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trors of nioLion ot r tyficrL sailplan., for 'lIe diffcr.Dtial c.luntjor)s thrt drs.rib.
l)oth clc\,itor notion .nd thcrnrl i.futs. lh. th. dynamics of:jniltl!n. varionretr:r sIst.Jns
rcsuLts shoN t|at boih v('r1u.j !nd dlrlhraAn ar. obtaincd b) co birirg the equ.ttions of
tytc .orntcris.tcd vrrion.t.rs rcdu(:e tr.,.tly certaiir elcncnts (oNron to thcse syst.rx..
th. rlre ol .Iinb indicrtio.s duc to slick ilrcs. elc erts a.c the laminar-{lo( rcstric-
notion.. lnc.cnscd lag iD Lhc vari.nnctcr sys tion, thc spring-lord.d di.ph g)rL, Lh(j insu

^DSL.li.\CT
static fre.surlr rrc rot tr..tcd, Th.sc e.r(]r.
rrc irportrnt iD varionctcr d)nanic lrorfor

lhe ('p.ratin! ch.ract.risti!:s of diffur nJnce, but thei. .llcct. rrc rdditlvL. to thos.
c.t typcr ol !ilrio ctcr. xr. inv.stisrt.d l)l devclolr.id itr this Ir!pc., NrLd c.n be rnalrzed
coi4rul irg th.ir rcspons.s undcr l)fical sril at r lxtcr ti c. li')c Lrls due to lor! Irr.s
ILenc opcr.tine conditions. \1arion.t.r iys- surc su|ftI linc:i rrc ir) thc s!mc catL.gor).
t.D .(lu.tior! ol' notiotr rr. glr !:r.ted F.on tlr(:
r!uJtions of th.il elcni.nts. Lhc.c.q[ations
rr. soLv.d togcthcf oith lho nonlin..r c!ur

!lRl Ol"11lllR SYSI ll\i l:l,lillllNTS

J Jr 'i " l ' l:ir.,l 1lrsk. .nd tlre f1(( indi.ator. Schcnratic
encrg) cor.c.tioJ, boLli .e:iult ir p,,orcr fer sketd)cs of th.sc .l{-.n.nts lnd tn.ir (:orres
fornrnce. Thc comt).rsxtcd vr.iorclers ot,cr.tc pondins diffcrcDtial '!r,ti 'r\ Lle gli!, in
css.ntiallv rlith.ul lrg rhen ! thcrnal is c. |igures I throug\ 4- ln .lI ol: thcse l'j gd....

Ii.ll ROI)IJCI i(li.l

tlitl,t lert n.asu.cncntr o1 thc tcrlor
ofn(. of saiit)Larc insLruxrcrrs .r.: sul)jccr to
troblcns sidilar to tIos. L.ncout.red jr
flight tcst rcasureJilcnt: .f iiilftanc |.rfor
nafc.. lhit is, unlcss thc lir is quilo still
]n.l thc tcst proccddr'e is r.fhisticatcrl, ex
pcrincntrl 1.r!. coryarcd Iith th.
qua.titi.s oI i terest. lhe rlailaLilily of

.lrllul . t. D lwr 1

gratin! the e.Luations of notjor) ol tl,o sail
l,lorc and its instrunrenls oL,cns th. tossibi
lity of setting conrprris,Ds oI vxrioLr. iDstru-

conditions. ln atldition, improvcd mderst.rnd-
in8 of irstrunrcnt dynlmics car bc obtaincd
fro' d.tai Ls of thc solutions. l]lis approrch
is atiplicd in this paper to uncontensetcll and
lotNl cncrgl compcnsatcd varionetcr syslells,
lnstr'uDr.nt instxllation erors ar)d in !,ir1i
cut!r anglc of altack effects on nFasured

I - constant ol: troporlioraliir"

It = instrrrmcnt rcird ing

v = Ilori vcl oci l)

menl s)stcm conc.ft. und.r rjdigll controllcd w = cr (!t !2), Pois.uille or laninar flo{
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c-L :d i abai i. or..€ss

PP1 = constant

v is proportio.al to t

frcLRE 2, -

t

conLbinins equatiors (l) and t3)
.t
]r = i- rl,< pr

(herc thc systcr tino coDstant

lv - cflcr

lr -h= ai'r'

= cfc! {l!s/Ah)i, t ' -
.n! C.L -)/(\ /h)

liLrturnin! to thc !cn.rxl .quxtlons l ll
l:) dd usine eilual ror) lil

llLL tr/1,tr "lLl

t hc rcnain ing trot)ort ional j t). co sta t C i s
lorn.l fron the :jt;ady irstruincnt "".pnnrl to

'',nr 'r . ' i, I .i. ,. . . I, .1,...
, .. i r' , .i. l-1, 1,,

tion of eq.ratjoir (il as timc gocs to jnfjnitl

i i : ..

'lhc rcadin! of tr fro!.rly calib.xled !ario-
Ncter r'i1l !t)froach thc alt itudc rrl e l'r urd.r'
th.se condi L ioni.

(71

t8)

l!) l

llquations (,1) rnd (91 rrc thc d.sircd fli15L
ordel djflcr.Jrtjrl a.d oult,lt equatio s of
Lhe (rr(oip(]]]Srtcd vrfio cl cf.

(THENXISTOR BRlDGII)
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Thrcc vario.tcr ele,'c,'ts arc asscmhled
to fo.m & un(onf.nsat.d variDm.tcr syst.n, as
shosn in |igurc 5. |rom the cqurtions on
fieurcs I, 2, xnd ,1
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'Iltis systcD is idettti,:.1 to thc u comtc -

srlcd sysr,trr Nirh I, rV?/. s'rb\rrlulcd lur
thr' \tali. pr(:rurc p., {h( r( n!"/r is thc
dyn.rnr! t,rcssurc. Il,ir h.lds I ru(''for th,
Blrufsdrwcig tube fonr olr this systc ds ocll.
'thc roqui rcd cquations arc

_2
f = , (l , - -, -1,) I nl

Itt - i /(a pq/ eh) (ll)

rI( r^ T,, r th, ti"..rorr.r r.rr u th( .ti.r
r J lolii. (rl, rcsrr,ition. trtuiri,,s LI2rn(l (l4)

i'2=i'"-frr'.-r,rt (t7)

'td = Cd/Cr2 tlSl
the t iD. constant ot Ltrc tliJlrhrr[m eJ utrlnr
r rlr rcsl rtct iwl. r-,nA . trrt urq ( t :r rn t
( I,1) in (r s)

Rd = (:v ( cfi, cai. t cui,rt (191

(:xlibration oquation (8) !pplies to this srs_t(r 'r hrr. j.! r., rrr v.r, ir . .',,-,, 
". n"'

toril cncray \ysrcnr. Alsr,, itithc ut,trcr rnJ
.l_os.r, rcsl rr(l ions Jrc cqurl . J\ srr8!nLtcit hy
Yo.'r. r , uL erl = C.,, rherr

CU/c, - 1ulTu l2o)

and equrl io (19) b.comcs

,, I ,. 1, 1 .na ,r;- r ir- (P _g t'" . ! p,, (. r t'1 1

riquations (16), (17), and (21) arc thc dcsired

lrl-
I

)I^itil
iL_ t)

SYSl I]M

Iollow ing Moorcl thc d;aphraBrD
cncrSy systemis sho('n i l:iglrxe 6.

ljron the equatioos o l:jtures I

vr =,cfi)
v2 = cf2 (tJ2 - ft)

v2 - cd (i,. - i,2)

Rd = cvv3 = Cv (vr - v2)

shtsr. kr is thL jnstrumc'jrt r\'!djIg.
cqrat i oii (.1J

.tP-r (i,, - n)
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( l3)

( l4J
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(sccor\d-ordor) dif!'crcnlial und oetIut .qur-
tions lor th. diaphragntotal en.rll ..mt(.n
sated v:!rior ie t.r.

coMrLrT|D vAIl r 0r\1ri| l RHsr0NSus

ft r n' .1,
Dct.f r.jtonscs undcr trtiic.l srilplane ol)ofa
tjDg corJitions is to solvc thc tr.viou:jly
dc.ivcd !!riorLctet difl_cr..LirI rnd output
equatior:, :iuch .s (4) r.d [9] lor thc uncoir
pensrt.rd !ariorrctcr) togcth.r riith tlc dilt.
r.nriiil cqu!tiols ol sejltlanc Dk)tion. lhc
Do,r-lirlcxr lorD oli 1hc lirtlcr cquxl4{).s i:j u.rid,
e!ui!rlent 1o thos!: gi\Jc! |v Iltkin_. lh. non
I ir.xr aircrrft cqurl ions or- ol iort rctr.s(jrt
iriltlan.i drx! .ocff!(icnl as a tab!Lr. l_L!rc
tion of rnrl! ol rttach, ln!:ludjd! botlr tro
ii1(. an.l indu.cd d!r!. lhis is norc co,\rl i
crtcd th{n) th. lir.rriz!.1 c.juJtilnrs ol (rtioI
rrl'r -1.-'lir'',,l.
cvrlurlion ..:iluircii thr' tronliDc!r equrtionr o1'
rircr.{'t notioD. Sorn. dctai l: on lhc djgitil
.om|utcr !ro!ran that trodu.cj .uincrjcal solu
lions of th! r,rrioretcr slstcn !nd sJilplunc
cquations are Sirrcn in thc Atl{'.dix r:iv,'
rltcrnat. rrali. eter svrt.r$ ar!: anrlyzcd, ..
l i sterl i. lablc L

'lhe partirL r.nturi co'ntcnsation crrc
rcpres.rts a systcJr soiictiin.:s uscd to r!:()unt
for the loss in total crcrgy in pullut)s du.
to incrcased inLluccd d.!g at tl,c higher !rtlcs
of attack. lhis tyl. ol syst.jr is sini,l.t.d
bv nultiflying thc tcrr pV'/2 ir .:!uat ioD (10)
by thc lrl itrr) 1a.1o.0.9.

llLSrONSL TO lll,ll\iA rOR NlUlloN

lhc cfl{,.t1v.ncss o1 lotrl c'ncr8} conP.f-
satcd v.riorLC,tcrs crn bc judScd bI th.ir l!(k
ol .cstoDsc to rrt..1 clinb vri.irtjons

r''llr,
so cilldl "sticI th.nra1s." -lhi5 is inv.iti
latcd llor tno typ.s of stick thcr rls, . livc
'' rl '_ r.,.1 I ll "th!t is held. ltclrtivri vx.ionctcr lerlorr.nr:.
is siDilar in bolh crscs rrrd thc pu1.,. r.sults

'l.l rlr o
lhc tiiic histories ol rri 1t,1rnc lJr.iLc

tcrs du.ing thc lrulsc sticl rLotion rrL. pr.
'''r'.1 | ,Br" :. i I

stea.lv glido rt Nn cqLrivalcnl Jiritn,,.l of 5.1.t
rph, ith a des..nt rat.'of thl),tj 1..1 l)e.j u . lL ' r ,r'l i'.
sccorlds 3nd rcach.s a n,'xirnu)n incr. citil .1.
vetor arglc ot onc.lcgrc.. ,\ rxtc of cljnb
incrcnent of 100 fcct pcr hirutc is .,strbtishcJ
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','|

brl.FlI. lhc e.sL,i.'t r.1 iori is tl,. Lr.il kno(n
"ph(!!id" rt csrcntiJlly LL. inrti.l irritl. ol
rtt ick lDot flott.d).'llr. rcidi.lts ol th. ur.oDt).nsrt.{l rrd
v..turi totrl .ncr8) rrrionctcr sysl. ri drrin!
this uincuv.. rrc romt).r.rd n,ith th. truc ntc
of .li l) jn lii!ur. E. ,\sj.lc 1rln,r slight
1iDr. lr!t th. urcoi\)dsrt.{l slst.ir iirdirirr:
th! l fuc .r1c of .liN|. l'lr. inil iil irdi.r
tion look:: tik..ntr) into ! th.rnrrl, il tlr.
t)jlot ji urrrLtrrc ol th. sljght :{ i.l( rol ior.
1h. renturi total cn.rlty cor)l)cn5JtL-d 5lstcrr is
quit(. c1fr.tiv. in r'cdu.irg rhc indi.rtcd r.(c

lrolrf tolirl-enc.g) .ory.ns.tcd rJst.Dri r..
coup:rr.!l iD Iilturc 1), 11 r l!rg.r v.rricrl
scrl., lo. th. sarr n!r.u!c., !hc !.rrturi rnrd
diaphrrgii slstoxr Ixv. aLrxort idcntical rc:i
ponses. A rrl. oF .l jrtr c.ror of (r.:l fcct
I).r ninuteocc(rs at 5 scconds, corrcrpondin!
'. rl.! I r'. 'J. . 1' L. 

'1.6 l)crccnt of the fut. of cl in , incrcm.nt ol_
597 lc.t per ninute. lh. trrti.l v.nturj con
pcr)srl ed syst.n pe.lornrs n,orc poorlL Nilh ,tn
crror of,11.9 fect ]rer Ninute rt 5 sc.onds, .r
10,6 Derc.nt, llic slou-rcsponsc vcnluri syst.ir

|.hrv.s xs cil)cctcd, ith r.it)onsc I ilc th,rt
olj tIc l)rsic rrcDturi syst.nri but lag!,cd in

'lh. rcaron lor th. r.lativcly Sood t,cr
fornrarcc o1'thc total cncr&y conltcrsrtior 5I:l
tcns fbr tl,is crsc is 1o[nd in thc rrr.irtion
!jth tinc of thc totrL (totcntirl fius tiDctic)
.ncrgy lor th., sailpl.nc. lh. lotrl cnr.!I
drops rt a sL..dy rat. of:1190 poudd-f.ct tcr
sccord during thc stcady gljdc, du. Lo d.!9.
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lhis dergy Loss ratc rensins the samc to four
signilicrnt fiBures duri.!:t rhe pullup to p.rk
..tc of cLinb, in sfitc of incr.rscd aero-
dFamic drag !t thL'high.r a 8le of attack.
'lhus, thc total cncrgy corrcctionJ slidr is
bas.d on ideJl corv!,rsior of kiDctic to potcn
tial .nergy id thc pul lup, is (Luitc accuratc.
'lhls conclusion ay rcquirc nodi ficrtion for
sai ltlrncs with highcr induccd drag or for

)re drrsl lc

RHSI'ONS! l0 L'Hil R[1At.

the time historics of sailplanc para-
mctcrs hen encount.ring a themrl are pre
scnted in figure 10. Thc initial motion is
thc samc steady glide as beforc. Thc thcmal
is ol parabolic shapc, with a 600-foot diaIc

d t' 'l ,..'i..1 o ;,)

s)rstcns pert_ortr:!rother function in the l)hu
goid notion that Iollows cxjt fron th. th.r.
nu1. Thc total-e c,rgy cotPensated svstcns
givc the averag. sjnk rato of 160 feet t.r
irinute llor still uir, etirrinatirg the sulJcr
iryos.d oscil lat ion.

lrigllre l2 is a dctailcd tie( ol_ Lhe

variometer readiDgs !i thernal onset. lle
venturi and dirphragn co pensatcd slstc'ns fro-
vidc thc filot with Jccufat. clinb .:t. !ith
cssolltially no lag. thc uncorFersatcd s)srcn
lags about a hall' second in reachinS zcro leet
fcr inutc, thc slod xesponsc vcnttri svst.rm

(ioNCl,usloN

The foiloljng coDclusions rre drawr fron
this vari ouret. t responsc rnalvsis:

i. Dil'fcrential cquations for thc dl'ntr
nics ol sailpl ie v.lrio.rlers can be 'rif in'n
Lr), conbilingLlre cquations of eleDEnts coDnon

Lo thesc sYsteDLs.

2. l1jh.n an al't stick pulsc is rl)l)Iicd
JL,.,.i -ar !l'I t' r'JJ
pcrrsated varionct.r looks lihe entry into !

3. tsoth venturi an.l diJphragm total
enerey cont)snsated s,vsl I'nF )le .ffect i vc iD
reduiing the indicated r.lte of cliilr in cii'lr
the rali, p.oducirg enors of i.ar ler"nt ot'

thc ratc of clinb incrc cnt.

The rcadings of the uncornt)cns.tcd rnd
total-encrgy cornpcnsated systcns dLrring thls
rnotior are corParcd $ith tlc truc rate oI
clinb i. Irlcuxc 11. lvhll. both slstc'l 1\'Pcs
give rcasonably good iI)d;cations of the true
rate of clinb !he total-o,rerev co rperlsat.d
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7. The venturi aod diaphraS totil-
enerSy corDensated systens rcad avcrage sink
ratc during the lhugoid oscillation that fo1-
1o\.s cxit fror the themal.
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Al)fLNUl)i - cOl{r)IJTER PR0(;R{1.1 DlilArrs

Aercdynanic and rnass prcpertics data
used for the cxrnflc siilplane arc listcd b.-
los, in tirc notation ol'lablc 5.1 of Rclcrencc
2. lhc ei\3'nple sailplan. rs thc Scl,$crzer
SaS 1-34 stand..d class ichin..

liing arca -- I51.08 sq. I't.
l{efercDce chord " 3.24 ft.
Mass = 25.493 slugs

ly = 81)0 -0 stuc-ft2

\) = 0.01232 + 7b27 s2

Ct,a = 6.028

cmc = -0 6634

(:, = 5.427

C I = -2J. s2

4. r\ l) rtial (0.9) vcnturi corpensation
syslcnr t,orlor)ns D,orc !oo1.Iy, vith cr1'o]s of
10.6 perccnt of thc rstc of clin ' incrcneot.

5. Increasing thc ti)nc consta t oI rl)c
lenturi systcn laAs thc response, with little
orhcr eflcct on perfornance.

6. Both uncon\rcnsatc'd and totnl-enerly
comte sated systen6 tsivc Sood i dicarions o{
true ratc ol cliiib in a thornal., iDd llr. com-
pe sated s),stcnN Jo so riithout rptrcciable
I at.

C. = .3895

C - -l .865

-Ln
C = -5.521

-lhc nonliieor equations of aircralt no-
tion and the varioncter.qlr.rtions arc soLved
on a general-pur?ose flight sinul,rtion digi
tal computer proSra , using a CO{: 0;100 systcir.
'lhe t)rogran uscs "1 foulth o]'dcr I{unee-Kuttx
ifltcgration routinc, ('ith 0.02 second tinle
inte rvol s in this casc.
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