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ABSTRACT

This paper introduces a pitch-to-fly theory for effi-
cient cross-country soaring. Analysis, supported by
simple measurements, demonstrates that while pitch-
to-fly is a direct function of variometer reading and
wing loading, it is essentially independent of sailplane
L./D. Furthermore, computer simulations demonstrate
thatevenunder conditions of rapidly varying lift, pitch-
to-fly as a soaring tactic yields cross-country speeds
which are within 10% of ideal (and unrealizable) speed-
to-fly results. Thus, pitch-to-fly requires only very si mple
Instrumentation, is casy to set up properly in the sail-
plane, is straightforward to apply in flight, and yields
near-optimal cross-country speeds.

Introeduction

This paper presents an extension of the classic speed-
to-fly theory (see, for example, [1]). The goal of this
extension is to make the speed-to-fly theory easier to
apply in practice. In particular, it offers improvements
in instrumentation, calibration, and flight tactics.

Whereas the speed-to-fly theory is based on the air-
craftairspeed and the vertical velocity of the surround-
ing air, this formulation is based on aircraft pitch atti-
tude and TE-compensated variometer reading. Follow-
ng the terminology of the speed-to-fly theory, we call
the optimum pitch attitude the pitch-to-fly. Pitch atti-
tude 1s measured by comparing the cockpit deck angle
to the horizon, and the TE-compensated variometer is a
standard instrument in most sailplanes. Thus, all pa-
rameters in this theory are directly measurable using
simple instrumentation.

The more surprising result comesin the calibration for
pitch-to-fly. Consider that an increase in drag, whether
duetoaircraft design orbug strike, not only reduces the
speed-to-fly, but also reduces the airspeed for a given

pitch attitude by increasing the sink rate. The calcula-
tions presented here indicate that for a given pitch
attitude, thisreduction in airspeed is almostidentical to
the reduction in speed-to-fly. Thus, although it is a
direct function of sink rate and wing loading, pitch-to-
fly is essentially independent of sailplane 1./D. The
implicationtocalibrationis that one calculation of pitch-
to-fly for a given wing loading can be applied to any
aircraft with that wing loading.

The zero point for the pitch scale can be obtained in
flightby flying atthe minimum sinkairspeed, where the
angle of attack and sink rate are reasonably well known
from fundamental considerations. This makes it pos-
sible to bypass the speed-to-fly theory’s explicit depen-
dence on the sailplane polar.

Finally, pitch-to-fly implies a straightforward soaring
tactic, namely always to adopt the indicated pitch-to-
fly. This does not result in exact conformance to speed-
to-fly (which is impossible under most conditions);
however, time domain simulations indicate that it does
resultinefficientcross country flight, with the achieved
course speed remaining within 10% of ideal speed-to-
fly results, even under conditions of rapidly varying lift.

Basic Computations

Figure 1 shows the geometric relationships and basic
equations used for this work. the pitch attitude, g, is
computed as the difference between the angle of attack,
a, and the glide slope angle, 8. In equation 1, the glide
slope angle is approximated as the ratio of the sailplane
sinL rate to the associated airspeed. Note that the sink
rate used is that relative to the surrounding air. The
effect of air movement is treated in equations 4 and 5.

Theangle of attack is calculated from the lift equation
for straight and level flight, equation 2. This equation
explicitly assumes that the lift coefficient is proportional
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FIGURE 1. Basic equations.

to the angle of attack, as is usually the case in cross-
country flight. T have estimated the effect of the 27
washout which is typical design practice, and found
that its effect on this assumption is negligible. The
proportionality constant k is ideally equal to two n for
thin airfoils, while some textbooks [2] recommend a
rule-of-thumb value of 6.0. This work was done using a
k value of 6.08 derived from experimental data [3]. The
effectof finite aspect ratio on the value of k was ignored.
Through rearrangement of equation 2, equation 3 gives
the angle of attack explicitly. '

Equations 4 and 5 are a restatement of the classic
speed-to-fly theory relating the optimum airspeed to
thevertical velocity of the air [1]. The optimum airspeed
is that which satisfies equation 5, given equation 4 as a
constraint. Note that the variometer reading, wior, is
with respect to the climb rate expected in the next
thermal (qometime‘: called the “speed ring HL‘[tiI“lb”)
The speed ring setting was not carried explicitly in the
analysis, but was used in the simulations of soaring
lactics.

From the equations in Figure 1, the equations in
Figure 2are used to deriveadirect relationship between
the variometer indicalion, wisi', and the optimum pitch
attitude, g. These equ’lhorm are based on a model of the

sailplane polar which ignores changes in drag coeffi-
cient due to changes in Reynolds number or angle of
attack. As will be shown in the next two sections, this
simplification causes very little loss of accuracy because
the optimum pitchangle isinsensitive to the exact value
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of the drag coefficienL.

Equation 6 is derived from equation 2, and states the
assumption that maximum L/D will occur at a lift
coefficient of about .67.

Anassumptionsuch as thisis necessary to include the
angleof attack in the model. The value .67 was chosen as
an average over a wide variety of sailplanes. Better
results could be obtained by using the lift coefficient
appropriate for an individual aircraft. Similarly, it is
recommended that one use the lift coefficient for the
individual aircraft at minimum sink airspeed when

calibrating the pitch attitude in flight.

The sailplane polar assumed is given in thl’ltloﬂ 7,
with the coefficients of induced and parasiticdrag given
in equations § and 9, respectively. Equations 8 and 9
were derived in such a way that they resultin the right
maximum L/D at the right airspeed. Both coefficients
are chosen to be negative so as to keep the sense of the
sailplane sink rate, wg consistent.

Equations 10 through 12 are used to determine the
optimum pitch attitude for a given variometer indica-
tion. Thisis done ina reverse mannerby firstfinding the
airspeed ata given pitch attitude, and then finding the
variometer reading which \\«ould indicate flight at the
correct speed-to-fly. Since each of these equations hasa
unique solution, the relationships canbereversed using
a computer search algorithm. Newton’s method was
used directly for the work reported here. Equations 1, 3,
and 7 were combined to derive equation 10. Equation 10
is solved using the quadratic theorem to yield equation
11. Finally, the airspeed given in equatlon 11 canthenbe
used in equation 12, which is derived from equations 5

S
0 5 -] 5 v ,:!:._ L
Y A
&
W 3 'J b 73
e} \\‘. =]
RV
[Ny B
T = R L&)
(L )
-1
G s S (9
) ')L) '\‘.a
o ; 2 Wl
E = ow B VT 4SS gy (10
-\'f.,-.' 1 o N ThS \V.l E
/ 0 .
g 4 ! 2
€ 2% ."’.’ g G 2. I.I ,.I
& W
wE R
7l o)
, e,
wos T Ve P2y
t F W
FIGURE 2. Model equations.
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) . ] be taken. Each pitch attitude was held until the
l}ptlmm Sink Rate vs. Pilch airspeed came to equilibrium, and then the air-
ﬁr reEE— T ll speed was recordeﬂ‘

! The data measured on the Blanik are shownin
X ! Figure 4 along with two calculated curves. The
N - l upper curve is that predicted by the general
1 \ [ model given in Figure 1. The lower curve was
E i calculated by using the polar data published in
- the sailplane owner’s manual to estimate the
| X glide slope angle, 8. The zerc point of the pitch
\ indicator was adjusted to give a good match to
V&\ the calculated curves atlow airspeeds. The con-
-154 N clusions to be drawn from this Figure are that
e the predictions from the published data follow
the measured data quite closely, while the pre-
ad N : SN dictions of the general model differsignificantly
g 72 & 5 4 3 7 1 & -4 -2 at the higher airspeeds. However, the limita-
; tions of the general model notwithstanding, there
Pitch (degrees) do not appear to be any fundamental errors in

LD=28 — LA — L/-48 — the mathematical analysis presented above.
Figure 5 compares, for an ASW-24, the air-
FIGURE3. Pitch-To-Fly versus L/D foramaximum1./Dspeed speedssuggested by pitch-to-fly (labeled “From
of 50 knots. Variometer reading as a function of optimum pitch PiFCh") with those derived from the published
attitude is essentially independent of sailplane L/D. sailplane polar [5] (labeled “From Polar®) or a
speed-to-fly director (labeled “From Pitch”). To
assure that the comparison is made for identical
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and 7. conditions, these speeds are plotted as a function of the
vertical velocity of the air, wa. Note, for reference, that

Model Results the w, at Vi p should be zero.
For pitch-to-fly, the pitch attitude for cach airspeed
The above equations predict, as expected, that for the wascalculated using the published data on the sailplane
same pitch attitude, a greater L/D will result in a sub- polar at that wing loading. The general model given
stantially faster airspeed. The surprising result, how- above was then used to calculate the variometer indica-
ever, isshown in Figure 3, where the variometer indica- tion for which the given pitch attitude was optimum.
tion for correct speed-to-fly is plotted as a function of Finally, the sailplane polar data were used to calculate
pitchattitude for L /1Y sranging from 20 to40,and a Vi p the air vertical velocity given the variometer indication.
of 50 knots. Note that the optimum pitch attitude is Thus, this calculation predicts the results obtained by a

almostuniquely a functionof variometerread-
ing, and essentially independent of sailplane

L/D. It is this insensitivity to sm]plz_mo polar Reference fode] vs. EI]EI‘IHEIIt
which makes pitch-to-fly easy to calibrate for 158 e s i
a given aircraft. |
2 - e . v - i B \
While Figure 3isanumerical resultfor which
| can offer no further direct mathematical jus- | ,  *
tification, perhaps a further clue canbe gained i 1am 4
by considering the work of Danewid [4], who vl |
demonstrated that for a wide range of sail- P !
planes, wiot’ is a very simple function of sail- Bio nAm
H u; i 3 o C
plane velocity, minimum, sink speed, and air- a aa v b
speed at a sink rate of two knots. '
" 8 at
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The purpose of this section is lo compare | S : ¥ Vg
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results implied by the model above with mea- | KR & W
sured results. The first such comparison will 4
be with airspeed vs. pitch attitude data taken ol oy +
o L] 3 2 1 » 1 2 3 a9 & & s B »

ona Blanik L-13. A pitch indicator was made
by mounting an inclinometer parallel to the
‘L‘“S'“ldl}"al axis of the aircraft ‘_“_“:I 11_‘101111{11'18 FIGURE4. Blanik pitchattitude data. Measured airspeed vs. pitch
a mirror in such a way that the inclinometer attitude for a Blanik L-13 is compared to that predicted from the

‘t;itt)tL'le‘I;]{ 3::;{;02 iﬂftﬁ?}i :,;l:,:I:ﬁl‘l:l(l)g;it:‘; n,'a;; general analytic model and that predicted from the published
) il VS N polar.

a greater number of precise data points could

Fitch (degrees]
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Sink Rate of fir vs. firspeed

Fachhasa different effect on pitch attitude, and
they must therefore be treated separately.

Figure 6 shows the geometric relationships
and equations which describe the use of flaps.
The equations assume full-span flaps; how-
ever, the modification for conventional I"Iapca is
straightforward, and vields no additional in-
sight. Theeffectofflap deﬂeLtlon X, 1n cquallon
| 13 was derived by Milne-Thompson [7] using
the thin airfoil theory.

Equation 14 is an assumption motivated by

o ananalysis of published experimental data. For

example, Figure 7 is a re-plot of the experimen-
tal data on the UAG 88-143/20 airfoil [8] for a
Reynolds number of 1.0x106. Rather than plot-
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FIGURE 5. ASW-24. The sailplane polar was taken from the
published calculations of the designer. Note the prominent tran-
sition from laminar to turbulent flow and its effect on speed-to-fly.

1 ting lift coefficient separately as a function of

angle of attack and drag coefficient, drag coel-
ficient is plotted directly as a function of angle
of attack forseveral flap deflections. In Figure?,
the optimum angle of attack is independent of
flap deflection, despite the fact that the range of
lift coelficients 1s much narrower for the +10°
flap setting than for the other two settings.
Further evidence is provided by the mea-
sured characteristics of the DG-600 sailplane

pilot who uses the general model to set up the scale on
the pitch-to-fly indicator, but then installs and flies it in
a real sailplane. The speed-to-fly director was set up
using a least-mean square approximation.

With its very noticeable transition from laminar to
turbulent flow, the ASW-24 represents an interesling
study in the application of the pitch-to-fly theory. The
same phenomenon is plainly evident in others of the
most modern standard class sailplanes such as the LS-4,
LS-7, and Discus, Figure 5is probably not quite repre-
sentative of the way the director would be set up in that,
instead, it would hkelv be set up to give accu-
rateresults up to 80 knots, with the understand-

with 17 meter wingtips [6]. For these measure-

ments, the flap setting was adjusted to mini-

mize the profile drag indicated by a drag probe. U%ing

the flap setting chosen, the wing rJoadi ng, SLale drawing

as published, and equation 13, I found that the calcu-

lated :mg)le of attack remained in a Very narrow range
over the entire polar.

Given that the elevator will be manipulated insucha
way that the angle of attack is constant, the optimum
flap deflection canbe calculated asa function of variom-
eter indication. An artificial pitch attitude, g, is used in
equation 1l in placeof g to obtain the ()ptlmum variom-
eterreading, and then the same valueis used inequation

ing that the pilot would just “go like heck” if
airspeeds greater than 80 knots were required.
The pitch—to—fiy indicator, on the other hand,
gives useful indications in both regimes pre-
cisely because pitch-to-fly is insensitive toL /D.

Similar computations were made for the [

Blanik L-13 using data from the owner’s manual
and the DG-600 using measured data [6]. For
the DG-600, good agreement was obtained be-
tween speed-to-fly ascomputed frommeasured

data and pitch-to-fly according to the general |« +iap 20
model above. For the Blanik, the airspeed sug- |7 e 20

gested by the general pitch-to-fly model is as
much as (‘15ht knots faster than that computed
from data in the owner’s manual. Better agree-
ment might have been attained by assuming a
lift coefficient at maximum [./1) which was
closer to that of the actual aircraft.

Flapped Sailplanes
To be applicable to sailplanes with flaps, the

pitch-to-fly theory mustbe extended to account
for flap deflectionas well as elevator deflection.

FIGURE 6. Flap equations.
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FIGURE 7. Drag coefficient as a function of angle of attack for
several flap da‘ﬂvalmnq of the UAG 88-143 /20 airfoil. The opti-
mum angle of attack is the same for all flap deflections.

16 to calculate the associated flap deflection.
Soaring Tactics

One of the questions faunb especially the inexperi-
enced cross country pilotis exactly how fast to adjust to
changing conditions. Making the maneuvers tooabrupt
will result in excessive drag, while reacting too slowly
will result in missed opportunities.

In this section, three soaring tactics are com-
pared using time domain simulations of flight

constraint was conservation of Lnerg\' All at-
tempts to make the strict speed-to-fly tactic
more realistic were unsuccessful.

Forthe pitch-to-fly tactic, the pitch attitude of
the sailplane was set at each time sample to the
optimum predicted by the pitch-to-fly theory
for the air vertical velocity encountered. The
acrodynamics of the sailplane included the ex-
cess induced and profile drag associated with
either climbing or diving, although the effects
of varying Reynolds numberwere notincluded.
The '-,mlplane was nol allowed to stall, or to
generate negative lift. For the pitch-to-fly with
antlicipation tactic, the pitch attitude was ad-
justed to the pitch-to-fly for the air 30 meters
ahead of the sailplane, about a one second an-
ticipation.

Figure 8 provides a comparison of the air-
speeds attained in the speed-to-fly and pitch-
to-fly tactics for an ASW-24. As can be scen,
there is a substantial difference between the
two, withanespecially long lag when accelerat-
ing to a higher speed. This phenomen(m was
characteristic of all pitch-to-fly scenarios, and
insharp contrast to the ideal speed-to-fly tactic.

The ¢ ap&.cd times for the cruise and subse-

quent thermalare givenin Table 1 forall three aircraftin
the study and all three soaring tactics. For all three of
these wujci\» differing aircraft, the attainable flight time
using pitch-to-fly comes within 10% of the flight time for
ideal speed-to- tfy, an cffective lower bound for all pos-
sible tactics. The results foranticipation mode show that
some improvement is possible, and that the optimum
tactic has not yet been identified.

alonga ﬂl}_,ht athwith fixed thermal locations.
Thermals with a gaussian lift distribution and a
onesigma diameter of 70 meters were randomly
distributed withanaverage spacingof 210 meters
in an air mass that was assumed to be descend-
ing at a rate of 2 knots. Thermal strength was
adjusted so that the average air mass move-
ment, mc!udmg thermals, was zero. This sce-
nario was chosen to simulate as rapidly varying
conditions as can be expected in practice.

The three soaring tactics evaluated were: ideal
speed-to-fly, pitch-to-fly, and pitch-to-fly with
anticipation. Thetime domainsimulations were
runwithasampleinterval of 2 seconds. Aspeed
ring sctting of 2 knots was adopted in all cases,
and the initial conditions were set to approxi-
mately the correct speed-to-fly. Atthe end of the
run, it was assumed that the s sailplane would
check into a steady 2 knot thermal to bring it
back to the initial conditions of altitude and
airspeed.

Forideal speed-to-fly, the sailplane was forced
to follow the indic atcd speed-to-fly with no
constraints placed on the amount of w ing lift
necessary to make that happen. It was further
assumed that there would be no excess drag due
to such mancuvers, and that the only further
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FIGURE 8. Pitch-to-fly airspeed vs. speed-to-fly for ASW-24.
The airspeed obtained using pitch-to-fly is contrasted with the
ideal speed-to-fly, especially during periods of acceleration,
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Tactic Blanik ASW-24
[deal Speed-to-Fly 414 264
Pitch-lo-Fly 432 288
Pitch-to-Fly with Anticipation 428 287

equa] to the pitch offset predicted by equa-
DG-600 tion 13 above for the associated flap f}o%ition
286 In f11;jl1t the pilot uses the scale that goes
306 with the present position of the flaps. An
303 example of a scale for a flapped sailplane is

) also shown in Figure 9.

Table 1: Flight Times (in scconds) for Different Aircraft
and Soaring Tactics. The flight time using pitch-to-fly
comes within 10% of the ideal speed-to-fly result.

Implementation

Allattempts, mechanical orelectrical, to putthe pilot’s
head inside the cockpit have so far failed. The only
implementation which has %wmved effective is for the
pilot to sight through a translucent scale to the horizon.
Depending on the cockpitlayout, the scale can either be
a plexiglass scale mounted on the instrument panel, or,
adhesive-backed vinyl numerals affixed to the canopy.
Either way, it must be installed such that the zero point
is on the horizon when the sailplane is flown at mini-
mum sink speed.

Itturns out that, with the exception of the offsct for the
zero point, the scale is about the same for all wing
loadings. This scale, minus zero point, is shown in
Figure9. The point marked 2 (two knots) usually corre-
spondsclosely to theairspeed formaximum L/D. There-
fore, the zero point (minimum sink) should be placed
below the two knot mark by an amount equal Lo the
difference in pitch attitude between the maximum L/ D
airspeed and the minimum sink airspeed.

For flapped sailplanes, a copy of the scale is needed for
each of the flap positions used in cruising flight (usually
three). Each copy is offset from the othersby an amount

Summary

This paper has introduced a pitch-to-fly theory based
on the observation that the optimum pitch attitude is
essentially independent of the sailplane 1./D. The re-
sulting soaring tactic is straightforward to instrument,
calibrate, and apply. Time domain simulations show
that this tactic yields results which are within 10% of
optimum, even under conditions of rapidly varying lift.
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