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Abstract uses the concept of a generic multi-component
balance that can sense an arbitrary number of

A very stiff six-component wind tunnel balance |oad components: external influences (temper-

of simple construction was produced with semi- ature, etc.), measured by suitable sensors, are

conductor strain gauges on the axial-load element treated as balance "components" and processed

and with a temperature sensor installed. Thermo- alongside and in the same way as "real" balance

compensation was performed by software, treat- |oad components, through the balance calibration

ing the temperature sensor as the seventh bal-matrix.

ance load component. Calibration of the proto-

type validated the concept. 2 Balance Design

1 Introduction Mechanical design of the balance was very sim-
ple, so that it was quickly produced, which was
During the course of wind tunnel tests in the T-38 one of the requirements in design specifications.
wind tunnel [1] of Vojnotehnicki institut (VTI),a  The balance (CAD model shown in Fig.1 and
need was expressed for six-component wind tun- photograph in Fig.2) was basically a thick-walled
nel balances of stiffness higher than usually avail- cylindrical tube produced of Vascomax 300 steel,
able in the conventional beam-type balances. It with integral attachment tapers on both ends,
was decided to produce a prototype of such a bal- and flat surfaces for application of strain gauges
ance, that was to be very simple and robust in machined on two stations on the tube. It was
shape, taking advantage of the fact that semicon- designed so as to be geometrically compatible
ductor strain gauge bridges produce acceptably with an existing conventional beam-type balance
large signals even at low levels of strain and can (Fig.3) of comparable load range.
be applied to very stiff flexure elements. Semiconductor strain gauges were used only
Another aim of the project was to apply and for the axial force component, while high-
test, during the calibration of the prototype bal- impedance 5 ® foil-type strain gauges, supplied
ance, a general-purpose software algorithm for with 21 V excitation, were used for other load
compensation of apparent loads caused by in- components. Rough hardware thermocompensa-
fluences of e.g. temperature, pressurized tubing tion of zero shifts was performed for all com-
passed through the balance, inertial loads causedponents. A temperature-sensing bridge consist-
by the rotation of the balance on a shaft, etc. ing of foil-type elements was installed near the
This algorithm, implemented in a flexible soft- axial-force semiconductor strain gauges, and this
ware tool for balance calibration named BACAL bridge was thereafter considered to be the seventh
(its early development stage presented in [6]), component of the balance.
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Moments reference centre of the balance was
at the forward instrumented station which carried
the strain gauge bridges for axial force, rolling
moment, and two bending moments. For mea- [
surement of axial load this section acted as a Z¢
compression-type element, with four semicon- g
ductor strain gauges arranged in two T-patterns
on the opposite sides of the octagonal cross- Fig. 2 Photograph of the new balance
section of the station. Two cylindrical grooves
machined on the inside surface of the tube helped
in creating eccentric pressure when axial load
was applied, thus increasing strain at locations of
semiconductor strain gauges. Eight longitudinal |
slits through this section reduced torsional stiff-
ness, enabling larger-magnitude signals from the
rolling moment bridge. ;.

The rear instrumented station carried the
strain gauge bridges for the remaining two bend-
ing moments.

All wiring was passed through the sting-
interface taper on the rear end of the balance. A
number of spare wires was also passed through3 Calibration
the balance to facilitate connection of other in-
strumentation forward of the balance in a wind 3.1 The Concept of the Generic Balance

tunnel model. o _

Fig. 3 Comparable conventional-design balance

type balance were stated as: data reduction algorithms implemented in the
software used in VTI ([6], [5], [7]) are a gener-
Diameter: 40 mm alization developed upon the concept presented
Length: 220 mm by Galway in [2]. A common wind tunnel force
Axial force capacity: 1100 N balance is assumed to consists of one or several
Forward bending moment capacity: 200 Nm (usually three or six) load sensing elements, most
Rear bending moment capacity: 400 Nm often of the strain gauge type. Each element mea-
Rolling moment: 100 Nm sures a single load component (either force or
Temperature: 10-40C  torque/moment). The correspondence between
Target accuracy: 0.2% FS the balance output$e} (usually electrical sig-

nals) and loadgF } applied to these elements is
contained in the calibration matrig|:

{e} = [CH{F™} @)

where{F*} = {1L,Fy...Fp,F1?... FiF>...}T is

a vector of loads and load products up to the de-
sired order (usually second or third), and includ-
Fig. 1 CAD model of the new balance ing the offset term. For convenience, both the
calibration matrix and the vector of load prod-

ucts can be divided into their zero-intercept, lin-
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ear and nonlinear parts, i.e:

{e} ={CO} +[C{F} +[C2{F"} (2

where{CO} are the terms in the calibration ma-
trix corresponding to zero-load balance outputs
{ep} and[C1] and[C2] are parts corresponding
to linear and nonlinear terms respectively, so that
[C] = [{CO0} [C1] [C2]]. Accordingly, 1,{F}
and{F*} are the zero offset, linear and nonlin-
ear parts of F**}.

Assuming the mathemathical model of the
balance as in eqn. 2 above, the inverse rela-
tion between applied external loads (resolved to
directions of balance components) and compo-
nent outputs can be determined iteratively, from
eqgn.(3) below:

{F}=[Cy *{{e} - {CO}} - [Cl]l[CZ]{FE‘})
3
and this is the relation that is actually used in
wind tunnel data reduction to calculate balance
loads from component signals.
In various types of wind tunnel balances the

load transformation matri)g:

L |

The inverse relation can be expressed in the "least
squares" sense as

{R}

(M} 5)

because matrixS is not, in a general case, a
square matrix.

Transformation matrix§ is a function of the
balance geometry, i.e. of the location and orien-
tation of "components” relative to the moments
reduction centre of the balance.

While it is possible to calibrate the balance
in such a way that application of equations (2)
and (3) directly yield relations betwedr} and
{Rx,Ry,---M}, the introduction of the transfor-
mation matrix[§| brings important benefits:

i) The designer is free to creaf§ so that

.
R )

{R}
{M}

=[S{F} @

\

(F} = Hsﬂa]l[aT{

placements of component-load sensing elementsit describes completely arbitrary "mathematical”

are governed by the general design concept and positions of balance "components".

also by constraints of manufacture and applica-
tion. The experimenter is usually interested in
reducing component load$-} to three compo-
nents of force (e.gRx, Ry, R;) and three compo-
nents of moment (e.gMy, My, M), acting at a
defined balance centre and usually aligned with
geometric axes of the metric end of the balance.

An important detail in the generalization of
the mathematical model of the balance is the es-
tablishment of a relation betweg&rarbitrarily de-
fined balance componen{f } vs. three compo-
nents of total forceRy, Ry, R;, and three compo-
nents of total momerily, My, M.

If positions and orientations of component

However,
it is convenient that they are defined close to
physical locations of load sensing elements. In
this way, when balance loads are calculated dur-
ing a wind tunnel test data reduction, the corre-
spondence between component loads and actual
stresses in the flexure elements is simple (as has
later been recommended in [3]), making it easy
to check for flexure overloads, etc.

i) A universal wind tunnel data reduction
software code (or balance calibration code) can
be applied to any balance, by filling the matrix
[S] with appropriate data. This is a more flexible
approach than the one recommended in [3] which
identifies particular cases of algorithms only for

sensors are expressed as constants in a referenceome most common balance configurations.

frame that is fixed to the metric end of the bal-

iii) If a need arises for uncommon orienta-

ance (balance deformations being acconted for tion of the directions of nominal balance axes in
by nonlinear terms in the calibration matrix), this some special application, this can easily be de-
relation can be described byka< 6 component-  fined throughg.
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Further generalization is possible when it is and changes in sensitivity. The generalization
realized that "total loads" in eqn. (4) need not be presented above permits modelling of these inter-
restricted to three components of force and three actions with linear, second- or third-degree terms
components of moment, and that the number (depending on the capabilities of the calibration
of component loads need not be restricted to software). This is considered to be adequate.
six. Additional measurable factor§Ry} that The presented concept also permits simple
influence balance output signals of one or more modelling of interactions of actual balance loads
components can be considered as "componentonto sensors measuring external influences, e.g.
loads" (i.e. members dfF }) alongside the "real"  on the prototype balance a foil-type resistive
components. Influenceld,} can be measured themperature sensor was used that, being es-
by appropriate transducers (e.g. a pressure sentialy a strain-gauge, was slighly sensitive to
transducer, a thermocouple, etc.) which may be strains at the positions where it was cemented
located on the balance body or elsewhere in a onto the balance body. Influence of balance loads
wind tunnel model. Most common influences of on the output from this sensor was determined

such kind may be e.qg: during the calibration at the same time as influ-
- ambient temperature (or temperature of balance ence of temperature onto outputs from compo-
body or balance body regions); nent load bridges.

- pressure in a gas supply passed through the

balance to the model; 3.2 cCalibration with Composite Loads

- rotation rate of a balance mounted on a rotating

shaft. Since approx. year 1985, the preferred method

used in VTI for calibration of multi-component

If a balance measurds actual components  wind tunnel balance has been by loading a bal-
of loads and there aren measured additional ance with "composite loads", i.e. loading more
influences, signals{ey;...eym} from m ad- than one component simultaneously, in a propor-
ditional transducers can be concatenated with tional manner, by a conveniently directed single
vector {e} to form an extended vector of sig- force acting at a known point on the metric end of
nals {e.}, and corresponding load products the balance. Sequences of such loadings applied
Fui.--Fwm...Fwi?...FiFw1...FkFwm included  to a number of points having precisely known po-
into vector{F**} to form extended loads-product sitions on the calibration body attached to the bal-
vector {Fe™*}. The interaction of additional in-  ance constitute a load set from which a calibra-
fluences with the balance is simply modelled by tion matrix can be obtained.

the same equation (2) as above: This method, outlined in [2] and further de-
. veloped in [6] has lately become known as the
{ee} = [C{Fe™} (6) "Single Vector Calibration" [4]. Since 1997, a

generalized calibration method has been used,
applied though BACAL software, that permits
more than one composite-load vector to be ap-
plied (currently, number of applied vectors has
been arbitrarily limited in BACAL software to
three, and number of balance components to

except that the balance is now considered to have
k+ mcomponents.

Avector{W} of one or several additional "to-
tal loads" can also be formed, usually identical to
{Fw}, and equation (4) can be expanded to

(R} eight, mostly in order to keep data-entry screen
(M} } =[S {F} ) forms manageable).
(W} The composite-loads calibration method is

particularily suited to the generalized balance
Additional influences affect the outputs of bal- concept presented above. One load vector ap-
ance components through changes in zero offsetsplied in a calibration run can be the actual load
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(i.e. force), while the other can be an external As a measure of the "goodness" of a wind
influence like e.g. ambent temperature or pres- tunnel balance, VTI uses the criterion for a state-
sure. Loading cases can be formed where only of-the-art balance, established some years ago
the first vector (i.e. force) is applied and var- by AEDC; namely, to have standard deviations
ied, or only the second one (i.e. temperature of the errors, computed from the back-calculated
is varied), or both vectors are varied simultane- calibration data, of approximately 0.05 % of full
ously. Calibration software decomposes all ap- range load for each component under all com-
plied loads into corresponding component loads binations of loadings. The term "accuracy" is
using relation (5), and calculates a calibration also used, as more intuitive than standard devi-
matrix by global fitting over complete datasets ation, defined as three times this standard devi-
from a number of load cases, as recommended ation (for each component respectively, and ex-
in [3]. pressed as percentage of nominal full range load
As the number of load cases required to de- for the particular component). Target "accuracy"
termine a "full" second- or third-order calibra- for the prototype balance was 0.2 %.
tion matrix for a balance with additional compo-
nents defined (e.g. a seven- or eight-component
balance) can become very large, it is essential
that the calibration software permits a selection
of a subset of calibration matrix terms that are
to be calculated for any particular balance com-
ponent. E.g. in the prototype stiff balance with
semiconductor strain gauges on the axial force
element, load-product terms that include temper-
atue "loads" were calculated in BACAL only for
combinations of temperature vs. axial force vari-
ations, temperature influences on foil-type ele- “
ments for other components being much smaller PN
and satisfactorily compensated in hardware.

3.3 Calibration of the Prototype Balance

Fig. 4 Balance on the calibration rig

Simple design of the balance resulted in poor sep-

aration of components. This was not considered

as a significant drawback, because it was felt that Prototype balance was calibrated (Fig.4) on
elaborate balance designs which provide good one of the standard calibration rigs in the balance
separation of components are at least partially a calibration laboratory of VTI. Balance was kept
legacy from the time when computer power avail- on the frame with main axis horizontal, and ro-
able for processing balance data was by several tated in roll at 48 intervals to obtain diverse com-
orders of magnitude less than it is today; it was binations of component loads by applyine exter-
proposed that a design with poor separation of nal loads in the vertical plane only. Balance was
components can perform in a satisfactory way automatically leveled using hydraulic actuators
if a calibration matrix with a sufficient number on the calibration rig. A cylindrical calibration
of higher-order terms can be determined from a body was attached to the balance, and a slider
loading set that mimicks the loads expected in a bar fixed by a pin to any of a number precisely
wind tunnel test. The composite-loads calibra- known locations on the body. Calibration body
tion method, implemented in BACAL was ap- permitted application of loads only in positions
plied to this end. forward of the balance reference point, because
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the calibration was performed to suit the require- rect solution, although more slowly than usual,

ments of a particular wind tunnel test in which requiring more than a thousand iterations instead
such configuration of loads was expected. Forces of several hundred iterations commonly needed
normal to the main axis were applied by weights when computing matrices for six-component bal-

hanging on plates attached at precisely known lo- ances.

cations on the slider. Forces along the main bal-

ance axis were applied by converting, by the use E{bgtcsvjottgsﬁemg(;l;vgz vag°§p>

of a rocking triangular frame, vertical loads cre- Lead submets #A taestokanporentrs waga &3

ated by weights into horizontal loads acting along

the axis. Temperature of the balance body near
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the axial-force strain gauge bridge was treated as £
an additional load vector and measured by a ref- §———————————————5
erence J-type thermocouple cemented to balance ¥
body. Temperature was varied either by slowly
varying ambient temperature, or by encasing the
balance in a thermally insulated heated chamber
(Fig.5) over the balance and part of the calibra-  Fig. 6 Plot of error residuals in balance checkout
tion body.

Calibration dataset consisted of about 200
"load cases" (orientations and/or combinations of Error residuals from a checkout using the cal-
load vectors) at different temperatures, with at culated calibration matrix on the complete set of
least five load magnitudes in each load case. Data calibration load cases are displayed for all seven
were taken both when increasing and decreasing components on a BACAL summary plot shown
loads, so that at least 10 datapoints (each con- in Fig.6 (dotted lines parallel to abscissae on each
taining about 200 samples per component) were plot mark 0.2% target accuracy). Standard devi-
taken for each load case. Calibration matrix with ations of error residuals for all components ex-
nonlinear terms up to the®@order was calcu-  cept the axial force were in the range 0.03%FS
lated in BACAL using global regression over the to 0.08% FS, while on the axial force it was
complete calibration data set. Iterative computa- about 0.18% FS, maximum error on this compo-
tion of the calibration matrix converged to a cor- nent being about 0.58% FS. When the same data

Err. TMPLXFS]
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were processed without taking into account the as the large errors observed on this component
seventh balance component (the temperature sen-conicided not with the loading of the component
sor), i.e. when the balance was treated as a com-itself, but with the maximum bending moments
mon six-component balance, maximum error on on the forward instrumented station, the nominal
the axial force component was about 2.4% FS. load range for the axial force component was re-
It was noted that significant errors on the axial declared to 4500 N and it is considered that the

force component were completely due to hystere-
sis when large bending moments were applied. In
load cases with pure axial loads the accuracy of
cca. 0.2% FS was obtained on this component, in
spite of very stiff flexure element and relatively
low output signal level.

4 Conclusions

Results of the calibration showed that, using the
generalized composite-load method, the proto-
type balance could be calibrated close to the re-
quired level of accuracy in the tested range of am-
bient temperatures. High-impedance foil strain
gauges on bending / rolling moments compo-

balance is completely usable in wind tunnel test
configurations requiring measurements of large
axial loads, e.g. in some parachute tests, in high-
Mach-number tests experiencing large transient
loads, or when the device is to be used as a pole
balance, supporting an aircraft model on a ver-
tical strut. A recalibration of the balance within
the anvelope of the re-declared load range will be
performed at the first opportunity.

It was concluded that, with appropriate cal-
ibration tools available, a practical balance like
the described prototype can be easily produced
tailored to certain wind tunnel test requirements,
without needing to design and machine the so-
phisticated flexure cages and other similar ele-

nents produced large FS output signals that could ments usually present on beam-type balances.

easily be handled by the standard wind tunnel

The concept of the generic multi-component

data acquisition system. Axial force element balance and treatment of temperature as an ad-
with semiconductor strain gauges, although ex- ditional balance component was shown to be
tremely rigid, proved very accurate when mea- practical. Implementation allowed modelling of
suring axial loads and produced an acceptably temperature-induced component zero shifts with
large FS output signal of about 11 mV. A sig- 34 degree polynomials, and sensitivity changes
nificant amount of hysteresis was experienced in with 2" degree polynomials which appeared to
several instances on this bridge when large bend- be sufficient. Temperature-induced errors were
ing moments were applied, degrading its accu- reduced by the software compensation to about
racy to about 0.6 % FS. At first this was com- 25 % of those obtained without it. Sensitiv-
pletely attributed to creep and local thermal ef- ity of the foil-type temperature sensor to strains
fects, but, as the problem was not repeatable and caused by actual loads was automatically ac-
occured only in some of otherwise similar load counted for, through interaction terms in the cal-
cases, a large part of the hysteresis was finally ibration matrix. With several temperature sen-
tracked to the calibration body and load-pan at- sors strategically placed on the balance, the al-
tachments that were found not to be machined to gorithm should be capable of handling effects of
the desired level of precision. Deflections of the temperature gradients. An important feature of
balance under load were less than 50 % of those the generic balance concept is that it can be in-
on the comparable conventional beam balance. cluded into existing wind tunnel data reduction
The balance did not meet the design require- software with minimum modifications (by red-
ments regarding the accuracy of the measurementimensioning some arrays) and does not require
of the axial force component. However, as the dedicated code for handling particular situations
nominal load capacity of 1100 N for this compo- like e.g. influences of temperature or pressure.
nent was, in fact, arbitrarily declared, the actual
safe-load capacity being several times larger, and
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