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SUMMARY

A description is given of equipment using analogue computing techniques
for the on-line correction of wind-tunnel force and moment data, derived from

strain-gauge indicator servos operating with a supersonic wind tunnel.

This equipment has enabled a new method of balance calibration to be
employed which considerably reduces the possibilities of error and is gquicker

than previous methods,

Accuracy is discussed and comparisons made between results obtained from
the new equipment and those obtained by earlier, digital techniques.

*Replaces R.A.E. Technical Report No.66318 - A.R.C. 28,858
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1 INTRODUCTION

Force and moment measurements on models in the high speed wind tunnels at
R.A.E. are made by the use of strain gauge balances. Usually components along
and about a right-angled axis system fixed in the model are measured. The
measurements are recorded on servo indicators, which are developed versions of
those described in Ref.1, so that a change in a particular component results in

a change of shaft position in its associated indicator.

Although an individual section of the balance is designed to measure an
individual component, it usually has some sensitivity to other components. The
data obtained from the balance then require correction to eliminate the inter-
actions thus arising. Other corrections are necessary for changes in model tare
components with attitude, wvariations in kinetic pressure, errcneous base pressures,

temperature drifts in the strain gauges.

The practice has been to equip the servo indicator shafts with digitisers,
thus enabling the uncorrected data to be recorded on punched cards or tape.
These data were subsequently used together with the balance calibration data to
obtain the corrected recilts via a digital computer. Thus the results of a test
would not be available until several days after its completion. This delay is
undesirable for several reasons; for instance a need for Turther data points may
become apparent only upon inspection of the corrected data, so that the expense
of re-running a test is incurred which could have been avoided had corrected

results been immediately available,

However desirable on-line data correction may be for conventional tests,
for the flight dynamics simulator2 installation using the R.A.E. No.19 wind-
tunnel it is essential. In this application a new set of corrected data must

be available within two milliseconds of the model attitude changing.

This report describes the tare correction urit and analogue correction
unit now used by the No.19 wind-tunnel system to meet data correction needs
both for the simulator and conventional tests. The former was specially built
to work with the particular type of servo indicator in use vhercas the latter

is not so restricted in its epplication.

Before deciding to employ analogue computing techniques for data correction,
consideration was given to digital and D.D.A. techniques but it was found that

analogue equipment could meet the speed and accuracy requirements at least cost.



This report includes a comparison of results obtained using the analogue

correction unit with those from the same raw data processed by digital computer.

The tare correction unit was manmufactured within R.A.E. The analogue
correction unit was designed and manufactured by Messrs. Redifon Ltd., Crawley,
Sussex to R.A.E. Specification Number TFEQ 357-2.

2 THE TARE CORRECTION UNIT

If the balance has channels nominally measuring components of force
(X, Y, Z) along and moment (I, M, ) about a right angled axis system 0x, ¥, 2,
fixed in the model, of weight w and the centre of gravity of which is xg along
the Ox axis, then the tare components listed in Table 1 will also be measured.
In this table ¢ denotes the incidence and A the roll angle, Sx’ ete. are

misalignments due to the same balance imperfections which cause interactions.

Tsble |

Tare components

Channel Tare componentc Approximation
bid w sin (o + e.) -
2
Y w cos o sin(A + ey) w sin (A + ey) -w 25 sin A
2

Z w ¢os ¢ cos(A + sz) w cos{A + az) - W E§ cos A
L Nil if C.G. lies on Ox axis

02
M wxg cos ¢ cos{A + sm) K cos{\ + sm) ~ Wk, 5 cos A

G2
N wxg cos o sin(A + en) wxg sin(h + en) ~ ~5 sin A

To simplify the computing the approximation shown in the table has been
adopted, This involves an error rising roughly as the fourth power of incidence
to a value of 0.15% of the tare contribution at the maximum incidence obtainable
(25°). Since the tare contribution is likely to be considerably smaller than the
aerodynemic contribution to the balance output at this incidence the error due to
the approximation as a percentage of balance output is not significant. Since in
some circumstances (particularly models restricted to small incidences) the

changes in tare components can be quite large compared with the aerodynamic



forces being measured, it was decided to apply compensation for the first term
of the approximation within the servo indicators themselves in order to keep the
excursions due to tare loads small and the useful range of the instruments a
maeximum., The principle adopted is to develop signals equal and opposite to the
balance outputs due to tare component changes, and to sum those signals with
the appropriate balance outputs at the servo amplifier inputs. To this cnd the
tare correction unit is provided with two shafts driven by servo systems to
follow the tunnel incidence and roll angles respectively. The shafts are
equipped with sine/cosine potentiometers supplied via padding resistors from
the balance power supply. The outputs of the potentiometers are passed through
variable "sensitivity" resistors for scaling the size of the correction (w or
wxg) and thence to the servo amplifier input. The alignments of the potentio-
meters are individually adjustable over a range of about 40° to enable their
outputs to be exactly anti-phased with the balance outputs. Fig.2, shows
diagrarmatically the arrangement for one channel,

A nulling procedure is adopted for setting up the correction and is most
easily performed with the aid of an X-Y vlotter. The most sensitive range of
the servo indicator is always used during setting up since the setting holds
good for all sensitivities but is most accurately found using this range. A
plot is made of indicator reading versus some convenient function of the
attitude parameter causing the change in tare component, for instance K sin A,
and adjustments are made to the phase of the sin/cos potentiometer and the

" controls of the particular channel of the tare correction unit

"sensitivity
until a horizontal straight line is achieved within the desired accuracy. A
typical example of the result of this procedure is shown in Fig.3, where it can
be seen that correction is possible to within *0.2¢ of full scale on the
maximum indicator sensitivity. Also plotted in this figure is the highly
satisfactory result of this compensation at the indicator sensitivity used in

practice for this particular balance component.

Dynemic performance is indicated in Pig.4, where various rates of roll

are used and little increase in error is apparent in this range of roll rates.

Analogues of 02 sin A and 02 cos A are generated by means of linear and
sin/cos potentiometers as indicated in Fig.5. These analogue voltages are fed
into the analogue correction unit at appropriate parts of the system as
indicated in Fig.7. Since these provide very small corrections there is no
fine phase adjustment. The sensitivity controls for setting w and iwxg, are on
the analogue correction unit programme panel, see Fig.6, and Fig.7,
potentiometers 8 gi, gs and g5



The setting-up procedure in this case is merely a matter of setting values
on the 'g! potentiometers which make the analogue correction unit outputs at

large incidence the same as those at zero incidence, at appropriate roll angles,

3 ANALOGUE CORRECTION UNIT PROGRAMME

3.1  Production of voltage analogues of raw data

Volitages proportional to raw data readings are produced by potenticmeters
fitted to the output shafts of the servo indicators or gear driven by the

3

Midwood manometers” which are used to measure base pressure P, and P, and

iy
b, b,
stagnation pressure Hp. '

The potentiometers used are compatible with the accuracies of the
instruments concerned ~ 0.1/, law accuracy for the servo indicators and 0.025, for
the manometers, although the latter does represent a very slight degradation.

The potentiometers are supplied from one or other of the correction unit reference

supplies which are plus or minus 100 volts, stable to within 0.02 volts.

Thus 100 volts represents the full scale reading of 100, of indicator
shaft rotation or 120 or 60 inches of mercury absolute pressure, depending on

the manometers in use.
3,2  Datum shift

The servo indicator can be set to any shaft position for no input, and
changes in input can then be measured from that position as datum. This leads
to the need for calculations of the form R = E - Eo’ where R is the change in
position due to an input which gives a position E, the datum position having

been E .
(o]

To facilitate this, "zero set" potentiometers are provided, fed from the
negative reference supply, whose outputs are summed with the (positive) outputs

of the servo indicator driven potentiometers.

3.3 Temperature correction

Strain gauge balances are usually somewhat temperature sensitive, although
those with a marked sensitivity are réjected. The stagnation temperature in the
No.19 tunnel can be controlled within %1°C and it is usual to arrange it so
that the balance remains close to room temperature during tests, thus minimising
drifts. Small drifts in balance output nevertheless sometimes occur which can
often be linearly related to a temperature measured somewhere on the balance.
The practice is to place thermistors at up to three strategic places on the
balance so that the most appropriate temperature reading can be related to each

component output by calibration.

(S



We then obtain six equations for notional changes in indicator readings,

due to changes in force or moment only, of the following form:

Ry = Tp - Byt KpleRy)

Where suffix F refers to force or moment channels X, Y, Z, I, M or N,

K is a calibration factor and RTA is defined by

Bpp = Epp = By

Where suffix T refers to a temperature channel specified by A = 1, 2 or 3.

In the correction unit any of the three voltage analogues of RTA can be
selected to provide a correction of the required sign for any force or moment
channel. The selector switches shown in Fig.7 determine which voltages are fed

to the temperature correction scaling potentiometers KF'

3.4 Corrections for interactions

In a well designed strain gauge balance interactions by which is meant
sensitivity to components of force or moment other than the desired one, are
fairly small and linear to the accuracy of the indicator. An exception has been
the axial force component in some balance designs, in which sensitivity to cross
products or squares of various components has been present. In particular,
calibrations of the axial components of balances in which the axial force unit
is at the rear contain such terms, which arise from the misalignment of axial
component and model axes caused by sting bending under normal or side loads. In
the latest designsl"L these terms are minimised by geometyy giving high stiffness

and compactness.

Provided there are no interactions of axial force on the cther components
then correction for cross product sensitivity in this channel may be accomplished
conveniently. The digital data reduction programme currently in use accepts such
terms together with the above restriction and it is possible to dcvise ways of
so doing using analogue technicues (see for instance the layout in Fig.2 of
Ref.2). However, a case can now be made that it is more generally useful to
correct for all possible linear interactions and to exclude cross product
sensitivity terms (not precluding their correction in some off-line processing
if necessary in special cases). This course certainly requires less equipment

and is adopted for the correction unit described here.



In order to eliminate interactions it is necessary to find a, b, etec.in the

matrix composed of six equations, each of form

F = ap By + by By + cp Ry + dp Ry + ep Ry + I By

where F is X, Y, Z, L, M, N successively.

In the digital correction procedure the corresponding coefficients in the
inverse matrix are first found by the method described in Ref.5 and this matrix
is then inverted to obtain the required form above.

In the analogue correction unit, to save equipment and maintain accuracy,
the coefficients of RF are normalised with respect to the leading coefficient in
each equation and six Jf F are generated. J

F
coefficient before normalisation and is automatically cancelled in the final

is the reciprocal of each leading

scaling proceduse. The normelised coefficients are then effectively set up by
potentiometers supplied with either positive or negative voltage analogues of

RF according to the sign of the coefficient in question. The setting up
procedure consists in using the potentiometers to null the interactions apparent

when the leading terms only are present, as described in section 4.2,

Also added at this stege are the second order tare correction terms, and
provision is made for including in the summation externally generated volteges,

Se, which could for instance be used to represent thrust.

Inputs to the summing amplifiers computing JF F are via patch leads so as

to provide maximum flexibility in programming.

3.5 Base pressure correction

Due to sting interference the base pressures, Pb’ acting on the model are
usually non-representative of f£light conditions. It is then the custom to appl;
corrections to the measured axial force as that the result corresponds to a
condition in which there is free stream static pressure on the base. In common
with the current digital correction programme, corrections for up to two different
base areas exposed to different unrepresentative pressures are permitted. Since
at constant Mach number free stream static pressure bears a constant relation to
stagnation pressure, HT’ the following calculation of corrected axial force is

made.
T = - -
JX X JX X+ K1 HT + K2( Pb]) + K3( Pb2)

where K1, K2 and XK, are constants set by potentiometers whose inputs are voltage

3
analogues of HT, Pb] and Pbg'



3.6 C.G. shift facility

There is sometimes a need to compute pitching and yawing moments about
reference points (i.e. C.G. positions) other than those implied in the balance

calibration matrix.

In the case of pitching moment, for instance, this involves generating

t
JM M' yhere

JM M JM M+ X, JZ z ,

X, being the distance moved.

To facilitate the solution this is rewritten

4 —_
JMM = Jy M + x‘(iJZ Z)

X, now always being positive and the sign of J, Z chosen appropriate to the

1 Z

direction of C.G. shift. If a potentiometer is used to set X, the maximum

shift is limited by X, F . To overcome this restriction provision is made

for generation of the alternative form

where Jy = JM/XI'

A patchboard is provided to allow either form of the equation to be used;

the potentiometer sets either x, or l/xI as gppropriate.

1
Similar arrangements are provided for yawing moment shift Xpe Although

normally x, and X would be the same, the correction unit does not make this

]
obligatory.

3.7 Sting bending correction

If the model attitude is to be known accurately it is necessary to compute
the deflection of the balance under load., Deflections about the roll axis are
normally small enough to be ignored, and the other components of deflection,

Lo and AB, are computed from the following equations:.

- Mo

i}

i

~0p = Ay J, Y+ B, N
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The coefficients A! ete. are set on potentiometers, the appropriate values
being determined during balance calibration.

3.8 DNormalisation with respect to kinetic pressure

In conventional tests the output data are required as coefficients,
CF = F/qS, where ¢ is the stream kinetic pressure and S is a reference area or
volume of the model as appropriate, but for simulation purposes forces and
moments appropriate to full scale must be generated.

Since the tunnel kinetic pressure is not necessarily constant nor that at
full scale, the approach adopted in the analogue correction unit is to generate
the quantity F/q, where q is the tunnel kinetic pressure, and to provide for
individual scaling of each output channel. This allows coefficients to be
obtained if required by arrangirg that the scale factor represents I/S or
alternatively permits generation of full scele forces and moments appropriate
to any constant altitude in which case the scale factor represents the full
scale kinematic pressure. Compensation for variations of altitude is
conveniently achieved in the associated computers (Corsair D.D.A's) when
necessary to the simulation.

The requirements are met by solving the equation F/q = JF F VS GF/HE

for each of the six components using a servo divider, QF

of the output amplifiers, VS’ the servo divider standard voltage, 1is also a

are adjustable gains

preset scaling factor common to &ll outputs when the test Mach number is constant,
since q/hT is then ccnstant., One reason for using this form of division is that
if a variable Mach number nozzle is eventually provided for the tunnel it will
still be possible to generate coefficients, or outputs suitable for the simulator,

by coupling the Mach number selecting control so as to vary V_ in an eppropriate

8
manner, otherwise retaining the same arrangement.

The final scaling (GF) is by variable gain emplifiers rather than by
potentiometers so as to obtain the low oubput impedance required by the simulator
equipment,

The variation in output provided is such that with H& = VS and servo
indicator datum positions in mid-scale, the output for full swing of servo

indicator shaft position can be set anywhere in the range 22V to 12V,

Fig.6 shows the layout of the programme panel and Fig.7 shows the schematic
layout of the analogue correction unit.
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4 CALIBRATION TECHNIQUE

To facilitate programming the correction unit, it incorporates a digital
voltmeter which can be switched to display the output of any amplifier.

It is then quite feasible to calibrate a strain gauge balance by
conventional methods such as those suggested by Anderson5 and to set up the
constants so found on the machine. However, a much simpler technique can be
adopted which has the merit of ensuring that no mistakes of sign or order of
magnitude of constants can arise. The technique, which is a nulling procedure,

is described in the following sections.

4,1 Temperature calibration

While the balance is slowly temperature cycled, each RTA is used in
turn to restore each RF to zero output and the potentiometer setting KF
required is noted. The procedure is repeated at many points in the cycle., The
sppropriate RTA for each channel is then that which gives least spread of
potentiometer settings and the correct setting is the mean of this least

spread.

4.2 Cancellation of interactions

The model is mounted in the tunnel, as for test, except that the
calibration equipment is fitted to it. The attitude control systeﬂ? is used

to set the model level,
The analogue correction unit scaling is set to give maximum output.

The leading terms in the six-by-six balance matrix are patched in,
X to input 6 or 7 of the X group, see Fig.7, RY to input & or 7 of the Y
group etc, The signs of RF used are selected to give the correct sign of output

i.e. R

as each component of force or moment is applied in turn to the model.

The maximum ~oad along the Z model axis is then applied at the moment
reference point. Sting deflection is compensated by adjustment of potentiometer
Al of the &o computation until the model is level, since the o output is

connected into the attitude control system.

The outputs of F/q other than Z/q are restored to zero by comnecting the
appropriate signs of RZ volts to the respective JF F summing amplifiers via
potentiometer inputs and suitably adjusting the potentiometers. The

potentiometer settings and the value of Z/q are noted.
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The load is then moved to the furthest forward permissible position and
the Aacorrection adjusted by potentiometer Bl to restore the model to a level
attitude. The outputs F/q, with the exception of Z/q end M/q are once more
nulled using appropriate signs of RM volts and further potentiometer inputs to
the Jp F summers. 2/q is restored to the value it hed when the load was at the
reference point and M/q is noted, together with the potentiometer settings.

The load is then moved aft of the reference point by the same amount and the
outputs nulled by adjustment of the potentiometers supplied from Rm as at the
forward point. The potentiometers are then set to the means of the values
cbtained at fore and aft loadings. The potentiometer feeding Rzinto JMM is set
to give mumerically similar M/q at fore end aft loadings.

Similar procedures are carried out varying each of the other force and
moment compouents in turn and setting the AR correction when dealing with Y end
N (for which the model rolls through 90°).

If normal snd/or side loads in both senses are to be experienced then
calibration loads are applied in both senses in turn, and the potentiometers
are set to the means of the settings obtained with loadings of each sense.
Normally the differences in settings are small and if in any particular case
this proves not to be so it is indicative of balance sensitivity to cross
product terms. Of course correction for these is outside the scope of the
equipment in the form described here, but this procedure even then results

in the best compromise settings.

The whole ioading and nulling programme is then repeated, since the
process is inherently an iterative one, as many times as are necessary to
obtain cancellation of interactions to within #0.19% of full scale output.
Certain non-linearities in balance outputs may, if present, prevent cancellation
to this accuracy, others may be looked for by applying combinations of loads

and examining the outputs.

The convergence of the cancellation process depends on the size of the
interactions but in practical cases satisfactory cancellation may be achieved

in three or four loading cycles, some of which may not need to be complete.

The method eliminates the need for matrix inversion and the possibility
of misinterpretation of calibration data.



4.3 Pinal scaling

Normalisation with respect to stagnation pressure, H&, is performed by a
servo-divider whose standard voltage, VS’ is a factor in the final scaling.
Vs
divider occurs when V, is close tc HT. Now the range of Hp used with any

s
particular set of servo indicator sensitivities (and hence any calibration) is

must always be less than the analogue of HT but optimum accuracy of the

in any case small. The highest divider accuracy is thus easily preserved and

the following procedure for setting-up the scaling may be adopted.

The manometer reading HT is made to give a value representative
of that to be used in the test. VS is set some five to ten percent less than this
(sufficient to allow for the lowest test HT to be encountered)., The values of
the desired outputs corresponding to maximum calibration loads are calculated
for this HT and the gains of each of the final amplifiers adjusted in turn to

obtain these outputs when the loads are applied.

4.4 Base pressure correction

If the base pressure and total head are equal, e.g. "wind off", then the

axiael force coefficient should appear as

L5

where Sb is the base ares; q/HT is a constent for a given Mach number. The
correction is then simply set by adjusting the settings of K2 and/or K5
potentiometers respectively so as to obtain the analogues of the increments in
CX calculated as above. CX now corresponds to zero base pressure conditions.
The correction to free stream static pressure is constant for given Mach number
and so the output is made to change by this calculated amount by adjustment of

the K] potentiometers.

4.5 C.G. Shift calibration

If the form JMM' = gy M+ x](i JZZ) is used (section 3.6) it is merely
necessary to apply a load at various known positions along the model X-axis,

and note the readings of the x, potentiometer to achieve zero output M/q.

If the alternative form is used it is necessary to change the output scale
setting for each change of the X, potentiometer setting. This requires the load
to be applied at two positions in succession, first at the proposed reference
point, when the output is nulled as before, and secondly as far from this
reference as possible, when the gain of the output amplifier must be adjusted
to obtain the calculated output corresponding to the moment about the proposed

reference point.
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5 FACTORS AFFECTING ACCURACY

5.1 Static accuracy

The accuracy simed at is #0.1% of the maximum output swing which can be
produced by changing the indicator shaft positions from one extremity to the
other.

The requirement is for stability and resolution with the need for
linearity restricted to a few components. These are the potentiometers fitted
to the servo indicators, which have a law accuracy of #0.1¢{, and the manometers,
40,0254, the servo-divider potentiometers, which are within 10,05%, and the
operational amplifiers.

The amplifiers used have an open loop gain of about 107. Benyon7 gives

the open locp gain, A, of a summing amplifier which is required to achieve a

certain fractional error £ as:-

where I is the sum of the closed loop gains for each input to the summer.

Some of the Jf F summing amplifiers have eight inputs, each of unity
gain, so in this worst case € = 9 X 10-7.

Stability is limited by amplifier drift, temperature changes in summing

resistors and stability of reference supplies.

The drift over a long period of the amplifiers is specified less than
100 UV, referred to the summing point., Typically it is claimed to be less
than half of this.

Pollowing Howes, the output drift ey of an amplfiier can be related to

that at the summing point, ey by the expression

ey = (1 + ) e

(£ = sum of closed loop gains).
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This gives the output drift of the JF F amplifiers as 900 pV. The drift
in a complete channel is then approximately (1400 G, + 100) pV which is 0.002%

F
full scale at max Gy or 0.005% at min G-

The temperature coefficients of the summing resistors have been specified
to be not more than 20 parts per million per degree C. If it so happened that
in one channel all the input resistors had limiting coefficients of one sign
and all the feedback resistors the opposite sign then 6°C change in ambient
temperature could cause the gain of the channel to change by 0.1¢, However,

this is a remote possibility.
The reference voltage supplies have stability specified as 0.029,

The digital voltmeter incorporated in the correction unit has an accuracy

of %0.05% in a range of 19995.

5.2 Dynamic accuracy

The dynamic accuracy requirements for the unit are not at all severe.
The input voltages are slowly varying by analogue computing standards if for no
other reason than the limitations in dynamic performance of the indicators and

manometers,

The only component for which it was thought necessary to specify any
dynamic performance was the servo divider, This will follow a change in Hi
of 159 of maximum per second with a dynamic error less than O.1¢. In fact this

is far in excess of any likely rate of HT change.
6 PERFORMANCE

Two aspects of performance which are of interest are the success or
otherwise of the combined calibration and setting up procedure described in

section 4 and the credibility of the outputs under tunnel running conditions,

The crucial part of the former is the interaction cancellation. In order
to check this, a typical six-component balance (not embodying the latest design
of axial force component) has been calibrated by the method of section 4 and
afterwards by the conventional method derived from Ref.5. The normalised
interaction matrix programmed in the analcgue correction unit by the calibration
process was then found. In order to compare the relevant part of it (i.e.
excluding the 'X* equation) with the corresponding conventionally found matrix
it was necessary to invert and scale it. This process, carricd ocut by digital
computer, enforced agreement between the leading terms of the two matrices.

The degree of agreement in the other terms then reflected the compatibility of

the two calibrations. FEach term can of course be represented by the slope or
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intercept of a line in the appropriate RF/W, x plane. A sample of the results
is plotted in Figs.8 to 11, In each figure the slope or intercept of one of the
lines, as indicated, has been made to agree with the mean value found from the
points from the conventional calibration. The intercept or slope of that line,
and both slope and intercept of the other line, are freely determined by the
calibration technique. The satisfactory agreement between the lines and the
points from the conventional calibration shows that the method of section 4 is

entirely adequate.

In order to check the remaining performance aspects a tunnel run was made
in which the model was traversed through a range of incidence several times and
raw and computed data recorded at one degree of incidence intervals on punched
paper tape. The raw data was corrected by digital computer, using the balance
matrix derived from the analogue machine except in the case of the axial force
channel, for which the results of the conventional calibration, which includes
small cross product terms, werc used. For all components the overall scaling
was independently determined by the two different methods.

This check falls short of perfection since to obtain the desired agreement
not only must the correction unit performance be up to standard but so also must
the servo indicators and balance. It was not possible to freeze the servos
during data recording, which occupied twenty seconds per data point. The resultis
then reflect drifts and unsteadiness in indicator readings during the read out
periol. The datum readings for the two computations were also subject to the
same source of discrepancy. Thus we should expect to find random scatter of
the differences covering a band corresponding to about 0.2% of servo indicator
full scale even if the serodynamic and/or servo indicator steadiness was of the
highest standard to be expected. Also the mean of this band could lie anywhere
within the equivalent of 0.2, of servo full scale from zero if the servo
indicators remained within the best expected limits during datum read-out. If
the displacement were outside these limits it would be due either to incorrect
datun setting on the correction unit or to less than the best balance and servo
performance, The second causc is not associated with the correction unit and
the former would be condemnatory only if it were due to any difficulty in datum

setting. No such difficulty is in fact experienced.



The test was such that at zero incidence all loads except axial force
were small so that the outputs were insensitive to the accuracy of scaling.
Axial force was sensitive to this and also to the correctness of base pressure
compensation. At large incidence the normal force and pitching moment also
became large while the three remaining components remained small. Accuracy of
scaling would thus be indicated by the absence of any slope in the plots of
differences in CZ and CM versus incidence. Both conventional and the analogue
unit methods of scaling can permit errors which depend on the definition of
differences of servo indicator readings at various loads. The further the
readings can be spread apart in terms of resulting indicator shaft positions,
the better defined is the scaling. In the case of CM’ both methods of
calibration utilise the same amount of rotation since momentsin both senses
are applied, but in the case of CZ the method for the digital computation
required application of loads in one sense only so that less than half the
available shaft rotation was used. Thus for this component the method used

for the analogue unit scaling is inherently better.

The best results that could be expected then may exhibit a slope within
the limits defined by:-

+load/max. calibration load X 0.2% Output for full scale servo change,

the discrepancy thus arising being additional to that arising from the previously
described source. Limits of best expected agreement as described here have been

drawa in Figs.12 to 17.

The presence of non-linear terms due to the particular type of balance
design leads to the curvature of the axial force results of Fig.12. There is
evidence of scaling errors rather larger than the best expected in the normal
force results of Fig.14 but this is in contrast to the pitching moment results
of Fig.16 where the scaling error is well within limits. None of the results

show any tendency to systematic drift with time.
7 CONCLUSIONS

(1) The analogue unit in the form considered together with the tare correction
unit provide corrected data to an order of accuracy consistent with that of the
input data so long as no cross product or square term balance interactions are
present.
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(2) The success of the present equipment leads to the expectation that the
extended version of Ref.2 could satisfactorily correct for the non-linear
interactions sometimes associated with early designs of aerial force balance.
The error in axisl component due to neglect of these interactions is not

large with the balance used for the evaluation presented here, and considerably
smaller errors would be expected in similar circumstances with recent balance

designs. The desirability of such an extension is thus open to question.

(3) The dynamic performance of the analogue correction unit would make it
suitable for use with input devices considerably faster than the present servo

indicators.

(4) The equipment has the considerable advantages of eliminating the delays
in production of results associated with off-line digital data correction end
enabling the adoption of a simple calibration procedure which eliminates the
risk of errors as to the sign or order of megnitude of balance interaction

calibration terms.
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Table 2

Comparison of digital and analogue results

o Cy | Cy Cy w C, | Cy M c, ACy ACy ac, AC, | BCy ac
. L 1 i
Digital | Analogue | D | A D A D A D | A | D A D-A D-A D-A D-A | D-A D-A
| | . ;
i g | I | m j
1 | -0.326 -0.30¢ | -0.05 | -0.05 |-0.12 | -0.09 | 0.058 | o0.045 ' 0.03, -0.05 {0.68 | 0.78 | -0.020 | 0.00 |-0.03 ' 0.013 | 0.08 | -0.10 0
2 | -0.335 -0.308 | -0.05 | -0.05 | -0.49 | -0.4G | 0.056 | 0.0k | -0.05 , -0.16 10.63 | 0.73 | -0.027 ; -0.01 |-0.03 ! 0,012 | 0.1l | -0.10 _
3 | -0.338 -0.312 | -0.03 | -0.06 | -0.95 | -0.89 | 0.053 | o0.042 . -0.31 | -0.37 |0.71 | 0.80 | -0.026 | +0.03 | -0.0f | 0.011 | 0.06 | -0.09 2
41 -0.341 -0.318 -0.07 | -0.05 | -1.26 | -1.24k | 0,050 | 0.040 , -0.50 | -0.56 |0.64 0.77 -0.023 | -0.02 | -0.02 w 0.010 | 0.06 -0.13 3
2 | -0.348 -0.326 | -0.0l | -0.07 , -1.61 | -1.60 | 0.048 ! o.00 | -0.84{ -0.95 |o0.71 | 0.81 | -0.022 | +0.053 | -0.01 ! 0.008 | 0.09 | <0.10 b
6 | -0.359 -0.357 | -0.08 | -0.04 | -2,01 | ~2.03 | 0.050 | 0.0%0 W -1.20 | -1.28 {0.69 | 0.80 | -0.022 | -0.0k |+0.02 | 0,010 | 0.08 | =0.11 5
7 ! -0.364 -0.338 | +0.01 | -0.03 | -2.45 | -2.45 ! 0,052 | o0.041 | -1.56 | -1.64 [ 0.70 | 0.77 | -0.026 | +0.04 | 0.00 | 0.011 0.08 | -0.07 6
8 | -0.369 -0.347 | -0.03 ' +0.01 | -2.8% | -2.85 | 0.049 | 0.041 | -1.9% | -1,99 |0.73 | 0.75 -0.022 | -0.04 | 0.00 { 0.008 | 0.05 -0.02 7
9 | -0.367 -0.551 | <0.05 | 0.00 |-3.20 | -3.2k | 0.051 | 0.0k0 | -2.36 | -2.42 |0.62 | 0.76 | -0.016 | -0.03 |+0.04 | 0.011 | 0.06 | -0.14 8
10 | -0.376 -0.557 | -0.0b | -0.01 | -3.Gh | -3.69 | 0.083 | o.oh2 | -2.81 | -2.86 |0.57 | 0.83 | -0.019 | -0.03 | +0.05 | 0.006 | 0.05 | -0.16 9
10 -0.39% ~0.371 | -0.05 | -0.02 | -4.08 | -k.12 | 0.049 | 0.039 | -3.07 | =3.17 [0.77 | 0.89 | -0.023 | -0.03 | +0.0k | 0.010 | 0.10 | -0.12
12 M -0.392 -0.380 | -0.05 | =0.02 | -k.54 | -4.,59 | 0.046 | 0.037 | -3.47 | -3.52 |0.82 | 0.88 | -0.012 | -0.03 | +0.05 ; 0.009 | 0.05 -0.06
13 | -0.402 -0.388 -0.06 | =0.03 | -5.01 | =5.07 | 0.043 | 0.034 -3.76 | -3.83 | 0.78 0.88 -0.014% | -0.03 | +0.06 ! 0.009 0.07 -0.10
1h ) ~o.6 -0.306 | -0.04 | =0.04 -5.44 | -5.52 | 0.040 | 00.034 | -4.03 | -L.10 | 0.85 0.9% | -0.010 | 0.00 | +0.08 | 0.006 | 0.07 | -0.09
15 1 -0.417 -0.409 | -0.07 | -0.03 | -5.94 | -6.05 | 0.0% 0.031 “b.36 | -4.4% 1 o.78 | 0.95 | -0.008 | -0.04 | +0.11 | 0.010 ; 0,07 | =0.07
16 | -0.416 -0.M13 | -0.08 | -0.05 | -6.43 | -G.54 | o.ok2 | 0.032 | -4.55 | -4.64 | 0.85 | 0.9 | -0.003 | -0.03 |+0.11 | 0.010 | 0.09 } -0.07
17 | -0.422 -0.4256 | -0.06 | -0.05 | -6.96 | -7.08 | 0.043 ! 0.033 | -4.88 | -4.94 10.85 0.92 | +0.004 | -0.01 | +0.12 | 0.010 | 0.06 | -0.07
18 | -0.432 ~0.437 | -0.03 | -0.03 | -7.k5 | -7.57 | 0.035 | 0.028 | -5.0% | -5.06 | 0.88 | 1.00 | +0.005 | 0.00 |+0.12 | 0,007 | 0.03 | -0.l12
19 | -0.426 -0.440 | -0.04 | -0.04 | -7.94% | -8.09 | 0.022 | o0.017 | -5.17 ! -5.22 | 0.98 1.12 | +0.0t4k | 0.00 | +0.15 | 0.005 | 0.05 -0.14
20 | -0.429 -0.443 -0.05 | -0.07 | -8.43 | -8.59 | 0.019 0.014 -5.35 | -5.39 | 0.99 1.13 +0.014 | +0.02 | +0.16 | 0.005 0.03 -0, 14
21 | -0.431 -0. 447 ~-0.0{ | -0.06 | -8.89 | -9,06 | 0.020 0.014 -5.41 | -5.47 |0.99 1,14 +0.016 0.00 | +0.17 | 0.006 0.06 -0.15
22 | -0.424 -0. 4k -0.12 | -0.09 | -8.46 | -8.61 | 0.018 | 0.014 | -5.30 | ~=5.37 | 0.99 1.19 | +0.017 | -0.03 | +0.15 | o.004 | 0.07 | -0.20
23 | -0.425 -0.438 -0.08 | -0.04 | -8.00 | -8.15 | 0.022 0.017 -5.05 | =5.10 | 1.0l 1.15 +0.012 | £0.04 | +0.15 | 0.005 0.05 -0.14
2k | -0.425 ~0.4%35 | -0.10 | -0.07 | -7.51 | -7.65 | 0.025 | 0.020 | -4.95 | -5.02 [ 0.99 | 1.14 | +0.010 | =0.03 | +0.14 ) 0.003 | 0.07 | -0.15
25 | -0.h6 -0.422 | -0.10 | ~0.08 =7.17 0.024 | -4.75 0.99 1.13 | +0,006 | -0.02 | +0.12 | 0.004 | 0.08 | -0.14
26 | -0.415 -0.M4 | 0,09 | -0.07 -G .65 0.025 | -4.48 0.98 Lol -0.001 | -0.02 | +0.13 | 0.006 | 0.06 -0.13
27 t -0.k12 -0.409 | -0.03 | -0.07 -6, 14 0.029 | -4.24 0.98 1.1 -0.003 | -0.01 | +0.11 | 0.007 0.03 | -0.13
28 | -0.408 -0.405 -0.11 | =0.10 | =5.53 | -5.62 | 0.039 | 0.031 -3.94 | -3,99 | 0.9C 1.06 -0.003 | -0.01 | +0.09 | 0,008 | 0.05 -0.10
29 | -0.3% -0.390 -0.13 ; =0.12 | -5.07 | -5.14 | 0.042 0.0%3 -3.60 | =3.55 | 0.99 1.09 -0.006 | -0.01 | +0.07 | 0.009 0.05 -0.10
30 | -0.390 -0.375 -0.12 | -0.10 | -4.60 | -4,64 | 0.045 0.030 -3.25 | -3.34 | 0,94 1.05 -0.017 | -0.02 | +0.04 | 0.009 0.09 -0.11
31 1 -0.384 -0.365 -0.08 | -0.06 | -4,13 | -4,20 | 0.053 0.0M1 -2,90 | -2.96 | 0.81 0.93 -0.018 | -0.02 | +0.07 | 0.012 0.0% -0.12
32 | -0.371 -0.354 | -0.07 | -0.08 | =3.70 | -3.74 | 0.052 | o.o4k4 | -2.60 | -2.07 | 0.8 0.9% | -0.017 | +0.01 | +0.0% | 0.008 0.07 | -0.12 9
33 | -0.361 ~0.344 | -0.07 | =0.07 | -3.29 | -3.31 | 0.055 | O0.o45 | -2.18 | -2.24 {0.81 | 0.90 | -0.017 | 0.00 |+0.02 | 0.010 | 0.06 | -0.09 8
34 | -0.364 -0.341 -0.056 | -0.10 | -2.88 | -2,89 | 0.057 | 0.0456 | -1.72 | -1.77 {0.81 0.92 | -0.023 | +0,04 | +0.01 | 0.011 0.05 | -0.11 7
35 | =0.350 -0.377 -0.09 | -0.06 | -2.48 | -2.48 | 0.056 0,045 -1.40 | -1.46 | 0.79 0.92 -0.023 | -0.0% 0.00 | 0.010 0.05 -0.13 6
36 | -0.359 ~0.327 -0.08 | -0.07 | -2.04 | -2,06 | 0.059 0.047 -1.05 | =1.10 | 0.79 0.92 -0.,022 | -0,01 | +0.02 | 0.012 0.05 -0.13 b
37 | -0.351 -0.323 -0.08 | ~0.05 | -1.64 | -1.63 | 0.061 0.0L9 -0.68 | -0.72 | 0.7S 0.92 -0.023 | -0.02 | -0.01 | 0.012 0.04 -0.13 4
38 | -0.3u8 ~0.321 ~0.07 | -0.07 | -1.29 | -1.28 | 0.059 0.050 -0.35 | -0.4% | 0.79 0.93 -0.027 0.00 | -0.01 | 0.009 0.08 -0.14 3
39 | -0.346 -0.321 -0.07 | -0.09 | -0.95 | -0.91 | 0.062 0.051 -0.11 | -0.18 | 0.84 0.93 -0.025 | +0.02 | -0.04 | 0.011 0.07 -0.09 2
ho ! -0.343 -0.318 | -0.06 | -0.07 | -0.55 | -0.52 | 0.064 | 0.055 | +0.1G | +0.07 10.89 | 0.97 | ~0.025 | +0.01 |-0.03 | 0.011 | 0.09 | -0.08 !
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Table 2 (Contd)

: !
| X m - ; C, Cp C, c ACy ACy Aac, ac, ac | acy
| No., _ T _ - o
m . Digital | Analogue D A w D A D A D W A D A D-A D-A D-A D-A D-A D-A
[ ! W ; M
. 81 «0.353 -o.umq -0.08 ; -0.10 ! +0.50 | +0.57 | +0.027 | +0.023 | +0.45 ' +0.39 '@ +1.01 | +1.13 | -0.016 |+0.02 | -0.01 | +0.004 | +0.06 | =0.12 -2
i 821 -0.351 :o.muw ! ~-0.09 | -0.11 , +0.19 ° +0.21 +0,028 | +0.022 | +0,23 | +0.12 1 +1.01 +1.14 1 -0.018 |+40.02 | -0.02 | +0.006 | +0.11 -0.13% -1
83, -0.344 -0.328 | -0.15 1 -0.11 | -0.21  -0.17 | +0.030 ! +0.023 | +0.06 | -0.01 | +0.99 | +1.14{ -0.016 | -0.02 | -0.04 | +0.007 | +0.07 | -0.15 0
8l | -0.368 -0.345 | -0.09 | -0.09 ! -0.22 ' -0.19 | +0.049 | *0,041 | -0.04 | -0.12 | +0.86 | +0.99 | -0.023 | 0.00 | -0.03 | +0.008 | +0.08 | -0.13 o)
85| -0.373 -o.u:w -0.10 1 -0.11 | -0.55 , -0.54 | +0.051 | 4+0.041 | -0.18 | -0.23 w +0.86 | +0.97 | -0.026 | +0.,01 | -0.02 | +0.010 | +0.05 | -0.11 1
861 ~0.372 . =0.340 -0.07 | -0.08 ' -0.96 1 -0.96 | +0.043 ! +0.039 | -0.30 | -0.40 | +0.89 | +0.98 | -0.024 | +0.0l 0.00 | +0.009 | +0.10 | -0.09 )
87| «0.374 ! ..o..um.@ -0.07 | -0.08 ' =1.36  -1.35 | +0.045 | +0.037 | -0.47 | -0.54 | +0.84 | +0.95 | -0.025 | +0.0! | -0.01 | +0.008 | +0.07 | -0.09 3
88| -0.381 | =0.355 -0.08 ' -0.06 | -1.67 -1.69 | +0.052 | +0.0M1 | -0.82 | -0.90 | +0.79 | +0.90 | -0.026 | -0.02 | +0.02 | +0.011 | +0.08 | =0.11 L
89 -0.381 :o.umw , -0.05 ! -0,01 | -2.08 |, -2,09 | +0,049 | +0.0k0 | -1.18 | -0.25 | +0.76 | +0.88 | -0.023 | -0.0% | +0.01 | +0.009 | +0.07 | =0.12 5
0] -0.384 1 -0.305 -0.02 | -0.01 | -2.43 1 -2,57 | +0.051 | +0.043 | -1.50 | -1.57 | +0.75 | +0.86 | -0.019 | -0.01 | +0,09 | +0.008 | +0.07 | -0.13 6
911 -0.390 -o.wqw -0.03 | -0.01 | -2,88 | -2.9% +0,048 | +0.043 | -1.82 | -1.91 | +0.78 | +0.88 | -0.017 | -0.02 ' +0,02 | +0.005 | +0.09 ! -0.10 7
921 -0.507 | -0.386 | +0.03 , 0.00 w -3.26 |, -3.32 | +0.055 | +0.043 | -2.25 -2.31 | +0.77 | +0.87 | -0.021 | +0.03 | +0.06 | +0,012 | +0.06 | -0.10 8
93 -0.409 ; -0.39% | -0.04 | -0.01 , -3.70 | -3.74 | +0.052 | +0.042 | -2.59 | -2.76 | +0.73 | +0.88 | -0.016 | -0.03 | 0. +0.010 | +0.07 | -0.15 9
Ok -0.415 1 -0.398 | +0.02 | +0.03 | -4.13 [ -4.20 | +0.049 ! +0.040 | -3.01 | -3.08 | +0.82 | +0.87 | -0.017 | -0.0l | +0.07 | +0.009 | +0.07 | -0.05 10
95| -0.436 | -0.415 *0.01 © 0.00 =457 1 <454 | 40,051 | +0.040 | =3.41 | -3.45 | +0.77 | +0.89 | -0.021 | +0.01 | +0,07 | +0.011 | +0.04 | -0.11 11
9| -0.437 | -0.426 +0.01 + 40.02 & -5.07 , -5.14 | +0.047 | +0.037 | -3.70 | -3.75 | +0.77 | +0.88 | -0.011 } -0.01 | +0,07 | +0.010 | +0.05 | -0.11 12
97| -0.445 -0.437 +0.03 | -0.01 | =5.53 W -5.60 | +0.049 | +0.039 | -L.,00 | -4.06 | +0.7S | +0.87 | -0.008 | +0.04 | 40,07 | +0.010 | +0.06 | -0.08 13
98| -0.450 -0.44C y -0.01 | -0.01 | -6,02 | -6.13 | +0.045 | +0.038 | -4.33 | -4.33 | +0.77 | +0.89 | -0.004 0.00 | +0,11 | +0.007 | +0.05 | -0.12 14
99 -0.454 -0.855 1 +0.02 W 0.00 = -6.49 , -5.50 | +0.042 | +0.00% | -4.58 | -4.€&1 | +0.79 | +0.95 | -0.001 | +0.02 | +0,11 | +0.008 | +0.03 | -0.16 15
1001 -0.454 ;o.:mm | =0.03 ( -0.02 ' =7.01 , -7.16 }+0.038 | +0.031 | -4.86 | -4.90 | +0.87 | +0.98 | +0.004 | -0.01 | 40,15 | +0.007 | +0.04 | -0.11 16
101 | -0.453 | -0.482 | -0.0k | +0.01 | -7.50 | -7.64 |+0.035 |=+0.030 | -5.00 | -5.04 | +0.83 | +1.01 | +0.009 | -0.05 | +0.14 | +0.005 | +0.04 | -0.13 1
102 | -0.458 -0.459 ~0.01 | -0.02 | -7.96 P =8.12 | +0.031 |+0.02¢ | -5.16 | -5.21 | +0.85 | +0.96 | +0.011 | +0.01 | 40,16 | +0.005 | +0.05 ! -0.11 1
103 | -0.455 -0.472 -0.02 | -0.03 ! =8.,49 ! 8,62 |+0.028 | +0.02% | -5.34 | -5.38 | +0.91 | +1.01 | +0.017 | +0.0! | +0,13 | +0.005 | +0.04 | -0.10 19
104} -0.477 -0.483 | -0.03 | -0.01 | -8.94 , -8.10 |+0.033 |+0.030 | -5.39 | -5.44 | +0.91 | +1.02 | +0.006 | -0.02 | +0,1C | +0.003 | +0.05 | -0.10 20
105 | -0.449 -0.458 +C.05 | +0.05 | -8.52 | -8.66 | +0.028 |+0.023 | -5.28 | -5.36 | +0.90 | +1.04 | +0.019 0.00 | +0,14 | +0.005 | +0.08 | -0.14 19
_oa_ -0.452 -0.465 +0.05 | +0.02 | -8.05 | -8.20 |+0.031 |+0.025 { -5.04 | -5.09 | +0.90 | +1.01 | +0.013 |+0.02 | +0,15 | +0.005 | +0.05 | =0.11 18
107 | -0.,448 -0.457 -0.04 | +0.02 | -7.59 | -7.73 |+0.038 |+0.030 ! -4,02 | -4,98 | +0.88 | +1,02 | +0.009 | -0.05 ! 40,15 | +0.008 | +0.06 | -0.14 17
108 | -0.446 + _g.u50 | +0.01 | +0.03 | =7.10 | -7.22 | 40,042 |+0.033 | -4.69 | -4.7h 1+0.85 | +0.99 | +0.004 | -0.02 | +0,12 | +0.009 | +0.05 | -0.14 16
109: -0.450 | -0.449 | +0.02 | -0.02 | -6.58 | -G.70 |+0.046 |+0.038 | -4.46 | -k.51 | +0.60 | +0.90 | -0.00i | +0.04 | +0.12 | +0.008 | +0.05 | -0.10 15
110 | ~0.445 -0.439 +0.02 | 40,02 | -6.08 | -6.19 |+0.054 |~+o0.0M4 | 417 | -B.24 | 40,90 | +0.91 | ~0.006 0.00 | +0,11 | +0.010 | +0.07 | -0.01! 14
111 | -0.436 -0.427 0.00 | +0.03 | -5.56 | -5.66 |+0.058 |-0.04C | -3.94 | -3.98 |+0.32 | +0.91 | -0.009 | -0.02 | 40,10 | +0.012 | +0.04 | -0.09 13
112 ] -0.429 -0.420 0.00 © +0.01 | -5,09 | -5.16 |+0.056 |-+0.045 | -3.59 | -3.64 | +0.,32 | +0.9% | -0.009 | -0.0! | +0,07 | +0.011 | +0.05 | -0.12 12
13| -0.418 -0.412 -0.02 | +0.0l | -4.63 | -4.70 |+0.055 |+0.0MG | -3.24 | -3.33 | +0.80 | +0.37 | -0.006 | ~0.03 | +0.07 | +0.009 | +0.09 | -0.07 11
114 ] -0.405 -0.389 | -0.05 | -0.01 : -4,19 | -4.,25 140,058 |+0.049 | -2.84 | -2.92 | +0.73 | +0.87 | -0.016 | -0.04 | 40,06 | +0.009 | +0.08 | -0.14 10
115 | -0.407 -0, 3534 -0.01 | +0.04 | -3.76 | -3.80 |+0.061 |+0.050 | -2.58 | -2.63 | +0.75 | +0.85 | -0.023 | -0.05 | +0.04 | +0.01} | +0,05 | -0.10 9
116 | -0.592 -0.374% | -0.30 | +0.01 | -3.35 | -3,37 |+0.059 |+0.047 | -2.12 | -2.19 | +0.73 | +0.83 | -0.018 | -0.0k | 40,02 | +0.012 | +0.07 | ~0.10 8
17| -6.295 -0.304 -0.31 | -0.01 | -3.71 | -2.96 |+40.616 |+0.,043 | -17.83 -1.72 | +7.80 | +0.04 7
118 | -0.374 -0.353 | -0.02 | 0.00 | -2.51 | -2.5% |+0.060 |+0.050 | -1.40 | -1.45 | +0.7% | +0.8% | -0.021 | -0.02 | 40,02 | +0.010 | +0.05 | -0.10 6
119 | -0.377 -0.352 -0.02 | -0.05 | -2.10 | -2.11 |+0.063 |+0.052 | -=1.03 | -1.09 | -+0.78 | +0.84 | -0.025 | +0.03 { +0,01 | +0.011 | +0.06 | ~-0.06 5
1201 -0.367 | -~0.347 | ~0.08 -0.07 | -1.09 | -1,69 1+0.066 |+0.05% | -0.61 | -0.69 |+0.74 | +0.88 | -0.020 | -0.01 ! 0,00 ! +0.013 | +0.08 | -0.14 4
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SYMBOLS

force components along x, ¥y, Z axes
moment componcnts about x, y, 2 axes
body fixed axes system

angle of incidence of model

angle of roll of model

misalignment due to balance imperfection
model weight

distance of model C.G. from origin

base pressure

stagnation pressure of free stream

servo indicator shaft position

change of position from datum (E - Eo)
generalisation for Y,Z2,L,MN
calibration constants

balance temperaturc coefficient

scaling factor, inverse of leading coefficient in balance equation
scaling factor, pressures

distance of C.G. shift

gain of output amplifier

standard for servo divider

kinetic pressure

sum of closed loop gains of summing amplifier
sting bending coefficients

sting deflection angle in the xz plane

sting deflection angle in the xy plane

refers to datum conditions
refers to first, second or third temperature measurement channel
generalisation for X, Y,Z, L, M, N

quantities related to corresponding force or moment channel
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Fig.1 Assembled analogue correction unit, tare correction unit
and strain gauge indicators
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Blen

A description is given of equipment using analogue computing techniques
tor the on-line correctlion of wind tunnel force and moment data, derived
from strain-gauge indicator servos operating with a supersonic wind
tunnel,

This equipment has enabled a new method of balance callbration to be
employed which considerably reduces the possibilitles of error and is

quicker than previous methods,
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A description is given of equipment using analogue computing techniques
tor the on-line correction of wind tunnel force and moment data, derived
from strain~gauge indicator servos operating with a supersonic wind
tunnel,

This equipment has engbled a new method of balance calibration to be
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