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Abstract

With the introduction of data reduction computers
to several wind tunnel laboratories of the Aeronautical
Institute it became evident that the application soft-
ware should implement generalized algorithms permit-
ting the processing, with the same code, of data taken
with various types of model supports and wind tunnel
balances. Therefore, extensive modifications were made
to the originally used data reduction software. The new
code can be used with almost any model support inter-
nal or external wind tunnel balance by simply entering
the appropriate setup into the database. The focus of
this paper are the fundamentals of the new algorithms,
based on the definitions of “generic’ model support
and force balance. Generalized procedure is outlined
for calculations of model attitude in the test section
in terms of Euler and aerodynamic angles and Carte-
sian coordinates, and reduction of aerodynamic forces
and moments to body axes, extensively using matrix
transformations. Correction of tare loads, and also in-
ertial forces during sweep tests, is performed using the
generalized “buoyant offset” concept and least squares
approximations by trigonometric functions. Qutput is
possible in any of the generally used axis systems. Pro-
visions are made for compensation of wall interference
and test section calibration.

Introduction

In the seventies, digital computers were introduced as
data reduction machines in two wind tunnel laboratories
of the Aeronautical Institute. The software then used
to determine model aerodynamic angles, force and mo-
ment coefficients, treated each type of model support
and each type of balance used in these wind tunnels as
a particular case, and different software routines were
used to process data for each case.

When the T-38 1.5x1.5m trisonic wind tunnel was
designed, it was felt that for this facility a more general
approach was needed. Foreseeing the modernization of
other wind tunnels in the Institute, an integrated, ‘wind
tunnel independent’ software package for data reduc-
tion was created.

However, mainly due to inertia, some of the peculiari-
ties of different types of model supports and wind tunnel
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balances were again hard coded into routines used only
for certain kinds of measuring devices. It soon became
evident that this resulted in very unwieldy software and
difficult setup of data reduction parameters. Therefore,
extensive modifications were made to the software, with
the intent of making it simpler and more general.

Generalizations

The generic model support

A wind tunnel model is almost always held in posi-
tion in the test section by some sort of a mechanism,
called the model support, by which its orientation and
position relative to the flow direction and test section
walls can be set, maintained and accurately measured.
While many types of model supports are used in wind
tunnels, they can all be reduced to a combination of
simple, one degree of freedom mechanisms. These el-
ementary mechanisms are linked in a train, the ‘first’
one being fixed to the wind tunnel structure, and the
‘last’ one holding a model, possibly via a force balance.
A local frame of reference (coordinate axes system) is
associated to each elementary mechanism m, with the
origin at the point where it is joined to the ‘preceeding’
elementary mechanism. A set of left-handed frames of
reference is used throughout the calculations.

An elementary support mechanism can perform either
a translation along one of the coordinate axes or a ro-
tation around it. This displacement &, relative to the
preceeding mechanism, is assumed to be measured by
an appropriate transducer.

A set of three angles, Ay, Ab,, and Ag,, describe
the misalignment of axes of mechanism m to mechanism
m —1 (m = 0 refers to the wind tunnel structure).
Each mechanism comprises an arm of length {, with the
connection of the next mechanism m + 1 being located
on its endpoint, at coordinates I, I, and I, in the frame
of reference of the mechanism m.

A ‘translating’ mechanism can be envisaged as sliding
along one of the axes (z, y, z). The mechanism is
defined by the relevant translation axis, e.g. X, y or 2.

A ‘rotating’ mechanism is modelled as an arm ro-
tating around one of the axes at the end where it is
connected to the ‘preceeding’ mechanism. The mecha-



nism is identified by the axis around which the rotation
is performed, e.g. |, m or n (for axes z, y and z). The
| type is a “roll" mechanism. The m and n types are
“pitch” and “"yaw” mechanisms, respectively.

The elementary transformation matrices used to com-
pute components of a vector in a frame of reference
rotated through an angle § around axes z, y or z are,
respectively:

[ 1 0 0
[#] = 0 cosé siné 1
| 0 —siné cosé |
[ cosé 0 —siné |
(] = 0 1 0 (2)

| siné 0 cosd
cos§ sind 0
—siné cosé 0 (3)
0 0 I

[4] =

Transformation matrix [M] for a series of n rotations
is a product of elementary rotation transformation ma-
trices:

[M] = [My] [M_y]...[M1] (4)

where each [M;] is one of the elementary matrices 1, 2
or 3, depending on the axis of rotation. Any rotation
transformation matrix [M] is orthogonal, therefore, for
the inverse transformation, [M]~! = [M]T.

There are cases where the two subsequent elemen-
tary mechanisms do not move independently, but are
connected by some sort of mechanical linkage, the rea-
son for this usually being to ensure that the rotated
model remains at test section centerline, as in Fig. 3.
A connection code is associated with each elementary
mechanism to describe the dependence (or otherwise)
of its movement relative to the preceeding mechanism.

A particular model support system can, therefore, be
defined by a sequence of elementary mechanism types
(see Fig.1 to Fig.3), accompanied by the data on con-
nection codes and arm lengths. These definitions are
entered into the wind tunnel's database only once for
each model support. When reducing the data from wind
tunnel tests only a reference to a certain model support
‘name’ is needed in the data setup.

Often, the elements comprising the mechanisms can
not be considered rigid, but deformable under aerody-
namic loads and model weight. These deformations can
be taken into account by putting strain gauges on model
support elements and calibrating deflections under load.
The element with strain gauges is then to be included
in the model support as an additional elementary mech-
anism, as explained above. This arrangement can be
simplified if only the last element of the model support
mechanism (i.e. the sting or the strut) is deformable,
and if a force balance is included in the test. Loads
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measured by the balance can then be used to compute
changes in model position and attitude, and additional
deformation measuring elements are not needed. This
case is dealt with in the section where calculation of
balance loads is presented.

The generic balance

A wind tunnel force balance consists of 1 to 6 load
sensing elements, most often of the strain gauge type.
Each element measures a single load “component” (a
force or a moment). The correspondence between the
balance output {e} (usually electrical signals), zero off-
sets {eg} and loads {F} applied to these elements is
contained in the “calibration matrix” [C]:

{e} — {eo} = {Ae} = [C] {F""} ()

where {F**} is a vector {Fy...Fy, Fi%...,F1F;..}
of loads and load products up to the desired order (usu-
ally second or third). For convenience, the calibration
matrix [C] is normalized, as suggested in (1), by the
inverse of its main diagonal elements [D], and the nor-
malized matrix [X] is divided into linear and nonlinear
parts [X1] and [X2] so that:

{Ae} = [DI7! O] {F} + [DI7! [X2] {F*}  (6)

with {F*} being the nonlinear part of {F**}. The in-
verse relation can be determined only iteratively, as:

{F}: = [X:]7" [DHAe} = [X:]7" [X2] {F }imy (7)

Various types of wind tunnel balances exist, with ar-
rangements of components governed by constraints of
manufacture and application. The experimenter is usu-
ally interested in reducing component loads { F'} to three
components of force (e.g. R, Ry, R,) and three com-
ponents of moment (e.g. M, My, M,), acting at a de-
fined balance centre and usually aligned with geometric
axes of the ‘live’ end of the balance. As shown in the
equations 5 and 6, it is customary to include the non-
linear elements of this transformation, (mostly caused
by balance deformation under load) in the calibration
matrix. It follows that the relationship between k ar-
bitrary balance components, three components of force
vector and three components of moment vector is linear
and given by a kx6 matrix [S]:

(13-

As the matrix [S] is not a square matrix, the inverse
relation is given as: '

= [S]{F} (8)
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For precise calculations of model attitude, it is usually
necessary to define the change of orientation of the ‘live’
end of the loaded balance, relative to the supported
end. These deflections, assuming they are small, can
be expressed, in terms of three Euler angles and three

Cartesian coodrinates, as functions of balance compo-
nent loads {F}:

Ay
Af
NEEIZNS. (10)
Ay
Az

In case of an external balance, the ‘live’ end of the
balance is considered to be at the point where the model
is connected to the balance - usually coincident with a
hinge of the attitude changing mechanism.

The above elasticity matrix should be determined for
the balance integrated with its sting or strut. The rest
of the model support system is considered to be rigid.

Matrix [S] is dependent only on balance geometry.
The elasticity matrix [A] should be determined by a cal-
ibration under load. These two matrices should always
accompany the balance in use, together with the cali-
bration matrix [C]. They are sufficient to compute the
principal load components and attitude changes (all in
the balance axes system) from the output of an arbitrary
balance.

When reducing the vectors {R} and {M} to model
body axes it must be noted that there exist essentially
two types of wind tunnel balances, the first one con-
ditionally named the “internal” and the second “ex-
ternal”, though this may not reflect the actual position
of the balance. The live end of the internal balance is
immovably fixed to the model. The external balance
contains a sort of mechanism which changes the orien-
tation of the model relative to the balance, while the
balance itself usually retains a constant orientation rel-
ative to the test section of the wind tunnel, except in
the yaw plane. Additional transformations are necessary
to reduce the data from an external balance to model
body axes.

Data segmentation

The algorithm supports both the step-by-step motion
and the continuous motion of the model during wind
tunnel measurements. In the first case, each ‘step’ rep-
resents a data integrating segment. In the second case,
all acquired data must be segmented at intervals cen-
tered on user defined model attitudes/positions, and the
information on the attitude is contained in the data it-
self. The software must search through a sequence of
samples from model position transducers and determine
the limits of each integration segment. As the data
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from position transducers may contain noise, segmenta-
tion may become uncertain, so it is necessary to apply
some kind of low-pass filtering prior to segmentation.
The problem becomes slightly complicated when differ-
ent types of transducers are used in the test: e.g. a
digital output position transducer in the model support,
and analog outputs from a force balance. Hardware low-
pass filtering, customary for analog signals, introduces a
time lag in data relative to the unfiltered digital signals,
so balance and position data become unsynchronized.
The solution accepted here is to restrict hardware low-
pass filtering to a higher cut-off frequency, adequate
to prevent anti-aliasing during D/A conversion. Soft-
ware low-pass filtering to a desired cut-off frequency is
performed on all all digitalized data, from analog and
digital sources. A simple two-stage non-causal digital
filter computing the moving average was found to be
satisfactory. The position data filtered in this manner is
easily segmented. Suitable cut-off frequency is a char-
acteristic of each support system and it forms a part of
that support system’s description in the database.

Further filtering of the data from attitude and position
measuring transducers is performed, within the bounds
of the integration interval, by approximating the output
from each transducer by a second order polynomial:

6(t) = co + c1t + cat? (11)

Deviations of data samples from this curve are checked
to ensure that the approximation is adequate.

By diferentiation and integration, average values of
mechanism's measured displacement § from the initial
position, velocity dé/dt and accelerations d26/dt? are
obtained for the integration interval. For the ‘trans-
lating’ elementary mechanism, these values represent
distance, linear velocity and acceleration. For the ‘ro-
tating’ mechanism they represent angle, rate of turn
and angular acceleration.

It was found that the repeatability of the measure-
ments improves if the length of integration intervals is
adjusted so as to contain an integer number of periods
of the model support dominant frequency of oscillation,
which is obtained by frequency analysis of some repre-
sentative signal, e.g. a balance output.

Computing Model Attitude

The objective of the calculation of model attitude is
to obtain position and orientation of the model relative
to the wind tunnel test section. A convenient way to
express the attitude is in terms of Euler angles. From
these, model aerodynamic angles can be computed. For
the purpose of correcting the support and wall inter-
ference, it is often necessary to determine model posi-
tion, in terms of Cartesian coordinates, relative to the
test section walls. When a wind tunnel test with rapid
continuous motion (sweep) is performed, calculation of



model velocities, accelerations and rates of turn some-
times become necessary in order to compensate the in-
ertial forces and induced velocities (3).

For the “generic’ mode support, attitude and po-
sition calculations are executed step by step, perform-
ing the same process for each elementary mechanism,
and accumulating the transformation matrix as shown
in equation 4.

The relative position {I} of the arm of a translat-
ing type of mechanism (i.e. the position in the mech-
anism'’s frame of reference) is obtained by adding that
mechanism’'s movement 6 from the initial position to
the relevant component of {lI}. Appropriate velocity
components {v} and acceleration components {a} are
obtained directly from the diferentiation of equation 11.
Angular velocity {w} and angular acceleration {c} are
zero.

The relative position of the arm end in the rotating
type of mechanism that is moved through the angle §
from the initial position is computed as

{t-} = [Ms] {1} (12)

[M5] being one of the matrices 1 to 3, depending on the
mechanism's axis of rotation. The components {w} and
{e} of the vectors of angular velocity and acceleration
are obtained directly from equation 11, depending on
the rotation axis. Linear velocity and acceleration are
obtained as:

{v} {w} x {i-} (13)
{a} {e} x {l:} + {w} x {v} (14)

The notation “x” will be used for brevity, although for-
mally not quite correct, between two vectors displayed
in matrix form, to indicate a vector product with the re-
sult being resolved to components, e.g. in the equation
13 the product & x I,

Wylrs — wilry
wilez —wzly, (15)

wxlry — Wy loy

{wix{l}=

A transformation matrix [A,,] for rotations through the
mechanism’s misalignment angles relative to the pre-
ceeding mechanism is obtained from three elementary
rotation matrices:

[Am] = [A¢m] [Abm] [AYm] (16)

Transformation matrices [My,q] and [M,,] for rotation
from the wind tunnel frame of reference to the origin
and rotated frame of reference of an elementary mech-
anism in the train are obtained from its misalignment
angles transformation matrix and the previous mecha-
nism's transformation matrix [My,_1].

[MmO] = [Am} [Mm—-l] (17)
Mm] = [Ms] [Mn] (18)
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The position, velocity and accleration of the arm are
resolved to the wind tunnel frame of reference:

{It} = [MmO]T{Ir} (19)
{vi} = [Mmo]"{v} (20)
{a} = [Mpo]"{a} (21)
{w} = [Mmo]"{w} (22)
{er} = [Mmo]"{e} (23)

The absolute position, velocity and acceleration of the
mechanism's endpoint, referring to the wind tunnel
frame of reference, are obtained by adding the relative
and transfer movements.

{rm} = {rm-1}+{k} (24)
{vm} = {vm-1}+{wm-1} x {&} (25)
{am} = {am-1}+{em-a} x {k}+
+H{wm-1} x {wm-1} x {:}) +
+2{wm-1} x {v:} (26)
{wm} {wm-1} + {w:} (27)
{em} = {em-1}+{e} (28)

To obtain the final transformation matrix [M] for rota-
tion from the wind tunnel to the model frame of refer-
ence, the length and bending angles of a string or strut
can be added as the parameters of the last mechanism
in the train. The velocities and accelerations of the
model fixed to the last mechanism in the train are then
computed as shown above.

If a transformation matrix for rotation involving all
three Euler angles is equated with the matrix [M] cre-
ated for a particular set of rotations, it can be seen that
Euler angles are easily determined from the appropriate
elements of [M]:

§ = —arcsin M3 (29)
My,

= tan —= 30

P arctan 3= (30)
Mos

= arctan — 31

’ - (31)

or, when § = £7/2:

¥ = arctan -]\14‘21 ; 0=10 (32)

In a similar manner, aerodynamic and aeroballistic an-
gles can be computed:

= arctan Mz (33)
11
B8 = arcsin My (34)
o' = arccos My (35)
¢' = arctan M (36)
M3



Computing Balance Loads

In order to compute accurately balance component
loads using equation 7, zero offsets {eq} must be known.
As they vary slowly with time and temperature, they
must be determined immediately prior to measurement.

In order to calculate balance loads due to aerodynamic .

forces, tare loads {F,}, comprising model and balance
weight and other inertial forces must also be known.
Galway has developed a convenient way (1) to determine
the ‘true’ zero offsets (called the “buoyant offsets” )
and tare loads of an arbitrary balance from several ‘tare’
measurements taken at various model attitudes prior to
the wind tunnel run. That concept is here generalized
and improved and some of its restrictions amended.

If the balance used in the test is nonlinear, and the
pattern of attitude changes in the run is such that loads
on some balance components remain constant, the algo-
rithm requires that data on approximate model weight
and centre of gravity position be supplied. In that case,
model weight is resolved, for each of the model posi-
tions in the wind tunnel run, including tare measure-
ments and wind-on data, to vectors of force and mo-
ment {R,,} and {M,,} in the balance axes system, using
the inverse transformation matrix [M]%. Corresponding
approximate balance component loads {Fyy, } are deter-
mined using equation 9. All the values of {Fy,} are
then checked to determine on which balance compo-
nents the loads remain constant, within the limits of
balance accuracy, throughout the run. A vector {F,} of
these “constant” loads is formed, containing zeros in
places for variably loaded components.

It should be noted that it is not necessary to supply
model weight and centre of gravity position with great
accuracy, as these data only serve to account for higher
order effects of balance calibration.

Tare loads {Fy} are approximated by a ‘gravity ma-
trix'’ [G] and a vector {T'} of trigonometric functions

as:
{Fy} = [GI{T} 37)
The software analyses the amount of change of the

model Euler angles in the wind tunnel run, and deter-
mines {T'} as the appropriate one of the following:

When ¢, 8, ¢ = const:
{1} ={1} (38)

When 8, ¢ = const;, ¥ = var:

1
{T}={ siny (39)
cos ¢
When ¢, ¢ = const; 8 = var:
1
{T} =< sinéd (40)
cosf
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When 1,6 = const; ¢ = var:

1
{T}=1{ sing (41)
cos ¢
When ) = const; ¢, 8,¢ = var;
( 1 3
sinf
cos @ sin ¢
cosfcos¢ |

{T} =< ' (42)

When ¢ = const; 8,19 = var:
‘ ) ) \
sinf } (43)

cosf@sinvy
| cosfcostp |

{T} =1

For the ‘constant’ angles, a certain amount of change
is allowed that does not significantly alter tare data.

There are provisions for expanding the choice of func-
tions if necessary, but the above set was found to be suf-
ficient for all model supports used in the Aeronautical
Institute and all reasonable patterns of model attitude
changes.

Functions {T'} are calculated for all tare measure-
ments, forming columns in a matrix [T7].

Initial values od buoyant offsets {eg} are set to 0.
The following procedure is then performed iteratively:

For a set of tare measurements, balance loads {F,}
are calculated using the equation 7, forming columns in
a matrix [Fy).

Optimum approximation of inertial loads, in a least-
squares sense, is obtained by determining the gravity
matrix [G]:

[G] = [F,) [TV [ [T (717) " (44)

The first column of matrix [G] is extracted to form a
vector {G1}. From this, the vector of constant loads
{F.} is subtracted to form a vector {Gg} of apparent
loads due to uncompensated-for buoyant offsets. In this
way, the nonlinearity of balance components subjected
to constant loads is taken into account:

{Go} ={G1} - {F.} (45)

An increment {Aeg}. of buoyant offset is calculated us-
ing equation 6:

{Aeo} = [DI"! [X1] {Go} + [D] ™! [X2] {Go™} (46)

And a new approximation of buoyant offset is obtained
by adding that increment to the buoyant offset from the
previous iteration:

{eo}i = {eo}i-1 + {Aeo} (47)



The whole procedure is then repeated, until {Aeg} be-
comes acceptably small relative to the balance accuracy
and full scale output.

For the algorithm to function properly, the number of
tare measurements must be at least equal to the num-
ber of rows in [T] which, in turn, depends on the type of
{T} chosen for the pattern of model attitude changes
in a particular wind tunnel run. It is desirable, though,
to use a greater than minimum number of tare mea-
surements. The redundant data give the opportunity to
check the quality of the least-squares fitting by calcu-
lating individual deviations from the approximation, and
to signal unacceptably large errors that may be caused
by instrumentation malfunction or some other undesired
influence.

It is obvious that tare positions must be chosen so
that the matrix [ [T] [T]7 ] is non-singular, and that the
angles variable in the wind-on phase of the test should
also be variable in the tare measurements (the variable
angle 7 being relevant only for external balances).

When the buoyant offset is known, balance compo-
nent loads {F'} can be calculated using the equation 7.
Corrections of model attitude and position due to de-
flections under loads can then be made using equation
10. A corrected wind-tunnel-to-model rotation transfor-
mation matrix [M,] is calculated as:

(Mc] = [A¢] [A0] [AY] [¢] [6] [¥] (48)

Model attitude is determined from [M.] using equations
29 through 32.

In order to compensate tare weights and inertial
forces, for each position of the model in the wind tun-
nel run the acceleration {a.4} of the model's centre of
gravity is obtained by going one step further with the
calculations performed to compute model support ac-
celeration. The value of g is added to this acceleration
as acting vertically upwards to obtain the apparent total
acceleration {az} of the model's centre of gravity:

Qegx

{ag} = Qegy (49)
Qegz + 9

From a4z, agy and ay, the direction of the apparent (to
the hypothetical observer in the model) local vertical is
determined in terms of corections A@, and Af,. A ‘cor-
rected vertical' wind-tunnel-to-model rotation transfor-
mation matrix [M,] is calculated as:

[Mg] = [Mc} [¢g] [69] (50)

Euler angles 14, 6, and @,, relevant to determination of
tare weights are extracted from [M,] using equations 29
to 32. A check is performed to ensure that the chosen
type of tare approximation functions {T'} is still valid
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for the corrected attitudes. Assuming that total accel-
eration in the tare phase is equal to g, tare loads are
calculated using the gravity matrix multiplied by the ra-
tio of the current total acceleration a, and g:

{F)} = f‘;‘i [G]{T} (51)

In this way, the effect of acceleration acting differently
on different balance components is taken into account
in the same way as different weights sensed by the com-
ponents.

The whole procedure of determining buoyant offsets
and model loads is repeated, thus taking into account
the inertial forces and load-induced changes of attitude
in the tare measurements. lterations are performed until
an acceptable convergence is achieved. Apparent Euler
angles 1, 0, and @, are used instead of real angles in
equations 38 to 43.

Balance loads due to aerodynamic forces are obtained
by subtracting the computed tare loads:

{Fa} = {F} - {Fg} (52)

If an external balance is used this relation is only approx-
imate, as the tare loads {F,;} may be different in the
wind-on measurement because of the shift of model's
centre of gravity caused by sting/strut deflections un-
der aerodynamic loads (the deflections caused by weight
alone have already been taken into account). In this case
an iterative computation of tare loads is performed. Ap-
proximate deflections Az,, Ay, and Az, due to aero-
dynamic loads are calculated using {F,} and equation
10. Tare forces {R,} are computed from {F,} using
equation 9. A change of tare moments {AM,} is com-
puted as:

—Az,

~AYa (53)
—~Az,

{AM,} = {R;} x

and corresponding change {AFy} of balance component
loads is computed using equation 8. {AF,} is added to
{F,} and a new approximation of aerodynamic loads
is made using equation 52. This procedure is repeated
until {AF,} becomes acceptably small.

When aerodynamic loads of balance components are
determined they are resolved, using the equation 8, to
three components of force {R,} and three components
of moment {M,} acting at balance centre. If an exter-
nal balance is used this procedure involves computing
the “unrotated” forces and moments {R;} and {M,}
using equation 8, and then translating and rotating the
axes systern to account for the motion of the model
relative to the balance:

{R.} = [Mp]{Rs} (54)
{M,} [Mp] {{M;} + {Rs} x {r}} (55)



[Mp] being the transformation matrix for the change of
model attitude relative to the balance, and {r} being
the position of the model relative to it. At present,
the algorithm is restricted to those external balances
in which model motion relative to the balance involves
only angles 6 and ¢, the assumption being made that
the whole balance acts as a turntable rotating in the
yaw plane through an angle 1.

A reduction of moments to a user-defined reference
point, located at position {r,} relative to the balance
centre, is then performed:

{R.} = [M]{Rd} (56)
{M;} (M;] {{Ma} + {Ra} x {rr}} (57)
where [M,] is a rotation transformation matrix involv-

ing misalignment angles (if there are any) of model and
balance axes.

If there is more than one balance utilised in the test,
a similar procedure for computing aerodynamic loads is
performed for each additional balance. [t is assumed
that the additional balances are placed at known posi-
tions and attitudes on the model The final, corrected
attitude of the model is taken as the basis for determin-
ing the attitude of additional balances. The buoyant
offsets, total, tare and aerodynamic loads, and attitude
corrections of the balance relative to the model are de-
termined.

A set of nondimensional aerodynamic coefficients that
are resolved to model (or model element) body axes is
obtained in the usual way from the obtained aerody-
namic forces and moments that are reduced to the cho-
sen reference point.

Provision for Wind Tunnel Corrections

Basic reduction of measurements of forces and mo-
ments ends with non-dimensional coefficients reduced to
model body axes and model attitude expressed in Euler
angles. At this point a provision is made for wall in-
terference and test section callibration corrections. The
non-dimensional coefficients can easily be resolved to
wind tunnel axes by using the transposed transforma-
tion matrix [M]T. These coefficients can be used in
calculations of wall interference, e.g. from boundary
pressure measurements. Corrections A1), and A6, of
the position of the model support relative to flow di-
rection in the horizontal and vertical plane can thus be
determined. A modified transformation matrix [M,] is
formed using the elementary rotation matrices for [A,]
and [AG,]:

[M,] = [M] [A8.] [A¢] (58)

and the corrected Euler angles (i.e. relative to flow di-
rection) are calculated from it, using equations 29 to
32. Non-dimensional coefficients are recomputed to ac-
count for the Mach number correction. The corrected
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aerodynamic or aeroballistic angles are calculated from
[M,] using the equations 33 and 34 or 35 and 36. In
the similar manner, the corrected aerodynamic angles of
model elements (e.g. the tail) can be calculated, using
the residual flow curvature obtained during the calcula-
tion of wall interference corrections.

The aerodynamic coefficients are reduced to the de-
sired axes system using the appropriate rotation trans-
formation matrix; e.g. for the reduction of body-axes
force coefficients C4, Cy, Cn to aerodynamic axes:

C, Ca
Cy ¢ =[fl[-a] { Cr (59)
C, Cn

assuming that left-handed, downstream-oriented axes
systems are always used; changes of sign are performed
if necessary.

An equivalent rotation transformation matrix to aer-
oballistic axes system is [—¢’], and to unrotated aero-
dynamic axes system is [—a'] [-¢'].

Implementation

The routines implementing the algorithms for the cal-
culation of model position and orientation and for the
reduction of data from force balances form a part of the
software package used in the Aeronautical Institute for
wind tunnel data reduction. The package is being used
on VAX computers running under VMS operating sys-
tem. The new programs have been coded in VAX FOR-
TRAN and integrated with programs and databases used
to process other wind tunnel measurements. They have
been founded on a set of basic routines for perform-
ing matrix operations, calculations of Euler and aero-
dynamic angles, vector additions and products, conver-
sions of balance outputs to component loads and vice
versa. In order to ensure the necessary accuracy, the
matrix calculations and trigonometric functions for de-
termining model aerodynamic angles have been imple-
mented in double precision. Single precision calculations
have proved to be adequate for the reduction of balance
data. At present, a single model support is permitted
in a wind tunnel run. Up to eight force balances can be
used simultaneously to measure forces and moments on
the model or on particular elements of the model. To
reduce the amount of data entry, the misalignment an-
gles of elementary mechanisms are assumed to be zero,
and mechanism arm orientation is restricted to cases
where only I, or I, exists. Connection code of non-
independent rotating mechanisms is restricted to the
case where ;.1 8inép,_1 = Iy sin(bp-1 — 6m) as in
Fig. 3. The balance calibration model defined by equa-
tion 5 is implemented as in (1), with second order cal-
ibration and separate normalized matrices for ‘positive’
and ‘negative’ loads, the matrices [X;] and [X>] being
synthetized for each load case.



Performance Evaluation

The code implementing the presented generalized pro-
cedures has been used for some time in the Institute.
The performance has been satisfactory, with numerous
advantages when compared to the previously used soft-
ware:

e The same code is used for reduction of data from
different wind tunnels, balances and model sup-
ports. This makes software maintenance and up-
grade much easier;

o The algorithm is applicable to most model support
devices;

o [t is applicable to any wind tunnel balance used in
the Aeronautical Institute;

o |t supports both the step-by-step and continuous
motion (sweep) measurements;

e |t can be used both with linear and non-linear bal-
ance calibration;

o Tare loads are calculated in the optimum way, by
a least-squares approximation, using the “buoyant
offset” concept, for any practical pattern of model
attitude changes;

o Application of digital filtering and adjustment of
integration times have improved the repeatability
of measurements;

o Constant, non-zero loads acting on balance compo-
nents are included in tare calculations, for precise
measurements with non-linear balances;

o Several balances can be used simultaneously in a
test;

e Any wind tunnel corrections scheme that is re-
ducable to corrections of the Mach number and
freestream direction is easily implemented, without
changes to the basic algorithm and existing code;

o Output of data is possible in any of the widely used
aerodynamic axes systems and sets of angles;

e Data setup for unfamiliar test configurations is
greatly simplified.

During the exploitation of the software some of the
defficiencies have also come into view. They partly stem
from the fact that the implementation of the algorithm
had to be embedded into the existing application soft-
ware package with a rigid and limited database structure
and user interface. Some of the observed shortcomings,
pointing to possible improvements in the future, are:
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e Provisions for model supports with non-orthogonal

axes have not been implemented in the software;

e Application to vertical wind tunnels is not ex-

plicitely supported;

o Balance loads due to moments of inertia and an-

gular accelerations are not accounted for;

o The generalization of a force balance is not com-

plete; an external balance is still, in some aspects,
being treated as a particular case;

e The assumption of a rigid model support structure

(except the sting or the strut) is not entirely justi-
fied;

o It seems, though the evidence is not conclusive,

that the second-order balance calibration model
with separate matrices for positive and negative
loads is not the best choice for high-precision single-
piece balances (12). 4 change to a third order model
may follow;

o A set of exclusively left-handed axes systems that is

used in the Aeronautical Institute and implemented
in the algorithm does not appear to be coincident,
in terms of axes orientation, with any of the axes
systems widely used today. Changes of signs are al-
most always performed in data supplied to outside
users. The simplest, and probably the best, amend-
ment would be a complete change to 1SO axes sys-
tems (4) as they are all right-handed and with ori-
entation of all axes opposite to the one presently
used. In fact, provisions for this change have been
made in necessary places in the software, awaiting
the hoped-for adoption of ISO axes systems;

e Porting of the software to another computer op-

erating systems is not possible without major
changes.
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