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1. Introduction

The need for a performance testing
technique which is less time consuming
and less dependent on perfect weather
is already well known [1].

This paper gives a brief discussion of
the working principle, and refers of the
first test results of a measuring probe
making use of two servo accelero-
meters and incorporating automatic
upwash compensation.

Practically it is an angle of glide meas-
uring system capable of working both in
steady straight and circling flight.

2. List of Simbols

A apparent acceleration

C_  lift coefficient

Cp, drag coefficient

¢, probe reference chord

* - probe hinge moment-angle of
attack slope
drag
L/D
lift
mass of the sailplane
weight of the sailplane
weight of the probe
wing surface of the sailplane
wing surface of the probe
1/2 p V2, dynamic pressure
air density
sailplane velocity
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3. Principle of Operation

Let us write the equation of the motion
of the center of mass of a sailplane in
free flight in the following vector form:

F.+ M@ —-3) =0, (1)

where -F: is the resultant aerodynamic
force and M(@ — 3) the resultant “effec-
tive force’ [2] acting on the mass M,
sum of the gravity force M@ and the
inertia force —~M3, & being the accelera-
tion of the center of the mass.

Equation (1) can be rewritten in the
form:

-

F. =MA 2

where A = a — § We shall call A the
apparent acceleration of the center of

mass; in fact A would be measured as
an acceleration by accelerometers, or

experienced as an acceleration by a
human body.

Let us consider a flight condition in
which both the force F, and the velocity
V of the center of mass lay in the air-

craft plane of symmetry; in this case we
can resolve the force F,, in the plane of
symmetry, into its usual wind compo-
nents, lift L and drag D (figure 1). If
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Figure 1

accordingly we resolve also A into the
components A, and A,, from equation
(2) we have

L = MA, (3)
D = MA,
and then
L/D = AJ/A. (4)

It follows that, in principle, if we had a
platform placed in the center of mass of
the sailplane, capable of keeping accu-
rately two accelerometers in the direc-
tion of L and D, we could have accurate
measurements of A, and A,, and than
from (4), an accurate measurement of
the L/D ratio.

It is worth noting that such measure-

ments will not be affected by the move-

ments of the air in which the glider is
flying, nor by the acceleration of the

sailplane itself (7).

Obviously to obtain a good accuracy in

the measurement of L/D the following

requirements have to be fulfilled:

a) the accuracy of the two accelero-
meters must be high enough and the
cross sensitivity, specially for the
one.measuring A,, must be low
enough;

b) the accuracy in the orientation of the
two accelerometers must be ad-
equate;

c) the two accelerometers must be
placed in the center of mass orina
place having the same acceleration.

Requirement a) can be easily fulfilled by

servo accelerometers, which may have

an accuracy of about 0.01 % and a cross

sensitivity lower than 10*.

Requirement b) seems to be the most

difficult to meet, particularly for high

values of L/D ratio.

For example, we fix the goal of obtain-

ing a maximum error of £3% in L/D,

which means an error of +1.2 if

L/D = 40.

Let A’, and A’, be the values gf the com-

ponents of the acceleration A measured

by two accelerometers, aligned respec-
tively with the angular errors ¢, and «,. If

A, and A, are the true values, and no

other error is present, we have (figure

2): i

Figure 2
A' = A cos€& - A sin €
n n n t n
At - [’.n sin Et + At cos E.t (4)

If we put cos € = 1 and sin € = & (which
gives an error lower than 1% if

|€|=8°), the relative error in E = L/D
results:

E-E g_l 1 -&JE
Ex it UE T 1+ & E
1=-£ /E-€ E. G))
n 1 4

If E is rather high, the error g may have
a strong effect, while ¢, has practically
none; if we want to have an errorin L/D
lower than 3%, with L/D = 40, the error
in the alignement of the accelerometer
measuring A, must be:

€< '%g ~ .043° ~ 2.5 (6)

This may be rather difficult to achieve.
Requirement c¢) could be fulfilled more
easily in steady flight conditions, as
steady straight flight and steady circ-
ling, which seem to be the most inter-
esting flight conditions for performance
measurements.

M In accelerated flight this system will measure the
instant value of L/D, which is well known to be
different from the corresponding steady value [3].



4, Straight Flight

In steady straight flight all parts of the

sailplane have the same speed and the

same apparent acceleration.

The two accelerometers® could be

mounted in a trailing bomb towed on a

long rope away from the influence of

the sailplane. This will have two main
disadvantages:

a) the trailing bomb will have the same
speed and acceleration of the sail-
plane only if the flight condition is
absolutely steady for quite a long
time (at least the time required to
travel the distance between the sail-
plane and the trailing bomb, plus the
time required to damp oscillations).
Such long steady flights could be
difficult to achieve, specially if the air
is not completely smooth.

b) the deployment and retraction of the
probe would be time consuming and
rather delicate, also considering the
fragility of the instruments being
towed. ’ :

Another possibility seems to be that of

placing the accelerometers in a self

aligning probe, mounted somewhere
near the sailplane, for instance ahead of
the wing leading edge.

In this position the direction of the

relative wind is changed, due to the

influence of the wing itself, by an up-
wash angle §,, whose magnitude de-
pends mainly on the distance from the
wing, and on the local value of the lift
coefficient.

For a high aspect ratio glider at a dis-

tance of 1.5-2 m from the leading edge,

the upwash angle 8,, would be of the

order of 2°, at maximum L/D, which is a

very high figure, compared to the maxi-

mum alignement error (6), which is
allowed.

But this may be compensated by an

adequate offset of the probe center of

mass respect to the hinge.

5. Upwash Compensation

If the probe is placed ahead of the wing,
in a position where the aerodynamic
influence of the wing is predominant,
the upwash angle can be considered to
be proportional to the local lift coeffi-
cient c., which in turn can be consid-
ered proportional to the overall lift
coefficient C @, then

5.,_= HCL @D

where H depends on the sailplane and
on the position of the probe.

In a steady straight glide we may as-
sume:

@ Actually in this case only the accelerometer
measuring Ay is needed, since A, has a constant
known value (the acceleration of gravity).

@) This could be achieved by a proper selection of
the probe position along the wing span.

CL=Q/‘|5, and hence:
Su = HR 45= K/q

If Q: is the weight of the probe, and d
the distance of the probe center of
mass from the hinge (figure 3), the
probe will assume, with respect to the
local wind V', the angle of attack a,
which gives equilibrium between the
aerodynamic hinge moment q S, ¢,C,
a, and the moment of the weight,
which, for small angles, is Q,d. Then

= @Pd/clél’c?cm« = Kp /“ (9)

From figure 3, the error in the alignment
of the probe with respect to the asymp-
totic wind is

Ju- “Pz (k- Kp)/q

If the distance d is so adjusted that

K, = K the alignment error is compen-
sated.

The value of d which gives exact com-
pensation for a given sailplane and a
given position of the probe depends on
the weight of the sailplane, but does not
depend on the speed. That means that if
the upwash is compensated for a cer-
tain speed it will be compensated for all
flight speeds.

(8)

(10)

Requirements of different compensation tech-
niques.
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The compensation (see figure 4) can be
actually done (a) by properly adjusting
the offset d of the probe center of mass,
or (b) it can be *‘computed’’, correcting
the measurements taken with a probe
that is not compensated exactly. In both
cases one of the following techniques
may be used:

HORIZONTAL

Figure 3 =

| — At a certain equivalent flight speed V
the value of the L/D ratio E is accu-
rately known, for instance from the
measurement taken with another
method, as partial glide or compari-
son flight. In this case the offset d is
adjusted (a), or the correction is _
computed (b), to give the figure E at
the equivalent air speed V.

Il - The sailplane is flown, for a certain
time during towing, at a constant
equivalent speed V, at constant
height, in completely still air. In this
case the angle of glide with respect
to the air is null and the offset d can
be adjusted, or the correction can
be computed, to have the measure
A =0.

6. Steady Circling

In steady circling all parts of the sail-
plane move along helices having the
same pitch and the same vertical axis.
In one of such parts the apparent accel-
eration has a vertical component which
is proportional to the radius of the helix.
The velocity relative to the air of the
same point has a vertical component
equal to the sailplane sinking speed
(relative to the air) and a tangent com-
ponent which is proportional to the
radius of the helix.

Then, if the probe has the same dis-
tance from the axis as the sailplane
center of mass, the angle between
velocity and apparent acceleration is
the same in the probe position and in
the center of mass; and if upwash com-
pensation is still working the probe will
measure the true L/D ratio.

If the probe is placed on one wing the
measure will be affected by errors
which tend to be equal in magnitude
and opposite in sign for right and left
circling, in the same conditions.

Thus a suggested technique could be
the one of making the same measure-
ments in right and left circling, and then
to average the measurements.

The measure of the normal acceleration
A, may also be used to evaluate the
angle of bank @, by the relation

n = An/g = 1/cos® (§R))]
which is valid if the glide angle respect
to the air is not too large.

In steady circling the effective resultant
mass force is:

= LOCAL WIND

§,,= UPWASH ANGLE

| \g

V= ASYMPTOTIC WIND




nQ =1L (12)
If the probe is placed in a position
where the apparent acceleration is the
same as at the sailplane center of the
mass, the moment of the effective mass
force of the probe respect to the hinge
is nQ,d.

In this case (8), (9) and (10) become

6!-..: hK/q a3)
D(P = N "<P/q Qs
Su- %oz (K-K)nfq O

Thus the same compensation which is
valid in straight flight will also hold in
circling.

7. Unsteady Flight

In a generally accelerated flight this
measuring method will not work.
Among other things the upwash com-
pensation will not be valid because the
instant relation between the upwash
angle and the lift coefficient will be
strongly affected by unsteady aero-
dynamic effects.

8. Effect of Air Turbulence

The measurements will not be affected
by the movements ot the atmosphere,
provided that such movements are
sufficiently smooth.

If the air is even moderately rough,
however it may not be easy to obtain
true steady flight conditions, and to
avoid significant probe oscillations.
This will cause significant oscillations
of the measurements, that could be
filtered in different ways, and a certain
scatter in the filtered figures, the latter
being due mainly to aerodynamic un-
steadiness.

This may require the recording of a
large number of measurements and the
application of a suitable smoothing
technique, but the method is so fast
that the recordings necessary for a
complete polar can be taken in a very
limited number of flights.

9. Error Analysis

Let us suppose that the compensation
has been done for the equivalent air
speed V, at which the value E is accu-
rately known (method I) or at which the
glider has been towed at constant
speed and constant height (method II).
We now evaluate the order of magni-
tude of the error in the measured value
E, in different flight conditions, due to
the following sources:

a) The relation between the probe aero-
dynamic hinge moment and the angle
of attack a, is not linear and homo-
geneous.

b) The relation between §, and C_ is not
the simple (7) but

S = HC (1+ &) Qe

where ¢ _is a function of C, which is null
when C_ = C,, i. e. at compensation
speed. For instance, if the relation be-
tween &, and C, is linear but non homo-
geneous, of the type

bu=H'CL +36,
from (16) it is easily found that

So /=
e = 22(C /- 1) e
c) The presence of the probe and of the
probe support increases the sailplane
drag coefficient by an amount

x ¥ = A
Co =€ Co‘ where C, isthe drag

coefficient at compensation speed.
d) The weight of the sailplane Q is dif-

ferent from the weight Q by the

amount ¢ Q.
The error due to (a) may be kept rea-
sonably small by a proper design of the
probe, allowing very good geometrical
symmetry of the probe itself, very small
interference from the probe support,
and constant C,,, for small angles of
attack.
Besides, the accuracy of mechanical
alignment of the accelerometers in the
probe and of the related electronic
equipment may be accurately checked
by ground calibration, i. e. checking the
measures when the probe is oriented at
predetermined angles with respect to
the horizontal, at the ground.
If the nondimensional quantities ¢_and
g, are small compared to unity, from (7),
(8), (13) and (16) we have, for straight
and circling flight @

So= LK(M+E+£4)  an
9
From figure 3:
O =9*5u“xp (18)
where
9~ _CorCl_
B
4 Co X
oA
= = (19)
and
A (20)
S

) All the quantities related to circling flight may be
considered averaged between the values corre-
sponding to right and left turning.

E* being the actual L/D of the sailplane
with the probe, and E, the correspond-
ing indicated value.

From this, (9) and (14) it follows

g’f -;’_-(4+£‘c‘b/cp)+

qﬂK (1+€.+€q- KP/K) QD

The compensation may be done adjust-
ing the value of K, in such a way that
the corrected L/D is E, = E;, or may be
computed with the relation

A A n
E. E—:—EI"AK (22)

Obviously, at the compensation speed
Vv,

/

h:—’f . CD=C—D

J

6’:
é‘-:éq=

.
’
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Then, if method | is used, the value of
K, is so adjusted that:

B Y g
E E _
S(M-K./K) (23>
or the value of AK is so fixed that:
—_;— = _;_— (4+£*)+
7 K
bu (4—l»<,,/+r)—é_—— (24)
g
where:
Su= K/ (25)

In both cases we have:

;;f— & _:: [4+s*(CD /CD—§)+

c

ZAIEAIRES
where:
é = E.—L ——E—— (27)
R

To simplify the evaluation of the order
of magnitude of the measuring error we
make the assumption that E6, = 1,
which is exact if E = 40 and 6, = .025
rad = 1.5°, and that the relative error
(E—E)/E is small compared to unity.



We then have:
(e EYE st sy
(¢ + Eq)é . (28)

If method Il is used, at speed V & = 0,
and the value of K, is so adjusted that:

4
%-a=
i. e. it is adjusted to the value
K=K (30)
or the value of AK is fixed so that:
é = (A=K /K) -
% AK/q=0 . (31)

In both cases, with the assumptions
made above, we have:

(e-E)E= -5, ke
(£L+£q)§ . (32)

If the equivalent speed of compensation
V is near that corresponding to the
maximum L/D, T, which obviously has
the value 1 at V, may be expected to
remain near unity at speeds lower than
V, where C,_ increases and E decreases,
and to be much lower at higher speeds,
where both C_ and E decrease.

We may then make the following com-
ments about the effect of the parame-
ters ¢, g, and ¢* on the relative errors
in L/D measurements:

— g, by definition, is null at speed V
and may significantly increase at
higher speeds e. g. according to
(16a), but its effect is reduced at
higher speeds by the fact that the
coefficient T becomes much smaller.
For instance, if (16a) is valid, the
effect of ¢, would be:

—E& 8¢, -ES,(c /E 1)

which may be large only if §, has a

significant value.

— &, must be kept lower than the maxi-
mum allowable relative error, being
multiplied by a factor of the order of
unity in (28) and (32).

— €%, i. e. the relative increase in drag
due to the probe and to the probe
support must be as low as possible;
in any case larger errors must be
expected at higher speeds. The way
to reduce this error seems to be the
one of having a probe and a support
as small and as clean as possible.

It is worth observing that the same error

will be encountered using a trailing

bomb, where the increase in drag may
be rather high due to the length of the
rope.

10. Construction of the Probe
Following the principles discussed
above we have designed a first probe
which is now being flight tested on the
Caproni A21 sailplane. In designing the
probe we tried to achieve the following
results:

— minimum weight and dimensions of
probe and support

— minimum aerodynamic interference
on the probe from the support

— optimum geometrical accuracy with
available technology.

The probe assembly and the various
points are shown in figure 5. It accomo-
dates only one servo-accelerometer,
Kistler 305-A, weighing about 100 g.
The second accelerometer, measuring
A,, has been placed in a fixed position,
at the root of the support; that was
possible for the relative insensitivity of
the L/D measurement to the alignment
errors of the latter accelerometer.

The movable ballast in the probe has a
weight of about 50 g and a maximum
displacement of about 30 mm.

The weight of the complete probe (with-
out supporting rod) is about 500 g.

At first the probe was equipped with a
biplane straight wing with A/R = 10.

In this configuration the probe gave a
good accuracy but suffered from probe-
support flutter at about 150 km/h. This
flutter was not very violent; it was expe-
rienced both in flight tests and in wind
tunnel (figure 6).

SUPPORTING
AR

Figure 6

Figure 7

Figure 8

To increase the flutter speed a new
swept wing was developed which gave
a flutter speed of over 210 km/h (figure
7, 8).
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Figure 5 — Probe
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The electronics is contained in a small

box (figure 9), containing power supply
(dry batteries), amplifiers, an analogue

divider (0.5% accuracy), filters, and an

analogue instrument for direct reading
of L/D ratio and calibration.

Figure 9

Ground calibration can be done easily
with a simple device bringing 3 levels
mounted at predetermined angles (fig-
ure 10).

Figure 10 (a)

Figure 10 (b)

11. Flight Measurements

Flight measurements have just started
on the Caproni A21 S two seater; some
straight flight recordings are already
available.

The measured points, in terms of equiv-
alent sink speed V, versus equivalent
flight speed V, have been interpolated
by a curve having the analitical expres-
sion.

Vo= AV AVEAVH
A4 + A‘;'/V

where the coefficients A,, A,, . . . . ., A
have been computed, with the least
squares technique, for the best fit with
the measured points.

Then the upwash compensation has
been computed, with method I, for

E =40and V = 100 km/h.

Figure 11 shows 62 measured points,
recorded on 3 flights in the same day,
with the straight wing probe, together
with the fitted polar; the points and the
polar shown are upwash compensated
by computation.
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L i
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TO ALL
MEASVRED
POINTS

STRAIGHT WING

¥V =100 kmh™!

5 £ =40
vz £°= .05
mas! JFLIGHTS
62 MCASURED POINTS
Figure 11

The air was not particularly smooth, as
it was a hot late spring day in North Italy
(Calcinate del Pesce, Varese). Figure 12
and 13 shown the points taken in the
first two flights, compared with the
polar fitted to all measured points; they
show a very limited scatter due to rela-
tively low turbulence of the atmosphere.
In the third flight, which was done late
in the morning, the air turbulence was
higher, and consequently the scatter of
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Figure 12
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Figure 13

the measured points was also higher. In
any case such scatter is limited, and the
repeatability of the measurements
seems to be very good.

Figure 14 shows 31 measured points
(compensated by computation for

E = 40 at V = 100 km/h) taken with the
swept wing probe on another hot day,
and the fitted polar. The higher scatter
may be explained by the fact that the air
turbulence was a little higher on this
day, and that the swept wing, having a
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Figure 14

smaller surface and aspect ratio, gives a
less accurate alignment of the probe.
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Figure 15

In figure 15 the 2 fitted polars (straight
wing and swept wing probe) are com-
pared; there is a certain agreement
between them, although the measures
taken with the straight wing probe are
probably more accurate at low speeds.
As far as we can understand from our
limited flight testing, the system seems
to be able to work also in moderately
rough air, requiring little time, with a
limited scatter and a good repeatability.
Although accurate measurements of the
Caproni A21 S performances are not yet
available, it seems that the sink speed
figures we have obtained are too high at
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high speed. At present we cannot ex-
plain this fact; ground calibration has
been done very accurately and all elec-
tronic equipment is working with a high
accuracy.

Figures 16, 17 and 18 show the polar
obtained with the straight wing probe,
corrected by computation for different
values of E, €* and §,. It seems that,

although the effect of d, (i. e. the up-
wash angle at zero lift) may be signifi-
cant, it does not justify the difference
between the measured and the ex-
pected performances at speed.

12. Concluding Remarks

The first test results seem to be encour-

aging us to continue the research;

particularly favourable are the good

repeatability and the short test flight

time required.

We plan to develop the research in the

near future along the following lines:

— upwash compensation with method Il
(level tow flight) at different speeds

— investigation on the effect of chang-
ing the position of the probe respect
to the sailplane wing

— design and construction of a new

probe, much-simpler, much smaller
and much lighter.
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