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Introduction

When one is correctly centered in a thermal it might
be expected that the variometer reading would be con-
stant. However, according to Brozel (1985) about 90% of
thermals over flat terrain exhibit two maxima and two
minima. Whennotcorrectlycentered avariometer would
be expected to indicate a purely sinusoidal variation of
climb rate with one maximum and one minimum per
circle. However, when not quite centered in a thermal,
the author has often observed either two closely adja-
cent minima spaced by about 90" and separated by a
minor maximum, or a single minimum thatis relatively
flat in comparison with a much sharper maximum. In
the former case the two minima are not of equal magni-
tude, the second one being less marked than the first.
This implies the presence of higher order sinusoidal
components, in particular a pronounced second har-
monic. The purpose of this paper is to explain the origin
of anomalous harmonics in variometer readings, and to
suggest alternative centering methods when they are
present. '
Thermal axis inclination in spherical bubbles

As a thermal in the form of a spherical bubble rises
through the atmosphere it experiences a downward
drag at its periphery. This drag tends to set up a pattern
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of flow within the bubble in the form of a ring vortex
having upward flow along its vertical axis. If thebubble
is rising through a wind shear, then it will experience a
horizontal drag along the wind direction at its periph-
ery. This drag tends to set up a ring vortex with flow
against the wind along a horizontal axis. The combina-
tion of these two effects results in a vortex having
upward flow along acentral axis thatistilted against the
wind shear.

Following Scorer (1978), the relation between the tilt
angle 8 and the vertical wind shear dU/dz is given by;

Tan(B) = (Tw /(g * 8)) » dU/dz = (C2 Tr/Tw) = dU/dz (1),

where Tr is the thermal radius and Tw its vertical
velocity, and where C is a dimensionless constant with
avalue of about 1.2. It should be noted that this relation
is only valid if Tr ® dU/dz << Tw, that is the shear is
fairly weak. From equation (l) some 30" of tilt can
develop in the axis of a thermal, for which Twis3m/s
and Tris 240 meters, with a vertical wind shear of only
5m/s per km. Also, for a given vertical wind shear, the
axes of weaker thermals will tilt more against the shear
than those of stronger ones. Although this effect causes
the thermal axis to tilt against weak wind shears, in
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strong shears the bubble as a whole also
experiences a significant torque acting in
the opposite direction. This is because the
wind speed and drag at the bottom of the p
bubble is less than that at its top. This ’a
causes the axis to tiltagainst strong shears,
though by a lesser amount than would
otherwise be the case.

Geometrical considerations f f
When a glideris circling in a horizontal B 1

plane at a radius r around a point located { \

atadistance d from the center of a thermal \

with an upright axis, the perpendicular
(shortest) distance R of the glider from
the vertical thermal axis varies according
to the following formula;

R12=r2+d2-2 e ed s cos(8) 2.

where 0 is the angular position co-ordi-
nate of the glider relative to the distance

Figure 2. Horizontal cross-section of a tilted thermal with glider circles for a
double maximum (center) and a flat minimum (right).
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vector d, which is directed from the cir-
cling center to the thermal center. With an
axially symmetric parabolic lift distribution this results
in a sinusoidal variation of the lift that has one cycle per
circle.

When a glider is circling in a horizontal plane at a
radius r around the center of a thermal with an axis
inclined at angle 8 to the vertical, the perpendicular
(shortest) distance R of the glider from the tilted ther-
mal axis varies according to the relation;

RpZ = r2(1-sin? (B)/2) - r2 sin? (R)cos(28)/2 3),

where ¢ is the angular position co-ordinate of the glider
relative to the vertical projection of the thermal axis
vector onto the horizontal plane of circling. With an
axially symmetric paraboliclift distribution an inclined
thermal axis results in a sinusoidal variation of the lift
that has two cycles per circle. However, the reading
variations due to axial tilt only become large enough to
be noticeable when the inclination to the vertical ap-
proaches 30 .

As the optimum bank angle depends
upon thelift, a corresponding variation of
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the bank angle at two cycles per circle
should improve the climb rate. quever,
as this variation is very small, 2 at the
most, the improvement is negligible.

In general, as shown in Figure 1, when
! a glider is circling in a horizontal plane at
% o a radius r around a point separated by a
distance d from the center of a thermal
with an axis inclined at angle £ to the

vertical, the perpendicular (shortest) dis-
} tance R3 of the glider from the tilted ther-
/ mal axis varies according to the relation;

/ RaZ=12+d2-2s1sd s cos(0)

-2 5in (R)(1+cos(20 - 26))/2)
- d? sin? (fﬂ)msz ()
+2eredesin? (B)cos(d)cos(B - 0) (4),

where, as for equation (2), 0 is the angular
position co-ordinate of the glider relative

Figure 1. Relationships between the angles 8, ¢ and 8 for a glider G circling
around O at a radius r and a distance d from the thermal center Te, where its
tilted axis AA cuts the horizontal xy plane.

to the separation distance vector d, and
where ¢ is the slew angle between the
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vector d and the vertical projection of the thermal axis
vector onto the horizontal plane of circling.

Equation (4) includes onecycle, cos(s), and two cycle,
cos(26), per circle components that are in phase when ¢
is zero or 180 . . .

Whenoissetto0 or180 inequation (4)the relation
becomes;

ReZ=124 d2-2 ¢ r e d = cos() - 12 sin? (R)(1+cos(20))/2)
~d2sin2 (B) + 2 o v o d o sin? (R)cos(0) (5),

In this case the vertical projection of the tilted axis
onto the horizontal plane of circling is along the line
between the thermal center and the circling center.

When¢issetto 90 or270 in equation (4) the relation
becomes;

Ry2 =12+ d2-2 s red s cos(0) - r2 sin2 (R)(1 - cos(20))/2) (6).

In this case the line defined by the vertical projection
of the tilted axis onto the horizontal plane of circling is
atrightanglesto theline extending between the thermal
center and the circling center.

The variation of vertical flow in tilted thermals

The variation of the vertical flow in an upright ther-

mal with a parabolic lift distribution is given by;

W =W, ( 1-R2/R,2) (7)

where W is the wind along the thermal axis, R, is the
thermal radius at which the lift is zero, and for a tilted
thermal R is Ra.

When a circular thermal core is tilted, the lines of
constant flow in a horizontal plane become elliptical, as
showninFigure 2, and a glider following a circular path
will experience a second harmonic component of lift in

phase with the direction of tilt. From equations (5) and
(7), assuming a tilt angle 8 of 30" and a slew angle ¢ of
180 , the variations of the vertical flow, Wv = Wcos(8),
for three different off-center distances d have been
calculated, and are shown as the curves of Figure 3.
The effect of horizontal flow in tilted thermals

The horizontal wind, Wh = Wsin(£), in a tilted ther-
mal is everywhere proportional to the vertical wind, Wv
= Wecos(B), and always flows parallel to the vertical
projection of the thermal axis vector onto the horizontal
plane of circling. Owing to inertia, a glider is unable to
adjustimmediately to any variations of the vertical and
horizontal winds experienced when circling, and this
results in differences, d(Wh) and d(Wv), between the
instantaneous values of these winds and the corre-
sponding movements of the glider. For the vertical wind
this only means that there is a slight delay between the
variations of vertical flow and the corresponding verti-
cal glider movement. For variations in the horizontal
flow the situation is rather more complicated, since a
glider with a total energy variometer circling at a con-
stantspeed in a tilted thermal experiences both real and
apparent changes in lift due to the variations of the
radial (Wr) and tangential components (Wt) of the hori-
zontal wind respectively.

Fromequation (7) the effectivehorizontal wind d(Wh)
acting on the glider is given by;

d(Wh) = Wh(B) - Wh(B-k) = W, sin(B)R(8-Kk)2 -R(®2)/R,2  (8),

where kis the phase difference between the variations of
the vertical and horizontal winds and the correspond-
ing glider movement.

In general, the effect of a time invariant horizontal
wind field on the indications of a total energy variom-
eter, James (1993), is given by;

“(U-(Y = grad)W)/g (9.

s
/ \‘
£

s

/ - where W is the effective horizontal wind,
i Uis the glider velocity relative to the local

/ = air, and ¥V (= U + W) is the glider circling

pa speed. U, V and W are vectors in the
/a 7 horizontal plane, and here the dots after U
and V indicates the scalar product.
Now,-(U ® (Ve grad)W)/gequals-Us
(dW /dt)/g, and can be rewritten as;

TN

Woe (dV/dt)/g+ Ue (dU/dY)/g -V o (dV/dt)/g (10).

n's Here the first term includes the lift due
- to the radial wind component Wr, the
second term is the total energy compensa-

a*

30m off-center towards 180°.

3%68° tion and the third term is the “stick” lift
when the circling speed is varied. If the

Figure 3. Lift variation in a thermal with 30" of tilt when circling at 0, 15, and circling speed is kept constant, then the

third term equals zero and the first term
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equals the lift due to the radial wind component, and
can be rewritten as Wr e tan(b), where b is the glider
bank angle, in agreement with Gorisch (1985).

From equations (4), (8) and (9), provided that d(Wh)
<<V, it can be shown that the additional indicated lift
Wte, due to the effective horizontal wind component, is
given by;

Wie = - (WoV2Z sin(8)/gRo2 )

(2 e d = cos(dp)cos? (Bsin(k)sin(20-2¢-k)

+ 2 o d » sin(@)sin(k)cos(20-2¢-k)

1o sin (R)sin(3k /2)sin(30-3¢-3k /2)

-1 = sin2 (B)sin(k/2)sin(B-0-k/2)) (11).

X

The circling radius r is related to the circling speed V
and the bank angle b by the relation r = V2 cot(b)/g.
Thus, when d is zero, ¢ is 180 and b is 45, Wte of
equation (11) becomes;

W V4 sin3 (R)/g2 Ry2
{ sin(30-3k /2)sin(3k/2)
-5in(B-k /2)sin(k/2) (12).

Thus, even when one is correctly centered in a tilted
thermal a total energy variometer will indicate 0, 26 and
38 components, the first of which leads to an apparent
thermal center that is slightly displaced from the true
center. Although 2¢ and 36 components remain to con-
fuse the pilot, the e componentis cancelled whena glider
is circled about the point (d, (270+k/2) ) where to first
order;

d = V2 sin? (R)tan(B)sin(k /2)/2g (13),

which is typically a meter or so from the true center.
Theliftindicated by a total energy variometer due the
effect of glider inertia, while not negligible, is much less
than the variation of the vertical lift due thermal inclina-
tion, being multiplied by an additional factor 2

tan(f8)sin(3k/2).

The variometer reading will also indicate the vertical
movement of the glider, and a total energy variometer
will therefore indicate;

Wryar = Wv(8-k) + Wte + Ws (14).

where Wsis-ve, being the glider sink rate while circling,
and kisabout15 (3/4second lag) when the bank angle
is45 .

The variation of the readings of a total energy vari-
ometer for two off-center distances and 180 slew angle
have been calculated for a Nimbus 3 with a 45 kg/m?
wing loading that is circling with 45" of bank at a
velocity of 30 m/s, and are shown as the curves of
Figures 4 and 5. One effect of inertia, as can be seen from
Figure5, is to make the firstminimum more pronounced
than the second, whichis inagreement with the author’s
observations.

For a glider circling off-center at slew angles 0 other
than those close to 0" or 180, a total energy variometer
displays a heavily clistorted smuamda} variation of the
climb rate, and for slew angles ¢ slightly less than 180°
or360 the second minimum is enhanced relative to the
firstand may even be the larger of the two. Whenevera
minor maximum occurs it is located close to 180, di-
rectly opposite the thermal center Tc.

Off-center drift in tilted thermals

If a glider circling in a tilted thermal had no drag, it
would not sink relative to the air and would remain on
the surface of a tilted cylinder having a horizontal cross
section that was circular. Although its circling center
would rise along the axis of this tilted cylinder in a non
uniform way, a dragless glider would always remain at
a constant horizontal distance from this axis, while its
vertical position on the cylinder surface varied.

However, a real glider does experience drag, and as

it circles in a horizontal plane it sinks

: i :
Thermal core ! 4.33 w's °
i380w’sf

© Climb rate

vertically relative to theair. Foraninitially
centered glider in a tilted thermal, this
means that as it sinks within the rising air
aseparationbetween thecircling and ther-
mal centers develops along a line defined
by the projection of the tilted thermal axis
onto the horizontal circling plane. With a
30 tilt this separation increases by be-

;\ N / tween 9 and 12 meters per turn. Thus a
N N

centering correction will be necessary dur-

&S ing every circle, and the resulting in phase
cos(28) component then betrays its pres-

& 188° 368° 548"

combination (Wvar).

Figure 4. Variation of variometer readings, when correctly centered in a 30"
tilted thermal, due to vertical flow (Wv) horizontal flow (Wte) and their

- 9.1 ence by giving a minimum that divided
mes into two adjacent minima, as observed by
' the author. These effects are only observ-
728" able when the tilt angle & approaches or

exceeds 30 ", and the slew angle ¢pisclose to
0" or 180", Even if initially this is not the
case, after applying centering corrections,
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= This is augmented by the radial com-
[ wl 4 T ) [ ponentof d(W), which produceslift, Wr ¢
nra 9. ' b .
%\.\ el Fte 2.98 ws 4/\ ;0 S tan(b), and gives another, much smaller,
s \ ! : : / \ S P /f cross-flow component equal to;
w \ A / N g
: i : U; . {;{ d{W)sin(B)tan(b)sin(bjcos(8 - ¢) (17).
. S 'f{;'l T : %/ ‘ If the pilot does not correct the result-
y ; ”;"4\ JI}{ e i "\ / / ing slip with the rudder, then the tangent
/ ‘\“ PR \\i,f' 1/ \\ : o / CONY oftheslip angleabetween the air flow and
= i / g the fuselage axis will be given by;
g : Yuar/ / \'\J %—/ i /f\/ & 8 Y
ek VAN y P // /o
ff iR | . i a1l tan{a) = d{WHcos(w)
\ A= ; \‘:__ R / ,‘,] +sin(@tan(b)sin(b)cos(® - ¢))/U (18),
W AV
e : o ' =) 45 728° w}}ere Uis th.e a.irspeed 21101:1g the fusc]a'ge
axis. The variation of the slip angle a with
Figure 5. Variation of variometer readings, as for Figure 4, when circling at|  the apgular position, for a g]iqcr banked
17.5m off-center towards 180". at45 in a thermal tilted by 40 , is shown

the continual off-center drift towards 180" soon causes
this requirement to be fulfilled.

Although a glider actually descends through the
slopingside of a thermal, the pilot usually interprets this
asbeing continually blown out of the thermal sideways.
B8y way of consolation, it turns out that circling slightly
off-center in tilted thermals reduces the overall climb
rate less than it does in upright thermals. Another effect
of drag, as can be seen from Figure 6, is to enhance the
second minimum relative to the first, but not by enough
to cancel out the opposite effect of inertia.

Anomalous yaw string deflections

Ithas been observed, Steckner (1993), that short peri-
odic yaw string deflections occur when circling in tilted
thermals. This effect is caused by inertia, whereby a
glider is unable to adjust immediately to any variations
of the thermal wind W that it experiences
when circling, which leads to differences

in Figure 8. Itincludes o, 26 and 36 compo-
nents. Although the variation of the slip angle is very
small, just a few tenths of a degree, the actual deflection
of the yaw string is magnified by the curvature of the
canopy on which it is mounted. A central reference
mark at the free end of the yaw string also helps. If a
thermal core is tilted with the wind, then yaw string
deflections in the downwind sector are much greater
than those in the upwind sector, and are most pro-
nounced when circling ata shallow bank angle ina well
tilted thermal.

After one enters the downwind sector, the yaw string
moves from the center towards the upper wing, then in
the most downwind quadrant it moves back across the
center towards the lower wing, and finally in the last
partof the downwind sector it moves back to the center
again. These anomalous yaw string movements can be
used to judge the timing of the centering corrections

d(W)between the instantaneous values of

this wind and the corresponding move-

ments of the glider, as shown for a centered P\
glider in Figure 7. This results in a varying \
cross-flow component across the glider i
canopy and corresponding deflections of
the yaw string. The cosine of the angle w 1

cross-flow over the canopy of a glider is

between the tilted thermal flow and the [ \

T
e
—— =
‘-‘-\_\_‘-'"‘—‘-\—..._

given by; o E;

cos{w) = sin(b)cos(B) + cos(b)sin{B)cos(B-4)  (15),

where b is the bank angle and £ is the i
thermal tilt angle. From equation (7) the

cross-flow acting on the glider is given by;

d(W)cos(w) = Woeos(w) (RZ (0-K)-R2(0) )/Ra2  (16),

Figure 6. Variation of the variometer readings (Wvar) when circling at 17.5m
off-center and when drifting towards 180° due to drag,.

108° 3%8° 198° 368°
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the glider should be straight-

Bank angle | 45"
" Thersmal tilt '543" :
' Thepmal tore | 4.33 n/s :
Climb rate : 3.68 n/s
ra.2 w's 1 -
(to upper wing)

J.UJ) = U(B) = U(B—k) _
e
/.‘

\

ened up momentarily (1/4 sec-
ond) between 30 and 45, de-
pending upon the glider speed,
bank angle and roll rate, after
passing the minor maximum.
This must now be done before
the second minimum has been
reached.

Rule4: When the twomaxima
are equal, the glider wings
should be straightened up mo-

i'tn louer ul'ng'l

mentarily between 30 and 45,
depending upon the E.Jlld(_l"
speed, bank angle and roll rate,
after the yaw string crosses the
centerline while moving to-
wards the lower wing.

B8* 188” 368°

548° 72p°

Figure 67. Variation of d(W) experienced by a glider when centered.

Conclusions

When the axis of a thermal is
tilted at an angle & from the
vertical, the vertical flow expe-

required to compensate for the off-center drift in tilted
thermals. Since variometer readings no longer provide
this information when a glider is correctly centered in a
tilted thermal, this can be very useful.
Additional centering rules

The above results lead to simple modifications of the
worst heading rule, whereby the glider is straightened
up momentarily between 30 and 45 , depending upon
the glider speed, bank angle and roll rate, after passing
the worst heading. As the (major) maximum is sharp-
encd by the presence of an

rienced by a circling glider in-
cludes a sinusoidal component that has two cycles per
circle, and whose amplitude is proportional to the ther-
malstrength W, thesquare of the circ ling radius r2, and
to a geometric factor sin? (B)cos(B), and is mversely
proportional to the square of the thermal radius RO
Consequently, the lift variation due to thermal tilt is
most pronounced for heavily ballasted gliders climbing
at shallow bank angles in strong thermals. A glider
circling not too far off-center in an inclined thermal will
be subject to two lift maxima that are 180" apart and

in phase cos(28) compo-
nent, any bestheading rules

remain unchanged apart
fromaphaseshift (circa30 )
of twice the lag due to iner-
tia.

Rule 1: When the mini-
mum is flat, the glider
should be straightened up
momentarily (1 second) as
soon as the variometer
reading starts to climb
again.

Rule 2: When there are
two closely spaced minima,
the glider should be
straightened up momen-
tarily (1/2 second) as soon
as the variometer reading
starts to climb again after
the second minimum.

Rule 3: When there are
twowidely spaced minima,

Pank angle 45" ; il
© Thermal tilt:4@° |
Thermal core | 4.33 n/s i
Climb rate 1 3.88 n's .

8.2 : : ;
(to upper umg); \ :

-9.1" :
{to lower wing)

g° ‘ 100° 3%8°

Figure 8. Variation of the slip angle of a glider when centered.

728°
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aligned along the wind shear.

The lift indicated by a total energy variometer also
includes additional sinusoidal components that have
one and three cycles per circle. This effect is due the
horizontal wind componentacting onagliderasa result
of its inertia, but its amplitude is less than the variation
of the vertical flow due to thermal inclination, being
further multiplied by a geometric factor2 e tan(fs)tan(b)
and by sin(k /2) or sin(3k/2), as appropriate, where k is
the phase lag due to inertia.

Asaglidersinksvertically relative to the inclined axis
of a thermal, the separation between the circling and
thermal centers increases along, or parallel to, a line
defined by the vertical projection of the tilted thermal
axis onto the horizontal circling plane. This steady drift
off-center makes the thermals “tricky,” asrepeated cen-
tering is necessary. If notadequately corrected, thisdrift
may result in a variometer displaying a sharpened
maximum near 30 and a minimum that is either flat-
tened, or divided into two more or less closely adjacent
minima separated by a minor maximumat 180 directly
opposite the thermal center Tc.

When a glideris correctly centered in a tilted thermal

- the variometer readings no longer provide any useful
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information, although repeated centering is still neces-
sary to compensate for the off-center drift. In this case
anomalous yaw string movements in the downwind
sector can be used to judge the timing of the required
corrections. These deflections, which are also due to
inertia, include sinusoidal components that have one,
two and three cycles per circle. Theiramplitude is much
less than the variation of the vertical flow due to thermal
inclination, being also inversely proportional to the
airspeed U and further multiplied by a geometric factor
sin(k), where k is the phase lag due to inertia.
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