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1. Introduction

The computer program, written in For-
tran IV, consists of a main program, 16
subroutines and 6 plotroutines. Follow-
ing the schematic diagram of major
functions of the program, fig. 1, a re-
view of methods and basic considera-
tions will be presented and illustrated
by some calculation results.

2. Speedpolar

When comparing the speedpolars (ref.
1 and 2) converted to similar weight of
the ASW-15 and ASW-19, or Club-Lib-
elle and Hornet, fig. 2, each pair of
which sailplanes has aerodynamically
the same wing, but different fuselage,
wing location and tailplane configura-
tion (different fuselage front part, wing
location and landing gear configura-
tion - fixed or retractable) the impor-
tant role of the parasitic drag is obvi-
ous. While tailplane drag can be esti-
mated, using measured aerofoil data
andsometheory, noreallygood method
is known to calculate the effects of
wing-fuselage interference, while cal-

Fig. 1. Flow diagram of the computer program.

culation of the drag of real fuselage
shapes, trim and separated flow is also
problematical.

In order to study the effects of chang-
ing the wing and weight of a particular
sailplane, the computer program is ar-
ranged such that realistic miscellane-
ous drag data (i.e. parasitic drag less
empennage drag), determined by ana-
lyzing the measured speedpolar of that
sailplane first, can be taken into ac-
count. However, apart from this spe-
cial feature, estimated miscellaneous
drag area data can be used as input
data. Following the former procedure
for present purposes, the Astir CS has
been chosen as initial sailplane, mainly
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because some remarkable aspects
(new aerofoil, low aspect ratio) have
been incorporated in this commercial-
ly succesful sailplane. Moreover, with
respect to the measured speedpolar, it
is noticed in ref. 2: “Die Anzahl und die
geringe Streuung der Messpunkte er-
geben nun eine eindeutige Polare’ -
(The number and small scatter of the
measured points result in a well-de-
fined polar).

Fig. 3 shows the input data taken from
the measured speedpolar, except for
the data beyond 180 km/h. In order to
estimate this unmeasured high speed
part of the polar, needed for the para-
metric studies which will be described,
an extrapolated constant parasitic
drag coefficient was assumed, as
shown in fig. 7 in terms of drag area.
Supplemented with calculated wing
drag coefficients, the missing speed-
polar data were obtained.

The curve, fitted to the data by a least
squares method, is given by the rela-
tionship found by Eppler (ref. 3)
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Fig. 3. Speedpolar of the Astir CS at weight 359
kgf. Input data taken from measurements (ref. 2)
and estimated.

where

A, = constant
C = rate of sink, negative, m/s
V = forward speed, m/s

Most satisfactory results are obtained
forN=9

Fig. 4. Drag-characteristics of airfoil E603, applied
in the Astir CS wing. Measurements: Laminar
Windtunnel of the University of Stuttgart.
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When analysing (or synthesizing) a
sailplane speedpolar, wing data, em-
pennage data, weight and aerodynam-
ic characteristics of the aerofoils - two
at most - are inputs to the program.
The drag characteristics of the aero-
foils are tabulated as a function of lift
coefficient and Reynolds number, and
a computer plot can be produced to
check the input data.

Fig. 4 shows the measured data (La-
minar Windtunnel of the University of
Stuttgart) of the 19.2% thick aerofoil
E603, applied in the Astir CS wing. Cal-
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culation of spanwise lift distribution is
based on the semi-empirical lifting line
method by Diederich (ref. 4), and the
induced drag is calculated using the
well-known method of Sivells and
Neely (ref. 5). In order to assess stalling
characteristics the local lift coefficient
at maximum wing lift coefficient - de-
fined as the wing lift coefficient for
which the local section lift coefficient
at any position along the span is equal
to the local maximum lift coefficient for
the corresponding section - is calculat-
ed in aniterative way, because the local
maximum lift coefficient depends on
Reynolds number. Moreover, when lin-
ear lofting is applied between fairing
stations with different aerofoil thick-
ness ratio, the local maximum lift coef-
ficient for intermediate wing sections is
estimated from the maximum lift coef-
ficients of the given aerofoils at local
Reynolds number assuming a linear va-
riation of maximum lift coefficient with
local thickness. Fig. 5 shows the results
for the untwisted Astir wing.

Itis found that the calculated maximum
wing lift coefficient is close to the value
calculated from the minimum meas-
ured polar speed, at least for the cases
considered till now. In case of the Astir

Fig. 5. Lift distribution (gamma) at wing lift coeffi-
cient 1.0, local lift coefficient and local maximum
lift coefficient at maximum wing lift coefficient.
Untwisted Astir CS wing.
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CS these values are, for instance, 1.29
and 1.30 respectively.

With regard to stall progression and
the small stall margin at the aileron,
fig. 5 might lead to the gonclusion that
the Astir CS would show bad stalling
characteristics. However, this type of
plot does not show the overriding influ-
ence on aircraft stall behaviour of the
E603 characteristics beyond maximum
lift coefficient. In designing this aero-
foil special care was taken to assure
good stalling characteristics (ref. 6);
measurements indeed show an almost
constant maximum lift coefficient over
some 10 degrees of angle of attack. In
addition, drag increase beyond stall is
probably moderate.

Wing profile drag is obtained, on the
basis of strip theory, from the tabular
two-dimensional profile drag data. For
interpolation or extrapolation with res-
pect to these data, the profile drag co-
efficient at a given (local) lift coefficient
is assumed to be linear in Re-1. Again,
when linear lofting is applied, the drag
coefficient of intermediate aerofoil sec-
tions is estimated in the way described
before.

For estimating the profile drag of the
horizontal and vertical tailplane (thick-
ness ratio usually .12 to .15), an approx-
imating relationship, deduced from
measured minimum drag data of sym-
metrical airfoils (ref. 7), is used:

. 2wt
3 B t " c
where
%= thickness ratio

The induced drag contribution of the
horizontal tailplane, which is very
small, is also taken into account in a
simple way.

Fig. 6 gives the saiplane drag polar,
calculated from the Astir CS speed-
polar, in which the wing induced drag,
wing profile drag and parasitic drag
contributions are shown. As always,
the wing gives the largest contribution
to the total drag. The increase in pro-
file drag when the wing is operating
beyond the low-drag bucket, is clearly
indicated. Next step in the program is
curve-fitting of the speedpolar (again),
but now the minimum flight speed is
determined from the calculated maxi-
mum lift coefficient in order to get a
consistent basis for comparison when
changing weight or wing parameters.
The speedpolar close to minimum
flight speed is adjusted by suitable ex-
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Fig. 7. Parasite drag area of the Astir CS as a function of lift coefficient.

trapolation. A plot can be produced
(usedinfig. 10, 11,12 and A1).

Frequently the parasitic drag area,
fig. 7, is taken constant at all values of
C_ considered. However, this may lead
to an unsatisfactory prediction of the
speedpolar as shown in fig. 8 assuming
a typical value of .05 m2 for instance. In
an attempt to take more realistic data
into account when changing weight or
wing parameters (next step), the origi-
nal miscellaneous drag area is taken

constant at equal values of the lift co-
efficient, while the drag contributions
of the horizontal and vertical tailplane,
adjusted if necessary, are calculated.
Adjustment of the vertical and horizon-
tal tailplane is based at present on the
assumption that tail volume ratio of
the Astir CS remain unchanged, which
seems plausible from fig. 9. Data of the
Standard Class sailplanes (aspect ratio
varies from 17.2 to 26.4) are deter-
mined by using the relation:
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Fig. 8. Comparison of Astir CS measured speedpolar and calculated polar, assuming typical parasite
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Fig. 9. Horizontal and vertical tail volume at the
appropriate reference of 14 high performance
Standard Class sailplanes.

; 2nA.R.
lift gradient =AR +K

K=2for high A.R.
3.15 forlow A.R.

and assuming a 15% increase in lift
gradient of the vertical tailplane when
a T-tail is applied. Tailplane aspect
ratios of these sailplanes (except for
Phoebus B1 and Mistral) do not vary
much, so in adopting aspect ratio of
the Astir CS tailplanes, adjustment
simply means

Sy st S,  constant
SUTRINED S T AR +2

where the constants are calculated
from Astir CS data.

Tailplane profile drag and induced
drag are calculated then in the way
described before.

Changing wing parameters and weight
can be done continuously and each of

Fig. 10. Calculated speedpolars for the Astir CS
with different wing airfoils.

the preceding plots can be generated,
if required. :

2.1 lllustrative calculation results

Fig. 10 and 11 present some results
concerning the effect of aerofoil selec-
tion on the speedpolar of the Astir CS,
using data of some typical aerofoils, all
measured in the same windtunnel
(ref. 7), thus being suitable for compar-
ison purposes. Nevertheless, the re-
sults should be interpreted with care,
considering the differences in charac-
teristics of a particular aerofoil when
measured in different windtunnels, to-
gether with possible differences in
aerofoil contour between windtunnel
models and actual wing application,
ref. 7,8,9,10.

Except for the application of FX61-184,
which shows a nearly constant maxi-
mum lift coefficient during the stall
similar to E603, a linear lofted geome-
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tric twist of 2 degrees at the tip was ap-
plied to assure acceptable stalling
characteristics.

Application of FX61-184 results in an
improved speedpolar; best glide ratio
increases about 1.5 points. With FX66-
17A11-182 the minimum flight speed is
decreased, while the polar is equal to
the Astir CS polar between 75 and
110 km/h; however, beyond 110 km/h
the speedpolar deteriorates considera-
bly. Application of FX61-184 for the in-
ner wing, and linear lofting the outer
wing to FX60-126 at the tip, results in a
speedpolar which does not deviate
significantly from the single FX61-184
case below about 120 km/h. At higher
speeds up to 200 km/h the polar ap-
proximates the polar of the Astir CS.
Finally, from the speedpolar calculated
for the combination of FX61-163 and
FX60-126 it is noted that a thinner wing
does not necessarily lead to a better
polar.

Fig. 12 illustrates some typical altera-
tions of the Astir CS speedpolar when
weight and aspect ratio (not the span)
are changed, taking some practical fig-
ures into account. The speedpolar of
the Astir CS is calculated for a wing

loading of 28.2 kgf/m2 (empty weight.

plus 90 kgf) and 32.8 kgf/m2 (extra
weight of 57 kgf). The latter wing load-
ing corresponds to the wing loading at
empty weight plus 90 kgf of the LS-1f,
which has the highest aspect ratio of
high performance German production
type Standard Class sailplanes nowa-
days: 23.1. Except for the Phoebus
A/B, the Astir CS has the lowest one.
After changing the aspect ratio of the
Astir CS wing into 23.1 - which means
a decrease of 21% in wing surface and

Fig. 12. Alteration of the Astir CS speedpolar
when changing aspect ratio and weight.
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hence in wing chord - and adjusting
the tailplanes, the speedpolars are cal-
culated for wing loadings of
32.8 kgf/m2 and 38.7 kgf/m2 (similar ex-
tra weight of 57 kgf).

At wing loading 32.8 kgf/m2 the speed-
polar of the high aspect ratio configu-
ration differs from the speedpolar of
the Astir CS as a result of an increased
wing profile drag (due to lower Rey-
nolds number), an increased miscel-
laneous drag coefficient (due to lower
reference wing surface), a hardly
changed tailplane drag coefficient,
and a decreased induced drag coeffi-
cient, all at equal values of the lift coef-
ficient or forward speed. Total wing
drag coefficients are almost equal at
speeds higher than 130 km/h. Thus evi-
dently the higher miscellaneous drag
coefficient for the high aspect ratio
sailplane is the reason for the in-
creased rate of sink there. Total drag
coefficients are equal at 109 km/h, and
at lower speeds the decrease of the in-
duced drag coefficient for the high as-
pect ratio wing is more than the in-
crease of miscellaneous - and wing
profile drag coefficient together, re-
sulting in a better low speed part of the
polar. Minimum flight speed is hardly
changed.

In addition, wing loading greatly af-
fects the speedpolar, as indicated in
the figure. For instance, the lower pos-
sible wing loading of the Astir CS re-
sults in a lower minimum flight speed
and certainly better climbing perform-
ance than those of the high aspect ra-
tio version at the lower weight, how-
ever at speeds higher than 85 km/h (al-
ready) the speedpolar of the latter con-
figuration is clearly superior. Because
cross-country performance depends
on both climbing and straight flight
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performance, it is clear that only a de-
tailed study can give an answer to the
question as to what aspect ratio is op-
timal at relevant meteorological condi-
tions, considering practical minimum
weight and the use of water ballast.
Results of such studies, ref. 3,6, 11, 12
indicate that for a Standard Class sail-
plane an aspect ratio of 15-20, i.e. low-
er than the aspect ratio of most of the
current high performance Standard
Class sailplanes, should be the best
compromise. Therefore, and because
of the application of a new aerofoil and
the availability of a good polar, the As-
tir CS was an interesting case to illus-
trate some capabilities of the program.
Present results clearly indicate the im-
portance of proper aerofoil design or
selection in combination with aspect
ratio and weight; however, it is beyond
dispute that many other aspects, as in-
tended use, cost, structure, aerody-
namics of parts other than the wing
(fig. 2), have to be considered carefully
as well when designing a sailplane
with desired characteristics.

3. Cross-Country Performance
Cross-country performance is calcu-
lated assuming that optimum flight
techniques are employed in given me-
teorological conditions. These condi-
tions are modelled as two regions with
arbitrary constant vertical velocity of
the air within each region, to be inter-
preted as spatial average values (see
Appendix), and a thermal with speci-
fied updraft velocity distribution. The
ratio of the distance with the (highest)
upward constant velocity of the air (or
the lowest downward constant veloci-
ty of the air) to the entire range is spe-
cified, while the extent of the thermal
is not taken into account separately.
Depending on the purpose of investi-
gation or interpretation of the meteo-
rological model, climbing performance
when circling in the thermal or in a re-
gion with constant upward velocity of
the air (optimal in the program) can be
taken into account. When both modes
are permitted, the program selects the
best rate of climb.

The updraft velocity distribution of the
thermal is assumed to be of axial sym-
metry (as statistically may be the case;
ref. 13 and ref. 14 type B thermal), and
circling in it takes place at that radius,
i.e. at that combination of speed and
angle of bank, which gives maximum
rate of climb. As elucidated in ref. 15,
the criterion for obtaining minimum
sink rate at any radius of turn, ex-
pressed in terms of the speedpolar (be-



ing the datum for performance calcu-
lations) is:
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and the given thermal updraft velocity
distribution, maximum rate of climb
can be calculated in an iterative way.
Here

g = acceleration of gravity, m/sec?

R = radius of turn, m

¢ = angle of bank, degress

and subscript c denotes circling condi-
tions

When circling in an updraft region with
constant air velocity, climbing per-
formance is calculated for a specified
angle of bank, applying the same flight
technique.

The optimum speed-to-fly in glide
penetration through the regions with
constant (average) vertical velocity of
the air, is calculated from the equation
upon which the MacCready Ring and
the well-known graphical construction
are based:

_ C+W-RS

dC
dv

where

W = local vertical velocity of the air,
positive upwards, m/sec

RS = zero-setting of the MacCready
Ring, m/sec

For calculating and comparing maxi-
mum cross-country speeds, the usual
assumptions are made that average
height is maintained and that the flight
is not hindered by proximity to cloud
base nor ground. Under these condi-
tions (and without going into theoreti-
cal detail), the following modes of
cross-country flying appear to be rele-
vant, depending on sailplane perform-
ance and meteorological conditions:

- thermalling, i.e. flying straight ac-
cording to the command of the
MacCready  Ring  (dolphining)
through the regions with constant
(average) vertical velocity of the air,

W2=0.0 @ Climbing in updraft region (beta, WI) with © = 40 degrees; rate of sink 1.15 m/s|
BETR @ Climbing in thermal; rate of climb 0.80 m/s.
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Fig. 13. Cross-country speed of the Astir CS
(weight 359 kgf) as a function of meteorological
conditions.

and gaining altitude by circling in the
specified updraft. The zero-setting
of the ring is in accordance with the
rate of climb achieved by circling.

- straight dolphining, i.e. just flying
straight through the regions above-
mentioned according to the com-
mand of the MacCready Ring, set at
the appropriate value. This value, be-
ing dependent on the overall distri-
bution of vertical air velocity, is
found in an iterative way.

When both modes are possible, the
program selects the one giving the
highest cross-country speed, achieved
at the highest zero-setting of the ring.
Finally, in aid of parametric studies,
some computer plots of cross-country
performance can be generated for sys-
tematic variation of meteorological
conditions, weight and aspect ratio as
specified in fig. 1. Only two illustrative
examples will be discussed here.

3.1. lllustrative calculation results

In order to show the maximum cross-
country speeds at the different modes
and accompanying interpretations in
one figure, fig. 13 was generated. Con-
sidering the part of the figure above
the horizontal broken line first, the As-
tir CS is flown through air which has a
vertical velocity W, (vertical axis) over
part of the flight path (beta), while
W, =0 elsewhere.

As stated in the Appendix, W; and W,
can be interpreted as average values,
provided that the vertical velocity of
the air does not vary too much. When

100,00 120.00  140.00 160.00  180.00  200.0C
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circling with an angle of bank of, say,
40 degrees the rate of climb will be (at
least) equal to W; minus the rate of
sink of the sailplane (1.15 m/s). Cross-
country speed at the circumstances on
the left side of the oblique broken line
are obtained by climbing that way in
order to maintain average height,
while straight dolphining is practiced
at the remaining circumstances. At
beta = 1 the flight is horizontal (on an
average) and the cross-country speed
corresponds to the polar flight speed
for which -C = W,. The result for beta
‘= 0, making the picture complete,
should be interpreted as a climb in ex-
tremely localized areas with strength
W;, while W, = 0 over - practically -
the entire flight path.

In the lower part of the figure an addi-
tionally specified thermal, in which a
rate of climb 0.80 m/s is achieved, de-
termines the cross-country speeds on
the left side of the broken line. On the
right side of this line the thermal is ig-
nored because the combinations of
W;, W, and beta permit straight dol-
phin flying.

Fig. 14 shows the effect of weight on
the cross-country speed of the Astir
CS, penetrating through still air (on an
average) and climbing in thermals hav-
ing a linear distribution of vertical ve-
locity in the radius of turn region of in-
terest (ref. 12). While the extrapolated
(1) thermal velocity in the centre
Wi max IS varying, the gradient re-
mains constant.

220.00



For 12 sailplanes the gradient of the ra-
dius of turn versus rate of sink curve
was plotted against the corresponding
angle of bank, assuming flight techni-
ques which result in minimum rate of
sink at any radius of turn respectively
any angle of bank. Average values of
these gradients are .005 m/s/,, and
027 m/s/, at angles of bank of 30 and
45 degrees respectively. These values
are close to the average of the values
proposed in ref. 12 representing wide
respectively narrow thermals. In addi-
tion, the value .015 m/s/,, for an angle
of bank 40 degrees as proposed in
ref. 16 corresponds to the average of
the gradients obtained at that angle of
bank.

The oblique line in fig. 14 shows the
optimum weight when climbing in
thermals with gradient .027 m/s/,. A
similar figure was generated for ther-
mals with gradient .005 m/s/,,, and val-

Fig. 14. Cross country speed of the Astir CS as a
function of weight and (extrapolated) thermal
central strength. Thermals have a linear distribu-
tion of vertical velocity (gradient .027 ™/$/m) in the
radius of turn region of interest. Penetration takes
place in air which is (on the average) at rest.

ues between parentheses in the follow-
ing are valid for this gradient.

Assuming a weight without water bal-
last of 350 kgf as before, the Astir CS
has to be flown unballasted in ther-
mals having @ Wy, max bDelow 5.5 m/s
(2.6 m/s), thus attaining a rate of climb
below 2.8 m/s (1.3 m/s) as indicated in
fig. 14. When the thermal is only 0.9
m/s (0.6 m/s) stronger, the Astir CS
has to be flown already (!) with full wa-
tertanks (90 litres), attaining a rate of
climb 3.2 m/s (1.6 m/s). Corresponding
cross-country speeds are 92 km/h (66
km/h) at 350 kgf and 104 km/h (76
km/h) at 440 kgf. When flying the fully
ballasted sailplane, all water should be
drained when a rate of climb 2.3 m/s
(1.1 m/s) can not be realized.

Considering permissible weights with-
out ballast and with 90 kgf water bal-
last, and the corresponding angles of
bank when climbing, the following
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practical numbers appear worth re-
membering when flying the Astir CS
with full watertanks under the condi-
tions mentioned and not taking tactical
considerations into account. Depend-
ing on the angle of bank when climb-
ing, all water should be drained when
the rate of climb does not exceed 2.25
m/s at an angle of bank 45 degrees, go-
ing down to 1 m/s at an angle of bank
30 degrees.

4. Final Remarks

The author is indebted to L. van Rijn,
H.L.J. Schunselaar, D.J. Spiekhout
and W.J. Tuil, all students at the time,
for their contributions and pleasant co-
operation in developing the present
computer program.

Extension of this program is being fo-
cussed on the application of flaps and
reliable estimation of fuselage drag
and wing-fuselage interference ef-
fects.

It is hoped that in the end a program
will be available for parametric per-
formance optimization of a complete
sailplane.
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Appendix

When flying straight and according to
the command of the MacCready Ring
through a region with arbitrary vertical
velocity distribution of the air, the re-
sulting mean forward speed of the sail-
planeis:

(1)

where

x = distance along flight path, m
L = total distance, m

The instantaneous forward speed of
the sailplane V is determined by the
well-known equation for (quasi-) sta-
tionary flight conditions:

C+W-RS
dc
v

W (2)

where

C =instantaneous rate of sink (nega-
tive), m/sec

W =local vertical velocity of the air
(positive upwards), m/sec

RS =zero-seting of the MacCready
Ring, m/sec

The spatial average of W is given by:

1

It can be shown that V is found directly
at W for any value of RS by using (2),
when the relationship between C and V
(polar) is

K
C=K3V—(K1-RS)—2—\1/' (4)
This is the result of simply assuming a
linear relationship between W and 1/V
(considering (1) and (3)):

W= K+ Ky (5)

and, substituted into (2), solving the
resulting differential equation. More-
over

1

H C+WwW

7= [ =7 de ()
o

where

H = change of height

and, from (4) and (5)

C+W K:f K
Py + ( == )+
\) Ks 2 71 RS

RS—K w2
W (——JK2 o (7)
Without going into further detail, it ap-
pears that relevant parts of the speed-

polar can be approximated very well by

240.0C

L (4) regardless the zero-setting of the
VY= I Wd(x/L) (3) ring, provided that W does not vary too
o} much, say less than 2 m/s (depending
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on the degree of accuracy one re-
quires). As an example, fig. A1 shows
such an approximation, simply ob-
tained by inserting three points of the
polar (marked by a cross) into (4) in or-
der to determine the constants K, K;
and Ks. In this case, the Astir CS is
flown straight and according to the
command of the MacCready Ring
(equation 2) at a zero-setting of 1.6
m/s, through a region where W varies
between -.25 m/s and 1.7 m/s. (These
values are related to a measured verti-
cal velocity distribution of the air over
2150 m followed by a thermal (ref. 17,
fig. 4) in which a maximum rate of
climb 1.6 m/s could be obtained.)

The relevant part of the speedpolar to
approximate is between 92 and 104
km/h, and values obtained are

K1 - 3681
K, = 141.223
Ky = -.12760

when V en C are expressed in m/s.

Moreover, investigation shows that

C+W according to (7) is always nearly
\'

proportional to W for the range of in-

terest. Consequently % ,or Hwhen L

is known (thus the time needed to
climb to a specific height, if necessary)
can be found as well - approximately -
at W for any value of RS, using relation
(2).

Summarizing, for estimating cross-
country performance, the spatial aver-
age of W may be taken, provided that
the vertical velocity of the air does not
vary too much and (quasi-) stationary
flight conditions are fulfilled.

Fig. 1A. Approximation of a relevant part of the
Astir CS speedpolar.



