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Introduction
\Mren onciscorrectly centered in a thermal itmight

be expected that the variometer readingwould be con
stant. However, according to Brozel (1985) about90'1, of
thermals over flat t€rrain exhibit two maxima and two
minima. Whennotcorectlycenteredavariometerwould
be expected to indicate a purely sinusoidal variation of
climb rale wilh one mayimum 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 arenot ofequal maSni
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 oI this paper is to explain the origin
of anomalousharmonicsinva ometerreadings,andto
suggest altemative centering methods when they are
present.
Thermal axis inclination in spherical bubbles

As a thermal in the form of a spherical bubble rises
tlrough tlre atmosphere it experiences a downward
drag at its pedph€ry. This draStends to setup 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
;. rising throuBh J wind shcJ', tlren rt will erperience.r
horizontal drag along the wind direction at its peiph-
ery. This drag tends to set up a rinS vortex with flow
atainstthewnrd along a horizontal axis. The combina
tion of these two effects results in a vortex having
upward flow along a centml axis thatis tilted againstthe
wind shear.

Following Scorer (1978), the relationbetween the tilt
angle B and the vertical wind shear duldz is Siven by,

Tan(B) = (Tw/(s. B) ' dU/dz - lC2 Tt/Tw) ' aU/dz (1),

where Tr is the thermal radius and Tw its vertical
velocity, and where C is a dimensionless constant with
avalue ofabout 1.2.It should be noted thattlris 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 wllich Tw is 3m/s
and Tr is 240 meters, with a vertical wind shear of only
5 nt /s per km. Also, for a given vertical wind shear, the
axes ofweakei thermals will tilt mor€ agairst the shear
than those ofstronger ones. Although this effect causes
the thermal axis to tilt against weak wind shears, in



slrong shears the bubble as a whole also
experiences a siSnificant torque acting in
the opposite direction. This is because the
wind speed and drag at the bottom of the
bubble is less than that at its top. This
causes the axis to tilt against stronS shears,
though by a lesser amount than would
otherwise be the case.
Geometrical considerations

When a glider is circling in a horizontal
plane at a radius r around a point located
at a distance d lrom the center of a thermal
with an upr8ht axis, the perpendicular
(shortest) distance R1 of the glider from
the vertical thermal axis varies according
to ihe followinS formula;

R12= 12+ d2-2. r. d ..os(o) (2),

where e is the angular position co-ordi-
nate of the glider rclative to the distanc€
vector S!, which is directed from the cir-
cling center to the thermal center. With an
axially s)'mmetric parabolic lift distribution this results
in a sinusoidal va ation 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 anSle B to the vertical, th€ perpendicular
(shortest) distance R2 of thc glider from the tilted ther-
mal axis varies according to the relation;

R22= l0-si.2 (q/2), 12 sin2 (B)c"(2€)/2 (3),

where 0is the angular positionco ordina tc of the glider
relative to the vertical projection of the themal axis
vector onto the horizontal plane of circling. With an
axially symmetric parabolic lift distribLrtion an inclined
$ermal axis results in a snrusoidal vadation of the lift
that has two cycles per circl€. However, the reading
variations due to axial tilt only become large enouSh to
be noticeable when the inclination to the vertical aP-
proaches 30".

As the opiimum bank angle depends
upon th€ lift, a correspondingvariation of
the bank angle at two cycles per circle
should improve the climb rate. However,
as this variation is very small, 2 at the
most, the improvement is neSligible.

InSeneral, as shown in Figure 1, when
a glider is circling in a horizontal plane at
a radius r around a point separated by a

distance d from the cente. of a thermal
with an axis inclined at angle B to the
vertical, the perpendicular (shortest) dis-
tanc€ R3 oftheglidei from the tilted ther-
mal axis laries accordirlg to the relation;

R32-12 +d2 2... d. co.(o)
. 12 srn2 (Br(t+c,.(20 2orl2J

+2 ' r. d. sin2 (B)cos(S)cos(o - O) (4),

where, aslor equation (2),0 is $e aDgular
position co-ordinate of the Sliderrclative
to the separation distance v€ctor d, and
where O is the slew angle betw€en the

Fisuie 1. Relationships between the angks e,4 and B for a glider G circlin
,r.undOataradiusrandadistancedfromthedrermalcenteiT.,wherei
tilted axis AA €uts ihe horizontal xy plane

llI
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Fisure 2. Ho.izonta I cross section of a tilted thermal with gtid.. cir.les for a

double maximm (center) and a flat minimum (right).
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vector4 and the vertical projection of the thermal axis
vcclor onlo the horizontdl pldne of circlin8.

Equation (4) includesonecycle,cos(o),and two cycle,
cos(20), per circle componenrs rhar are inphase when O
is zero or 180

WhenOissetto0'or180' inequation(4)therelation

R42=12 + d2- 2. r. d . cos(ol - 12 sin2 (q(+cos(20)/2)
,r2sin2 (0 + 2... d . 

"i"2 
(0.os(0) (5).

In this case the vertical projection of the tilted axis
onto the horizontal plane of circling is along the lin€
b€tween the thcrmal.center and the circlingcenter.

WhenOissctto90 or270 inequation(4)therelation

fu2 12 + d2 - 2 . f . d t cos(o) - p sin2 (axt - -,"(20)/2) (6).

In thiscase th€ line defined by thevertical projection
of the tilted axis onto the horizontal plan€ of circling is
at rightang!es to the Lneextcnd;ngbetween the thermal
center and the circling ccnter.
The vadation ofverti.al flow in tilted thermals

The variation ofthevertical flow in an uprjghtther-
malwith a parabolic lift distribution is givenb,

w =wo ( 1 R2lRo2) Q)

where Wo is the whd along the thermal axis, Ro is the
thermal radius at wlich the lift is z€ro, and for a tilted
thermal R is R3.

W1ren a circular thermal core is tilt€d, th€ iines of
constant flow in a horizontal planebecome ellipiical, as
shownin Figure 2, and a glider followinSa circular path
will experience a second harmonic component of liftin

106' 363'

fiSure 3. Lift valiation in a thermal with 30'of tili when circling at0,15, and
30m ofl.enter towards 180'.

phase with the direction of tilt. From equations (5)and
(7), assuming a tilt angle C of30" and a slew angle Q of
180 , th€ vanatons of the vertical flow, Wv - Wcos(C),
for three different ofacenter distances d have been
calculated, and are shown as ihecurves ofFigure3.
The effe.t o f horizontal flow in tilted thermals

The horizontal rvind, wh = Wsin(c), h a tilted ther-
malis everywhereproportional to thev€rticalwind,Wv
- Wcos(G), and always flows parallel to the v€rtical
projection of the thermal axis vector onto the horizontal
plane of circlinB. Owing to inertia, a glider is unable to
adjust immediately to any va a tions of the v€rrical and
horizontal winds experienced when circling, and this
results in differences, d(Wh) and d(Wv), betwe€n rhe
instantaneous values of these winds and the corre-
spondinSmovements of the glider. For theverticalwind
this oniymeans that there isa slight delay between the
variations ofvertical flow nnd tlrc corresponding v€rti-
cal glider mov€ment. For variations in the horizontal
flow the situation is rather more complicated, since a
glider with a total energy variomet€r circling ata con,
stantspeedina tilted thermalexperiencesbothreai and
apparent changes in lift dre to the variations of rle
radial (Wr) and tangentiai components (Wt) of the hori-
zontal wind respectively.

From equation (7) the effectivehorizontal wind d(Wh)
acting on the glider is givenby;

d(wh) = Wh(€) - wh(o k) = wo sin(B)(R(o - k)2 - R(6)2 )/Ro2 (8),

where k is th€ phasc differencebetween thevnriations of
the vetical and horizontal winds and the correspond-
ing glider movement.

In general, the effect of a time invariant horizontal
wind field on Lhe indi.alions o[.r totdl ener8y vnriom-
eter, lames (1993), is dvenbt

shdllD/g (e),

where Ig is the effective horizontal wind,
U is the Slidervelocity rclative to the local
.rir. and V (= U + W) is the slider circlns
sp€ed. U, Y and I{ are vectors in the
hori?ontal plane, and here the dots after g
and y nldicates the scalarproduct.

Now,-(U . U. srad)lg)/s equals -u .
(dW/dt)/C,and can be rewritten as;

w. (dv/d0/s+ u t (du/d0/8, v. (dvldr)/8fl0).

Here the fi rst term includ€s the lift due
to the radial wind component Wr, dr
second term is the total energy compensa-
tion and the third term is the "stick" lift
when the circlin8 spe€d is varied. If the
circling speed is kept constant, then the
third term equals zero and the first term

VOLUME XIX, NO,3



€quals the lift due to dre mdial wind component, and
can be rewritten as Wr . tan(b), where b is the glider
bank angle, in agreement with Gorisch (1985).

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

tan(c)sin(3kl2).
The variometcr reading will also indicate the vertical

movement of the glider, and a total energy variometer
will therefore indicate,

wvar= Wv(o-k) + Wic + Ws 0.r).

The crrcling rrdius r is rehled to thecircling specd V
and the buk angle b b) the relJtion r - Vz cot(b)/8.
Thus, when d is zero, O is 180 and b is 45, Wte of
equation (11) becomes,

v ./. 'in(3&* 
/2)sin(3k /2) I"l t:n(o t /2)'in(l l, I \))

Thus, evenwhen one is correctly centercd in a tilted
th€rmal a total en€rgy variometer will indicate o, 20 and
30 componenrs, the fi$t of which l€ads to an apparent
thermal center dlat is sliShtly displaced from thc true
center. Although 20 and 30 components remain to con-
tuse the pilot, the 0 component is cancelled wh€D a Slider
iscircled aboutthe pojnt (d, (270+k/2) ),where to first

d = v2 sin2 (B)ran(B)sin(k/2)/2g o3),

which is typically a meter or so from th€ true center.
The lift indicated by a total en€rgy variometer due the

effect of glider inertia, while not negligible, is much less
than the variation ofthevertical lift due thermalinclina-
tior! being multiplied by an additional factor 2 .

whereWsis -ve,bein8 the glider sink rate whilecirclh&
and k is abort 15 (3/4 second lag) when the bank angle
is45.

Ihe v.,ri,r(lon of lhe rerdinB. of a tolal ener8y vari
ometer for two ol l .enLer distances.rnd I 80 Jew.rntle
hrve been cJlcul.rted for a Nimbus I wiLh a 45 kglmz
wing loading that is cirling with 45' of bana at a
velocity or 30 m/s, and are shown as the curves of
Figures4and 5. Oneelfectof in€rtia,ascanbeseen from
FiE$re5, is to make the firstminimum more pronounced
than the second,whichis inagreementwith the autbor's

For a glider circling oFcenter at slew angles 0 oticr
than thoseclose to0 or 180, a total enerry variometcr
displays a heavily clistorted sinusoidal variationof the
climb rate, and for sl€!v angles Q slightly less than 180

or360 the second minirnum is enhanced .ela tive to ihe
first and may evenbe thc largerof th€ two. Whenever a

minor maximlun occurs it is located close to 180 , di-
rectly opposite the thermal center Tc.
Off-cenler drift in tilted thermals

Ifa glider circling in a tilted th€rmal had no drag, it
would not sink relJti\ e lo lhc rir and would remam on
the suiface ofa tilted cylinderhavint a horizontalcross
section that was circular. Although its circling center
would rise along the axis of this tilted cylindcr in a non
uniformway, a dragless tliderwould alwayc iemain at
a constant horizontal distance from this axis, while its
verlical position on the cylindersurface varied.

Llowcvcr, a real Bliderdoes experiencedrag, and as

it circles in a horizontnl plane it sinks
vertically relative to the air. For an iniiially
centered gljder in a tilted thermal, this
means that as it sinks within tlle rising air
a separation between thc circling and ther-
mal centers dev€lops along a line defined
by the projection of the tilt€d thermal axis
onto the horizontal circling plane. Witha
30" tilt this separation increases by be'
tween 9 and 12 meters per turn. Thus a

ccntering correciion will be neccssary dur-
ingevery circle, and theresultinginphase
cos(20) component then bctrays its pres-
ence by giving a minimum that divided
inio two adjacent minima, asobserved by
the author. These effects are only observ-
able whcn the tilt angle 13 approaches or
exceeds3O,and theslcw:ngleOisclose to
0 or 180 . Even if initially this is not the
case, af ter applying centcring corrcctions,

e ; d. cos(oxos2 (B)sh(khin(20 2trk)(:z . d . cos(o)cot. (B)sin(k)sn(2u rtrr) t
+ 2. d. sin(e)sin(L).os(20 2o.k) I
+ . . 

'in2 
(cl'i"(3r/21'i"(3e-+31 /2) ,a

. -;^2,a,;^,v ta,. ^,L^ t D,, t- r . sin2 {B)sin(k/2)sin(eo-k/2)) 0r).

ng'
FiSure 4. Variation of variometer readings, when co.rectly centered in a 30'
tilted thertuL due to vertical flow (wv) horizontal flow (Wte) and their
combination(Wvar).
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Figu.e 5. Variaiion ofvariometer readings, as for figurc 4, when circlint at
17.5m off-center towards 180'.

thecontinual off-center drift towards 180'soon causes
dris requirement to be fulfilled.

Although a glider actually descends through the
sloping side of a thermal, the pilot usually interprets this
asbeing continuallyblownoutof the thermal sideways.
By way oI consolation, itturns out that circling slightly
off-center in tilted thermals reduces the overail climb
rateless thanitdo€s inuprightthermals. Anothereffect
ofdrag, ascanbe scen from Figure 6, js to crhance the
secondminimum relatjve to the first,but notby enough
to cancel outthe opposite effect of inertia.
Anomalous yaw string defle.tions

It has been observed, Steckner (l 993), that short peri
odicyaw strnrg deflections occurwhen circlinS in tilted
thermals. ]lris effcct is causcd by inertia, whereby a
glider isunable to adjust immcdiately to any variations
of the thermal wind W that;t experiences
when circling, which leads to differences
d(W)between the ifftantaneous values of
this wind and the correspondnrg move-
ments oftheSlider, as shown for a centered

81id€r in Figure 7. This results in a varying
cross flow component across ihe Blider
canopy and corresponding deflechons of
the yaw string. The cosine of the angle w
between the tilted tlermal flow and the
cross-flow over the canopy of a glider is
givenby;

cos(w) =sin(b)cos(B) + cos(b)sin(c)co,(0 S) (15),

where b is the banl anSle and B is the
thermal tilt anglc. From equation (7) the
cross-flow actingon the glider is given by;

This is augm€nted by the radial com-
ponent of d(W), whichproduces lift, Wr .
tan(b), and gives another, much smaller,
cross-flow component equal to;

d(wlsin(B)bn(b)sin(b)cos(0 s) 07).

Ifthe pilot does notcorrect th€ result-
ing slip wiih the rudder, then the tangent
of the slip angleabetweenthe air fl ow and
dre tuselage axis will be given by;

+sin(B)Lln(b)sin(b)os(0 , 0)/u 03),

where U is the airspced along the fuselage
axis. Thevariation of theslip anSle a with
the anSular position, for a gliderbanled
at 45 in a thermal tiltcd by 40 , is shown
in FigureS- It includes 0,26 and 3€ compo'

nents. Although the variation of the slip angle is very
small,justa few tenths oIa deSree, the actual denection
of the yaw string is magnified by the curvature of the
canopy on which it is mounted. A central reference
mark at the free el1d of the yaw strin8 also helps. Ia a
thermal corc is tilted with thc wnrd, then yaw string
dcflcctions in thc downwind scctor are much greater
than those in $e upwind sector, and are most pro-
nounced when circljng ata shallowbankangleinawell
tilted thermal.

Afteroneeniersth€downwindsector,theyawstrin8
moves from the center towards the upp€rwin8, then in
themostdownwind quadrant it moves back across the
center towards th€ lower wint, and fhally in th€ last
part ofthe downwind sectorit moves ba.k to thec€nter
again. TheseanomalousyawstrinSmovementscanbe
used to judge the timing of thc ccntcring corrections

FiAure 6. Variation of ihe va.iometer readings (Wvar) when .ir.lh8 at 17.5m
oflcenter and when drifting towards 180'due to drat.

d(w)os(w) = w,,.rE{w) (R2 (ck) RAq )/&r2
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18€' 366' 5.{8'

Figure 67. Variationofd(W) experienced by a 8lider when centered.

required to compensate for th€ off-center ddft in tilted
thermals. Since va ometer readings no longer Provide
this infomation when a glidcr is corr€ctly centered in a
tilted thermal, this can be very useful.
Additional centering rules

The aboveresultslead tosimple modifications of the
worstheading rule, whereby the Slider is straithtened
up momentarily between 30 and 45 , dependinS uPon
the glider speed, bank angle and roll rate, after passinS
the worst h€ading. As the (major) maximum is sharp
ened by the presence of an
in phase cos(20) compo-
nent anybestheadingrules
remain unchanged apart
from a phas€ shift (circa 30 )
of twice ihe lag due to iner
tia.

Rule 1: \l/hcn the mini
mum is flat, the glid€r
should be straightened up
momentarily (l second) as
soon as the variometer
reading starts to climb
a8ain.

Rule 2: Wlen there are
two clos€ly spaced minima,
the Blider should be
straightened up mom€n-
tarily (1/2 second) as soon
as the va ometer reading
starts to climb again after
the s€cond minimum.

Rule 3: When therc ar€
two widely spaced minirlta,

cludes a sinusoidal component that has two cyclespcr
circle, and whose amplitud e is proportional to the ther-
mal strength w6, thciqu.,re ot tirecir.lrne rudiu. 12,.rnd
to a Seometnc f,r.tor .inu (Bl.osl13), rnd is inver.elv
proportron.,l to the .qu.rre of the lhcrm rl radiu- Roz
Consequently, the lift variation due to thermal tilt is
mostpronounced f or heavilyballasted gliclers climbing
at shalloi{ bank angles n1 shong thermals. A glider
circling not too far off-centcr in aninclined ihermalwili
be subject to two lift maxima thai ar€ 180 aPart and

the glider should be straight-
ened up momentarily (1/4 sec-

ond) between 30 and 45 , de-
pending upon the glider speed,
bank ang)e and roll rate, after
passing the minor maximum.
Tlis must now be done before
the second minimum has been

Rule 4r When dre two maxima
are equal, the glider wings
should be strai8htened up mo-
mentarily between 30 and 45 ,
dcpending upon the glider
spced, bank angle and roll rate,
after the yaw string crosses the
centcrline while moving to-
wards the lowerwing.

When the axis ofa thcrmal is
tilted at an angle B from the
vertical, the vertical flow expe
rienced by a circling glider in-

' lh€j

,2"

{ ang re
rnl tttt

/r

48'
{.33 n/E
3.BA i/s

/'\lt\
v

.8,1'
ins)

V

\/-
6' 188' 3U

Figure 8. Variation ofthe slip angle of a glider rvhen centercd.

540' ?24'
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aligned along the wind shear.
The lift indicated by a total energy variometer also

includ€s additional sirlusoidal components that have
one and three cycles per circle. This effect is due the
horizontalwindcomponentacting on a glideras a result
of its inertia,butits amplitude is less tharl the variation
of the vertical flow due to thermal inclination, bein8
furthermultipli€dbya geometric factor2. tan(B)tan(b)
and by sin(k/2) or sin(3kl2), as appropriate, where k is
the phase la8 due to inertia.

As a glidcr sinksverticallyr€lative to the inclined axis
of a thermal, the s€paration between the circling and
thermal centers increases along, or parallel to, a line
defined by th€ vertical pmjection of the tiltcd thermal
axis onto the horizontal circlint plane. Tlis steady drift
off-center makes the thermals 'lricky," as repeated cen-
teringis n€cessary. If not adequately corrected, this drift
may result in a variometer displaying a sharpcncd
maximum near 30 and a minimum that is either flat-
tened, or divided into two more or less closelyadjacent
minima separatedby a minormaximum at 180 directly
opposite the thermal c€nter Tc.

Whena glideriscorrectlycenter€d ina tiltedthermal
the variometer readings no longer piovid€ any useful

information, although repeated centcring is still neces-
sary to compensate for the off-centcr drift.In this case
anomalous yaw string movements in the downwind
sector can be used to judte the timing of the required
correciions. Th€se deflections, which are also due to
in€rtia, include sinrcoidal components that have one,
twoand threecyclesp€rcircle. Theiramplitude ismuch
less than thevariation of theverticalfl ow due to thermal
inclination, bcing also inversely proportional to the
airspeed U and f urther multipliedby a geometric factor
s;n(t), where t i\ lhe phase ld8 due to inertia.
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