the integration over the chosen gauge length of the true -
shear stress (and hence direct strain) distribution for the derived flexure
size,

Following the availability of the actual measured data, a
more detailed analysis of the pfedicted values was carried out using the
true shear stress distribution; the results of the analysis are given in
APPENDIX. A6, |

The calculatlons in APPENDIX A6 indicate that the use of
the true shear stress distributions give predictions close to the
measured values; +the residual differences are considered to be due to
the restraint of the lift and/or drag flexures bending in contra-flexure
and the application of small amounts of rotation to the moment flexures as
well as simple shear,

The use of average shear stress in the estimates of maximum
principal stresses in the flexures has a relatively small influence on the
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estimated values, partiéularly since in all cases the shear stress is
small compared with the superimposed tensile/compressive stresses,

The foregoing discussion does however suggest: that for
the prediction of sensitivities in flexures subjected to puie sheér, and
with gauge size relative to flexure size employed in this case, an iterative
process using fhe integration of the true shear stress distribution is
desirable at the design stage, ‘

5545 Interactions
Except torque caused by MX (to be discussed later under
second order interactions) all first order interactions are linear and_are,‘
‘ ip the main, of small magnitude. Interaction data and sloPes are shown
plotted in Pige.37 - 41 ; interaction slopes were obtained by least squares
lineax regressién. Lift and drag were applied by offset loads set at levers
inversely proportional to their magnitude, as explained in SBCTIONi5,2.3 ;
these levers were based on the assumed roll cenfre, hence since the true roll
centre is 0,057 in .below this, a residual MX existed when I was applied
. and a residual MY existed vhen D was applied, Corrections which account
fbr this are shown in the 1nteraction of CMX caused by L and the 1nteraction
of MY . caused-by D, , ' _
_ ' -The experimental scatter of the interaction data in Figs. 37
to 41  is considered to be satisfactory since each interaction response is
very small compared with the direct response of the forces producing the
interaction, The scatter of the plotted data can be misleading since the
scales used for interaction MV are necessarily very large compared w1th
those used for the component calibration slopes.

It is also to be noted that the true roll centre of the moment .
flexures (upper platform) and hence centre about which MX or MY is
recorded is not the same as the Yroll centre' of the 1ift and drag flexures
(lower platform) when subjected to 'MC and MY and their possible interaction
effects. A cross plot of interaction data for a fixed load indicated a
vertical difference in these roll centres of about 1 in (due to the small
size of the interactions this exercise was necessarily approximate), The
calibration results, Figs.40, 41 do however indicate that this disparity
of roll centres can be neglected; the interactions of MX and MY on Lift,
Drag and Torgque are of such small magnitude that corrections to MX or MY
due to such a correction in roll centre lie within the experimental smcatter

of the recorded interactions,

54546 Second Order Interactions _
Checks were made by comparing the second order (combined
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;'%}1hadin8) interaction with the sum of the first order interactions caused
é?fiiiy sach of the two individual componente, together with an intermediate

o rﬁ.BP°t to check the linearity of the interactions oased by combined loadings,
.;?? imis entalled checking the two componente and interuction readinge for each

2Tt of the ten combinations of loadings.

The torque interaction caused by (MX + MY) was unsatisfactory,
' and 16 discussed in more detall latery all remalning mecond order:
. Interactions were found to be satisfactory, being within %4 of the sum
;:; g the first order interactions,
» Considering the interactions as a whole, therefore, torque
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b5 pgused the only real problem, Its firet order interuction caused by MX
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ig aleo non-linear (Fig,42 ) but, more important, the interaction caused

" py combined (MX + MY) exceeds by a significant amount the summation of the
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first order interactions caused by M{ and MY. (Thie is 1llustrated in
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Fg.42  for the 60  oamse). For a precise solution this would entail
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" ‘introducing a correction term in the torque equation which would be a nop~
", linear function of (MX .+ MY), The funotion would also be required to tend
" to zero as MX or MY tend to zero. Since the complete solution of the
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gimple process, and solution would require a lengthy computerised iterative

process. Further, the introductlion of second order terms in the calibration
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data. For aimplicity, thefefore, the use of asmumed larger linear torque first
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order interactions caused by MX and MY were inveetigated and subsequently
adopted. These assumed compromise slopes, shown in Figs,40 b ang 41 b
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at small and large momente and at different angles was obtained; +the assumed
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gecond order interactions (formed by the sum of the assumed first order
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intaractions) compared with the measured second order inteructions are shown

in Fig. 42 , The polar plots in Fig.43 indicate the coumpromige
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centre of pressure, absolute torque for a control surface cun tend to zerc

in which cape errors in torque tend to infinity., However, one of the
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& 32
E

= g il ey L

equations, the introduction of second order terms would nullify this relatively

el Y

e A

e T ey

W v R

TR TR

B R iy
FALT

aTR

o

B Ty e,

s’ D! L oy, i .\.gdi’ L anriohiel ]

—
(b

gretiovini il S
%

AR

AP IR R FT e Ly
L

ot

& e

B
e RS

-
D iyl T
ML

at

A
bt ol

R

v e



assumed to be approximately the same as the 40 1bf resultant then error
in CP: = 1.8/40 = 0,044 in , which for a lifting surface chord of
say 18 in amounts to an error in CPz of 0.25% 3 for a resultant

of 3200 1bf in (due to say 160 1bf applied at 20 in 1lever) a similar
calculation indicates the worst error in CP:z -to be about O0,17%, I%
should be added that these changes in torque, caused by the assumed changes
in interactionﬁ, haya an ingignificant effect.on the other components,

- By inspection of Fig.43 it is seen that one area in which
erroneous torque readings can still exist is that when Drag and MY alone
are being recorded, or the very low angle of attack case when D/L ratio )
approx, 7. The errers in torque in this range are however not large énough
to have any significant effect on the interaction corrections to the other
components caused by torque., The derivation of CP: at zero angle of
attack and L = 0 for a lifting surface is in any case indeterminate,
hence it is seen that errors in torque in this low angle range are unlikely
to cause any restrictions in the use of the dynamometer for most kinds of
lifting surface work,

55.7 Calibration Matrix

Using the derived component calibration slopes and interaction
constants, it was possible to build up the complete matrix

e.ge From PFig. 38 , Lift interaction caused by

Drag = +0,0595455 /NI.’ift/unitDrag
from Fig. 33 , Lift = 0,0759968 1bf(/uz

hence the negative correction to lift caused by the simultaneous
application of drag = -0,0595455 =x 0.0759968
= =0,0045253 1bf 1ift / 1bf drag
i.e. correction to 1ift = =0,0045253 x DRAG

Similar calculations were carried out for all interactions and the
following matrix derived :

Le

+1.0000000 Iu -0.0045253 De -0,0003059 MZe -0.0005983 MXc ~0,0017064 Myc
+0,0000000 Ic +1.0000000 Du -0,0003688 Mic +0,0006713 MXc -0,0005192 MYe
= =0,0213727 Lc +0.,0436227 Dc +1,0000000 MZu +0,0021053 MXc +0,0065793 MYc
+0,0797404 1Le¢ +0.0000000 Dc ~0,0858513 MZe +1,0000000 MXu +0,0049306 MYc
MYe = +0,0000000 Ic +0,0987331 Dc +0,0000000 M7e =-0,0048043 MIc +1,0000000 MYu

B8y
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. Where Ic, De, ... Tepresent the corrected or true loads (1bf or 1bf in)
' In, - Du, ... Tepresent the uncorrected loads (1bf or 1bf in)

- In appraising the magnitude of the interaction constants
it should be noted that the various components are not of equal numerical
magnitude, hence it is more realistic to consider each correct;on bagsed on
its typical expected full load value; e.g. Ref.7 suggests that the sum of
the interaction corrections should not exceed 3 - 5% of the limiting value
of the component beihg considered.

Taking as an example the dynamometer basic load and moment
requirements as : L.= 170 1bf, D = 85 1bf, MzZ = 1200 1bf in ,
MX = 4100 1bf in, MY = 2100 ibf in , +then the sum total of corrections
to each respective component, as a percentage of the above design component
values are ag follows: ' '

'_'-". + * -‘0025% - 0022% - 1‘44%

Correction to L = 2,11% = 4.00%
" " D = +0 + # - 0,52% + 3.,24% - 1.28%6 = 5,04%
" " M= -0.30F +0,31% % . 4+ 0,72% + 1.5 = 2.40%
n " MK = 40,33 +0 - 2,51% % + 0,258 = 3,09%
n " M= %0 + 0,408 +0 - 0.94% + % = 1.34%

The individual and sum total corrections for each component
are seen to be relatively small and are therefore acceptable, Further, the
relatively small size of the interaction corrections endorse the vﬁlidity_of-
the overall dynamometer design concept for the measurement of five compénents.'

Since torque could be relatively small and drag smaller
relative to 1lift, as compared with the maximum loadings, the following
loadings were also considered, these representing a typical working case,
and the calculations repeafed t L =100 1bf, D = 30 1bf, MZ = 150 1bf in ,
MX = 2000 1bf in , MY = 600 1bf in .

0.05%

Correction to L = + * - 0.14% = - 1,206 = 1,02% = 2.41%
om "D = 40 4 - 0.18% + 4.48% - 1,04% = 5,70%
" O OMZ= - 1,425 4+ 0,87 +* +2.81% 4 2,63% = T.73%

" T MX= +0,40% +0 - 0.64% + % + 0,154 = 1.19%

" " M= 40 +0.49% + 0 - 1.60% 4+ % = 2,09%

As would be expected, there is a marked inerease in the
correction to torque, It is desirable, therefore, that a reasonably large
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" torque be maintained on the lifting surface., This is feasible by the
careful choice of stock location for the all-movable control surface
although this freedom of choice of stock location does not exist for the
skeg rudder type. ’ ‘

It is to be noted that the derived matrix is in terms of
the corrected values of L, D, MZ, MX and MY whereas uncorrected
values are obtained from experiments and are therefore required in the
equations, The matrix was therefore inverted leading to the follcwing-

L N3] .

equations:
* Le = +0.9999560 Lu ~0,0047048 Du -0,0002532 MZu -0,0005938 MXu -0,0017085 M{u
: De = +0,0000628 Iu +0.9999300 Du -0,0004266 MZu +0,0006728 MXu -0 -0005188 MYu
. Mic = -0.0211999 Lu +0.0443621 Du 40, 9998090 MZu +0, 0021156 MXu +0,0066016 MYu
- MXe = +0,0815552 Lu 70.0036968 Du -0,0858532 MZu +0,9997480 MXu +0,0042273 MYu

B Mie = -0,0003856 Lu +0.0987439 Du +0.0003704 MZu -0,0047367 MXu +0.9999280 MYu

Vhere Im, Du, ... represent the uncorrected or measured loads (1b£ or 1bf in)
end Lo, De, ,.. represent the corrected or true loads (1vf or 1bf in)

5.5.8  Origins of Interactions

- The gauges on all flexures are arranged to measure only. simple
shear, By observation, all gauges are also subjected to tensile/compressive
stresseé, contraflexure, torsion and berding in greater or lesser degrees
of magnitude, A4ll forées, Bther thah shear, are airanged to be electrically

- cancelled in the bridge circuits, although complete cancellation does not
depend on the bridge circuit alone,'

- '  Although the recorded interactions are of relatively smail
magnitude, it is conmsidered worthwhile to attempt to assess briefly thé
. reasons for them, Ref.16 summarises the origins of linear interactions .
as being consiruction errors, improper positioning of gauges and variation
in gauge factor and attributes non linear interactlons to deflections in the
- structure.

Due to the high accuracy of marufacture (within % 0.001 in ),
it ies considered that any interactions due to constructional errors are
likely to be very small,

The gauge manufacturer indicates a variation in gauge factor
for the gauges used of up to #%, hence the cumulative effect of four gauges
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in one Bridge can lead to incomplefé cancellation and relatively large
interactions; an attempt was made to minimise this problem by following
the normal practice of selecting, whenever possible, the gauges for one
bridge from one.mannfactured bateh of gauges, :

Due to the design of the flexures (with relatively large
end comnection pads) some difficulty in the accurate marking off of gauge
positions and subsequent fixing and clamping was reported, It is therefore
concluded that most of ihe interactions are probably due to improper
positioning of ﬁhe gauges, '

One non-linear interaction was recorded (that of MZ caused
by MX, Fig.40 b ); this can be attributed to the asymmetric deflection
of the rotational base plate which in turn is caused by the necessary
presence of the angular adjustment clamping screw (described in SECTION 3.5),
It fellows that this asymmetric deflection also leads to the non-linear
second order interactions when the dynamometer is subjected to the combined
load (MX + MY),

The general conclusicn reached is that most of the
interactions are probably due to improper positioning of the gauges, buti
that some contribution to the interactions may be made by possible variation
in gauge factors, '

54549 Secondary Interactions Caused by Loads on Skeg :
(For case when skeg is attached direct to rotational base)

A preliminary investigation indicated that forces on the
skeg, when attached to rotational base, produced interactions on some of

_ the components which were toc large to be neglected.

Moments caused by forces on the skeg, leading to warping of
the rotational base, do produce some interactions, hence forces were applied
to the skeg/base attachment in the X and Y directions at varying levers,
It can be assumed that direct forces and moments in the plana of the 1% in

‘rotational base itself will have an 1nsign1ficant effect op,the components,

Since the roll centre of the skeg attached to base differs
from that of the dynamometer itself, the first part of the analysis entailed
the derivation of the roll centre for the skeg attached to base, The cross
piots, Fig. 44 , of responses caused by the application of 50 1bf at
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varying levers in the X and Y directions led to a mean roll centre
4.547 in below the true roll centre of dynamometers hence skeg roll centre
is approximately at the mid height of the 1% in rotational base,

The plotting and analysis of interact:l.ons due to skeg
moments is based on this correct roll centre. .
Skeg moments about the true roll axis are defined as follows 3=

MXs = Skeg moment in Y direction = skeg moment about X axis
through skeg roll centre

Mfs = ©Skeg moment in X direction = skeg moment about Y axie
' ' through skeg roll centre

Interactions are shown plotted in Figs.45 and 46 , and
the corrections caused by skeg (when attached to base) are as followss::

Correction to L = =0,0011003 MXs
D ‘= =0,0019334 MYs
 MZ = +0,0371777 MKs  -0,0015583 MYs
MK = =0.0106430 MXs
MY = +0.0067007 MXa

It is to be noted that the influence of MIs on torque is
quite large, which is evidently caused by warping of the 1% in rotationmal
base plate, This possibility was discussed in SECTION 3,11 end steps
were taken at the design stage to minimise this ‘effect, The results do
suggest, however, that whilst the changes made in the design stage have
obviously led to a wor}‘ca.'ble situation, only by the total isolation of the
skeg from the rotational base would the interactions be completely eliminated.

It should be added, however, that correctioms to components
caused by skeg loads have an insignificant effect on the corrections to
other components,

Derjvation of MKs and MYs and hence corrections caused
by them is required to be carried out by iteration since :

MKs = [MEX, - MX,] + 4.547 [L, - L]
vhere L, and MX: = Lift and moment about X axis respect. of Rudder + Skeg
L, and M= " " n " " " " "  Rudder Alone
4.54T7 in Difference in roll centres of MX or MY and MXs or Mis
and L, and MX, will themselves be corrected by Mis
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~ 8imilarly,

ms = [y, - W] + 4.547 [ D - D]

5eb '. Hysteresis apd Creep:

Hysteresis means that after a material is loaded it does
not return to its original length when the load is removed. The phenomenon
can apply to the gauges or the flexure material on-which they are mounted.

Creep is time dependent and 1s possible in flexures if
material enters plastic region; gauge creep is the term used to describe.
slip of the strain gavge relative to the surface on which it is bonded.
These phenomena are described in more detail in Refs.2, 3 and 4,

After removal of the load the effect of hysteresis is to
leave a2 small positive strain reading and the effect of gauge creep'is to
leave a small negative strain reading,

It is apparent from the above definitions that the effects
on strain output of hysteresis and creep can counteract each other, and in
some cases Qancel.

The same effect as hysteresis can be exhibited by friction in
calibration pulleys; slight agitation of the pulleys will usually overcome
this particular problem, ' '

Por the known maximm loadings hysteresis in the flexure

" material is unlikely, and creep very unlikely; for the known maximum strains

hysteresis and creep in the gauges, if present, was expected to be small,

Tt is %o be noted that hysteresis and creep are different
from electrical zero stability; =as reported in SECTION 5.5.1, no
significaqt drift of zeros due to instrumentation effects or gauge heating

-wg8 Tecorded,

Creep and hysteresis were observed to be worst during the

early stages of calibration, particularly during the proof (and hence highh

loadings (as discussed in SECTION 5.3).

Creep and hysteresis both generally decrease following cyclic
loading, e.g. as discussed in Refs.2, 3 and 4; this proved to be the case
for the dynamometer and by the time the final calibration tests were carried

38



out creep and h&stereais'had diminiéhed to small amounts; e.g. during the
final calibration programme hysteresis of up to 0,54 of full scale was
observed following loading up to maximum, but no hysteresis was recorded
for L< 100 1vf, D < 50 1bf, MK < 2000 1bf in and MY < 1000 1bf in
and no creep was recorded during the final calibration,

Due to the small size of the hysteresis and/or creep which
cccurred, zeros after off-loading were used as necessary for decreasing
readings, and effective slopes were therefore the mean of the increasing
and decreasing readings.

In summary, thérefore, it was observed that after some
cyclic loading hysteresis and creep diminished to very low levels, Only
in the highest parts of the load and moment ranges is hysteresis and
creep likely to be encountered; their values are'reiatively small and it
is considered that satisfactory corrections can be made using post-run -
Zeros,

57 Accuracy and Repeatability:

True errors in actual measured calibration data for each
component compared with the regression lines are shown plotted in Fig, 36 .
The scatter of the data is generally vithin t 1% of the true values,
_torque being within ¥ 1.2%. '

The above errors (or inaccuracies) are true errors; the
errors for each component as a percentage of full scale are as follows:

L : f0.39% ; D : *0.32% § MZ o £1.2% 5 MX s %0.33% 3 MY : +0,30%

These accuracies are satisfactory, but they do illustrate.

" the need for a sensitivity of the order of 0,1% of full measured range

(as discussed in APPENDIX A3.2), Resolution of the electrical equipment

is claimed to be 1}rv 3 in practice with some instability and local noise,
-instruments appeared stable only to within 2 to 3/LV'. Due to the choice
of flexure sizes and brldge voltages, this decreased resolution still leads
to sensitivities better than 0.1% for each component: The instability of
measuring equipment was relatively consistent over the complete load range,
hence accounting for the relatively larger percentage errors at smaller
readings, .
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The above discussion considers the errors of readings
about predicted lines; repeatability, in this case the ability to repeat
the mean curves, is good and comparison between calibration slopes
derived in the earlier stages and those derived in the final calibration
programme gave the fbllowing differences in mean slopes:

Approx. 2 weeks earlier Approx. 2 months earlier
L + 0.16% -+ 0.51%
D + 0,11% + 0.44%
MZ. + 0,06% | + 0,27%
MX o+ 0,12% o _ + 0,40%
MY - 0.14%- + 0,19%

As an overall check the dynamometer was loaded with all
five components simultaneously (per Fig, 27 ) up through a range of
loadings leading to simultaneous maxima of L = 156 1bf, D = 90 1bf,

= 1080 1bf in , MK = 3897 1bf in and MY = 2250 1bf in . Measured
values were corrected using the interaction equationsy it was determined
that corrected L, D, MX and MY values were within 20.6% of applied
full scale loads and MZ within 2%, MZ was within $#0.75% for the
range up to half full load; the larger errors for the higher loadings are
attributed to misaligmment in the application of torque due to deflectiona
- (discussed in SECTION S.5.3); there was no means of checking MZ' aligmment
for the simultaneous five=-component case,

It is difficult to compare the absolute accuracies (or more
correotly inaocuracies) with other dynamometers gince little is published
- on the subject., The accuracy is to a greater extent governed by the
principal design parameters including mechanical and electronic éensitivity
and flexure stiffness, In the ultimate the accuracy desired does of course
depend on the purposes for which the dynamometer is to be employed; 4in this
context, the accuracy is considered to be very éatisfactory and, with the
exception of torque, within the desired limits ocutlined in SECTION 2.3,
Whilst a little outside these limits, torque is also considered to be
satisfactory; errors in the higher range of the torque component were
probably due to asymmetry in, and deflections during, the application of
torque (discussed in SECTION 5.5.3) and actual errors are therefore likely
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to be less than the %11.2%. obtained during calibration.

5.8 Calibration Time:

The complete calibration described in this Report took a
total of approximately three months,

It ie not intended to labour the reader further with the
detailed problems, which were many and variéd, which delayed the calibration
process at various stages. A number of the problems havq already been
described in the preceeding Sgétions; ‘a further problem was the unreliability
of some of the electronic measuring equipment which caused considerable
delays. Howeyér, on studying the reports on the calidbration of numerous
other multi-component strain gauge balances, it is some consolation that
the various difficulties encountered with the calibration of this dynamometer,
and the considerable overall time taken, are far from being peculiar to
this dynamometer alone.

It should be added that, taking into account the developed
knowledge and techniquea for the calibration of this dynamometer énd
agsuming good reliability of instrumentation, it is estimated that any
future complete calibration check or re-calibration should be ﬁoasible in

a total of about ten full working days.

549 Sixth (Z-Direction) Component:

Since its magnitude will be of insignificant value the
measurement of the 2 (vertical) component is not called for in the proposed
series of tests on control surfaces, hence the dynamometer was designed and
calibrated only for the other five components,

Since very little extra work or cost was involved the gauges
for the sixth component were bonded to the reverse side of the moment flexures,
as described in SECTION 4.2 ; 1leads from these gauges were carried as far
as the tag board on the dynamometer. Whilst the moments MX and MY are
proportional to the difference of forces on the moment fleiures, the vertical
force will be proportional to thé sum of these forces and the spare gauges
would therefore be appropriately arranged in their bridge circuit.

The calibration rig was designed only for the five component
case, and some additions to the rig would be required in order to calibrate
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the sixth component, However, as an’ outline check to. take account of
possible smali extraneous 2 forces, loads up to -40 1bf in the

Z. direction were applied by simply stacking the caiibra.tion masses on

the top pad of the dynamometer; the interactions recorded in the other
five components were negligible and following the symmetry of the foregoing
calibration data no interaction would be expected from positive Z - loading.

5.10 Summary of Calibration Resulta:

Roll Centres of Dynambmeter and Skeg Attachment:
True Roll Centre of Dynamometer Below Top

of Budder/Skeg Attachment Pads _ = 2,942 in

. \ (74.7 om)
Prue Roll Centre of Skeg when Attached to Rotational

Base Below Top of Rudder/Skeg Attachment Pads = 7.489 in

These Roll Centres are illustrated graphically in Fig. 47. .
Calibration Slopess

Component ‘ _ Sloper Supply Voltage..
LIFT .. k. = 0.0759968 1bf/uv 7.000 v
DRAG eee kg = 0.0567712 1bf/ mv 6.998 v
TORQUE Kmz = 0.3508955 1bf 1n/,w  eee 10.962 v
MX Kax = 0.,5621218 1bf in/ J 7.009 v
MY Kwe = 0.4290317 1bf dn/pv . oo 7.008 ¥

Interaction Matrix:

+0,9999580 ILu -0,0047048 Du -0,0002532 MZu =0,0005938 MX{u -0,0017085 MYu
+0,0000628 Lu +0,9999300 Du -0,0004266 MZu +0,0006728 MXu -0,0005188 MYu
-0,0211999 Im +0,0443621 Du +0.9998090 MZu +0.0021156 MXu +0,0066016 MYu
= +0,0815552 Lu -0,0036968 Du =0,0858532 MZu +0.9997480 MXu +0.0042273 Mfix
~0.0003856 Lu +0,0987439 Du +0,0003704 MZu -0.0047367 MZu +0,9999280 MYu

HESp g
n n. n ua u

Where Ic, Dc, ... represent the corrected or true loads (1bf or 1bf in)
'and Lw, Du, ... represent the uncorrected or measured loads (1bf or 1bf in)

also, Iu=Xk, R, § Dus=ky Ry ; M = kyyoRae § MXu = Ko B ;
MY = kuy-Rme ‘
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Where k_ , k, -ess Tepresent the component
calibration slopes (1bf/ v or 1bf in/ v )

and B, , Ro sse repreéent the uncorrected
' ~ meter readings ( /u.V) '

Corrections Caused by Skeg i-’oadinga when Skeg .
Attached to Rotational Base:

Correction to L = =0,0011003 Mis e
D = -0,0019334 MYe
MZ = +0,0371777 MXs =-0.0015583 MYs
MX = -0,0106430 MXs ‘
MY = +0,0067007 MXs

M{s and MYs are skeg moments in X and Y directions about
true roll centre of skeg when attached to rotational base, '

and  MNs = [MX( - MX;] + 4547 [ L, - I,]

where L, and MX; = Lift and Moment about X axis respect of Rudder + Skeg
L and MXp = " " ®» ‘% =® @ " " Rudder Alone
4,547 in Difference in roll centres of MX or MY and MXs or Mis

Similarly, MYs = [MY, - MY,] + 4.547 [ D, - D.]

Summary of Sensitivities and Accuracies:

COmponenf Sensitivity | Accuracy
(based on 1 uv) Actual ¢ % Prue : % Full Scale
L 0,076 1bf ol Zotaine 2 Nig 2 20.39%
D 0,057 1bf Youss e : Ly o to,32%
Mz 0.35 1bf in $14.40 1bf in: RN.2% ;. H1,.2%
MX 0.56 1bf in - h5.8 b ine N1% 2 }0.33%
MY 0.43 1bf in - 110,20 1bf in: 1% ;. }o.30%

CONVERSION 70 S.I. UNITS:

. For conversion of the forces Ic¢ and Do, their interaction
equations in terms of uncorrected meter readings should be multiplied

throughout by 4.4482 +to yield NEWTONS,
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For conversion of the moments MzZe, MXe and MYe,
their interaction equations in terms of uncorrected meter readings
should be multiplied throughout by 0.11298 to yield NBWTON: METRES,

Consequently the constant in the equations for the
derivation of Mfs and MYs should be changed from 4.547 in to
0.1155 m ' -

Using MXs and MYs in N.,m .- derived above, skeg
corrections to L anmd D. (N) should be multiplied by 4.4482/0.11298 =
- 39,3716" to yield corrections in N. '3 the skeg corrections to MZ, MX
and MY (N.m) should be mltiplied by 0.11298/0,11298 = 1.0 to yield
corrections in N.m, and hence remai_ﬁ.unchanged.

NOTE OR- SKEG CORRECTIONS:

The corrections caused by skeg loads, when ekeg is

. connected to rotational base, require that the rudder with skeg case

has always to be tested as well as the case of rudder without skég; it
is suggested that, for the.convenienc'e of the data analysis, the same
skeg a:ild rudder angles at thé same épeed should be tested for both cases.

NOTE ON AXES AND RESOLUTION OF FORCESl:'

‘Calibration was carried out at B =0 and, for comvenience,
in the discussion and presentation of calibration data, results and
interaction matrix the five components are referred to (correctly for

B=0) as L, D, MZ, MX and ‘MY, The components are similarly
referred to in the design, description, discussion and notation of flexures,

gauges, bridge circuits and wiring,

I¥ is to be noted however that when tests are carried out
with the dynamometer (and hence skeg) rotated through some angle ,5 (Fig.54),
the interaction matrix and skeg corrections will then apply to the uncorrected
and corrected values of the forces and moments relative to the dynanometer
axes, namely NP » AP ’ MZF ’ M.Xﬁ and MYIB ; these
components relative to the dynamometer axes X g - Xﬂ ’ Yp - Y A
(Fig,54) are therefore firstly corrected by means of the interaction matrix
(and skeg corrections as necessary) prior to their resolution to wind tunmel
axes X ~X, Y-Y (Fig.,54) as described in SECTION &.8.



6. - OPERATION

6.1 General:

This Section outlines the various outstanding items of
information required for the complete setting up and operation of the
dynamometer in the wind tunnel, Brief comments on the first wind

tunnel tests in respect of dynmamometer operation are also included.

6.2 Attachment of Rudder to Dynamometer and
Dynamometer to Ground:

The model rudder and skeg are bolted to }% in . dia,
attachment pads at the top of the dynamometer; each pad has four
3 in studs and two location pegs. The models are therefore all
provided with 3% in dia, x £ in pads suitably drilled for attachment
to the dynamometer pads; details of the dynamometer pads and their
location relative to the wind tunnel floor are given in Pig, 48 .

The dynamometer is bolted to a fabricated stand; the stand
has the facility of vertical adjustment of approximately 3 in whereby -
dypamometer (and model) can be raised relative to tunnel base hence
allowing control surface/tunnel base gap variations to be made, or a
groundboard to be used, Fig,48 illustrates the range of the wvertical
adjustment relative to wind tummel ﬂqor. The fabricated stand and
dynamometer holding down bolts are designed symmetrical about the tunnel
longitudinal centreline whereby dynemometer, and hence rudder plus skeg,
can be turned through 180° for astern testing, (This is not necessary
for an all movable control surface model which can simply be turmed
through 180° and re~-bolted on the main attachment pad).

The fabricated sta.nd is bolted to a heavy cast ateel pedestal .
whioh in turn is bolted to the concrete floor beneath the wind tunnel,
leading to a very rigid fixture., Outline details of the pedestal, fabricated
stand and dynamometer in its working position are given in Fig. 49 .
Figs.50, 51, 52 illustrate the dynamometer in its working position with
skeg rudder attached,



643 Check Calibration Facilities:

Calibration checks can be made with the dynamometer in
its working position under tunnei and with model fitteﬁ. Checks can
be made on 1lift or drag independently or on all components simultaneously
by & spot load applied to the dynamometer in a rotated position (per
Fig. 27 ).

A portable calibration frame and pulley is bolted to the .
fabricated stand; the arrangemént allows the application of calibration
forces either to the dynamometer 1 in aluminium mid plate for 1ift or
drag, or to the top of the dynaﬁometer attachment pad via a 4 in torque
arm for the fivewcomponent case, These check calibration features are
outlined in Fig, 49 , |

6ed Details of Tunnel bperation:

The first tests in the wind tunnel were successfully carried
out on a skeg ruddér, the results for which form a separate report, The
rudder had a span of 675 mm (= 27 in ) and a mean chord of 450 mm
(= 18 in ). Maximum test wind speed was 43 m/s (140 ft/sec), resulting
ina Ra = 1,4x10° , At maximim wing speed typical recorded maximum
. values of lift and drag were 325 N (73 1bf) and 151 N (34 1bf)
respectively, The following observations were made and are reporied
briefly since they contribute to the successful operatlon of the dynamometer
during future tests:

Angular adjustments of the rudder were possible with the wind
on; the torques recorded for the skeg rudder were however not high,

The practice wasz aﬁopted of starting and stopping the wind with
the rudder at zero angle of attack, especially for the high speed testa,
gince turbulence in the tunnel air stream can bde relatively high during
these conditions; +the angular adjustment clamping wing nuts were always
tightened after the desired skeg and rudder angles had been set.

Oscillations were observed in the rig at certain angles of attack .
and appeared to be caused primarily by turbulence in the wind tunnel flow; -
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cére‘was taken to limit the experiments as necessary (e.g. near stall)

when the 6seillaxions became severe.

The oscillations in the rig led to fluctuations in the meter
readings; however, investigation indicated that the arithmetic mean of
five readings for each rudder angle setting produced satisfactory
repeatable data, (Data from repeat teste on last day of testing, compé:ed
vith data derived on first day, repeated within t 1% full scale),

A short investigation was made into filtering the meter
flucfuations electrically. This proved to be only partially successful
at the first attempt, and time did not allow further investigation. It
. is however considered thaf electrical filtering can be applied succesafully
for future tests; this will require an initial investigation into the
natural frequency of rudder and dynamometer whence values for the filter
. components can be derived. '

Since little change can be made to the mass and natural frequeﬁcy
of the dynamometer, changes could only be made by substantial changes in
the mass of the rudders {e.g. rudder in above tests was laminatéd in jelaten
and weighed 30 1bf ; a significant saving in weight would be achieved by
mamufacturing in G,R.P,)., The rudders in the test series are all of
.approximately the same weight hence no greater problems than those
encountered in the first tests are expected,

Some creep was observed in the initial readings which suggested
that the gauges were cfeepiﬁg considerably more under fluctuating loadings
than the worst recorded under static load'conditions; it was found that the
creep was largest when the loads were high and/or the oscillations severe.
Investigation showed, however, that by limiting the wind-on test time for
each run, the creep diminished to negligible amounts, Hence the test
programme which was found to bé successful restricted the number of angles
tested in any one run to about 7 {less for higher angles hence loads); a
typical sequence of wind-on runs and rudder angles within each run for a

particular skeg angle was as follows: - |

o o)

0° 5°% 109 15° 20° o°

RUN No. 1

o o

, 25°% 30° 35° 40° o
3¢ 0°%-5°% -23°, 2° 7° 124° 113° o°
4+ 0° 223°, 273°, 32%°, 3°, oO°

2 é 0 °
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‘Total time for collecting the set of data for one skeg angle
for rudder angles from - 5° to + 40° in 2&9 increments, allowing
say four sets of runs with zeros before and after each run, amounted

to approximately 1% hours,

645 Maximum Allowable Loads and Moments:

Due to rotation of the skeg and hence dynamometer axis
the dynamometer has to carry maximum individual loads greater than the
“basic 1ift and drag requireménts. These maximum values have been taken
into account in the design calculations (APPENDIX A3.2) and proof
loadings (SECTION 5.3), '

The dynamometer is however not designed to carry all the
maximum loads and moments simultaneously (simultaneous maximum loading
is not a requirement of the envisaged control surface tesﬁs) hence, hased
on an assessment of the stresses obtained in APPENDIX A3,2, maximum
COMBINED loads and/or moments were evolved and the proof loading programme
took account of fhese combinations. The recommended maximm éllowable
- combinations of loads and moments are shown in Fig, 53 .

It is to be noted that the maximum loads and moments gquoted
in Fig. 53 , as for the proof loads and complete calibration programme,
are all STATIC loads and moments; suitable allowances will have %o be
made.when dynamically fluctuating loadings occur under test conditions,

6.6 " Maximum Angular Adjustments of Rudder and Skeg:

Whilsf the basic design requirements called for the facility
to vary the rudder angle &  through I 35° and skeg angle B  through
t 250, the final constructed worm drive arrangements allow adjustment to
the following maximum angles:j |

Rudder Angle‘ S s ¥ 350 $ + 40° if vernier scale used as an extension

Skgg Angle 8 : 5%
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6.7 Corrections caused by Changes in Bridge Voltagesa:.

.. Ca]:ibra.,tion was carried out with the Lift bridge supply
voltage set at 7.0 volts (the choice of 7.0 v was discussed in
SECTION 4.5); due to the properties of the data logger bridge unit and
the gauge bridge circuits, this resulted in the following calibration
supply voltages for the five components:

L see 7.000 v
D soe 6.998 v
MZ, tes 10,962 v -
MX vos 7.009 v
MY eve 7.008 v

Since g.ll bridgé voltages are adjusted simultaneocusly by
adjustment of the common supply (Fig. 15 ), variation in any one bridge
suppiy will be proportionally reflected in the remaining four bridges.
This property was checked and confirmed during the calibrafion programme,

_ Since bridge voltage outﬁut is proportional to the supply
voltage, the calibration slopes (Force or Moment/ /Lv ) are inversely
proportional to the supply voltages.

Hence if 7,0 volts supply to the Lift bridge is used as
the basis for correction, and Vo is some other chosen (or recorded)
supply voltage to the Lift bridge, then the five calibration slopes
‘(k‘_ s Kp 4 Koz , ¥mx , Kwy ) 1listed in SECTION 5.10 should
 be maltiplied by 7.0/Vo , and the corrected slopes used in the interaction
matirix,

6.8 Resolution of Measured Forces and Moments caused by Rotation of
' Dynamometer, hence Dynamometer Axis:

Notation: .
(a) Measured components from dynamometer (ref. Fig. 54 )

Ng ees Force normal to dynamometer axis when at an angle )3 ‘
Ag ess Force axial " " L L L R <
Mz ess Moment about vertical (Z or Za ) axis

MXa +ee Moment adbout X A axis

HY/; ess Moment about Y J axis
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(b) Resolved forces and moments

L ess Lift = Force in Y direction
D " ve. Drag = Forcé in X direction
Mz «s. Torgue about vertical Z axis
MX eeo Moment about X axis

MY eses Moment about Y axis

Relationship between measured and resolved components:
= Np . Cospp - Ap.sSinp

= Ap . Cospg + 'Ng.Sing

= MzZg

Mis. Cosg = Mig.Sinp

= MYg . Cosf + D&Xg.Sin/B‘

BRggoen-
]

These equations are correct for tNB sy Ag , MX/g y Mg
and * B (since Sin [-B] = - Sin B )

- The use of normal and axial force in their usual form with their usual
notation has been avoided since the dynamometer (and skeg) axis moves
relative to the flow, and the rudder moves relative to both the dynamometexr
and the flow; i.e, when 2 # o the forces normal and tangential
to the dynamometer are recorded.

The following equalities exist for certain other conditions:

when g = 0, Ng = rudder lift force, L
_and Ag = rudder drag force, D

when +& = +f s Ng = rudder normal force
and A"./e = rudder axial force

hence for an all movable control surface, true 1ift and drag or true normal
and axial force may be measured direct.

6.9 Rote on Units:

For convenience, imperial units were used in the design,
construction and calibration of the dynamometer, and in the discussion

and general presentation of this Report.

50



Following current recommended practice, results of tesfs
carried out in the wind tunnel with the dynamometer will be presented
in S.I. units or non-dimensionally.

Where necessary, therefore, the appropriate conversions
or alternative metric units have been included in the Report and these
entail only the fellowing:

The attachment centres of rudder and skeg to dynamometer Included
The roll centres of dynamometer, and skeg attached to base in Fig.47

Convérsion of the calibration matrix to the form of
N or N.n output, given in SECTION 5.10
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7 CONCLUSIONS

7.1 The accuracy of the dynamometer is within ¥ 1.2% .of
the true values for torque and within % 1% of the true values for
the remaininé components; it is within ¥ 1.2% of full scale for
torque and within % 0.4% of full secale for the remaining components.
These orders of accuracy are considered very satisfactory considering
the dynamometer type and its operational requirements. '

T2 All calibratioﬁ slopes were linear within acceptable

limits, Component sensitivities of less than 0,1% full scale were
achieved; the resulting dynamometer accuracy does however illustrate
that sensitivities of this order wexre a necessary design requirement.

The preliminary desigm values of strain and hence
sensitivity based on average shear stress underestimated the measured
values by a significant amount., A re-analysis of the comparison between
measured and predicted sensitivities produced very good agreement; the
_analysis showed that the error is a function of the gauge size relative
to flexure size and that, for the accurate prediction of sensitivities
in flexures subjéeted to simple shear, an iterative process using the
integration of the true shear stress distribution in‘way of strain gauge
is desirable at the design stage,

Te3 - Interactions were all, except one, of linear form and of
the same slope for both positive and negative lcadings, The non~linear
case was of small enough magnitude to 59 analysed into a linear equivalent
without incurring unacceptable error,

_ The sum of the interaction corrections for each of the five
components does not exceed 5% of the limiting value of the component
considered; this is a very good achievement, especially if one compares
it with more conventional wind tumnel sting balance designs for which
considerably larger interactions often have to be accepted.

Following an assessment of the origins of the various
interactions it is concluded that, other than those due to deflections of
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the rotational base discussed later, the interactions resulted primarily
from improper gauge positioning and possibly from variation in gauge factor,

" Ted The measurement of torque is the most inaccurate of all the

components, and the torque cdmponent was the only one to be subjected to
first and second order non-linear interactions, These inaccuracies and
interactions are considered to arise from deflections of the 1% in
rotational base plate,

The results could be interpreted as questioning the method
of measuring torque by taking the diffeience of forces on flexures
separated by plates; the problem would of course be eliminated by the
uge of plates of considerable (and perhaps impractical) thickness,

No simple alternmative exists for the isolation of torque
measurement in the existing dynaﬁomefer. "The accuracy for torque is
bhowever considered satisfactory for the purposés for which'the dynamometer
wag -designed.

Te5 Some interactions were recorded when the skeg was connected
direct to rotational base (i.e. non active part of dynamometer);
satisfactory correction factors were however derived, These interadtions
are evidently due to warping of the 1% in rotational base, but there is mo
gimple alternative way of isolating the skeg from the rotational base in
the existing design concept.

Ts6 It was a design requirement that deflections should be amall,
bearing in mind that certain minimum deflections and hence sensitivities
were also required. The measured linear and rotational deflections of the
dynamometer under load were found to be well within the requirementé of the
envisaged free stream rudder tests,

TaT The measured amounts of hysteresis and creep are considered
to be very satisfactory; both characteristics diminished to very low levels
following cyelic loading during calibration, and only in the highest parts
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of the load and moment ranges was further hystere51s (up to 0.5% full

scale) encountered.

T.8 The calibratlon programme and its findings highlighted
the great importance of the need for high ascuracy of alignment in the
application of loads and moments for the calibration of a multi-componenf
 dynamometer' of this type.

Te9 *  Dynamic oscillationsof the rudder and dynamometer leading
to data output fluctuations were observed during the first high speed
tests of a rudder in the wind tunnel, The use of the arithmetic mean of
five readings for each test casé proved reliable leading to data of
satiafactory accuracy and repeatability, However, a preliminary
investigation indicated that electrical filtering of the readings should
be possible, leading to considerable sav1ngs in future test and analysia
tine, ' S

T.10 It is concluded that the relatively small size of the
interaction corrections, small deflections under load and accuracies
achieved endorse the validity of the design procedure and overall
dynamometer design concept for the measu;ement of five components,

54



ACKNOWLEDGEMENTS

The writer wishes to acknowledge the suppori and assistance given
by the following:

Professor G. Je Goodriech, who -supervised the project.

The personnel of the workshops of the Depértment of Aeronautics and
Astronautics, University of Southampton, who were involved in the

~ construction of the dynamometer, particularly Mr, A, Tuck who constructed
and assembled all the rrincipal components and items of structure,-

Mr, S. Coates, Southampton College of Technology, for his assistance in
the construction of the woxrm wheels and drives, vernier scales and
electrical tag boards.

The Science Research Council, who financed the ﬁroject.

His wife, Andrea, for her support throughout the duration of the proaect
and for typing the Report. '

55



NOMENCLATURE

The units

Ap
Aq

cp;

ke
K mx
k my

Kmz

employed in the Report are discussed in SECTION 6.9.

- Force Axial to Dynamometer when at an é.ngle FJ

C - Strain gauge grid area
- ' Centre of pressure chordwise measured from leading edge
e _G'éntre of 'pressure spanwise measured from root
- Drag coefficient
- Lift coefficient
- Drag | = . force.in direction of X ~ Axis
- Modulus of elasticity.
- Modulus of rigidify
- _Circrént
- ‘Gauge factor
- Calibration slope for drag (Force/ v )
- n now it (Force/ uv )
- n " " MX (Moment/ AV )
- " no.noMy (Moment/ }uV)
- n woon Mg, (Moment/ /u.v)
- - Lift o= force in direction of Y = A;:is
- Momeqt about X. axis through dynamometer roil centre
- ~ Moment about Xg axis through dynamometer roll centre
- Skeg moment about X axis through skeg roll centre
- Moment about Y axis through dynamometer roll centre
- Skeg moment about Y axis through skeg roll centre
- Moment about Yp axis through dynamometer roll centre
- Torque = - Moment about Z axis

56




Rwmx

Ry

B

X=Axis
Y=-Axis
_ Z=-Axis

QA MmN

fIV

Suffixes

Torque =  Moment about Zp (= Z) axis
Force normal to dynamometer axis when at an angle )3
Shear stress

Uncorrected meter reading for Drag ( uv)

" " " " Lift (/uv) '
'.' n n n MX (f"'v)
n n n n MY (fxv)

LR " noom /u.v)
Reynolds Number

Strain gauge resistance (.0 )

Bridge voltage .

Gauge voltage

Air flow axis = 1longitudinal axis of tunnel
Axis normal to air flow
Vertical axis

Rudder angle relative to flow

Dynamometef (and skeg) angle relative to flow

Rudder angle relative to dyna.mométer (or Ehip., or skeg)
Direct strain

Angle of principal strains

Direct stress

Shear strain

Microvolts (Datalogger volitmeter output)

+se Tepresent the corrected or true loads and moments
ess Tepresent the_uncorrected or measured loads and moments

+ss Tepresent the axes, loads and moments -
when dynamometer is at an angle P
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APPENDIX Al

SUMMARY OF FLEXURE TYPES AND CHOICE OF FLEXURES

Al,1 Summary of Flexure Types:

A summary of the principal flexure types is given in
Fig., 55 3 straln gauges can be applied in several locations on the
flexures in order that umwanted interactions may be electrically
cancelléd, The different flexures can be used in many combinations
and the reader is referred to the numerous references on the subject,
including Refs, 2 to 19 , for detailed discussions of various
gauge and flexure applications, their advantages and limitations,

Types (3) and are the most important in respect of
this,Report since they represent the two principal types most suitable
for the new five=component dynamometer,

Type (:) s shear flexures, were chosen for all components
of the neﬁ dynamometer; total forces are measured directly as the sum
of forces on two flexures, and torgque and moments measured direct by
suitably arranging the bridge circuits whereby the difference of forces

on two flexures is recorded.

The next Section, Al.2, gives an outline comparison

. between the flexure on which strain due to bendingrin'contra~fléxure is
}ecorded‘ (?yPe GD ), or that which recorﬂs.direct strain due to shear
(Type (3) ) . and reasons are given for the choice of the latter,

Al,2 Choice of Type of Flexure:

The design concept of the dynamometer described in this
Report calls for small deflections which include in particular, theréfore,
deflections in the measuring flexures. Since the dynamometer is of
fabricated construction, it was considered that a further feature should
be simplicity of design, No particular limitations existed in the vertical

' . dimensions, hence the use of the 'cage' arrangement (or telastic parallelogram®)

with flexures separated by rigid plates was considered the most suitable
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layout."The most-suitable type of flexuré empioyed in this situation

~ amounts to either that on which strain due to bending on contra-flexure
is recorded, Fig. 56 s or that which records direct strain due to
shear Fig. 57 .

An important advantage of the flexure bending in contra-
flexure is that for the same flexure length, same load and same measured
strain at gauge station, its section shape can be arranged whereby its
deflection is considerably less than that of the shear plate flexure,

However, shear plate flexures have certain advantages
over the flexure bending in cpntia-flexure, particularly when fabricated
construction and simplicity of design are called for, and the following
notes give brief outlines of these advantages:

(2) The end fixing conditions for a shear plate are

not critical.

This property, which is described and discussed
by Boyle, Refs, 17 and 18, is illustrated by comparing Figs.58 and 59
in which it is seen that the shear force is 4W in both the encastré
case and for free ends., The measurement of direct straim due to shear is,
therefore, independent of end fixity. However, the bending moment at -
clamped ends is W. /8, and for free ends is zero; since the strain at
ends due to bending (e.g. in case of contra-flexure) is to be recorded
it is important that the ends have either 100% fixity, or some value
less than 100% but which should remain unchanged. Either of these
conditions is likely to be difficult to obtain in fabricated comstruction
and for this method of construction the shear plate is, therefore, preferable,

A more deseriptive way of illustrating this point is
by comparing the extreme cases of a plafe“with very small height in simple
ghear Fig, 60 in which it is readily apparent that end conditions are
not eritical, and a beam bending in contra~flexure in which the end fixity
is poor, Fig. 61 . - |

It should be added that the problem of end fixity
is, of course, minimised if the end plates and flexures are all machined
from one piece of solid materialj; sophiéticated sting and wall mounted wind
tunnel balances which employed this mamufacturing technique are described
by Anderson, BRef. 8 . '
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(v) - The shear plate flexure offers little resistance
at right angles to its principal measuring direction., '

This iz an imporfant property if more than one
component of force is to be measured simultaneously by more than one
gset of flexures situated between the same pair of rigid plates. Flexures
bending in contra-flexure can often be arranged with D>B (Fig, 62 )
whereby less resistance is offered in the non-measuring direction; for
the levels of loading being discuseed, however, the strain gauge width
can put a physical limitation on B, and the resistance offered in the
non=-measuring direction will be relatively higher than that for the '
shear plate in the equivalent situation. If space allows, and superimposed
tensile/compressive forces are not large, then contra-flexﬁres can, of
course, be employed in two platforms comprised of three rigid plates,
Fig. 63 . However, if-forces are applied at some height above these
' platforms then the lever which creates the ten51le/compreseive forces is

increased with consequent increase in these forces,

An alternative approach when employing the
measurement of sirain in flexures due to bending in contra=flexure
(or simple bending) is to use complex cut outs in the flexure (rig. 64 )
in order that resistance in its non-measuring difection is minimised, A
simple'diagrammatic example of this is shown; such flexures can call for
intricate and highly accurate machining. It is geen, therefore, that the
shear plate flexure. can be preferable if simplicity of design and
manufacture is desired,

(e) With the shear plate flexure the gauge is located
at the position of maximum strain, and the strain gradient is small in

way of gauge location, henoe leading to maximum sensitivity.

(a) The flexure which bends in contra-flexure may suffer
interaction due to superimposed compressive forces and moments (Pigs,. 65
and 66 ), e.g. as discussed in Refs, 6 and 7. In the light of the
reasons (particularly (a) and (b) ) outlined above, shear plate flexures
were chosen for the new dynamometer described in this Report.

Whilst the deflections of equivalent beams bending
in contra-flexure would be considerably less, maximum deflections for the
proposed shear plates are estimated to be less than 0,001 in which is
within acceptable limits,
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APPENDIX A2

OUTLINE OF OPERATICN! OF THE SHEAR FLEXURE

- Resistance strain gauges are arranged at 450 to |
vertical axis of flexure, and record direct strain due to simple shear,
Fig. 67 . A pair of such gauges on each side of one flexure, {(or on
one side of each of a pair of flexures) may be arranged in one dbridge
circuit whereby each of its four arms is active, and the outputs from
the arms additive, Fig, 68 .

The bridge circuit for the shear flexure may be arranged
whereby it is insensitive in all directions other than the measuringr
direction. - This property is, however, dependent on accurate aligmment:
of the strain gauges. '

&. summary of the outputs from the principal applied forces :
and moments is, therefore, as follows:-

When flexure is subjected to :
+

‘SIMTLE SHEAR. . = gauge signals are additive and bridge output is MAXIMUM
TENSION/COMPRESSION - gauge signals cancel ~ and bridge output is ZERO
BENDING ._ " " " . n n "
TORSION - n om . m . "

63



APPENDIX A3

CALCULATIONS FOR DIMENSIONS OF FLEXURES

A3.1 Sumsary of Formulae and Data Applicable to the
Design of the Shear Flexures (refer Fig.69 )z

Maxihrum'principal_difedjb stresses in materials-

-9

Soamd @2 = 3( 0+ )ty [0~ 0y) 4 4 ...z
Angle of principal ﬁla.nes:-

-1
6 = % tan ___?_q_ . . eew A:502
Ox - Iy

Strain-at any angle ‘9 is the algebraic sum of the sirains resulting
from each individual force:- '

Ee-‘-'- &xcosze + &5 gin © + qﬁ ginf8. cosB
,- | .... A3.3

where QS is shear strain

P = 1 where G = modulus of rigidity
= _

Principal strains ‘=

Evant E; = 3CEL+EY 13 [ (Ex- ) + §° i 13

lbactingata.nangle

6 = 3tan _ 9 S ees 43,5
(Ex- &)

The force flexures are subjected to te'nsil'e/compressi\.re forces
and simple shear forces, '
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The moment flexures are subjected to tensile/compressive

forces, torsion and simple shear forces,

_ Strains due to tensile/cdmpressive forces and torsion
will cancel in proposed gauge configurations (see APPENDIX A2), hence
the analysis in respect of gauge signal output is based on the application
of simple shear, (Maximum principal stresses are estimated as a check

in respect of possible hysteresis in the flexure material).

_ . When shear flexures are suqucted to simple shear stress q ,
and = (ja =0 , ‘ s '

then from equation A3.1 R & = q

1] n' " A3.2 ‘ e = 450
" n n A3.3 and A3,4 with & = 45° per principal stress
and proposed gauge orientation:
66 = —z'

i.e., Direct strain is half of the shear strain

The material chosen for the flexures was aluminium alloy, Type HE 30 ,
as explained in SECTION 3.10 ., This alloy has the following particulars:

Tensile Strength csesesnssess 20 tonf/in?
0,1% Proof Stress crenecssnaes 17 * tonf/in?
Limit of Proportionmality (approx.)... 12 tonf/in®
Ultimate Shear Stress (approxe)e.. 14 . tonf/in®
Assumed for [ Modulus of Flasticity, E cee 10 x 10° 1bf/in?
caleulations {:Modulus of Rigidity, G e 4x10° 1bf/in?
.
Aé.z Dimensions of Flexures:

Flexure dimensions are governed on the one hand by the need
for a small thickness which will carry the required load with adequate
strain but which will offer little resistance to loads in some other
directions, and the need for édequate thickness for rigidity and stiffness
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in order to minimise deflections and possibly carry loads in other
directions, Hence the flexure design problem generally includes the

- contradictory requirements of sensitivity and stiffness.

lBefs. 6, 8 and 19 recommend a maximum skin strain at

gauge stations of up to 0,001 (0.1% or 1000 HE ), which leads to
a stress of about 5 tonf/in’in aluminium alloy.‘ Refs, 7. and 15
suggest a maximum skin strain of up %o SOQ/qE in order to reduce-fhe
possibility of hysteresis.

| From the point of view of sensitivity, 1f 0.1% of full
measured range is assumed to be required (e.g. this is’ recommended in
Ref, 7 in order to achieve an accuracy of the order Qf 1% for the
aerodynamic loads) and resolution of 1 MY is available on measuring
equipment, then a minimum full scale regding of 1000‘/¢v is regquired.

Av = v x k x£ eees Equation A5,3 (APPENDIX A5)
where £ is the.strain in one arm of a four active arm bridee
Hence min, £ = OV .= 1000 = 100/U-E
. vk A . 5=x2

(éssuming supply voltage is 5'volts and gauge factor is 2 )

Hence for a sensitivity of 0 1% of full range, 100/&&. are required per
arm, (Any increases in this value ‘of strain or assumed value -of supply
voltage will, of course, increase the 0,1% sensitivity).

In view of the above recommendatlons, a dlrect strain due
to shear at each gauge of 500}&&. was assumed in order to initiate the
design cycle; the calculations will indicate, however, that without

making the flexures complex in design, other constraints such as superimposed

tensile/compressive forces and the need for a minimum mechanical thlckness
lead in the main to values of direct strain due to shear of much less’ than
this.

The flexures are designed to be square in profile in order -
to minimise the possibility of bending due to shear. The lift and drag
flexures have overall depths (D) of 1.75 in (decided by limitations
of access) and attachment pad thickness of 0,25 in 3 the net maximum
flexure depth is, therefore, 1,25 in ; In order to maintain flexure
thickness, the chosen values for L are less than 1,25 in hence in
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order to maintain a square "working' section (4 x L ), the flexures
have been suitably radiused” (R), Fig. 70 . The moment flexures have
overall depths of 1,90 in and attachment pad thicknesses of 0.25 in H
the net maximum flexure depth is, therefore, 1.40 in and this is also
used as the width for the moment flexures in order to attain a square

‘‘working' section,

Sumarfr of Calculations:

‘ It is to Ve appreciated that the calculations for the
flexure dimensions followed an itei'ative process, particularly in the
case of the lift and drag flexures which are subjected to relatively
“high tensile/compressive forces as well as the design shear forces,

For brevity, therefore, an outline of the calculations
leading up to the final flexure dimensions is given, The calculations

are based on the following maximum (proof) 1loads:=-

Lift‘ L 200 1bf ,' it
* Drag T Veee 150 1bf ‘

Torque seee 1200 1bf in

X 4800 1bf in

M{ © uee. 3600 - 1bf in

Assumed max, linear skin strain & 0.0005 ( = 500 /ue)

" for aluminium G 4 x 10° 1bf/in?

Since direct strain half of shear strain

i.e, £ = -‘%_S'
and S a/G - &
shear stress q =g x2G = 2,E .6
= 2 x 0,0005 x 4 x 10°
= 4000 1bf/in’
Average shear stress q- = F/A |
then Area A = F/q

67



MOMENT X FLEXURES

(4800 1bf in ) refer Fig.Tl

. Neglecting bending moment in flexures and resistance
due to warping of flexures at right angles (MY Flexures),

Shear Forces on Flexures F, = F, = 4800/9
= 533 1bf
Q@ = 4000 1bf/in* - assumed earlier

533/4000 = 0,133 in%

hence Area = F/fq

Depth of flexure = 1.4 in , hence thickness would be '0.133/1.4 = o095 in
pmpd.sed to reduce strain to 380 ME hence q = 3040 1bf/in*
and Area = 533/3040 = 0,175 in?

hence thickness will be 0.125 in for 380 /u.e max, at 533 1bf

Hence MX FLEXURE DIMENSIONS ARE : 1,40 in x 0,125 in

MOMENT Y FLEXURES.

(3600 1bf in )

Shear Forces on Flexures T,

Fa = 3600/9 = 400 1bf
and Area

400/4000 = 0,10 in?

hence thickness of flexure would be 0.10/1,4 = 0,071 in

proposed to reduce strain to 360 /u.e_ » hence q = 2880 1bf/in*
and Area = 400/2880 = 0,139 in®

hence thickness will be 0,10 in for 360 /J.E_ max, at 400 1bf

Hence MY FLEXURE DIMENSIONS ARE : 1,40 in x 0.10 in
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ANTI.TORQUE FLEXURES (UN-CAUGED)

refer Fig. T2

Load in X - Direction assumed to be substantially carried by MY " Flexures

in tension/compression

hence F, = F, = 1200/9 = 133 1bf .

 Flexures sssumed to heve section 1.5 in % 0,1 in = 0,15 in”
133/0.15 |
~and strain =¢: a/G

890 1bf/in®

n
1

then stress

890/4 x 10° = 0,00022 )
hence approximate. shear displacement = ' 1.9 in x 0,00022 = 0,00042 in

hence approximate radial displacement == 0,00042/4,5 = 0.005° which
is assumed to be accgptable

LIFT FLEXURES

refer Fig, 73

Maximum Shear Force condition approx. as shown where 1200 1bf in max.
torque shared approx. as 80 1bf in each lift flexure and 70 1bf in-
each drag flexure (see following calculations for dimensions).

Hence assumed for design maximum condition, all lift of 200 1bf carried
" by one Tlexure, ' ‘ -
This assﬁmption also neglects resistance of drag flexures bending in contra-

flexure; an estimate suggests this amounts to about 2% of load.

200 1bf

Hence assuming 1ift on one flexure

4000 1bf/in®* -~ assumed earlier

q

hence area

200/4000 = 0,05 in*
With a depth of flexure of, say, 1,0 in , thickness would be 0,05 in
propose reduce strain to 250 Mg , hemce q = 2000 1bf/in®

and Area . = 200/2000 = 0,10 in®
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. hence thickness will be 0,10 in for _259/Le. max, at 200 1bf

- Hence LIFT FLEXURE DIMENSIONS ARE : 1,0 in x 0.10 in

Total skin strain on flexure at gauge station'due to shear and tension/
compression (see following calculations) is 250 + 160 = 410/42. ’

which corresponds with recommended practice,

' Abdve figure of 250/u£.j£ for one flexure (2 gauges) hence this is
equivalent to 125}L&.per gaugé_for complete bridge.

. DRAG FLEXURES

Due to combined effects of torque and drag, agsumed
for design @aximum condition alI.drag of ,150 1bf carried by one flexure.

. This assumption also negleots resistance of lift flexures
bendlng in contra-flexure.

Hence assuming drag on one flexure 150 1bf

4000 1bf/in* -~ assumed earlier

q

hence area

150/4000 = 0,0375 in"

With a depth of flexure of, say,. 1.0 in , thickness would be 0.0375 in
Propose reduce strain to 269/;&. s henmce q = 2080 1bf/in*

| - ' and area .= 150/2080 = 0,072 in®

Propose reduce depth to 0.90 iﬂ-‘,

hence thickness will be 0.0Srin for 260/ﬁta at 150 1bf

Hence DRAG FLEXURE DIMENSIONS ARE : 0,90 in x 0.08 in

Total skin strain on flexure at gaugé station due to shear and tension/
compression _(see following calculations) is 260 + 260 = 520/};5 ’
which correspbnds'with recommended practice,

Abvove figure of 260/ui5 due to shear is for one flexure (2 gauges), hence this
is equivalent to 130 /LE per gauge for complete brldge
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COMPRESSIVE/TENSILE STRESSES IN DRAG FLEXURES DUE TO MX

Roll centre lowered by approximately. 3 in (refer Fig.74 ) and
maximum apparent MX' acting on drag flexures is 200 x (24 + 3) = 5400 1bf in
(a8 compared with 200 x 24 = 4800 on moment flexures).

Hence compressive or tensile force

in Drag flexures is 5400/7,75 697 1bf

H
]

- 697/.072. 9680 1bf/in*

and compressive/tensile stress

= 4.32 tonf/in®

2080 1bf/in*

]

From above, average shear stress in drag flexures ¢

+93 tonf/in® ,

Applying Eqtn, 43,1,

Max, principal stress

3 (432) 3 [ (432 + 4x93"
2.16 * 2.3 |

4,51 tonf/in®

This figure is considered satisfactory in respect of strength, although
perhaps a little high in respect of possible hysteresis, The strains due
to the tensile/compressive forces are, however, high and, although these
strains should be cancelled electrically, any misaligmment of gauges could

lead to serious interaction.

i.e. due to tension/compression, dy= 9680 1bf/in*

and  £y°= 9680/10 x 16° = 968ue

968 x W5 = 4847Le

and using eqn-@3;§,£45;° = E_j gin” @ .

Further, the total skin strain at gauge station due to tension and shear is
484 + 260 = %&%}Lg,, which is high according to the recommended practice.

It was felt that the section area of the drag flexures
should not be increased further since this would have reduced their
sensitivity to below the acceptable limits, hence it was decided to introduce
subplementary pillars (unpgauged), which would share the tensile/compressive
loads, but which would offer little resistance to the shear loads.
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SUPPLEMENTARY PTILIAR FLEXURES (UN-GAUGED)
An outline of the calculations for the chosen dimensions is as followss::
The design was assumed to be idealised as shown in Fig, 75

P = Po+H +P. = 2P + P, = 697 1bf"

hence P, = 697 - 2Pa vee (1Y

Extension X = Xa= Xp = Xc

Xa= X+ Xe + Xy = 0.2&¢ + 0.85&. + 0,28,

- TN LY Y

= 0.2 % + 085 % + 0.2 B

E =&y , and £ ""—' f3 4 By = Ez = E; = BEau.

hence X, = EJ:: (0.4 £, -+ 0485 £, ) - eee (2)
| Lo _ fo -—

Xp= 1258, = 1.25 5% = 12555 | eee (3)

Xa= Xp , hence equating (2) anmd (3).

L IUY'? ' = Iz
Eo (0.4 f.l + 0.85 £, ) - 1.25 B

Pa, . . Pa : - Py
O4ot3 * 0BTy = 1B 5

ioe. 39.74 Pa. = 17.36 Pb

12100 - 34,72 B

Subst. in (1), whence 39.'74 B = 17.36 (697 = 2p2 )

12100
P, = 51,42 '- 162.5 1bf
and £, = f£; = 235 _ 34380 1pe/in?

L0113
= 6.4 tonf/in"

This stress is high, but considered acceptable; it will in fact be
reduced a little due to the radii on the drag flexures reducing the length
of the 0,9 in x 0,08 in section.
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X 1620

P, = T = 372 1bf
P 372 -
ad £, =gtz = ?gﬁ\ = 5167 1bf/in* = 2.3 t.onf/in"'
S S Y
and Es = Ea. 10x10° © 517'/“a
and - 645-i‘260/u.c-._

‘Hence the strain at gauge station due to tensiop/oompression has been
reduced to a little over half of thé strain without supplementary pillars,
and the total skin strain at gauge station on drag flexures due to tension/
compression and shear will be 260 + 260 = 520 /L’i. '

Similar calculations for the two pillars acting in the
" MY plane, for maximum apparent MY = 150 x (24 + 3) = 4050 1bf in
and 1ift flexure area of 1 in x 0.1 in 0.1 in* , leads to

fi = 3.98 tonf/in and, for lift flexure, &£, = 160'/&5 .

-

Further check calculations were carried out for the
extreme combined case of 1ift = 170 1bf plus drag = 85 1bf leading
to apparent MK = 170 x (24 + 3) plus MY = 85 x (24 + 3). This
leads to approximate combined ten_sile/compressive stresses in outside
pillars of 5.44 tonf/in” due to MX plus 2,25 tonf/in® due to MY ;
i.e. a total stress of 7.69 tonf/in® .

This stress is high but assumed acceptable, The calculation
does, however, illustrate the need to restirict the combinations of
maxisum loadings (with a large lever leading to large MX and/or MY )
to the permissible- combinations outlined in SECTION 6,5,

TORQUE

This is derived from gauges mounted on the inside of each
of the 1ift and drag flexures, and the magnitude of the .torque response
is, therefore, dictated by the already determined sizes of the 1ift and
drag flexures.

If 80 1bf is assumed to act on each 1lift flexure due to
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1260 1bf in Torque (see lift flexure calcs.), then this results in
100/ua. per gauge for complete torque bridge. A similar calculation for
70 1bf due to torque acting on the drag flexures results in approximately
120)&2. per gauge,

The. torque series bridge circuit takes account of differences
in torque response for lift and drag flexures., The magnitude of these

strains due to torque is considered adequate,

Fa

ESTIMATES OF STRAIN

It should be noted that all the foregoing estimates of
gtrain at éauge stations, resulting from the chosen flexure sizes and
design loads, are based on mean values of shear stress, Since the shear
stress distribution is parabolic, and has ‘a value at the centre of the
flexure section of 1,5 times the mean value which was assumed, some
increase in the predicted responses and hence output signals would be
expected from the calibrated results., The magnitude of the increase will
depend on the size of the chosen gauges relative to the flexure size,

A comparison between the above predicted strains (hence
sensitivities) and actual measured strains (hence sensitivities) is-
contained in the calibration data discussion, SECTION 5.5.3, and
APPENDIX A6 contains a more detailed amalysis (using the chosen gauge
and flexure sizes) of the correlation between more accurate theoretical
predictions and the actual measured data,
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APPENDIX A4 o | |
ERROBS IN STRAIN DUE T0. ERRORS IN FLEXURE DIMENSIONS

The following outline calculations indicate the order
of error in strain due to errors of ¥+ 20,001 in in flexure dimensions
for both aluminium and steel,

Assume an Aluminium section of 1,0in x 0,1 in = 0.1 in”

Direct strain due to shear E = 1 = F
| G X x 26
since Go= 4x10° and G = 12x10° , G = 3xé,

hence for same straih, area of equivalent
steel flexure = 0,1/3 = 0,0333 in*

Asgume stee; flexure section of 0,7 in x 0.0476 in' = 0,0333 in2

For aluminium flexure:—

:-Due to error in each dimension of + 0,001 in (yielding maximum error
in section)

Actual area 1,001 x 0,101 = 0,1011 in®

exrror in area

0.0011/0.1 x 100 = 1,1%

and error in strain

(1/0.1 = 1/0,1011) x 0.1/1 x 100 = 1.09%

For stegl flexure:=

Due to error in each dimensioh of + 0,001 in

0,701 x 0.0486 = 0.0341 in°

Actual area
0.0008/0,0333 x 100 = 2,4%
(1/0.0333 = 1/0,0341) x 0.0333/1 x 100 = 2,35%

error in area

and error in strain
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Comments on calculations=-.

(a) The calculations illustrate the need for accurate
machining of flexures (say to within % 0,001 in ) in way of strain
gauge location., This may not be of importance if one flexure is to be

used in isolation, which can, therefore, be calibrated independently,
| If, however, two flexures of 'identical! section are required, the sum
of their strains indicating force and their differences moment (25 in
the case of the dynamometer described in this Report, see APPENDIX Al)
. then differences in their dimensions and hence strain lead to agymmetry

in layout and an 'electrical' centre not coincident with the d681gned
‘mechanicalt centre. : ' S .

(v) - a steel flexure with an area equivalent to aluminium
in order to produce the same strain {(for chosen dimensions in example) has
over two times the error in strain. This indicates an advantage in favour
of the use of aluminium flexures for the application in question, -
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APPENDIX A5

SUMMARY OF PROPERTIES OF THE RESISTANCE STRAIN GAUGE AND UNBALANCED BRIDGE

The resistance strain gauge operates on the pfinciple
that its electrical resistance varies with strain. The basic equation
relating relative change in resistance AR and change in length, or
strain, is : : ‘ :

Stra.i:n E_ = "Tﬂ' = 1 . A R

where ~ K = ‘gauge factor

and R

nomihal gauge resistance

The most suitable circuit for detecting this change in resistance (and
that most commonly used) is the bridge circuit, Fig, 68

When bridge is balanced % = B
If a single gauge, R, s is sensitive to strain, then

Ri + ARI # ;R_ﬁ_
Ry

bridge becomes unbalanced and R
T

For strain output, or sigmal output as a function of force as in the case
of the force transducer, the bridge is gemerally operated as a direct
reading instrument when the bridge becomes unbalanced,

From theory of unbalanced bridge (e.g. Ref. 2),- wheﬁ resistance of one
arm of equal arm bridge changes by AR, imbalance voltage Av across
measuring diagonal of bridge is: ' ' '

AR

v
Av = fz_ -
v .
-— 4 - k. E—

vhere v is supply voltége

For force transducers it is common to make zll four arms of
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bridge active whence four times the output and hence sensitivity is
achieved, The full bridge also self-compensates for temperature,

If all four arms of bridge are active, and changes in
resistance of arms are ARy , AR, , AR, and AR, , then
from unbalanced bridge theory, imbalance voltage Av across measuring
diagonal of bridge, for small values of AR, can be shown to be:

AV' =%(AT?' - %%1 -+ %‘ - %4) Y Asol

where all four gauges have the same nominal resistance R.

If all four gauges have same gauge factor k, then equétion A5.1

becomes:
AV = 2%'( £"' &7_"' E.;" 5.4) S con A502

It is evident that if gauges R, and R4 are subjected to strain of
the same magnitude but opposite sign for that of R, and Ry then
the maximum bridge imbalance and hence cutput signal will occur

R + ARi_ Ra - ARas
Ha - AR, R3 + AR;r,

and

In this case, for full bridge with four active gauges with equal strains
in each, output signal is :

Av = VQko'E . | ses A5.3

where & is strain in one arm,

Example:

If supply voltage v =5v, £=100me and k=2 then
from equation A5.3, Av=vxkzx& =5x2x 100 = 1000 mv .
Hence if a maximum load of, say, 200 1bf produces, say, 100 M€ per
gauge in four arm bridge, then Av = 1000 JAV . IE instm_n’entation
can measure down to, say, 1 ¥y then sensitivity (or minimum load +that
will produce a response) is 0.2 1bf, i.e. 0.1% of maximum load,
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Calculations for the dimensions of flexures are shown in APPENDIX A3,
and equation A5.,3 is used as the criterion for estimating the required
sensitivity and hence required strain for a known value of k for

gauges, supply voltage v and minimum response in MV for measuring
instrumentation,

79



APPENDIX A6

RE-ANALYSIS OF STRAIN AND SENSITIVITY PREDICTIONS

The disparities between. the predictions and measured
sensitivities were discussed briefly in SECTION:5.5.3, and the
values are reproduced below:

PREDICTED 'MEASURED - | DIFFERENCE
MV /1bf or 1bf in MV/1bf or 1bf in | %
L 9.35 13,16 - o+ 41%
D 12,98 17.61 + 36%
M2 2.15 2.85 + 35%
| mx 1,19 - - 1,78 o + 50%
My 1.50 = 2,335 . + 55%

Some increase in meaéured :esponsé compared with predicted
wag envisaged at the design étage due to the use of mean shear stress,
The relatively large differences recorded above called for a short
investigation into the use of mean shear stress for the determination
of strain over the gauge length,

For brevity it was decided not to investigate each numerical
prediction in turn but to determine, non-dimensionally for each flexure
type, the difference between predictions based on the true integrated strain

over the gauge length, and the assumed mean strain value.

The shear stress distribution is parabolic; hence due %o
simple shear the direct strain distribution along line of principal axis
(2lso gauge axis) will be parabolic. '

Gauge length relative to flexure length in direction of
rrincipal axes was obtained from Fig, 14 for each flexure type.

The ratios of gauge length/flexure length for each flexure
type, together with the results of thé integrated stresses over the
gauge length compared with assumed mean stress are given in Fig, T6 .
The analysis produced the following results:




Lift gauges : 9 oot = 146 q pcu

DIrag gauges H 9 octuol = 1,45 q meon
Torque gauges 3 Q octuol = 145 q ... (approx.)
Moment gauges $  Q..tual = 148 q ...

Hence the predictions using the true strains in way of
gauges are within about 10% of the measured values,

The remaining error is due to a small amount of the
1ift being carried by the drag flexures and supplementary pillars bending
in contra=flexure, drag carried by the 1lift flexures and supplementary
pillars, and torque carried by the supplementary pillars, hence accounting
for the decrease in measured values, An approximate estimate of the
influence of drag flexures on 1lift indicated that the drag flexures
bending in contra-flexure carry about 2% of the load; since the 1ift
flexures are larger than the drag flexures the lift flexures will carry
a 8lightly larger proportion of the drag, Accurate esfimates vere not
attempted concerning the bending of the flexures and pillars in contrae
flexure due to the complexities of the end shapes of the lift and drag
flexures, and shape of pillars.

There is a further small increase in the moment response
and this can be accounted for by the influence of rotation on the moment
flexures, Fig, 77 + Due to its complexity, the numerical influence of
rotation was not investigated, but the foregoing figures indicate that its
effect is relatively small.

The foregoing results and discussion indicate that nearly all
of the disparities between original predicted sensitivities and measured
values can be accounted for; the analysis also suggests that in the design
of flexures subjected to simple shear an iterative process should be
adopted at the design stage which takes account of the shear stress
distribution and the size of the gauge relative to the flexure,.
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- ” = ANGULAR ADJUSTMENT [ | - -
} AND CLQMPING;
W= = e :
i ;

. - — - — \' / ':

L]
( \ TOP PLATE

— ATTACHED TO
TOWING CARRIAGE

-—

. 1 .
:D' L 1 ’
wi MEASURING
SEcTION
4 * s ‘
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I
i
¥
b
N
o
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APPROX. WATER L EVEL 7Y
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Iy
t
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R
111
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o 4 2 3 4 Sin

Fig. 12 OUTLINE. PARTICULARS OF SMALL THREE -

COMPONENT DYNAMOMETER FOR USE IN
TEST TANK AT SOUTHAMPTON COLLEGE
OF TECHNOLOGY
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Fig. 13  WARPING OF END PLATE
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'MOMENT FLEXURES TYPE (a) [o+ el -2 opr
MOMENT FLEXURES TYPE (b) lo-as"med~20pr

PN SR S
P S

FORCE FLEXURES TYPE (¢)
J Loto ' 2 - ore

—— g
T

i

——
B i

i

o-06 FORCE FLEXURES TYPE (d)
2. -oFF

o %

4

NOTES -
ALL GALGES @ TML TYPE FCA - {Q- 23, CROSSED FOIL

GAUGES AND TEEMINALG ATTACHED TO EACH SIDE OF EACH FLEXURE,
SEZC Fig.16 FOR LOCATION OF FLEXURE TYPES '

Fig. 14 POSITIONS OF STRAIN GAUGES
ON FLEXURES
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MOMENT .FLEXURES

Q, ’};; MY:;/- 7. -
se:r};‘,‘y//’y/ﬁ R
L

)

28 (20,

27 (19)

1
—
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L
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/
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]
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11— o
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[
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1
/
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o
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%1%
1

Cz2 | %1349
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Cy-

NOTES: ;
FLEXURE REFERENCE LETTERS PER Fis." AND DYNAMAOMER. DRAWING

SPARE GAUGES 3 25 T° 32

Fig.16  KEY DIAGRAMS
~ SHOWING GAUGE. NUMBERING
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ABRIDGE CIRCLUT EQUIVALENT PLUG
TEXMINAL NUMBERS PinN NUMBERS FOR X
(Ref. Figs.15417) oN INSTRUMENTATION CABLE COLOUR

DYNAMOMETAR, CONNECTING PLUG ON i
MULT I~ CORE CABLE ’

=

W
~

BROWN [BLACK
GREY | GREEN
YELLOW [VIOLET
GREY /BROWN
VIO LET / BLACK
WHITE [/ VIOLET

@ 2 BLUE
@ 3 GREEN
@ 4 YELLOW
@ f RED
- @ 6 BLACK
@ 7 BROWN
@ 8 VIOLEY
5 WHITE
(9) o0 PiNK
4 TURQUSIBSE
) 12 GREY
@ 9 ORANGE
22 orANGE/BLUE
| @ 23 NeLLow [ GRE®M
24 WHITE / GrREEN
21 BLuE [ BLACK
@ 14 GreeN/RED
i85 YELLOW /RED
6 wwite/ Rep
@ 3 RED /BLUE
- @) 18 REn/ BrOWN
' @ 19 YELLOW [ BLUE
@ 20 wHite [Blue
@ 7 RED [BLACK
@ 26 GREEN [BLUE
27 Grey [SLUE
@ 2s GREEN[ BLACK
~ 25 ORANGE /G REEN
30 veLLow [ BROWN
' S%? 34 wwiTE/BROWN

n
v

Fig.18
TABLE. SHOWING RELATIONSHIP

BETWEEN INSTRUMENTATION CONNECTING
PLUG PIN NUMBERS AND DYNAMOMETER BRIDGE TERMINAL NUMBERS

SPARES
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DATA TRANSPER :
. CcABLE
UNIT CHANNEL | poLagity gg&:&a _ REFERENCE | FUNCTION
NUMBER o - NUMBRR
° + o:ow o
- RED
- ORANGE.
i + § l"q
- YELLOW C?.
+ GREEN : E
2 - 2 3
- SLUE
+ MALVE : ul
3 . z J
- WHVTE. -0-
- %
+ BSLAGCK
4 : 4
- BROWN -
s + MAUVE @
- WHITE @ | 3
o
+ | GREY @ . ti
& 0
- YELLOW @ =
. + BLUE @ E
' J
- RED ® % 2
. + PINK " %‘
: ' -
- BLACK @ gz
s . + ORANGE B 5‘1 g
- GREEN @

Fi3.19 TABLE SHOWING POLARITIES OF CABLE -
CONNECTIONS BETWEEN BRIDGE UNIT AND
DATA TRANSFER UNIT
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LOADING OF iNDIVIDUAL | LoaDiINg OF COMPONENTS IN
COMPONENTS FOoR DERIVATION PAIRS FOR DERWATION OF
OF FIRST ORDER INTERACTIONS BSLCOND ORDER INTERACTIONS
L L + DO
) L + Mz
MZ L + MX
T MX L 4+ MY
My D + Mz
. D+ MXx
D + MY
MZ + MX i
MZ + MY
MX 4+ MY
Wﬂ.lll’.%
L o.... LIFT

D - >0 D“Aq

MZ ... TORRUE |
MX ... MOMENT ABOUT X-AXiS

MY ... MOMENT ABOUT Y-AXIS o SR
Rt
|

Fig.23 LOADINGS FOR DERIVATION OF INTERACTIONS
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CALIBRATION ARM

(1-8"as./-1"10. M8, TusL)

CALIBRATION PLATE (12'x42)

00000000?00000000 -

I

ADJUSTABLE VERTICALLY
[ ‘
y | 1
N4 N
' | ©
W : CALIBRATION MASS
i li"‘“‘ BEAM - 2 OFF
) ! | | o ADTUSTABLE HORITONTALLY
[ I (F=2"vh mas. cusnmen)
- - gt D - —--;
| F rl z
1 : ; : )
i'l i-l y CALIBRATION WHEEL
il ~
,$| ) AND ATTACHMENT
I : : ADTUSTABLE VERTICALLY
I °
i ! I
! ol
Iy - B -
. L s __-.‘\'
1215
163/
|
"._ ‘
el 1°
RO s i
00 000CO0OO0DCOO0O0V00CO O -1
t 4 | . CALIBRATION
. ! : MASSES
I i |
| B
CALIBRATION STAND | }—— [—}l _l
(3" "y’ M5 Ancle Ano [ 1 _ '
1"u1" w ¥4 .5 Anugle) | !
| L1 . :]

[ GCALE L g h Fu siza . i ]

Fi% 24 CALIBRATION RIG
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25 CALIBRATION RIG

1g.

F
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! CALIBRATION
i
ooooooeaoo&ooO/PLATE
o 0--\ LOADING POINTS (HOLES)
-~ -—1e °T T SPACED AT " INTERVALS
-~ o, ' - AROUND PLATE
e
_*T"
- - - = .T._L...-—__—
[ [ e
-] >
o] [ R L
° ° I\ VERTICAL CENTRELINE
o o OF DYNAMOMETER,
o o o© ? o 9 & 0 0 o0 O o 0 '
[
- k -
CALIBRATION
ARM \ :
1]
- _ LEVERS AGOUT
L ASSUMED ROLL
' CENTRE AT WD
2‘5“ HEAGHT OF MOMENT
FLEXURES
[
> 20
-,
{5
| "
{0
e.us”' . .
TOP QF DYNAMGOMETER " - ] I 5#
a.uss"T ‘
} - _ 1 ASSUMED ROLL CEnTRE

Fig. 26 POSITIONS OF LOADING POlNTS ON
CALIBRATION PLATE AND CALIBRATION ARM
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KEY DIAGRAMS

. COMPONENTS REMARKS
% — —— ——
4+ p —_—
9
5 L + L —
Lz g;
Qa9 )
3
%8 i - NOTE APPLICATION OF
™ o t Mz COUPLE. TO ELIMINATE
S j MX OR MY
j .
&2
.2 T -+ NOTE ERUAL AND OPPOSITE
< I MmX
, OFFSET LOAD REQUIRED TO
'@' + MY ELIMINATE L ox D
| —
éL L + D -
3
“_/_‘ ; L + MWMX
— NOTE EQUAL AND OPPOSITE
L o MZ + Mx’ OFFSET LOAD REQUIRED
% - MZ + MY TO ELIMINATE L or D
; =%
< .
Sal: Wy NOTE APPLICATION OF COUPLE
gd : rd MWZ + D, TO ELIMINATE MX OR MY,
0 é Mz + L EXTRA PULLEY REQUIRED TO
v g" ' "APPLY LOR D SEPARATELY
z
% <
a — MX + D, EXTRA PULLEY REQUIRED’
g + - Te APPLY L OR D
E 3‘, ‘_@ MY + L S EPARATELY
v i A
' o ©) TWO EXTRA PULLEYS REQUIRED
Y ¢ @ L/'_’ (b) 7 TG APPLY LOWER OFFSET LOADS,
g 8 L or. MX + MY ALTERNATIVELY, (b) owynaMmomeTer
2 ROTATED IN RIG WHERESY D AuD
L ELIMINATED, AND MX ANC MY
ORTAINED BY RESCLUTION OF MOMT AT A
%gt’l _ai L- D DY NAMOMETER ROTATED 1IN
E i 5 .\ 4 ’ RIG WHEREBY SulTABLE SINGLE
\jb ji M'Z. , MX, POIMT LOAD Wikl APPLY
%'{;g g My - ALL FIVE COMPONENTS
Y

Fig. 27 KEY DIAGRAMS SHOWING

APPLICATIONS

OF VARIOUS LOADS AND THEIR COMBINATIONS
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X
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F
d X
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MOMBNT = F ¢ 2¢C (b MOMENT = 2F«X — Fe2X
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T INTERACTION READING —=

l/’ @
LT ®
— ""—-—-—
. emm— LOAD —e
oO— T ==

@

COMPONENTS DUA To
MIBRALIGNMENT OF RIG

T
i
ovnmovarar @% |

iR
_mam\_? ‘
P T
A

f

!

h

| © L

(b)

Fig. 30
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e O'/ 0 /—
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w 1) .
¥ o / 0 /
12 0
¥ o/ >§Z
2 )
/
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=
@
0 vy
Ty 1/
5 /1/
3
o / /
<6 / /
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%
uJJ 4 /
// MEAN TRUE ROLL CENTRE BELOW
i BELOW ASSUMED ROLL CENTRE CoT
// 2-(0-04T6 + O 066 6)
2 2 ]
// ' = —Q-957 In
assumep O X
RO CENTRE 1000 2000 3000 4000 5.000
RESPONSE DUE TO 00 Ibf LOAD %Av) ]
-2

Fl'g. 32 DERIVATION OF TRUE ROLL CENTRE;

CROSS PLOTS OF RESPONSE OUE TO {00 Ibf. LoAD
APPLIED AT VARYING LEVERS 1IN X aND Y DIRECTIONS,
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A g
2400 \\QQ'\X )
2000 dﬁ?/ dgfﬁg
#0:/ 'o,ﬁ'}/
1600 OJV 4*.‘/
. | €§/}
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- / A
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1800 :::‘///
1/

8o 120
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160

//5/
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/} .

f 4
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Fig. 33 LIFT AND DRAG CALIBRATION
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gooo ' /

~3000 ~2000 - 4000 {000 2000 3000 4000

MX ano MY (Ibf.in)
/ - 4000

A |

Fis. 35 MX ano MY. CALIBRATION
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NI DRAG
o l+1%
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w
H‘“FH °w”¥ ]
-1% '
! | [ Y [ '
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e
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]
¢ )
al 1 |
¢ ) §
—1200  -960  -720 -480 -240 240 480 © T30 260 1200 Ibf.in
1
'\g +i% MX
) ®le .§5 ° ¢
L.t ] a 3 8 o o Lrulo e . °
| : 3 s ° s
-1% '
- 4000 ~3000 -2000 ~1000 1000 2000 3000 4000 lb{.in
. I
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° .
‘——'——' : ry 2 & tﬂ ° s —a
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Fi%. 36 TRUE ERRORS IN MEASURED DATA FOR EACH

COMPONENT COMPARED WITH REGRESSION LINES
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T T
DRAG

10 INTERACTION NEGLECTED |
s v +
¢ s I : 4./; * 3 {

o 1]
T

TORQUE 4

0060209 wfumr LirT

{Q
-

- e

. L4
_{Q
20 MX .
e
\.\_ 0 —O-|418560/ﬂ/um1-1.n=1'

# CORRECTION OF O:057in
TO ROLL CE.!NITI!L LEADS YO
= 0- 1014015 /‘-"/um'r —

fo INTERACTION NEGLECTED |
P 4 t
3 $ ——§——9 T i !

-0

-120 -100 -80 -60 =~-40 -20 o

20 40 0O 80 {00 {20
LIFET (lbf)

Fig. 37 INTERACTIONS CAUSED BY LIFT
CALIBRATION DATA AND MEAN CURVES
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IFT

10 © 0595455 piv/umir brAG
=
-10
20 ]
TORQUE

) 10 .
N\ -0.1243152’“,/‘““ ‘T DRAG

=

=20
© MX |
f‘“’ INTERACTION NEGLECTED
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Fig. 52
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SPARE GAUGES : 25 To 32

Fig. {6

KEY DIAGRAMS
SHOWING GAUGE NUMBERING
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BRIDGE CIRCUKT EQUIVALENT PLUG
TERMINAL NUMBERS Pirnéd NUMAERS FOR

(Ref. Figs 15817} on INSTRUMENTAT ION CABLE COLOUR
OYNAMOMETER, CONNECTING PLUG ON
MULTI ~CORE CASLE
T 2 BLUE
3 GREEN
4 YELLOW
{ RED
o SLACK
7 BROWN
] VIOLEY
5 WHITE
o PiNK

TUEQUOISE

f2 GREY
- ORANGE

22 ORANGE/ BSLUE

23 veLLow [ GREEN

24 WHITE /carEEN

21 BLWE [BLACK

14 G REEN/ RED
YeELLow [RED

e WHITE/ RED

3 Rep /BLUE

3 rRED/ BROWN

19 YeLLoW [ BLUE

20 WHITE [BlLue

17 RED [BLACK

26 GREEN [BLUE

27 GREY [BLUE

28 GREEN[ BLACK

25 ORANGE /G REEN

YELLOW [ BROWN

wWHiTE / BROWN

BROWN /BLACK

8 S BOOVHBEOGBOD 006600660 0000/CC0Ce,

Grey / GREEN

Fig.18
TABLE SHOWING RELATIONSHIP
BETWEEN INSTRUMENTATION CONNECTING

PLUG PIN NUMBERS AND DYNAMOMETER BRIDGE TERMINAL NUMBERS

EBPARES

YELLOW /VioLET

GREY [BROWN

vioLET /BLACK

WHITE [ VIOLET




)

DATA TRANSFER
UNIT CHANNEL | poLariTY ggfﬁz %E FUNCTION
| NGSMBER NUMBE R
O 3 SROWN O )
- RED
ORANG
{ * - 1 2
- YELLOW 5
0.
+ GREEN -
2 2 g
- BLUE
+ MALVE ul
3 3 \J
- WHITE A
of
+ BLACK s
4 4
- BROWN
o — —— e — e — — —s — r—— ]
5 + MAUVE @
- WHITE @ ti’]
+ GREY @ b
o o
- YELLOW @ >
}.
+ BLUE
7 D § g
g + PINK i g
i
- BLACK @ g z
9“ + ORANGE @ % S
- GREEN @
F f3.19 TABLE SHOWING POLARITIES OF CABLE

CONNECTIONS BETWEEN BRIDGE UNIT AND
DATA TRANSFER UNIT



00 +60000
05 +07001
00 +00003
05 +07001
L40

00 +00004

05 +07001
L&0 .
00 +00012
05 +07001
00 +00010
035 +07001
L100

00 +00010

% 05 +07001

00 -+00002

05 +07001 .

L&o

00 +00005
05 +07001
00 +000606
05 +07001
L 40 ‘
00 +00007
05 +07001
00 +00007
05 +07001
Lo. - -

00 +00001

05 +07001
00 +00001
05 +07001

-MX

LO

00 =-00000
05 +07001

00 +00003°

05 +07001
L-40

g0 -00001
05 +07001
L-80

00 ~00000
g5 +07001
L-100

00 ~-00009
035 +07001
00 -00005
05 +07001
L-80

00 -00004
035 +0700)
L-&4D

00" ~00000
03 +07001
LO ‘

00 +00001
05 +07001

F%} 20

w QO

LOoOWo WO wWwo

wWQwo

W o Wwo w O w o (AN R AR

L O

5
3

0
3

WO wo

WD o

o1
06
01
06

0l
06
01
06

Gl
Ga
01
06

01
06
01

- 06

01
06
01

06"

01

0e
.01

06

01
06

01
06

01
06

. OL.
06

Gl

06

01
06

01
06

+00006

3.

0 02 -00002 0 03 +00035 O

+06998 3. 07 +10960 3 08 +07011 3

+00006 0 02 -00003 0 03 +00036°0

+06999 3 07 ¥10960 3 08 +0701L 3
——— COMP NT. —_—

(= 3 u&; e X
+00005 0 02 -00001 0 03 +00751 O
+06999 3 07 *10960 3 08 +07011}

e RESPECTIVE. VOLTAGES — %
+00006 0 02 ~00000 0 03 +01456 0
+06998-3 07 ¥10960-3 08 +07011,3
+00006 0 02 +00000 6 -03 +01450 0
+06999 3 07 +10960 3 08 +07011 3
+00006 0 02 -00000 0 03 +01811 O
+06598 3 .07 +10960 3 08 +07011 3
+00008 0 02 -00000 0 03 +01810 O
+06999 3 07 +10960 3 O +07011 3
"+00006 0 02 +00000 0 03 +01454 0
+06999 3 07 +10960 3 08 +07011 3
+00005 0 02 +00000 G° 03 +01442 0
+06999-3 07 +10960 3 08 +07011 3
+00004 0 02 .+00000 O 03 +60747 0O
+06999 3 07 +10960 3 08 +07011 3
+00004 0 02 +00000 0. 03 +00748 Q
+06999 3 07 +10960 3 08 +07011 3
400005 0 02 -00002 0 .03 +00037 0
+06999 3 07 +10960 3 08 +07011 3
+00007 O 02°-00003 0 03 +00037 O
+06999 3 07 +10960 3 08 +07011 3
+00005 0 02:-00003 0 03 -00012
+06999 3 07 10960 3 08 +07011
+00005 0 02 =00002.0 03 -000il
+06999 3 07 *10961 3 08 +07011
+00016 0 02 -00007 0 03 -00726 ©
+06999° 3 07 410961 3 08 +07011 3.
+00030 0 02 -00009 0. 03 ~01435 O
+06998 3 07 +10960 3 08 +07011 3
+00037 0 02 -00008 0 03 -01788 0O
+06999 3 07.+10960 3 06 +07011 3,
+00035 0 02 -0000% 0 03 -01788 O
+06999 3. 07 +10960 3 08 +07011 3
+00031 0 02 -00009 0 03 ~01437 0
+06999 3 07 +10960 3 08 +07011 3
+00017 0 02 -00006 O 03 -00722 0
+06999 3 07 *+10960 3 08 +07011 3
+00003 0 02 -00003 O 03 -00010 0
+06999 3 07 +10961 3 08 +07011 3

wOwWwo

04
09
04
09

04
09

04

09
04
09

.04

09

.04

09

04
09
04
09

04
g9
04

09

04
09
04
0%

04

09
04
09

D4
0%

T 04
09

-04

09

04.

09

04

09

04
09

04
09

~-00007
+07006%
-0006086
+07009

MY
+00003
+07009

+00017
+07009
+00017
+07010

+00024
+07009
+00025
+0 7009

+00017
+07009
+00021
+07009

+00004
+07009
+00005
+07009

-00006
+*0700%

-~00007

+07009

-00011
+07009
~0000%

+07010

-00003

+07610

+00000
+07009

+00005
+0 7009
+00005

+07009 -

+3000 1
+07009

~-00004
+0700%

-00010
+07009

EXAMPLE OF A CALIBRATION DATA PRINT OUT
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LOADING OF INDIVIDUAL

COMPONENTS FOR DERIVATION
OF FIRST ORDER INTERACTIONS

LOADING OF COMPONENTS IN

PAIRS FOR DERWATION OF
SECOND ORDER INTERACTIONS

i L + D

o L + MZ

MZ L+ MX
MXxX L + MY
My D + MZ

 + MmX

D 4+ MY

ML + MX

, MZ + MY
MX  + MY

WHERE :

b e.-. LIFT

D ... DRAG

MZ ... TORKRUE

MY ... MUMENT ABOUT X~-AXiS
MY ... MOMENT ABOUT Y-AXIS

F33,23 LOADINGS FOR DERIVATION OF INTERACTIONS
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ADJUSTABLE VERTICALLY
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EL: " CALIBRATION MASS
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o L™ Beam -20rF
1 |8 ADJUSTABLE WHORIZONTALLY
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" 0~ A\ CALIBRATION WHEEL
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e
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e
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CALIBRATION

PLATE
=

T SPACED AT 1" INTERVALS
o4 AROUND PLATE

-] o

[+] a

° “-\ LOADING POINTS (HOLES)
s~ ) Q4

"y

i)

S VERTICAL CENTRELINE

OF DYNAMOMETER

CALIBRATION

ARM \ i
ot - |

i T

‘ |

i

L.EVERS ABOLT
ASSUMED ROLL.
CENTRE AT MU

¥ HEIGHT OF MOMENT

o %
; FLEXURES
it
—t—- ———r- | 20
| ! !
) ' ! "
. j i5 |
' ] I l
o !
gt - ! !
2.415" a ’ oo i |
ToP OoF DYNAMOMETER § i 1] sg 1 ' i i
2.885" | : ! | - '
& . ' i {, ) l + ) * } ASSUMED ROLL CENTRE

Fig. 2€& POSITIONS OF LOADING POINTS ON
CALIBRATION PLATE AND CALIBRATION ARM
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KEY DIAGRAMS COMPONENTS REMARKS

+ o -—

APPLICATION OF COMBINATIONS oOF
IN  PARS

COMPONENTS

]
b
3 - L -
i 8
y 2 &9
&
z 2
23 W & NOTE APPLICATION OF
E or T mz COLPLE TO ELIMINATE
U W MX OR MY
33
&
| 2 ——
4 + mx NOTE EQUAL AND OPPOSTE
OFFSEY LOAD REQURED 7O
"'@_ z MY ELIMINATE L 2R D
— :H— — =
L i. + D -
L5
| o
D + MY,
g L + MWMX
L NOTE EQUAL AND OPPOSITE
/ MZ + Mx’ OFFSET LOAD REQUIRED

@ MZ + MY TO ELMINATE L. or D

J NOTE APPLICATION DF COUPLE
MZ + D, TO ELIMINATE MX OR MY,

re
g_. MZ + L EXTRA PULLEY REQUIRED TO

APPLY Lom D SEPARATELY

— MX + D, EXTRA PULLEY REQUIRED

TO APPLY L OR D
._g MY + L SEPARATELY

o b &) Two EXTRA PULLEYS REQUIRED
@ A (b) 7 To APPLY LOWER OFFSET LOADS.

y EL or. '8 MX + MY ALTERNATIVELY, (b) DYNAMOmMETER

ROTATED IN RiG WHEREBY D AND
L ELIMNATED, AND MX AND MY
OBTAINED BY RESOLUTION OF MOMT AT S

®

APPLICATION T

OF ALL FIVE
COMPONENTS

’li L D DY NAMUOMETER ROTATED IN
}Z ! ’ RiG WHEREBY SulTABLE SINGLE

g MI’? MX, POINT LOAD WILL APPLY

MY ALL FIWWE COMPONENTS

Fig. 27 KEY DIAGRAMS SHOWING APPLICATIONS
OF VARIOUS LOADS AND THEIR COMBINATIONS
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