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AI]STRACT

A speciali zed conFuter pro[ran was de-
veloled fbr the calculation of sailplme per-
foiJ a ce jn wi gs-1er'el a d tuming flight.
''L....ol h' 1. ,.. h. .nr^ !ror

linear Iifting line techniquc which ferlitted
calcularion of wing char.rcteristics throughout
the entire useful rangc of anglcs of attack
using tabular ajrfo!1 scction d.rt.r hich
included Reynolds nunber cffccts. lliis i,rg
analysis sas coupled Nith alpropriate fuselage
and cmpennagc rnodcls in an itcrativc solution
vhich crlculated perfornace in a trinncd con
dition by adjusting alrcraft attitude a d t.ril
lift urtil th. cr:LLratlons of verticnl force and
!itching nornent .qL'i1ib riLln Nc re sati s lied.
'the progran was checked agai)LSt published
flight test data ith very satisfactory rc

INTRO!UCl'IOi,]

Idcal1y, a sajlplane deslgner would rike
to bc able to speclfy a geonetric configura-
tion lor his proposcd aircratl and then be
able to quickly assess thc cffect on perfor
nance brought about by changcs to the confi
guration. UDfortunatcly, this ideat is not
often rcalizcd. r'ihile anatyticat !ools exist,
thcir usc Day involvc conlrorising betrceD
spending hours on tedious calculations to
acliicve good naking simptifving
assunptioDs that sacrifice rccurrcy t'or spccd.

Thc modcn liigli spee.l digital conputer,
ho{cver, is changing this picturc. lhe con-
puter! frofcrly usedj olens thc way for

Tcxas at Arlington

arialytical .rpproaches such rs iteratlve solu
tions and netrix ncthods that rre ven tine
'o, rai ,g 1'e dw.,r 

^ 
r r..ly. \ hel.-

conceived, computcrizcd pertbrmancc analys;s
progran, if jntelligently uscd, can le x
to!erfut tooi for thc desigrer of sailplanes
as trell as othcr aircrlft. The dcvclopnert ol
such a conputcr program is the subjcct of rhis

I[Lsji]r]ete !e!t!r!!1i!l_ ed_e_L

Thc calculation of sailplane perfo.mancc
in tcnns of l./D ratio and ratc of sink hi.ges
or the detenrination of totnl aircraft .lrag in
cquillbrium gliding flight. Drag nay bc cal-
culatcd by assuning a parabolic variation of
the drag coefficient for thc conplete air-
craft, Nhich takcs the foln

to=tn.-*^^1 (11

'^ '11'. ol n^ ,: 1.6 .-, uf trorrl .1.
'uclr. r-nr . oY tl,^ -.r. I' J
e is for a f:!cto. accounting for thc varia
tion of drag irith CL'. \ote thrt this value
or. c is representrtive oI the entirc ship and
is irot to be confused ith t;. classical span
efficicncy factor for the ing xlone. The
irrofile dra! contributions of thc !ing, fusc
Iagc, and e'.pe nage are determined by the use
of cDtirical drag data such as that publishcd
'/ llo-n , .' f. l'. lh- .r..
'r',-. 1 .5 t.,.,r'r. r',, r.Y'-, .'
fercnce drag. lhe value of e is also dctcr
nlncd cryirically by plottjng nrellsure.l sair
pllne CD valu.s against C1.2- lhis yiclds a
fairly lincar curvc, tl,e sro|e of hich is
equal to 1/, er\R .or the pafticular sail!Ianc.
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Dy sanfl ing enough data for diffc.ent sail
tlincs, it is possiblc to cstinate the value
of e for any ultested s.rilflan.. Dcspite its
sirnpiicity, this nctliod, if used intelligcntry,
can yield surprisingty good results fol air
cralt having ncarly psrabolic drag polars.
See for exanplc, a paper by BroL{n (Rcf. 3l
Nhich comparcs drag polars calcutatcd by this
ncthod to fligilt test data gathcrcd b) Bikle
(Ref. 41 .

lhc use of equatlon (1) and thc ncthod
just discusscd has its linlitations, ho(cver,
lor design work. In thc cas. of sailpranes
the dtag ol the triDg is, by far, th. nost
sigllificant componeirt of total drag. It was,
therefore, consldered essential for this
study to use an aralysis capable of scta
rating the effects of ing LraraJxeters other
tha| aspect ratio, such as talcr, t$ist, and
airfoi t propertics.

ll,e . r",. har ol _. 11 r'8 rr,d
analysis is to usc Lifti g-line theory.
Methods using this theory have been devcloped
by l,randtl, (i1auert, and others, md I fun
damcntal tcxt on aero.lynanics, such :!s Kuethe
and ScJrctzer olcf. 4l , ill have a dcteiled
trcatnent of their tcchniques

lhe fundaincntal equatio of ritting-l ine
theory js the intcgral exprcssion f'r inn""'
rnglc of attack rt any pojrt yl on the span

(21

'I]re Jifficu]ty in solving tilis cquation i5
that it contains tile 1it't disiribution which
is of coursc dcpendcnt on induced alrglc ol

r\ solution for thc special case of a

elliptical lift distribution, !hich is of par
l- -, .r.r :, r.. th n.,:, n

induced d.ag, !as first oblaiDcd by Irrandtl. A

nore gcner.l solution vas obt.!in.d by (ilauert,
Llho us.d Fourier scrics analysis and assuned a
1in.,ar variation of lift coefficient \iith anele
oll attack. Andcrson (Rcf. 5) applied (ilaueftrs
DctholLs to obt.i soLutioDs for .r vrri.ty oI
!ing tlanforns shich werc treselrtcd by
.\nlLerson in the fom o1'charts aDd tables.nd

ln. \o' L,o r rurr "l oi
Nhilc r\ndcrsor's solutions crD be vcry useful,
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they also hav. liniitltions tor desl!r1 sorK Dc-
cause they are Dot conpletely gcneral Ilincar
t{lst aDd taper are reqLrircdJ and a lincar
lift curve slope is Jssunred. r\dditionally
Andersonts rncthods are not particularly suitcd
to conluterlz ntiorl.

Another ling analysis, l\oNcver, was I'oud
to be e]l suitcd both to design lorl and to
use ir a coDDutcr prcgran. This nethod, dc
veloped by Sivells and Neely lRcf. 7J, is a
distjllation of the work of several pcrsons,
frinarily liutthopp, .nd pel. its catculation ol
the lift distribution on a irlg by llears of
successive approxinrations us i ng .rctual norl
li ear section data. Sivells .nd \eely }and1c

r,or ol rl r,r rorr r2l ./ ."f'. .-i 18

the spansise crl distIibution rafter the
cxanplc of Glauert) as a lrourier series and
usina hamonic analysis to arrivc at e expres
sion for qi. lhis expression for ti\e induced
, Bl- or .',i. -r r) pu ir or.,h-.p1n i "',.r..1;o ol r.m- .opoqed ol ll, p.rrr.- 

^distribution and a series of nlultiplicrs that
arc a function of thc nmber of spanNisc sta
tions and independent of pLaDforn.

'lhe rsc of the nrethod is an iter.tive
process (cl1 suited to lachine comlutatioD. A

first approxination for the cri distribution is
nadc (an .rverase of an elliptical ard a chord
lengtli distribution is satisfactory.l Ncxt
r''. ,, i "onnure l' -"!\ . a,L\'c' I I i r
These di's are used to .lctcrnine the local tr

. 'd -'en 1 '- ( - d.i.
'rr''il'-.r.on a"r .. .' .,lcLl1r'J I'
tributjon is then compareli to the ilssunred
distribution. If they arc dlfferent tlre
assuned distributloD is adjustcd and the pro
cess rcpeated urtit calculated and assurncd
cr's agrce within a prescribed tolcrance.
After the argle of attack and c[ distril)rtior
.lor s r,F "r.t ,.. ,l .li,'d, .t^ -nd .. ,._
-,..1, ob,r.|.d f.r -... .t. " --lo. ^,.I ,. ,^s o 't, .^. t,. nJ .r' -
-' r,e ni,S. -1. rJr'd br 'T.rL' ' l-
gratjon. This integr.tion is hrndred bv haF
nonic analysis and cach of thc acrodynanic
coefficients for the !ing is exlressed as a
sunnation iD tems of thc sectioD coeificient
i 'volred r.d . .pl ,op-i r- rlr ifl: .

'lhe etliod ol Sivells and Ne.ly scem.d to
be :x1 excellent choice for thc wing analysis
in a sailplane pcrfornance progran, because
lifting line techniques have proven to bc vc.y
accuratc for snall sweep angles and high as-

t3
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pect ratios rchich are truical of sailprane
wings. lbe capability of this nethod to t15e
actual airfoil section data to calculate ('ing
pcrfomance for non linear lift curve slopcs
dd in the vlcinity of naxinm lift coeffici-
ent was also i'nportant because nost themalling
flight occu$ at hiAh mgles of attack just
belo stall whcre the lift curve slope is de-
cidedly non-1inear. lnd fina11y, thc nethod
ls Nel1 suited to computeiization because it
was devclopcd for nmual conputation using the
early nechanical calculators .rnd cnn be made
to rLm very rapidly on a higl\ speed digital

The wing noder requircs tso types of data-
fi$t, the airfoil section data consist of
tables of lift, diag, and nonent coefficicnts
as functlons of angle of attack and Reynolds
nuber. Also required arc configuration data
such as span, area, aspect ratio, chord dis-
t1_ibution od twist dist ribution.

The renainder ol the nathcnatical mode1,
while lcss sothisticated than thc ing, can bc
cxpccted to yield the necessary accurac)r.

Thc fusel.rge aerodynanic model consists
of equatlons for Iift and moment cocfficient
variations as functjons of angtc of attack md
data table "1ook up" for drag coefficient vcr-
sE angle oI attack. D:rta for thc drag table
are considered to contain Nlng/fuselage inter-
ferc.cc effects and may be estinated or ob
tained from wind tunncl data such as repofted
by Althaus (Ref. El .

The cnpcnnagc nod.l is conposed of hori-
zontat md veftical surfaces- Thc lattcr
contributes to t;1e total draS only in thc fom
of a constant profile diaS cocfficient rc
fercnce.i to the surfacc a!ca. lhe hori:ontal
surface enters into the lift and pitching
nonent balanccs in trin as wcll as the total
drag. It is defined by monent arn,
a prot'ilc drag coefficicnt, and an cffective
:rspect ratio, Durirlg tlin iterations the
stabilizcr lift cocfficient to trin the air-
craft is calculated uhich then :r110ws the
stabilizcr drag cocfficicnt to bc calculatcd
as a parabolic variation Nith the lift coef-

Additional Lietails of thc mathc)natical
nodel are treated in the ncxt sectior L{hich
discusses the conputer progran.

Progrannnins the Mathematical Vodel

'ftc s ai lplture perfornance progran,
is Lr'ritten in FORTITA,\ IV Lan$age.

tt consists of a mair progran dtd five sub-
routines. The flow diagra)n of Fig. t illus
tr:rtes the rnajor functions of the progran.

Ls indicated earlier input values are
rcad in which define the aerodynenic charac
teristics of the wing airfoil section, as well
as the acrodynanics and gconetry of thc fxse
1.ge and enpennagc. Additio al data arc also
necessary to specify iteration and enor
linits and the flight c.,nditions for $hich
thc sailplnnc perfomance is to bc calculated.

After the input data arc rcad a nunircr of
preriminary cnlculations arc nade. For
exanple, the nultitlicrs uscd in the lifting
line 

'nethod 
axc calculated and stored. Local

vclocities and licynolds nulrr])cx at eac| spnn-
wise station are cornputed. Using the span-
(ise t$ist distribution, local anrlcs of
attack are expressed as functions of the angte
ol attack at the fuselagc centerlirre.

'rhe iterations which producc a trimed
flight condition for a givcx velocity are
initiatcd by estinatirg a wing CL :ind corres
ponding angle of attack. lhc anglc of attach
estinnte providcs a first approxination of the
local angle of attack at cach span ise station
aDd leads to :r c, distributjon. lhe tifting
line subroutjnc is entcrcd to obtain an di
distribution md in tun a cn distribution.
lhe initial cstinated md calculated distri
butions arc then conpared station by station-
lf the differcnce is grcat.r than the error
bomd at any station, the assumcd c[ is ad
lL6ted and another iteration is nrade with thc
adjusted cn distributiorl. This process con
tinues until the differcnce is less than the
error boruld at every station.

he rcsulting cn distribution is thcn
integnted to find thc ing CL for the esti-
mated angte of attack. This CL is compared to
rne est:mrtsd vald^ t,J'l I'e drlle.en.e is
greater thar the euor bound, m adjustnent is
nadc to mgle of attack md the process rc
peated untit tnc diff€rcnce is ithin lindts.

'lhe cLi oi distribution, and c{ distri-
Lution obtained by this process arc used to
.,lcul. t, CD. , c,., -r d 'v fo, rhe \ n8.
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rlo diagr:rm of perfornance progran

Using these values, along with the CL md CU

of thc fusclagc, a rcquircd Ct" for the hori-
zontal tail is obtained to balSnce the air-
''-jl i, n I h. f,r' ct, for lr'. r '1,.n
',qa.l I \' q , e ing r-qu .ed o" .
rerr;.i. tohc Irl.1c.. ,'r: h:nLIr:.co|-
p3red to that calculated by the lifting line
uethod, and if the difference is greatcr thar
the error bound, the aircraft attitude is ad
justed md the process rcpeated until both
vcrtical folce and pitching Dtonent balanccs

Aftcr the trin.ondition is detemined,
pcrfonnancc parancteE arc calculated and a
compfehcnsive trin sumary is printed.

TECHNICAL SOARING, VOL. IV, NO. 3

Next the velocity js increne ted and the
proccss is repeated for thc next airspeed untit
the desircd vclocity sweep is conplete or the
progran execLrtion is terninatcd for soile other

Ar added fcaturc of the progran is the
circling pcrfomece option. lhis option
sirnulates the degraded pertbnnance of tuming
flight by trinudrg at a highcr gross wcight.
This !,eight is obtained by nultiplying the
actual weight by the load factor rcquircd for
the given turn radius and velocity. Further
rca1isn is fumished by including thc effccts
of spanwise variations of velocity and Reynolds
nunber shich are of particular significancc in
tight radius tums.

Using the increased seight and other cor
rections, circling perfonnance is calculatcd
in the sane fashion as for lrings-level fligltt.
The inclusion of a themal nodel alloNs calcu
lation of xatc of clinb perforndce in thernal
updrafts of various di:rnreters and strcngths.
The thennal modcl used is one suggested by
MaBen (Ref. 91 , and is dcscriLcd by the equa-

ERROR
BOUND

V =V cos (51

\ .rDdr-rl veloLltv ,t radi!-s ,

V = undlaft velocitv at R=0

R = tum r:rdi us

D = thernral dianeter.

Thc conputed rate of sink calculated for the
tdn then nay be subtracted fron the updraft
velocity to yleld an achieved ratc of clinb in
a given thell]tal.

Evatuating the I,erformance Progran

As the prografr 'iSAILPER" was developed,
checks were nade to insure that each srb-
routinc was free frcn errors in logjc. llhen
possjblcj this consisted of runnlng check
cases for iihich the :ulsser !,as already known
or could be easily obtaincd. Chcck cases wex€
readily available for the lifting-line method
by Sivells and Neely because the documentation
contains tables of all thc nultiplicxs and an
exampre for one mgle of attack hich is

TR
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rorked out in considerable dctail. The prc
gran's msxers agrecd Nith thjs cxanple. A

lJrr 'er FV,luJl by .onparilg LinP
data calculated by the lifting-line subroutine
to experimcntal v,ing d.rta obtained fron NACA

sind tunnel tests and presented by Sivclls and
)ieelI. lire uing chosen for this check case
was of tapercd planforn Nith 3 taper ratio of
2.5, an aspect ratio of 10.05, and a tuist of
:3.5 degrccs. The root ai rfoil section as a
NACA 4420 Nhich varied li early to a NACA :1412

.!t the tip. l_ig. 2 slrows the conparjson of
calculated and experinental data.

Dcspite so c dlfficulties in nodcling the
_ !.,r'en-- ^. rg ue. ! n I rr' \rr) rg i.
foil sectjon lron root to tip, and troblens
Nith airfoil data accuracy, thc calculated
uing data gcnerally shoNcd very good agrccnent
with cxperinental data. It uas particularly
''.oI E: rg to lol_ I rl tr rs ,. dr'r.
|o i,po_ 'r,r to l _ omrl(e. hi- tF_r rlo'e
elen fol this relative,y ro (for sailplanes)
aspect ratio. Agrcener.t betsecn calculated
and cxperinEntal data \routd bc expected to in
trove, as is characteristic of a lifting line
nethod, for the highcr aspect ratios that arc
tyti cal of srilplanes.

r,t:

\,2

Nhen the .rccLrrncy of the wi g analysis
had been establishcd, thc final check was to
conFare c.rlculated data t'ron the total fcrfor
nance progran ith pcrfoxndcc data neasured
by flight testing. Sone 'rfine-twingl' of the
mathcnatical nodcl sas cxpected to result from
this conpJrisorl.

The continuing flight test program con
ducted by Paul Bikle [Refs. 10, ll, 12 .!rd
r5l under the auspices of thc Flight Test
Connittcc of the So.rring Society of Ancrica
provid.d good data for alxDsr tNenty diffcrcnt
sailplane typcs, and appeared to offer several
possibilities for conparison',ith calculated
pcrfomance. Upon closer exan:inntion, how-

di ffi cultics became apparent.
Seveial aircraft had to be elininatcd bccause
the airfoil section L6cd varied fron root to
tip, a vadation the progran was not alle to
node1. Others had to be ruled out because
thc airfoil used was either unknown or insuf-
ficient scction data was availablc. Uost of
the renainder were unsatisfactory because
there uas sinply not enoush published data on
rl'F ewn(r D ro pe.ril J good conr:gu,.rro,

.4

0

Fi gurc 2.

I

in ,lata taltE

. i::iii'*."t sivells and

r,6

I

16 24

experinental dat:r.

.04 .03 ,72 -3
cD

Comparison of non-1i car liltjng line



One sailptane, the T 6 owned by Bikle
hinself, not onty had been nore extensively
tested, but could be nodeled because there sas
adequate configuration md airfoil data avail

The T 6 is a nodified, longer $inged vcr_.ioI ol 1,, rtt n rll p-t4. designed d .olJ
in lit orn u/ li.ha.J Schr-J^r. T.- ,idoil
is a Wofinann FX61-163 which is nodifie.l in
the aft 20 to 5C perc.nt by filling in the
cusp on the loNer surface. This nodification
produces an effecrive decrease in canber Nhich
alteE lift aDd drag for a given mgle of
attirck. fests done by Bikle indicate.t rhat
the effect on lift was to shift the algle ofattacl for zero lift about 2 degrccs in the
positive dliectjon aid decrease maxinum lift
about 15 pcrcent. Addirionatty, section pro
file drag nessured with a travcrsine prob; was
equivalent to that of the unnodificd section
ith about 4 degrces of Llpward ftap deftection.

'lhese corrections werc appl ied to section datafor the F)i61-163 airfoil presentcd by Atthaus
(Ref. 14.). Monent coefficient dara uas also
nodified as appropriatc for a 4 desrce upward
flap dcftection.

Aercdynamic data tbr the fuselase was esl' ,1reJ i r ', e c, e. .l d,-g x,d prrJh.rg
, .rFr -. Litt oF rh, frc.tlpc r!. -e8tr..-d Le
cause it 

'l,as 
considercd to have a rather snatl

effect on perfornance or rrin, as indicated by
l,erklns and Ilage (Rcf. tsl, and no rearry good
data were avai 1ab 1c.

Drae data wcrc estinared bascd on tests
of scverat truical saitplane fusclage shapes
reported by Arthaus [Ref. 8). These fuserases
wcrc bodles of rcvolution and although sone
differenccs were apparent, shape no. 1 uas con-
sidered to be rcpresentative of the T 6 con

llonlent data werc detcnined for the shap€
no. I fuselage based on t"lulthopp's ncthod in
thc USAIJ DATcoll IRef. 16).

rnitial conparison ru s showed the calcu
iated perforJrancc to be slightly conservatlve,
although thc shape of the rate of sink polar,
lrrd the stall chaiacteristics uere quite siiri-
1.r. Becausc of thc relatively sreatcr uncer
tainty about thc luselage drag data, attention
was focused therc in attcirpting to corrclate(ith the flight test data. 1.he firsr adjust
r'ent vas si)np1y to chlnge thc i,ing incidence
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of the nath nodel from .5 degrees to Z degrecs.
This helpcd sonewhat in moving thc calculated
cuNe closer to ftiaht tcst data. This inci
d rca.:"lSc h-. i,,sr.fiea hy nor ,rg on Lc
trulil^ !'.e\ o r e I u rh.r rr, ton\a-d Ls!
lage was drooped and the lngle neasured bct-
wcen thc wing chord and a reference tine drasn
fronr the nose of the fusclage to the tsit Nas
approxinntely 2 degrees father than .5 dcgrees
as quoted in the specifications. The finat
adjustmcnt made to the data !:!s to rcduce t|e
intert'erence drag contribution of the fuselagcj
particularly at high angles of atrack. This
seened apprcpriate because ftow visuatlzation
picturcs by Blkle show sonEwhat cleaner flow
at the wing-fusetage junction of the T 6 thaD
uas obseryed on thc wind tunel modcls.

|ig. 3 prcsents thc final conparison bet-
Neen thc perfomancc calculated by "SAILPER,'for thc I 6 and that measurcd in flight test

17

Fisure 3. calculatcd and fl i ght
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by Bikle. The agrecncnt uas nearly perfect
after thc rational adjustments nentioned above
uere made. lt should be notcd that even beforc
the fuselagc drag values uere adjustcd, the
naxinun deviation Nas on the order of 5 per-
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Thc spccinlized perfornance prcgran for
sai tplancs, cal Ied "SAILI,ER, i' was dcveloped
based on an exlsting non-linear lifring-tine
nethod for Ning malysis- lhis iterarive so-
lution ncthod alloued 5-D ning characteristics
to be c:rlculrted for the entirc useful rangc
of angles of attack usinA t.rbles of airfoil
section data wh:ich included Reylolds nunrbcr
elfects. l,L!selage aerodynanic data wcre rep-
rcsented by equations for lift and pitching
monent variations with angle of arrack while
drag variations sere modelcd by a data tab1e.
lhc horizontal tait drag uas expresscd as a
parabolic variation wirh the tail lift rcquircd
to trin the aircraft. rhe veftical t.!i] drag
coefficient uas not varied.

A trim condition was achicvcd by iterat
iD8 on.!ircr:lft attitudc until the.qtrations
tbr vertical force and pitching nonent equi
libriun w.rc satist'ied for the velocity,
h^lgLr, .r.J ..!, .pF.'f. J. -rrur r"r .. 'I
teims ot' ratc of sink tnd L/D ratio was thcn

A circling option, (hicI alloLied pctfor
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