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dEk : mgdz*'Dds

is thc thernrsl lift gradienl alorg rhc sailplane ltighl parh.
From equdtion ( l) it lollows that ilthe w'is positivc, i.c. ifthe
thernral lifl increases, lhe verlical acceleralion sn will be
grealer thrn s, a.d vice vema. Hcnce. lor a cerlain hcisht
change lhe dirspced eill chsnge nntrc fo. v' > 0 than fd {':0, and least for s' < 0. For instancc. a sailplane can bc
accelerated 1l) a hishersFed (ibr lh€ samc heishi loss) whcn
approaching rhe thconal centre, shich {i1l resulr in r dv
n,':n o energy g"in.

The en ergy e{chansc due to dvnsm;c elTcct can be eva Iuat-
cd by comp3.inglhe chanse in sailpla ne kincri. cne.gy lbr w'
+ 0 and w' : 0. Accordin8 to the energ)r conscNation law.
lhe grin in kinelic energl is equal ro the loss in potential
enersy. mirus energy dissiparion due 1o drag. So, fo. a ron-
inerlialcoordinate system (lisurc l) we obtain:

dEk : -m gn dz* D ds (l)

and with gn subslilutcd lromequation (l):

dLk : in (g + v w' coso) dz* Dds (4)

Noiethaldz* is thc heiAhl incremc.t in relative *ind coordi
natcs, so it does not dcpcnd on the vrluc oftherorrl lift w. I:or
lhe const an I ve.lica I wind speed. lhe prcrious eq ua tion rcadsl

lDtroduction
Presen! theory and practice of thermalling (climbins in a

thermal) is based on an assumprion ihal the stalion{ry cir
cling is theonL) way loachieve the Jnaximun.rle olchnb in
an isolated thermxl. This pap{'s main objective is 10 disputc
thegeneralilyof thisrssumption.Th€refore,a nonstrlionary
compuler analysis ol lhermdUing flight has beer ca.ried ou1.
A compute. program cnpable ofsimulaling the th.ee-dimen-
sional sailplane iight has been developed and used to assess
the possibility ofattaining a higher ft1e ofclimb, by perform-
ing "semi dynamic" manoeuvers inside a thennal.

DyDanic elTect
Dynamic ellect in theunal soaring is still a litllc knoNn

phenomenon anong glider pilots. Thus. ir was lblt thrt somc
key aspecls ol this conlrove.sial issue should be erphined

Gcncrally. the dynamic €lTect is thc cffecl of an unsleady
cnersy cxcha.ge between a srilptanc and a non-u.ilbrm air
currcnt. _l_h€ non-unilbrmil) of the 8o* is ese.tial in this
case; hencc. cither a wind shear or r thcrnlal lift g.adienl

The.e nre two diffcrcnt approaches in the !nalysis of the
dyoamic eRccl in lhermal soarirs. The tirst considcrs thc
sailplane energy in ! ground lixcd coordirate system, rs dc
scribed by Gorisch (l). Hoseve., thc sailplane ene.gj ex
changc calculated in this qry is incongruenL with the energy
cxchange observed from the sailplane ibell (by ! total-ener-
gy varidnctc r. lo. inslance). This incongruity stcms from !he
kinclic enc.gy calculaiion, in which the sailplanc ground
spced is used. Thc sccond npproach, shich will be discusscd
here, is brsed on a non incrtial wind coordinale system thal
moves along wilh a sxilplanc. Accordins to Gedeon (2), the
apfarent vertical acceleftlion in such r systcnr is gnen by:

(5)

go:g+vwcoso

*,-d*
dl Fiqu.e l. Flishr in r non-i n€rtial coord inalc !y sien

(r)
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-Figu.€ 2. A sk€rch of, scdi-dynsnic maneurer

comp!ring equalions (a) and (i), the enersy exch!nse
dillerentialdue io dynamic ercct can be delined as:

dEd : -m v *' cose dz* (6)

According 1o ligure I dz can be subsli1uled byl

d/ d.r,u vrIsiru

Equation (6) no\y becomes:

dta n.')u rn'2u r Lbl

This rclation can also be exp.csscd in terns olthe equiva-
lcnt .ale olclimb due 1o dlnrmic cftcct:

rd : , 4w'sin(2o)

mgwd:dqF

(9)

Equrlions (8) xnd (9) shos rhal a positivc dynanric cffecl,
i.c. dynanric gain in energy. is oblained when w' 'nd 

o hrve
dillereni sisns. otherNisc a loss of encrgy occu$ th€ abso-

lute value ol tvd reaches its maximunr lbr O : t'15', and

lalls ro zero ior cither O : 0' or O : I 90'. For examplc, lor
v : 50m/s w' : 0.04 s ' a.d O : -45'. equ.lion (9) eives wd
: 5.1 m/s. This shoss that lhe dynamic ellbc1 mlv have I
subslantialinrpact on thc overallenerg) erchanSc bclween a

srrlpLanc Jnd :r thetmrl.
I iq lli, rhe "r.,1 cn<rA) e\.1,:rJr equ ,rrnn Jr cu ired i-

t.rms ol climb rales. reads as folloss:

*rD:rv+*d-we (ll)

Il shoLrld bc noted thrl rhc T1: variometcr reading (shich
is cqurl 1o wrE) is aiso allected by the dynanic ettecl. possi-
ble masnitude of Lhis influence is clearl) shown br- lhe lorc

Seni-Dlnamic Maneurcr
ln comnon stationarv thermrlling lhe dynamic ejlecl con-

lributcs nolhing to the average rate ol cljmb. hecause rhc
pilch rngle is snrdll and, il lhe thernrl is propcrly centr€d,
the lil1 gradieit is zero along the llighl perh. Howrvcr, orce
inside a thermal, a sailplane can be llown in x difl-erenr man,
ncr to obtrin thc positive dynrmic eflecl .nd, cventua l,. ro
inc.casc the avcngc rate ol climb. Such , fljght path nray
look likc the one depictcd in ligure 2.

The manoeuver thus pcrformed was named "semi dvnaIn,
h. b(c.,-j J .o ..d(.,b. fo r,on u. rh. i\(r E,! 'Jrp uf
climb achieved by it. is the rcsult ollhe dynamic eltcl. Scnr;
dtnrmic !hermrlling consists ofa sc.ies of thcsc tr,!noeuvcm
(shich a.e in 1!ct coordinalcd chandelle!), pcrtormed
around the ccntrc ol lhernul.

The alerage r.tleofclimb in thiscase can be calculrl€d rs:

T
(r))

lr is dssuIned !ha! a seni-dyianic nrnoeLlver begins rnd
endsNilh thesameaiNpeed. $ the p.evious equxt ion resolvet

(t1)

M!thematical Mo{lel
'I'hc mrrhemalicdlmodel used in the colnpuler sludy is ltn

( cndd r. , u o,h"n.dplde.,nhedrn(') lhe"\ren.r"n
was made iorx.ds including ! sailplanc movcmcnt in dll

( l0)
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throe dimensions. Hcncc. the model is capable ofdescribing
the unslerdy thrce dincnsional sailplaoc fli8ht in va.iahle
thermal lill.

Thc mrin tc:tur6 ut thi\ nrudcl arc \ tullr$s:
l. \ 'rilphnr i' 'Epr('enrcLl 

h) J risit-l bud) p.'s,cs'ing
definite momenls of inertia about longirudinal (rollins) and
ve.lical (yawing) axes. Thc momcnr of incrtia aboul trans
velsc (pilching) axis is assum€d to be zoro.

2. Angular displacemenls rnd velocilies in roll and yaw
are the result of monents caused by conlrol (aileron and
rudder) defleclions, logether with molnenls of inerlia and
aerodynarnic dnnping and coupling momenls. Therrnal lifi
gradienl in th€ lateral direclion is also laken inlo account in
the roll calculation. All the n€cessNry coefficienls.tnd deriva
lives }er€determin€d from the sailplane geom€lry, using the
fomulas given in (3) and (4).

3. Rudder defleclion is alw.ys chosen to salisfy the zero
slip condilion.

4. Pilching manoeuvers are accomplished by prescribing a
value ofthe normal load Iaclor providing that the lift coefn-
cient constraint is nor violated. Tlris is warranted by x neces-
sity to keep a close controi over the load lactor during a
computer run. and by simplicity.

5. The sailplane d.as coe8icient CD is calculaied as a

funclion of the lift ccfrcient CL aileron and rudder deflec-
lions and angular volocities in roll and y{!- No allowance is

nade for CD varialion due to a.gular velocily in pitch, sail
plane elasticity, or Reynolds numbe. changes. Thus. th€ cal-

culalion oI CD represenls a compromise belwecn sinplicity
and accu.acy, which was lound to give good .csults in r r€a
sonable computing 1ime.

Conputer P.og.an
Thc abovc mathemalical model wNs used i. w.iting acom

pulcr p.ogr{m capable of simulaling thc th.ee-dimensional
sailplane fligbt th.ough a given thernal modcl. The thermal
nodel used in this sludy is the samc as in (5), and ir is shown
in ligure 3 in relativc coordinaies. Rr and wnax are the free
paramclers thich allow the fonnation of varnrus combinx-
lions of thermal strcnsths and .xdii. Olhcr thcrmal tnodels
can be eas;ly impl{ntcd into rhe exisling program. so rhe
inltuence o1 lhe lhennrl shape could be inveslisatcd. The
progratn consi$ ol threc main parts. The lirsl parl pcrlorns
the calctllation ol slalionary circling. For a gilen sailplanc
and a given thermiri, i1 delcrmincs the opt im al llighl paramc
ters ihat lead ro lhe mrximum circlinA rate of climb. Thc
calcularion is based on lhe equations siven in (6), wilh rhc
sailplane drag coellicicnt bcins dctcnnined in the wa) dc
scribedinrhepre!iousseclion. IIcncc.tfiecalculatedcircting
raieofclimb is Inore realislic, though the d i1lerence between
lakilg into account the drag increm€nt duc to aileron and
ruddcr dcflections, and neglecling it. is in this case very

The second part of the program does thc nonstationary
flight simulation. It solves the three dimcnsiona I eq uat ions ol
motion, using x step-by-slep procedurc wilh a constant time
elemenl Al. (The lenglh ofAl was0.6 scconds in prelimina.y
runs and 0.2 seconds in final runs). Before thc.alculation ol
each siep, the nornal load lacror and thc ailcron dcflection
angl€ must be prescribed. Using lhese lwo vrlucs and the
valuesofother flighl pararreters al lhe beginning ofthc stcp.
thc program calculates thecoordinates and the flight param
ctcrs at thc end oflhe step. lf the given lord frclor calls for
too high a lifr coeflicient, it will be aulomalic:rlly rcduccd lo
satisly thc cL < cr nux constraint.

The thi.d pa.t ofthe p.og.anr is in facl a subroLrtine which
cxlculNles rolling rnd yawins monrerts and the sailplane
drag coefllcienl. 11 is addrcsscd from both rhe lirsl irnd the
second parioflhe progrNm. In its current slage. ihe p.ogram
is written in Basic for a ZX Sp€cirum homecompurer. ll cxlls

Figu.e 3. Thernd $Gs-setiotr in .ehtitc coordinates

Figure 4. ExrnDle of r *ni-dymnic nm.uler
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lor an internclivc work which is v€r) time cdnsumingi lor
instanft, lhe simulalion of l0 scconds of rhe nonstaliona.y
fii8ht normall) lasts bel{een l2 and 40 minulcs. depsnding
on the dcsired accuracy. Besides, obl ining thc dcsired flishl
pnramelcrs a! a ccrtain point in lhe horizonlnl plare, can b€
acco'nplished only hy N (risl dnd crror mclhod, which lurlher
incrascs the compuling Linre.

Rcsdts
'l fie results ol thcrmalUng fiight sirnulatbns arc prcsenlcd

in this section. Simulolions wffe perionned wilh two typ€sof
sailplanes. namely DG-100 and Ninrbus 2. S.rilplanc win8
loading and tfiermrl strenglh and width wcrc varicd, lo er
rnrinc their influencc on tho optin)rl lher rrlling lrajcctory.
The ai. d€nsil} wrs a,sumcd consrant ' = 1.05 kS/m2
throughoul the rcs€rrch.

An exa ple ol a $inrulrtod semi dlnanric nruoeuvcr with
a l)G-300 srilplanc is sivcn in fisur€ 4. Th€ *ins loldins is
40kg/m2 3nd thcth€rmaIparrmctcrsrrcw, r : 6 m/r rid
Rr : l20nr. The drawins shows rhc llight p rh vicw€d lrom
rbove, wilh lhe nunrhered dots indic tingtheehpscdtinlcin
scconds. I_he rest ol lhc diagrrms shov lhc rrromcnlar! val-
ucs of llight nafumctffs vc.sus the cl!psed tinrc. so thcy can
b€ Associatcd wilh thc irajccto., pbt. l! is cvidcnt thnl thc
hiShcsi rirspc.d nnd the lowcst nhitude rrc reirchcd rt lhc
inilirl and lhc unal poin1l ol thc nranocuvc., shich rrc also
tJrc closesl lo the thennal cen(rc lhe bwesl vi ll.d rhc grerl
esl z irc allained around point 5 ncnr lhe thcnnalcdgc. All
this is don€ to producc a Irvonble dynrnric cfcc1. show in
thc hst di gmm throuSh i!s cquii,?lenl r^te ol climb *d. I! is
ohvious fronr the : nrc diagrrnr, howcvcr, thirl this nrrnoe-
vtre.alsocnrails a drrs pcnalry shich ircrcases rhcsailpllne
siikrrlcwd.Slill,lhcovcrrlltolal cncrglcxchdngcr.lcvrF
is.rppr€cirbly hish.

Not( lhrl qL, shich xls' indi(rlcs lh( I'nrl-rnrrg) vrri
oncter reading, docs nol. crcn renrolcly, reprcscnt lhc tronlc
ol thc iel thcrmal iifl along thc llight pnth. This is partly due

f rf q4
.q R s d.
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!o thc nranoeuvcring drng increrse. bul, lhc dalr rcuson is

I'in{lly,looking 
^(dirgrrmsNhichshow 

lhcvulucr ol pilclr
rnd bank ansle$, this parlicular nr.inoeuvcr can bc rcsardcd
as acrobrlic, although thc Dor al load hclor is Iimitcd by
n=1. The samc ('()nditioo applics lbr all llight sinrulat;ons
discusscd in this paper.

A sclcclion ollhe rc:tults obtri'r€d is p.cscnted in tablc L

dl =

I
9.

t

elemenr ol rhe fl€hr poth
honzo n rol prorecl on

he,ghl in<remenl in relorive

equivolent occelerouon of
the non-ioerliol coordinote

elaped tihe lrom the
h,eginning of the mon@uver

rhemol lilt iverlicol wind

rhemol lift grodient olong

equivolenirdte otclimb dlo

Lisr of Symbols
wm, = moximum !,pdrcft velocity in

rherhe.mdlcntre
wrE = totoFenersy-height

etchonge lore, ol5o the
momentory reoding of
totol'ene€y voriomerer

t = moximum od'ieved ci.dins
rote ofdimb

q = overoge 5emi-dynomic rote

z = obsollte heishr
D = soilplonedrog
Ed = dynomic €n€rgy exdlonse
Er = linetic en€rgy
R = distonce hom rhe csnrre of

R' = rh€mdlrodiu!
T = F€nod ofsemi-dynohic

rhernolling lduroiion of q
single monoeuve.)

6" = o'lercn deRecton oogle lrhe
sum ol borh orleron
d€fleciiont, positive b rhe
nghtl

obsolure heighrgoin in one
s€lhi-dynomic mono€uver
nne element in computer

pilch ongle in relotiv€

ongle of bonl {tlrc ongle
b€rween th€ silplone
verri@loxis ond th€ verticol
plone tongent to ihe fligttr
poth in rhe obs€ded poi,trl

Subr..lprt:
ciiding (the fl ighr poEmerer
in ltotionory d.ding)
indicores rhe volue ol rhe
ffighl pdrcmeter ot lhe inifiol
lihe lowest) point of o
elnj-dlmmi< rlonocwd
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The slalionary ci.clins and the semi-dynamic thermalling
par3melers are Biven for some chosen thermal'sailplane-
wing loading combinations.

The last colunn ol lhe lable shows the ralio oflhe achi€vcd
average climb rales (seni-dlnamic over circling).It is appar
enl thal the semi-dynanic lhermalling gives consideraly
highe. rrrle olclimb lbr slrong and narrow lhermalsi in some
extreme cases it can amounl lo mo.e th.ln doublc th€ maxi-
mum c;rcling climb rate. For rll lhe olher p3ramelers con-
slanl, decreasing thethermal radius makes the semidynamic
thermalling nore p.olilable with respecl to circling. The
samc thi.s lappens *hen the naximum thermal lil! is in-
\rcacd. llhor r."ce. hedy JmrcedeLr become. rnore ig-
nincant bccause the lhe.mal lifr gradient gets sharper.

For ! 6xcd nraximunr thermal lift and a giren sailplane
*ilh r constant wing loading. exisrs a criiicalthernralradius
at which thc bcsl scmi dyna'nic ma.oeuver can only match
the ci.clins ratc ofclimb. This radius is highly dcpcndcnt on
the sailplanc wing loadins. Iror a DG 100 sailplanc and 1,,,,"
: 6 m/s the critical radius lics bctwccn 150 and 210 mctrcs
ior the wins loadine bclwccn l2 and 44 kslm2. The .csca.cfi
has shown $ithout an cxceplion tfiat the highc. *ing loading
is favorrble lo senri dynrmic thc.mallins, bccausc thc cir
cUng perlbrnrnce deleriora les more rapidl) when the bdllasl

The inlluence of lhe srilplane pcrformance was nol thoF
oughly tested bec.tuse ol r ]iniled number of simulalions.
However. i1 may be rcgrrded thal thc increase in pcrform-
ance generall) e{tends lhc polenlirl ol lhe semid}namic
rbermrllirg. excepl lbr ver) large wing sp3ns thar serlouslr
imf ai. ihe sailtlane lnanoeuverability.

Since the senri-dr-.namic thermalling is a complicated un'
'rcJd) rr i.. I ' ol grrr n.lrorl... e ro lre forn ,. tro|er
1): ScvcrNl m!in parxnrctcs. such as thc maximum aimpccd
vothc maximum load f{ctor. ctc.. influcncc thc avc.agc ralc
ol climb. Onlr rhc influcncc oi thc maximum airspccd *as
investig.lcd. rnd the .c$ll is shown in figu.c 5. il applics 1o

DG 100 srilphnc *ith 40 kg/m2 wins loading in a lhcrmrl
wilhW r\ 6m/sandRr: l20m.Ilisrpparcntlhrtlhc
senri-d!nan)ic fule ol climb is nol vc.) sensilive lo variNlions
olthe marnnun ainpeed in the!icinityoi ils oplion dl lrlue.
Figure 5 aho sirows !hr1 the slationxry circling can be re-
garded as a special case ol semFdtrnanic thelnalling The
transition berwee. thenr is conlinuous not only in speed, but,
in oth.r parxmelctr as $ell Looking back at table I it can be
noliccd thll thc nrininrnl r'adius fnn thc th€.nralccnter Ro
nJ r ( , i-il,:,1 :' r'l' 'f hJnl r., ,n. rcJ\c J\ rl,c .J\rnurn

5p(cd.rcrr<.i(\rv$.'rJ l\(Lir.lirg. l L.Thi''-(.1 \:'')
in order 1o cxeculc rhe mrnoeuver cor.ccll), i.e. to complere il
wilh the sume llighl pffirnelen il was surled wjth.

Prrciical utiliTation oi the semi-dyn.mic ihermalling is
not a slraightforvx.d matter as it is in stationx.y circling.
Ther. arc x fciv trobl.ms which mar inrpair, o. even neSate
thc advxntrgc in lhc avcrrgc ratc olclimb.

'1hc lirst obslrclc is lhc impropcr inslrumcnl.lion to. thc
trsk. Acommon TE va riomeler is very ha loinlerprelwhen
there i\ lhe dynamjc eflecl involved logether with high load
lnclors. So. ihechnnces are that the thermalwillbe losr alter

A dynamically conrFnsaled nelto variomcrc. would be
much morc suitable for the scnri dynamic tficrmallinS. It
should not .cspond to cfiangcs in thc load lactor. nor to ihc
dynamic cffcct. tlolcvcr. thc l.tl€r is trot casy to achicvc.
duc 1o an implicit rchlion bel*een the verlicrl wind speed
rtrd lhe dynNnic energy exchange. Also, an inslrumenl lhal
could show lhe lxleral !hermal lill gradjent, would be very

l4

liigure 5. The inliu€ne of thc nnximun drspeed on the rlerlger.tc
of clinb in s€mi-dynamic thqmallitrg.

uselul in dclcrmining the localion ofrhc thcnndlccnl.c.
Actual\', any kind ol lhermdl visualization would be ol

great help in these ri-dr-nanic thernraUing. A soaringbird, a
dusl devil, or a pufol snokelefl inlenlionallt in thc thcnnal
cente. can make rhe dilierence bel*een succcss and hilure

Finallt it should be poinled ou1 thal lhe scmi dlnrmic
th€rmalling invohes cerr3in hazards inherenl in its xctub!tic
nature. Also.the risk ol mid-a i. collision ismuch hisherlhan
in circling fiight Therefore, this kind ol lhern.llins should
only bc pcrformcd away f.om other saiiplines.

Conclusion
Thcscmi'dynlmic thermrllins ivds in son)e crscs lound to

producca higher rale oi climb lhan the slilionrr\ circliig. Il
crn bc pcrionned wilhin thc limits ofsailpllne n.ucrurc dnd
hum{n crfab:lities, rlthough ! more sophislicrted inslru,
menl thrn r total-erergy v.riomctcr is needed. Hoscvcr. rhe
li'l..'..i:'cdu|'||||k'n!vllllcfllJl'lt
cases Precludc its p.!clical use.

Sunmart
Computcr anallsis ol lhree-ditrensionrl fliSht ol x sril

planc clinbing in r lher .tl hxs been done. Spccixl atLcnti{nr
was prid to considcrxlion ol rhe dynanric cn.rgy c\chrngc
bctsccn r sailplane dnd ! lhernrxl.It$,^s lound thrt in drong
and nrrro} rhermrls lhe circiing fli8ht is not optim{I. ln lhis
crse, the '\emi'dr-.nxnric ' tircrmalling givcs a highe. rrle ol'
cljmb. This way ofclimbing in a lhennrl entrih some ulmost
aercbllic m!nocu!e.s: lhus i1 is delicare to tenbnn it in
praclicc. Some ideds aboul rhe insrru'nefls necessart, for thc

rnt( {rl J}n.',ir \(.m ll:,rgJre.,l.ot'en
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