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Cl!J\PTl :I{ l 

rNTRODUC:T roN 

St ,ill s und sp in s hc1ve co ntinued to he u rn;1_101· c1use 01· ;iccidcnts 

involvin g gener:i l ;1vi,1t ion ;1irc r ;11t. Recent studi es (l<e l e rences l-:i) 

have s uggested th;1t modi 1j c;1tions to t l1e lc 1ding edge 01 the wing c 117 

reduce the tendency or li ght a i rcr;1 rt to enter ,1 s p In ;11te r st,1 ! l. The 

modi ri c, it ions t ypi c 1Jl y consist o r ,1c.kling ;1 drooped g love onto ;1 portion 

ol· the l e,1ding edge. Thi s 1·esult s in ;1 s h,1rp ,ind cli sco ntinuo 11 s ch,1nge 

117 airfoil s h,1pe in th e s p,.1rnvise direct ion . Vortices whi L· h ,1 rc s hed ;it 

th e Je,1ding edge discontinuities serve t o prese rve lilt on th e 1✓ in g to 

very L1rge ,rng l es 0 1 ;1ttDck. The resulting r1;11 top lilt curve 1✓ould 

produce g r ,1du;1l and nccir1 y syrnmetric::il post - s t ,111 ch::ingcs in the 1ving 

span l o,1ding about the nircr,11t rol ling ;me.I y,1wing ;1xes . Co nsequent l )' , 

very gentl e adverse ;1cceler,1t ions occur. rt ha s been h)7)oth cs i ::ed th ;1t 

t hese c hur,1c ter i s t i cs 111j l l help prevent in,1dvertcnt s pin entry ;1 1·ter :1 

s t,111 (1<.ckrence 2 ). 

The theoretic1 l hc1s j s ror the conc ept o[ Jc,1din _[.; edge 111od i 1· ic1tions 

was the modelling or three - di111ens ion,1] 1vin gs us ing ,1 non lin c,1r - lifting 

I in c uppro:ich 1vi.th ;i s imulat ed st,11 l ed 1ving sect ion (l<cl·crcnce l). This 

s tudy s ugges ted th,1t the loc11 Jc ,1ding edge t ype sep;ir;1ti on produced :1 

much s tron ge r induced an gle o r ,1tt,1ck di s tributi on th:1 11 tr,1i I i11 g edge 

separation. The st rong vo rtices s hed ;it the edge o r th e s t :1! led sec tion 

s t,1h ili zed (loca li zed) sqwration ;111d he lped 1i x th e :-;t,111 p;1tt e rn o r 

the wing s uch th;it the v;irious po rti ons 0 1· the 111 i11 g uppe r s ur1·:1c e s t:11 ll'd 

near l y syrnmetric1 l l y. The pos t - s t ,111 Ii rt curve or t he 1ving could he 

t ,1ilored ;1s :1 run c tion or ,lll g l c 0 1· ,1tt:1c k hy contro l I ing tile s t ,11 I :it 

Ioc;1l poLnt s along the s p:111 . 



The induced c1!-ects, or the 110" scp:1r;ition :1t st:111 ror :1 h:tsic 

(un lllod i i i cd) \✓jn 1~, c:1use upper surCitcc st.:ign:1tion (counter rot: iting) 

vortices to he s hed. The strengt h or the vortex ee l 1, i l Justriltcd in 

i: igure 1, illlpl i es t he l eve l o r· Ji ,-t loss. The in ho:1nl vortex nny not 

ex ist in the event or :1bsence or uppe r surC:ice li1t :it st:1 11. 

In order t o o ht:1in :1 better underst:1nding o r th e Ilrn, ricld in thc 

post-sta ll r eg imes :md the cfrects or Jc:1ding edge 1nodific:1tions on 

t hesc f"Jmv ri c !J s , ,111 expcr i111ent~1l r esc:1rc h progr:1111 h;is hccn c: tiTi cd out 

at th e Uni vers ity o r /\1;1ry l:md. T1✓o se ri es or t es t s 1vcr c pc rl-onned. '!' li e 

f"ir s t seri es cons i s t ed or rorc e :ind f"l oh' visu:1l i z:1ti on tests 011 :1 sm:tl l 

scal e N/\C/\ 00 15 wing in the /\crosp:1ce 13ound:1ry L;1 ye 1· lksc:1rch Tunne l. 

J):1t1 were obt:1 i ncd 10 1· incrc:1s j ng :rnd dee r c:1s .ing :lll g I cs o r ;1tt:1c k rrom 

o0 
to soO 

and :it :1 !Zeyno ld s nurnhcr h;1sed on c hord o r !~cc = 3S0 , 000. The 

second ser ies cons i s ted o r rorce, pres s ure me:1s Lireme nt :11Kl Cl mv v i s u:1I i 

zJ tion tests on :1 large srn Je N/\C/\ 00JS pane l wing mode l in the Cl e nn I,. 

/\ brtin \Vind Tunne l. These t es t s 1vcre ,tl so mac.l e ,-o r incre:1s ing :ind de 

c reas I ng ilng l cs or ;1tt:1c k f"rom oO t o soO and a t :1 IZey no Ids munher h:i sed 

on c hord o r Re 
C 

6 = 2 .0 X 10 . 

rn the ,-o ll ow ing c lwpte r, : 1 cl esc ript j on o r t il e experime11 t: 1l prog r;1111 

1vi1l he g ive n. The r es ult s o r· hoth se ri es or tests wi ll then he presen 

t ed in Ch:1pte r 3 . C:h:1pter 4 1✓ i11 sLurnn:ir i :::e the m:1j o r f"indin gs or thi s 

s tudy ;.ind r cconu11cnd:1t ion Cor r·uture 1vork h1ill he outlined in Ch;1pt e r S . 
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Cl 1/\PTI: I{ 2 

EXP!:1< fHLNT/\L Pl<.OC!0\M 

The cxpc r imcnt s 1verc compl cted in t1vo h' ind tLmnc l s; the ;\crosp, icc 

ljoundary L;i yer l{esc,1rch 'J'unnc1 ~md the G1cnn L. M,irtin Subsoni c \Viml 

Tunnel. llcta il s 0 1modc1 constrt1ct io11, test procedure, crror,1sscss -

mc nt ,md cl:Jt,1 reduction ,ire· ,11 so g j vcn in t hi s ch,1pter . 

2. 1 Test 1:,1c jliti es 
- - --- - - - --

Th e /\cros p,1ce Bou11d,1ry L,1yer l<.esc,1rc h Tunnc 1 i s ,111 ope n c ircuit , 

v,1riahl c s peed (1rom 4.57 m/scc to 45. 72 111/scc) friciJ ity 1,; ith ,1 r cct, 111 -

guJar test sect ion measuri ng 43. 94 an hy 11 5.83 cm. l.ift, c.lr,1g ,rnd pjt -

ching mome nt meas ureme nts ;:ire 1nc,1de 1vitl1 c1 threc -co111ronent s tr,1in - g,1ge 

lx1 1once . /\ furth er descriptio n of the tunne1 i s g ive n in !kfcre 11 cc 4. 

The Clenn L. ~brtin Wi_nd Tunne l i s ,1 c 1osed c irc ui t 2 . 36 m hy 3 . 35 m 

s ubsoni c tunne 1. Th e t es t sect j on ve1ocit)' cou1d he v:1r i ed ,rom O 111/scc 

to 91.44 m/sec . It i s cqujppecJ 1vitl1 ,1 s ix-component lx1L1ncc . The d,1t ,1 

:ire oht,1ine c.l by ,I reul time compute r c011tro1l ec.l d,1t,1- ncqu is iti on system 

;rncl r eco rde d on c.li g i t,11 1m gnct i c t,1pc . The systern ,11 so h,1s ,1 r e; 1l time 

plott ing c:ipoh i1ity . for furth e r detn ils 0 1 the wind tllnnc l sec lk l-e r 

e ncc S. 

2 . 2 Mode l s ;:i nd l,e,1ding 1:c.l gc Cloves 

Th e t1-JO - c.limc ns ion:1J 12 . 7- cm-chonl 1v1ng mode l t ested i11 the /\eros p,1cc 

]jQUJ1dary l.;iycr l<.csearch Tunn c 1 lwd ,111 N/\C.i\ 001 5 ,1ir1o il sec tion. Th e 

coord in ,1tcs o l- thi s sec tio n :ire g ive n in l<.cfercncC' b. '!'he Jllodc1 1v,1s con 

s tructed o, lam inntcd 1mhog, m)'. The s ur 1,1cc o C the Jlloc.le l 1v, 1s I ,1u 1ue r cd, 

.) 



s:mdcd ivi t h No . 400 CTrhonmdtnn p,1per, p,1intcd hL1ck ,rnd fin;1ll y huffed 

to oht;i in ;in ;1e r ody nomi co l l y smoot h surf:tcc . The m,1xirnum ckvi,1t i on or 

the mode l coo n Jin,1tes f rom t he spcc il. i cd coon.l i n:itcs h 1,1s 0. 127 nm1 . The 

mode l s1x 1nnc.x l the 4:\ . 94 cm d imen s i on oC t he t unne l. /\ O.o:\S nun g;.q, 1v, 1s 

;.1!l owed bet 1veen the ends 0 1 the lllode l ,rncl t he t unne l w;i l J:.; to insure 

1recc.l om o , movement. 

i\ s ivi 11 he c.li scussecl i n t he nex t c h;1pter, se r i ous ques ti ons :i rose 

during th e two - dimens i on:ll t es t s ;1hout the v:11 i d i t y o r t he d;1t:1 i n t he 

pos t -st:1 I I r eg ion. llence t he t 1vo- d i1nens i on,il mode l 1v:1s Inte r t est ed ;is 

,. , t hr ee- d i mens i onol n--1l ec h on p l ;ine mode l hy dec r e:1s ing it s sp:In to 80'!, 

tunne l \vjdth. The se l ec t i on 0 1 th e m,1x imLun sp:111 0 1 the three - dimens i on:il 

mode l 1v; Is hd sed on t he conc l us i ons o r l{c 1er ences 7-9 1vh i c h sllo1ved t h:1t 

t he t unne l w;i ll interfer enc e , o r t h r ee- dimens i on,!] t es t s i n ;1 r ec t ,111guL1r 

test sect i on i s mini mLm1 1vhe11 t he r ,1t i o 0 1 sp,111 0 1 t he 1ving t o 1vi dt h o r 

t he t es t sect i on i s ;--1 hout (l. 8. A sket ch 0 1 the ins t ,Jl lilt i on 0 1 t he 111ode l 

rn th e tes t sec t i on i s shown in I: i gure 2 . 

The 4S. 72 - c rn - c ho rd, l :\7 .l o -c111 - semi span NACA OOl S r e I· 1ec ti on p l ;1ne 

model t es t ed in t he Cl enn I, . f\1a rt in \Vind Tunne l h:1d 1i ve n ws 0 1 press11r e 

or i ,ices :inc.l :1 segment ed 1L1 p :1s shown i n I: i gure ::i. Thi s 1v; Is ;111 ex i s l i ng 

L 1m j n;ited m;1ho< 1 anv wino mode l 1vhi ch w;i s 11rev i.ous l y construc t ed hy t he 
b ✓ .. ~ .. 

1vi nc.l t unnel . The press u1·e o rif i ces 1ve r e connec t ed h y p L1 st i c tuhes t o 

a pressure tr;111 sduc e r through :1 scnn i v;i L ve. 

The L JTge sc 1l e h' ing h';Is mod i 1i ed by ho l tin ° on 1voocl en l e;1ding edge 

g l oves 1vhi c h 1ve r e i ns ti ll l ed i n segment s so :i s t o produn' ;111 1mrnodil. i cd 

gap 0 1· v ;_1ry i11 g 1vic.l t h ~It v .1 r i oll s sp;11 11v i se pos i t i ons. The g l oves , e i ght 

i n numbe r , 1ve r e o r equa l l ength s. Th e g l ove 1,•:Is des i gned hy m;1t c h i ng the 

nose o r ;1 14':, tli i d 48. 77-cm- cho i·d CL1rk Y ,1i rro il t o the lc:1ding edge 
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u s ur aces 01 t1c t,vo airfoils coincicle 0 f the winb0 such tl1"t tl1c'. upper f r I 

1e O1ver sur DCC' o - the Clark Y air f o i 1 was from 8. 5% to 40 °0· o [ cl1ord. Tl 1 f £ 

fa :i recl flat from 12% to 35% of chord so th[1t it hlc n<l ecl 1.,r ith the Jo1.,rcr 

s urfoce of t he wing. Tl1i s resulted in a cambe r at the nose as well as 

"1 snwl l e r leacJjng edoc rad· b .lUS . 
/\ sketch of the c1irfoil wHh ]ecid ing 

edge glove is s hown in h gure 3. 

2 -3 Test Proced ures 

The exper imental p r ocedures fo1101.,reJ Lil the two ser ies of tes ts ,ire 

<lescr ibecl be 101.,r: 

/\) Two - and Tlwee - Dimen s i onal Tests rn the Aerospace Bound~1ry L;.1yer 

Research Tunnel 

The tests conducted on t he horj zontolly mounted 12. 7- cm - cllord NJ\Ci\ 

0015 wing con s J stecJ of measurements of ljft, drog, quarter-chord ritchi ng 

mome nt aJ1cJ f1 mv vi s ua 1 iwtion tes ts 0t a Reyno l d s n umber bJsed on c hord 

of Ike= 350,000 . The data were ohtoined at increasing aml decreasing 

an g] cs o f attack f rom o0 to so0
, at interv,1l s of s

0 

or less . 

1he t hree -component str oin - goge bo]a nce was c0libroted at t hC' be -

g inning a nd encl o f each test. /\ s imp l e but qu ite accur~1te procedure 

wos emp l oyed for caJih rations. ThJs Jnvolved replac ing t he wing 1vi t h an 

cll uminum rod wh j c h was he l d 111 pos i tion i n the hc1l cmce ~111d extended to 

' 
t he middl e of test sect ion. SjmuJ ated l oc1<ls were app l jecJ i 11 sm:111 in -

C I ] · 1 t · 1g 1-,· xtL1re The .. str,1 ·111 Le.,·1ge 
remen ts to t he l i ft/dn1g mome nt ca 1 1r~

1 
11 · · . 

output was ompl i fi ec.l 900 t imes :lJlcJ r e,1d on a digi t<-11 time i ntegr~1t ing 

milli vo] t meter . Poss i bl e i n teTference between t he t h ree compone nt s o f 

the ba l a nce 
1

.,,
35 

a l so checked <luring cal ihrntion and w;:1s fo und to be ne -

t lle C
·

1
l 1·1--1·:1t1·On curves for l ift, dr:1° ;rnc.l 

g l igib1c. Typ i cc1 J slopes or ._._ , - t:, 

ri tchi_n g moment we re 88 mv/2 28 gm, 6~) 111v /SO gm <-u 1d 279 rnv/50 ft - gm 



respective l y . 
The speed o r· t he tlnrne1 Cordi I·rcrcnt ,1t titudcs o l- the 

model lv;is held 
const,1nt I 

))' V,lr)'ino the O])en i11 0 or cont r o l V, llll'S. I:I11ctu;1 -
b b 

tion s In lirt, 
dr,-1 _g ;inc.I 

moment h'c i·c 
onlc r to 

r ead t he v- l ' -
c1 ucs corTect l y, 

the mill i vo l t met . 
e r ,vn s 

the post -s t;il 1 r eg i on . 

the time i11tcyy:1t ing const,1nt or 

In 

set ,lt 1 0 seconds. 

0 i ] Cl O\v Vi s llu 1 i .., . t . 
- " 1 on tests ,ve1·e m,1dc 

o il and t itanium d i ox i de 

u s i ng ;1 mi xtu r e oC llline1·;1 l 

I ll ,1pp r ox im;1te ratio o r 1:1 hy vo !Lune. /\ 

sm,I l J ;unount o r 
0 l e i C 'IC. d J t. 0 l 

c 1 \v, Is added to contro l t he deg ree o r coagu •1 1 1 

Or purt icles . 

I t ivus or i g in,lll y . 
-- rntend ed to study the e erects or l e;id i ng edge 

modj f i c i t i on s on 1 tie sm:ill scal e mocl e l s befor e doinQ tests on the l ;i rgc 

sc1le p ;.111 eJ wi ng model. 
llowever , hec1usc or tillle constrn ints, t ests oC 

the 1or_ge scale · 
wing were pe 1· Corrnc c.l befo r e the s111 ,1 IJ sc 1J c tests were 

co11Ip I c t ed. 

l5) l~cllection - PLtne ~lode ! Tes t s in the Gl enn L. ~l;.1rtin \\liml Tunne l 

The t es t s on the 45.72 - c lll - chon.l NJ\C/\ O(ll S 1ving h' ith ,md 1vithout 

] c;1c.lin o cc.Inc 1110 , . r· -. t' . . 0 b c.1 !Cd 1on s Ln c 1uc.lc c.1 s 1x - componcnt hc1Llllcc 1nc;1 surcmcnt s , 

pressui·e cJj strihution me;1suremcnt s ;inc.I o il r 1rnv v i su,11 i :: ;it i on t es t s ;it 

inc r c;1s in _l.'. ;_me.I clccrc· 1 . I r tt I r (lot r (lo ., . ', S Lll g ,lll g cs O ;1 ; JC, r orn O .) . These test s 

1-vcr c conduc ted ;_1t a lkynold s munher ( lx 1scd on t he chord o I the unrnoc.l i r i ed 

1ving ) 0 1 l<ec = 2 .00 x 10(). The mode l w;1 s mounted vcrti c:1ll y on the rI oo r 

0 1 t es t section. Wtnd ore d:1t;1 1vc re obt:1incc.l ror -s0 
throt1gh ss0 

:md 

11e 1·c taken jnto occount 1or t est d;1t :1 cor r ec t i on. The r·o l'C c : ind pres 

sure d ;.1t;1 1vc r c mc;.1sured s i111t1L tcrn cous l y ;md r cconlcd h:, the cL1 L i - ;1 cq ui s i 

tion sys tem. An o il mi xture , con s i sting o r 20 h'e i ght mot o r o i I :ind 

11uorescent g r ee n C.11. JSS':, dye , in th e r :1ti o o r 2:)0:1 h)' 1vc i ght , iv; i s 

u sed in the CL 01v vi st1,JJ i ::;1ti on test s. I: i gure "l sho1vs the v:1riuus 

(1 



mocJ j ,-j c c.I l e,1c.li no 
1:-, e dge conri. g uYat i ons hhi.ch wen' tested. 

In t hi s sect i on 
;m c.1ssessment 1 s m;1de of the errors i nvol vcd i 11 

t lie [orce 
' pressure a . I . -

ll , <-1n g l e o l ntt;1ck mc;1surcments. 
these h;1ve been 1 i s t cd in Table J. 

Fo r convcn i e 11e e, 

Co] umn (a) · .1 111 'u hl e 1 cont;1in s c rYor ossessment ror the d;iL i oh-
ta i ne c.l I n th e 

Ae r osp:JCe Bou.nclny l,o ye r l{eseorch 'l'mme l . '!'he percent;igc 
e rrors Ln t he r 

orce and the moment coe rrici e nt s 1vere c ll c ul;-it ec.l rrom 

the m;1 x i mum v•ni · t. 
~ a ions and t he ave rage v;Jlues or the rorce cJ nd the 

moment cJt a= 18 0 _ 
'!'he varjat.ions (f' luc tu;1t io11 s ) o r th e 1·o rce and the 

moment cfat;:i 
we re cs sent i a lly zero .in the pre - stu n r ;rnge . 

Cohmm (b) l l s iows t ie error a ssessment of the c.lat;1 obt;1 i ned in the 

Cl enn 1
•• fvbrt-in Wind Tunne}. '!'he variations in the force ;mJ the 111011ic nt 

coe rri.ci ent s g iven in thi s coJwnn "'ere cal c uL1ted Crom t ile m;1x i1nurn poss i 

bl e v,iriation in t he force and the moment meas tl!'e rn e nt s no 11 - d i1nension;i -

J i ze c.l 1vith res pec t to the ha s ic 1ving . 

2 .5 lk1t;1 Reduction 

The procedures useJ to reduc e the c.lat;1 oht;1j nee.I Crom tile tests i 11 

t he /\e ro s pc1ce Bouncla ry !,ayer l{ese,1 rch Tw1 ne l ,inc.I the Cl e11n I .. ~t1 rt in 

WjnJ Tunnel arc outlined c.1s ro llrnvs : 

A) T1vo - ~Ille.I Thrcc - Djrnc 11 s ion;iJ Tes t s in the !)oundnry l,;1ycr l~e sC':1rc ll 
Tunne J 

The 1 i rt, dr;1g :111d qu,irt e r - c hoi-d p i te lling 1110111c nt d:1t :, oht :1 i ned 111 

millivolt s rrom th e dig it ~1l mi1Jivo lt111ctc r 1vc re converted t o 1·o rccs 111 

g r;1rns :md moment s in foot -gr,1rn s through G il ihr;1tion cu 1·vcs. Tile r OOlll 
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press ure, tcmpcr,1tu 1·c ,in cl atmospheric dens i ty wen' used to c;1lcuL1tc 

t unne l s peed 1-rolll t he s11ccd 1nicronrn1ometer reading. From tile l i1t, dr; 1g, 

c1u.irter -c ho rcJ mome nt and s peed ;is oht,1 incd ,1hove. the I i Ct, dr,1g ,111d 

lllOlllc nt coc1 Ci c i c nts 1ver e c:1l c u L 1tcd. These coeCC icients 1vere then cor 

r cct cd for w i ncJ tunnc 1. Wi.1 I l correct i O11s as g j vcn he l o1v: 

1) 'l\vo- Dillle ns ion ,11 \Vind Tunne l \V,111 Correct i o ns: 

Tl1 c foll mv ·ing exp ress io ns , conti.iin ecJ in l<.c 1c 1-encc 7, 1,crc used to 

cor rect the 1-or cc ;111cl moment data [o r t he e1Ccc t s o r t he solid hl ock,1gc 

cc.1 u sccJ by the con s t r j c tio n o f the [ l ow past t he mode l , Co r th e e ffec t s 

0 1 hl ock;:i ge c;iusec.l by the Wi.1kc ;inc.I 1or t he cJj s t orti on o l- t he l i1t d i s 

t r ibutio n caused by the induced c urv,1ture 01 t h e n m,. llori zonta l 

buoyanc y correcti on s we r e neg l ec t ed s ince t he pressure g r ,1d ients i.ll ong 

the wa 11 1,ve r e ve ry s11w 11 due t o a s 1 i gh t t est sec t ion cJ i vergence . 

a a '+ 0.0 223S4 (Ci,'+ 4 c~,') 

C I, CL' (0 . 9%00 2 0.10 917 Cll 1) 

Cll = c
1
i' (0.99 7677 0 . J09 17 c,i' ) 

c:~, = CM' (O . ()984S2 0.10 917 ell, ) + 0. 000(11 25 C: 1,' 

1vli c r e the pr i llle cl quantiti es r e present the coe ffi c ie nt s me, 1surccl 111 th e 

tLUln e ] . 

2 ) Thre e - lhrnc ns i on,11 W·ind Tunne l \\1,111 Correcti ons : 

Correction s a ccow1ting 1o r the e U ec t s o l- so l id hl oc l«lge, 1v:1kc bl oc 

ka ge ,me.I s tre,unl inc c urv;1turc we re used ,is g ive n in l~e 1e r e ncc 7 . The 

clo1,vmva s h co rrection C,1c t o r, 0. 2 1S , de t erm ined from l<c Cc r e nce ~) 1v, 1s used 

1or th e ,1ng l e o l- ;:itt ;:1c k correcti on. The v,1rious t hrec- dime ns i on:11 

c orrccti o n -c.x.7-n-ess i ons cire g iven be l ow : 

\I 0. 7 t c h 

s o.n64 4V + o. o4S44 s c11' 
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CJ. = (J, 1 -

CL = CL' (l 2E ) 0. 22:i89~) C I ii 
' !, 

7 

Cll = cl) I ( J 2E) + ()_():i9071 t.; ( c:1, I ) ~ 

s C I , I 

cJ\,1 ( J\1' ( I 2E) + o. OSS97 L] I 

where the primed quuntities represent the coerr icicnts me"sui-cd ,n the 

tunnel. 

I~) '1'hree- Di111ension,1l Tests jn the Cl enn I.. M:1rtin \\/ind Tunnel 

The force d:1t:1 obt :1 i11 cd 111 this tu11nc l 1\1cre corn.'ctcd ror sol id 

h1ock:1_12c', 1· •: 1k:e I 1 k · · 1-1- I I ·11 - -· v, ) oc :Igc, tunnel 1v,tll constr1ct1on c ccts ;1nc. ,01v111v,
I
~ 

c rrccts her o r e recording t hem on to digit" l "'"gnct i c t;ipc ( Iler e rencc JO J · 

l),it :1 1vere ;1v:1iL1bl e bo th in hoc.ly ,1 nJ 1vind :1xe:; sys tems. The pjtching 

moment d"t" "s recorded i,c r e "bout the "xis of rot "t ion or the tu ru t" h J e 

on which the mode l wus mounted. An orrset of 3.02 c m, ,d1ich ex isted he · 

tween the ;ix ,s or rotut ion und t he quu rte r · c honJ J inc or the lx ,s i c wing, 

1✓c1s t;.1ken into cons jc.Jenit i on 1vhil c reducing the pitching moment c.bt,1. 

The pressure di stl' i hut ion dutu ohtil i ncd in mi J l i vo I ts wuc "I so r ecorded 

on the "'"gnct i c t" pc. Fo rec und p rcssu re d"t" were t ,·uns re ,..-eJ r rom th c 

m"gnct i c tupc to u r i I c on the Uni vc rs i t y ' s UN l\'AC I J 08 co,nputCl' r"c i I i 

t)' ror I-urthe r J :1t ;_I reduction. 

A computer p rog rum '" ' s written to c d c u I "t c "nd plot ro rec ""d mo 

me nt coc rri c i e nt s. For cilch con r i gurat ion , the "ppropr i "' e pn1j eel ed 

- d imc ns ion" I i z ing the ro recs "nd moments . The pitching moment s "" '"' c" I · 

cu 1 uteJ "t the quu ,·tor • nK'U n · uc rod Y"""' i c -chard. Th is p rog ,·:,m " I so i 11 

corpor" t cd en l c u loti on und plotting or chorch,' i sc I oc "' ion or cell t er or 

pressure ,n1d spu n« i sc I oc"t ions or centers or I i rt ""d d ,·ug -,hi ch wne 

der i vcd :Is r·o I l rnv:-;: 

~) --



X 
J\ IB 

C ) I C = ( - -- + 
LI~ 4 

YI 
l\v 

) I h 
LIV 

Y2 = 
NW 

) I h 
DIV 

1~here s ubscript B s Lrnd s for hody ;1.xcs system ;rnd h' for wind ~1xcs system. 

/\nothcr prog r ;1rn 1v, 1s written t o c;!l c uL1tc th e p1·csslire coeff ic ients 

;md to pl ot the pressure cocr f-i c ic nts in t1vo dimen s ions ,rnd three di111cn 

s Lons . /\ 1 i st ing 0 1 the progr~1rns i s g iven in /\ppcndi x /\. 
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CIL'\PTl:R 3 

RESULTS /\J\J ll lH SCUSS I UN --- --------·----

The r esult s oht ,1incd 1rom tests on t he s m;1l l 12 .7 - c in - c ho rd N/\( :J\ 

OOl S ivin g mod e l ,ire presente d in Secti on/\. The result s 0 1· expe riments 

on th e Lirge !J S . 72 - cm- c ho r d N/\C:\ om s h' ing mode l ,ire l·ont;1ined in 

Sec t i on B. 

/\ . 1 2.7 -c m-Chonl N/\C/\ OO J S Wi ng Mode l l<csuJt s 

Two - and threc- dimc ns ion:11 :1e r ody n:1mic c kir;ic t c ri s ti cs (lirt , dr;1g 

;1nd pitching mome nt) o r the 1 2 . 7 -cm-c ho rd N/\C/\ 001 S 1v i ng ;1 r e p resent ed 

in Fi gures S- 7 . The tes t s 1verc compl e t e d ;_it ;1 Reyno ld s munhe r h;1scd o n 

cho rcl of l<cc = 350,000 ror :111 g lcs o r ;ittil c k 1ro111 o0 t o so0 . llvste rcs i s 

c [rects we re :tJ)J);1rent 1vh cn t he ,11w l c o r :1tt:ick w,1s r e duced 1r0111 th e ,, 

d eep post - s t :111 r eg i on. 

/\s s hown in J:i gure s S,,1 ;_ind Sh, tl1 c secti o n l i rt c 11rvc ro 1· the ,\J/\C/\ 

001 5 :ii1·ro il is no t l ine c1r ;_it 101,c r :111g lcs o r ,1tt:1c k. 110\vc ve r , the sec 

t i o n l i rt c urve s l o pe or 0 . 00(i / deg rec i s oht ,1i11 ed h)· ;1 s t1·: 1i ght l inc 

rit be twee n :mg l cs or :1tt;1c k o r C( = o0 and CY = 8° . /\ m;i x illlllJll sec ti o n 

I i1t c oc 11ici c nt or 1.03 occt1rs :1t ex I s0 ,me] ;i second pe;1k, h:1v in µ ;1 

v:.i lue o[ l.O S , occurs :1t a = ,JS0
. 1:o r th e thre c - di111c 11 s io 11 ,1l 1ving 0 1· 

;_ispcct r,1ti o S .S!J, un ;1vc ro ge Ii rt c tirvc s l o pe or 0.06'1 / dcg rcc i s oht :1i11cd. 

The initi ,1 ! 1 i rt - coeffi c i e nt pc:1k o r 0 .93 oL·c ur s :it C( = lh
0 

;111d the sc 

c o nd pc :1k o r 0 . 78 oc c urs :1t rx = LJS
0

. In the pos t - s t: 111 r c.s io n the 

thre e - d imen s ion:tl l i rt i s l ess tli :111 th e two - di111e ns io11 :1! Ii rt. 

J\ sect i on l i rt curve s l ope o r (). ()\) (1 / deg r cc 1\1:I S ;i ] so oht ;1inc d ror 

( (J · l · 1 I l1 ( 11 r ;1nN/\C/\ OOI S ;_iirroil ·1t l<c = 1.23 x 1 l 111 c:1r 1e r t es s 1y ope ,c , c r 
' C 

c ncc 11 ). 

I I 



Compa ri son of t he two- dimcnsjona l results in i:igurc Sa and Sc inclicJtcs 

tJ-wt the effec t of Reynolds numhcr is to increase the initi ;1l l i ft - coe [-

1· - . Lc 1 ent peak wJ1crcJ s the second peak Jocs not change appreciabl y. 

The r esult s of t es t s on J t hrec · dirnens ional fl at pl~1te ,v j ng (aspect 

rati o S) from Hcfcrcncc 12 arc a l so s11own in fig ure Sc. The fl at pl ate 

dat a s how only one ljft -coc ffi c icnt peak o f 0 .9 at a .., 30° . 

The r esult s in 1:i gurc S show thc1t the hys t eres i s in 1 i f t exi sts for 

the two -djmens i onctl N/\C/\ OOl S wjng in t he vi c init y or s ta]]. ln the r;.mge 

of a near s tal] , the lift [or a decr eas ing angJ c o r ,1 ttack i s l ess than 

the l ·ift a t corresponding angle 1vhc n t he angJc o [ attack i s incr eas ing . 

Th e ljft hys t e r es i s al so exi s t s for th e thrce- Jimcns i om.tJ N/\C/\ OOl S wing . 

The hys tcres j s in Jrag and p:i t ch i ng moment exi s t f or th e t1vo- c.l imcns iona l 

win g a s s hovv'll :in Figs . 6 and 7 . The cJrag at c.l ccr cas i ng angl es of <1ttc1ck 

1 s more th,m the clra g at increas ing angl es or c1ttc:ic k. The pitchjng moment s 

ar e more negative during the c.lec r e~1s .i.ng angl es of cittac k. The hys t e -

res i s Lil dn.i g c1nd pitching moment al so ex is t f or the th rec -cJi.rnens ion;:il 

wing . The hys t e r es i s in Jjft, drag and pitching moment ,1rc in ag reement 

\vj th the rcsu1 t s on these hys t er es is r eport ed in !Zefer ence J :i . 

0
-
1

· 1 · 1_:
1
· ou1·c 8 s how the 1Jhcnomcnon o I l;:im i n,H sc1);,1 r~1 -

flow patterns Lil o 

hon on the NAC/\ O(llS wing at Rec = 3S0,000. The scpc1r;,1ti on 01 ;,1 J;1mi.n ;,ir 

flow over t he N/\C/\ 001 s oirfoiJ has been mentioned in Chapter 4 0 1 !~c f -

lc.lcnti.co1 f1 ow pattern s wer e observed on th e upper and lrnvc r 
e r cncc 14. 

(\t a = o0 , the Cl ow on th e uppe r 0 

surfaces at an gl e of attack a = 0 · 

4
c" I cl l ocati on ~1s s ho1vn in i:i gurc 8,1. /\s 

surface separates Ht about ~ n c
7
or 

t l 
l til e Scr ,1n1ti on moves t o1vc1rcJs th e 

1e ann]c of atta ck i s inc r cascc , -
b 

1 
r (·1.nd t o1v~irds th e tn i J i ng cJ gc on th e 

cading edge on the upper sur occ 

lmvcr sur I occ (rl gurcs Sb ond Sc) . 



l --0 
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Th e two- din1c ns i o n,1J flrnv p;_1ttc rn s 1,crc csseJ1 ti,1 ll v s irniL1r to the 

threc - dimcnsion,1l flo1v pi,!ttcrns bcl-orc st,; 11 . As the " ~- ll" ,rnd :i - 1) 

ivings uppronchc d st;_1l l, n p,1 ir 01 countc r - roL1ting sh1 irl patterns 1vcre 

o hscrvcd in the o il p,1t tc rn s (l: i gurcs 9;_1 nnd 9h). The p;_1ttcrn 1v,1s sym

met ric ;_1bo ut the ccntc rl inc for the " 2- ll" wing hut s hi 1tc c.l to\\1,1rcl s the 

lvi.J lJ for the 3- D 1v1ng. A r cg jon 0 1 r eversed [l01v ex i sted over t he ccn 

tr,11 portion 0 1 t he 111 ings . As s uggested in lk1crcncc J G, t he 1·or111,1ti o 11 

o I the s 1vi rl p;1ttern s m,1y he due to J I oop vortex tlwt i s ,1tt ,1c hcd to 

the 1ving in th e centers or tile s 1virl s. fn rn1othc1· cxpl ,1nn tion ( l<ef"e r c ncc 

I ), t hese vortices , ITC vich1eJ ns coming orf the s ur1,1 cc ;_md go ing to 

inf"inity 1vithout intcr:1ctiJ1g 111 ith c,1c h other . The o bscrv;_1ti o n or the 

s 1vir·l p~1ttc rns o n t he " 2 -1)" wi ng l e d to questions ;_1hout testi ng s t1c ll 

model s in t he post -stall reg i o n . 1:or thi s re,1so11 , ,111 Liter t es t s 1vcrc 

conduc t c c.l wjt h r c fl ccbon p1,mc or 3- Jl 111o c.l c l s rnoLmtcd o n o ne 1v; 1l l o r· the 

t LUll1 Cl. 

Scvc r;_1l te s t s 1ve rc pcr1orrnccl wjth 0. 2:i nun l eac.lin g c c.l gc g rit p l ;_1ccd 

at S~, c hore! in o rd e r to s imu1 :itc e ffects o l- h i ghc r l<cy nolc.ls numbe r. The 

S J Z C of the grit 111,1s dete rmine d us in g the cr jte ri ,1 g ive n rn !<c l·c re ncc 17 . 

111 ;1dditirn1, the 1vi11 ,1..; 



The tests clescrjhecl :1hovc on thC' l2.7 - cm - chon1 N/\C/\ 0015 wing 

were j o intl y 111ucle 1vi t h ,1 rel10111 gr:1cJu;_1te student Mr. S . . \gr:nv:!l :rnd 

~ire a.lso reported in hi s thcsjs (l~crcrence 18) . 

13. 45. 72 - cm - C:horcl N/\C/\ 0015 Wing J\loclc l lks ul ts 

The r esults o r t es t s clo ne on t he 45. 72-cm-chonl N/\C/\ 001:1 1v1ng ivit h 

;_rnd ivitho ut 1C'ac]jng edge modi fi c 1t j ons :ire presented in three p:1rts. 11:il"l 

117 p;1 rt t\\10. 

tr i hu1. ion, tile force ;1n ll the rlrnv pattern i s discussed. 

l . ) Si x Component Force and Moment D~1to 

The data For the 45. 72-cm- c hon.1 N/\C'\ ()()1 5 wing 1vcr e ohta in ecl ;_it Rey 

nold s munber (lx1sec.l on unrnoclj riecl 111jng c hord ) o f Rec = 2.0 x 10() ror 

inc r ec1s i ng and clecre;_1si ng an g les or ott:ick 1-rom o0 t o so0 . 

The e ffec t s or v;_1ry ing the loc.1tion ;_ mc.l extent o f t he g;.1p 1n thC' 

g Joved le,Jding edge over the inho(.1nl h,11 r 01 the re1 l ection p J;_ 111 e rnoclel 

:.Jrc s hown in 1: igu res 10 to 16. The results 0 1 ot he r moc.liCi c.1ti ons :ire 

g iven in i:.igures l7 to 23. The lirt curve s l ope (0.071/degrec) rern;1ins 

cssentic1lly the s mne ror the h:i seline NJ\CA 00.15 1ving ;rnc.l the 1ving h 1ith 

vor ious le:1cljn g edge moc.lific1ti ons. S ince the :lllglC' o r ;1tL1 c k r c l-crC'ncc 

line of tile basel ine 1vjng i s ;_il so used ror th e mod iCi C'cl conf.igur,1tions, 

this re s ults in o s li ght s hirt or d:1tn in the ljnc;_1r r :1ngc. /\ 111;1x irnu111 

0 
1 ift coerr icient or L.11 occurs cit ;_111 :ingle or ;_1tt,1ck o l- a= 17.5 101· 

t he lx 1se l ine ,~, ing . TherC' i s n sharp dnip in thC' li1t coc rriL· ic nt ;11. 

s tall. /\ second 1 i1t -coC'frjcie11t pc:i k 0 1 ll.(JLl occurs ,1 t a= :rn.5°. The 

clrop in 1 i rt ;.1t the second pe<1k i s les s ;1hnipt th;1n the drop in Ii rt ;1t 

14 



the initia1 pea k. /\ nwx irnLm1 l i rt coelCiL·icnt oC ,1hout I.O S is ohL1ined 

I-o r confi gun1tion 3 (a g,1p in the lc,1ding edge g love 1rom :\7.S':, to SO ':, 

scmi s panJ, ·0 1f · · , c)n · ) c r Lgurat1 on 4 (~1 p,ap in the g love 1rorn 25\, t o .)( " sem I s p,111 

;me.I con1i gur,1tion S (;_1 g love on J eac.li ng edge 111 the outer h.:ilf se111 isp;m). 

Jn add i t ion, the s tall ;1dvan ccs to er= 17.So (f- i gun.' 1()) . The rn ,1x irnum 

li r·t ;md the sta lling ,inglc o f con1ig ur,1ti on 8 (,1 g,1p i n t he g l ove irom 

SO~, to 62.S';, scmi s p,m) anc.l confi gurnti on (l (,1 g l ove on 1e,1ding edge in 

t he in !lcr hal1 scmi span ) appTo:ic h t he maxi1mm1 Jirt and t he stolling ,ing l e 

or th e h,1 sc l i nc N/\C/\ ()()JS 1ving (l: ig. 1n . llrnvcvcr, t he Ii rt i s higher 011 

t he mod iCi c d 1vings than on t he lx1se line wing in t h e post -s t.:i!J r eo ion. 
b 

The twin - peak c har;1cteri st ic i s ,J]so observed on t he mod i 1 i c d 1vings. 

Th e second peak i s highe r thrn1 the initi ,11 pee.ii, in confi gur;1t ion :\ ;rnd 

conCi gur,1ti on 4. ConCi guration 4 and conri gurati.on S exhibit ;1 mode rn te 

drop in 1 ·i ft ;it s tall. The c rCect o f n ,1p c.l c rJ ec tion i s to in c r c,1se 

the 1 i rt untj l a = ::;s 0
. 

/\ mJ11-1mum dr,1g coe ffi c i ent or 0.0087S 1or t he bo se li nc 1,1ng i s o!J 

tai.ncd cJt a = o0 ,is s hown in 1:i gures 11 ,rnd 18 . The rate or dr;i g coe ffi 

c i e nt c lnngc i s rna ximrnn at st,1]1, Jess in the post -s t ~1l I r eg ion ,rnd the 

Le<1s t in the pre-s tall r eg i on. It i s obse rved t h,1t the dr,1g coe ffi c i en t 

rcma tns essentia l l y cons t:mt fo r t he 1'.i ing 1vi.th cmd 1vi t li out rnoc.lil- iG1ti o 11 s 

until a "' 11°. llatc.1 at a= s° Cor con1 igurati on 6 (g;ips i11 till' ~: l01·c :1t 

j o in ed the adjacent cl;it ,1 points hy <1 s tr,1i ght I i.nc. The d1·;1g i s less 

0 . 1· 
1or con 1i gur;it ions 1, 8 c1 nc.l 9 het1veen a = l 1 :ind re s pec t i vc 111 ;1:-.: i llllUll 1 1 t 

a ng l es. Dc r] cct ion o C flans incre;1scs t he c.1 1·,Jg ;1t ~ill ,111g l cs. Though 

l k 1 t i l I t · t t - zc c 0 ·1." !)c l 1·evc'd to he do11ht not fCClCC rCe,, l C lTilg l,l , l j)Oln , I Ct - .1 •. 1 ·' 

IU L' 
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The v;1ri ution or the pjtc h ing moment coe ffi c ie nt (;1hout 2s•;, me;1n 

aerodyn;1mi c - cho rd) 1vi t h ;mg l e 01 ;1tt;1c k i s pl ott ed 111 1: igures 12 :111d 19. 

The p it ching momen t i s e i t her zero or ncg; ihvc for ;t!J th e conCi gur;1t ions . 

S ince th e lc;iding edge modiC ic 1t ion prov ide s ;1 c 1mber t o th e modi tied 

wi,ig t he pi tchjng mome nt decr e;1 ses i n pre - s ta ll r ;mge ;1s expect ed. The 

p i tching mome nts o r conl-i gur;1t ions 3 ;ind S he h;1ve in t he s ;irne rn;i nne r ;is 

t he pi tching mome nt o r the h,.1sc linc 1ving. llmvever, con [ igu r;:itions 4 ;md 

~J do not show t he jnc r e;1sc in pi tc hing mornent s ;1t t he ;1ng lcs ,-o r m,1x irnurn 

l i rt . Con1i gun 1t ion 4 s h01vs ;_1 s moot hl y v;u yi ng pitc hing mollle nt curve. 

\\Then fl a ps a rc de1 l ect ed , ;1 uni form i nc r ease in t he p i tc hing moment ;it 

,1 ] 1 ;mg l cs resuJ t s . 

1:j gures 13 ,llld 20 s hOlv the pJot of th e r o lling mome nt coc ffi c j e nt 

ver s us ;1ngJe 0 1 attack. The ro lling moment 1vhi c h j s cssenti ;:J ly 1l ll' s ;1111c 

to r the h 1 ing 1vi t h a nd 1vithout modi f i G1t i ons , incre; ises linc;ir l y 1vi t h 

;ingle o r a tta c k up t o a = 10° . The s l ope o l- the ro lling mome nt coe l-1-i -

c i ent c urve decr e;1scs r r om a 10° t o the m:.1x imu111 Ji rt un g l e. It hccollle s 

negative a t s tc1Jl ;md beyond for the base line 1✓ ing . The r o lling moment 

<l ecreJses s lightl y at s t ,1Jl f o r t he modifi ed 1vings ;111d t hen r ecover s. 

The recove r y p;itt ern i s diffe r e nt [or diffe r e nt conCi gur;1ti ons . C:o n Cigur:1 

ti on 4 maintains essenti ;ilJ y a cons t ,lll t ro lling mome nt Crolll s t ;1ll until 

a = 41 ° . The rolling moment r-o r the wi ng with Cbp de tl ec t ed i s hi ghe r 

in comp,1ri son t o the wing 1vi t h no 1L;1p . llmveve r , in t he v ic init y o l- s t ,111 

;111d a t a = 30° , the difference het1vec n t he vu lucs 1vi t h ;md 1vithout 1-1,1p 

dc 1l ec tion dccr e~iscs. Th C' y;11v1ng moment inc r e:1ses with ;1ng le 0 1 ;1tt:1c k ,1s 

0 
s hown in Fi gures 14 ;rnd 21. A cons t ,lllt y;11vin g monic nt het1vcen ,i = 1: ,md 

tl1e nw x imum lift ;mgl e i s obt a ined ro r con Cigur;1 ti ons 8: 11 1d '. l. 

moment c ha nges ;:ihruptl y :it s t .1 11 in t he se con1i gurnti ons . 
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The s id e rorce coe 11ici ent keeps incre;1s.inr 1vith ongJc or ;1tt;ick he 

rare s t :111, uecre:1scs s lj ght1 y ;1t stall, incrcoscs ;1g;1i11 until rx · :i0° 

clllcl then drops os s hown in l~i gures J S cmcJ 22. The v;rriotion or s id e 

Carce wi t h ;rng1e o r ;1tt;1ck on the ha scl inc 1ving ;me.I o r con1i gur:1t ion 9 

;11·e CO!ll]"',' ll": tl11e . (' r · . . l 1· . tll(' ' · .on Lgur;1t t0n 3 produces t he m:1x i111urn S l lC o rce 111 

post -s t ,tl l range. 

The c ho rdwi se position or the center or pressure is plott ed ;1g;i inst 

;ing1c o r att ;ick for t he v;irious 1ving con1i gurc1ti o11 s in Figures loil :rnd 

23a. The J ;_1rge v;11ue o r the c horcJwj sc 1oc1t ion o r cent e r o l pressure o r 

S3~, chord i.lt a = 0 r·or t l1e lx1sc l inc 1ving i s ;1ttr ihut cd in p;_irt to the 

c c11 culat ion accur;icy us ing smnll hut 1j ni tc v,1lucs o r the lil·t ;1nd the 

pitch ing moment. The lift be ing negative, the center ol pres s ure l oc;1tion 

1 s a hc ;id or l codi ng edge for t he modi r i c cJ 1vi ng. The center o r· pn.'ssu re 

t s seen t o s hift to111ard s 1euding dgc until ma x imum 1 ift ;mg lc c1nd t he n 

moves to111;1rds th e tr;1iling edge . /\ s jmil:ir trend lw s ;11 so bee n round on 

c1 flat pliltc 111ing ;-1nd ;_1 CJcuk Y ~vi ng (l~e rcrcnccs 12 cllld ] ~)). The cent e r 

01 pressure !or the lx1sc1 inc 1ving s hi1t s 1ro111 25°0 to 4 7 . S';, 01 t he c ho rd. 

The e ffect or the l c:1cJing edge mo<li 1ic;1ti on i s to move the cent er o r p res 

s ure t ow:1rd s 1c;:i cling ccJ ge (con11x1red t o th e center o r pressure l oc:1t ion 

ror the bu sc1 inc wing ;1t co rresponding ;_1n r~ les or· ,1tt;1c k). The mi ni1mun 

c horcJ -1vi sc tr:1vc J o r the center or pres s1irc or· 27~, t o 42':i o r the mc;rn 

t1erodyn;1mi c chord 1s obt:1incd fo r con1i g11r;1tion 4. ll sc o l' 1Ltps s hi[.ts 

t he center o r pressure to1v;1rd s t he tr;1i li 11g edge, :1s expected ro r :i c; 1111 

he rccJ 1ving. The s p;1n1vi sc v,1ri,1ti on o[ the center o r 1 i 1·t (c 1l c ul :1tcd 

1rom t he l i It oncJ t he r o lling moment), sho\\111 in Figu r e 16h :ind 23 h, v;i ri cs 

be tween 33~, ;_md 4 5'!, or semi s piln !or the h;1se l inc 111 ing. The lc:1ding edge 

mocJ i1i ca t io n ancl the dc 1l cc ti on 0 1· t he Il ;1p move the cent er o r l i rt 
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inbo;:inl. r:i gures 16c :111d 2:ic sho1v t he sp,111w I sc movcmc'nt o r· the center o r 

dr,1g (c ;:i lcula tec.l t rom dr ag ,ind y: 11ving moment). 

The hys t e r es i s e ffects o r li l t , drag ;:ind p i tching momen t d:1t:1 o r

t he N/\C!\ ()()1 5 1ving lvith :111d wjthout l c,1d j11g edge 111od i ti cations :i r e shO\m 

in Figures 24 t o 26. M1 c r cve r poss ibl e, the pl ot s ;ire 111:1d e c l c:ir hy 

m:.1rking :Irro1vs t o indiec1te the direc ti on o r ch:inge o r ,ing l c or ;1tt :ick. 

/\s shO\vn in r:i gure 24, the I itt coe tti c i ent nt c1 dec 1·e:1s in _t1. :1ng l e i s l ess 

th;m the lilt coe ffi c i ent ;It th e co rresponding inc r c:1s ing :117gJe in t he 

v i cinity o r- sL1 L1. lli ghe r lilt during th e dec r e:1s ing :1ng Jcs i s observed 

0 
t or contigun1tion 5 ;:iround a = 30 . lloweve r , the hi ghe r li l t coe ffi c i ent s 

shown tor the dec re,1s ing :.ing l es h t ween a = 50° ;incl ex = :i3° :ire ,1ttrihutcd 

0 
to the t ;1c t th ,1t t he cLit ,1 1vere t :1kc11 :it ;1 b r gc r i nt c rv:I l hc th'ecn a = 50 

0 
:rnd a= 20 and that the pl otting progr :Irn _j o ined th e two ,1dj:icent d,1t:1 

points hy ;i straj ght ]inc . 

The hysteres i s e ffec t s o r dr:1g coe fti c i cnt nre seen ;1rnund s t :11 I tn 

I: i gure 25. The dr:1g coe ffi c i ent I s 11101-e r-o r the decre:1s ing ;111g l es o r 

J tt;:i c k th,1n the clr,1g coe rr-i c ient for the inc r e:1 s ing :I11g l es o r :1tt :ick. 

There i s essenti :111 y no hys t er esi s 117 the drug :it hi ghe r nng l es o r- :1tt,1c k. 

Figure 26 shows t hat the hys t er cs; i s in pitching I11omcnt ex i st s on th e lx1sc 

I i1K' lvi11 g :It s t:1I I. The pitching moment I s mo r e neg:1t i ve t o r the dcc n.':1s 

ing ang l es on the h:1sc li11c h' i11 g . 1\ 11 im-rc: 1sc i11 th e pit l·hi11g IIH lllll' lll i s tl ii 

serveci nt mc1x i 1mon lift :rn glc on the modi t i ed 1vings . No hys t e r es i s ex i st s 

017 conti gurntion 2 ,i s shrnv11 in Vigurcs 24 26 . 

The hys t e res i s shmvn in 1: i gurcs 24- 2(1 1-es 11 I t s rrom :1 r :1thc r l -(1 I11 11 I I L·:I 

t i Oil () ,- sc p; I r :I t cd r I ()II' - The phell ()lll l' ll ll ll () 1· I1,·s t l' IT S i -.; 111:1 : ' lw l''-: il LI i ll l'd ;1 s 

ro ll <l\\lS. The l ;1111i 11:1r hu t1 11d: 1I"\' l ;l\'( ' i" \\ hi ,·h scp:1r;1! ('d ll l': II · ti ll' l c: 1d i11 :1 
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u • (Ohu. Cu cl S cl Ur)U ent bound;,1ry L1yer. edge reattac.!1cs some ·1 1· st{Jnce l ·"" str " 'ffi t I 1 

At Thi s resu l ts in the 1onmtion of ,1 short bubbl e near the Je,1ding edge. 

s tu l 1 , t l1 e short bubbl e bursts, m1cl the [101v sepcirates ne:1 r the l ead ing 

edge. This r esult s in ,1 drop in the li1t, increa se i n t l1e drng and de

crease in th e pitching mo111ent. When the ang l e 01 :itt;1c k i s decrea s ing , 

t here i s no r eatt;,1c he1nent 01 the 1J ow ,it the stalling ;,mg l e . Decre(ise 01 

t he incidence at Cirst has J ittl e effect on the separated reg ion. But c1t 

an appropri ate angJe, t he now reverts to t he s hort bubbl e coniigurnti on 

us rnpid l y JS t he s hort hubh] e had burst ( lk r·erence 20). The r esu 1 ts O 1 

t he present s tudy suggest that the c1irfoil s which do not ex hibit the 

leading edge s hort bubble separat i on, rn,1y not exhibit hysteres i s c 11ects. 

2 .) Flow Vis ua li w tion Test s 

The 
0

-i 1 CJ ow pattern s on the basel ine N/\C/\ 001 5 wrng ;,1t v:1 r i ous 

a ngl es of attack arc s hown in Figure 27 . The phenomenon o r Jmnirwr se-

pc1rati on near the l eading edge is apparent in h gures 27;1 ;md 27 h. Jt -1s 

observed that the (laminar) separ;_i tion bubble on the uppe r s u1·1;,ice ;it 

a = 16 . So ha s moved [onvard compa red t o the l ocat i on 01 sep;,1r;1ti on bubbl e 

at a = 10° . The tra iling edge sep;,n at ion 0 1 the t urbul ent Cl ow in t he 

pre -stall r eg ion i s aJ so seen in the se 1igures . 1: igure 27c s ho1vs the 

exi s t e nce 
01 

two counter - r otating s 1vi r J p;,1tterns on th e uppe r s urC:.icc 

Jt s tall. The presence 0 1 the tip vort ices i_ s s ho1vn by c urved o il s trea k 

lines near t he tip. Wal1 inte1· fcrcncc i s ,ll so ;1p1x1re11t in the s e Ci gures . 

With i_nc reas ing wigl cs 
0

[ utt,1ck t he outboc1rd s wirl p:1tte r11 111ovcs t o1v; i rds 

t i 
j\t Vc

,r·)' hi .0. h ,1ngl c o C :.1t tac k, ha th sw irl J)~1ttc rn s 
1e t~J of the wing . -· 

rllo
·ve · J ·incl 1in,111 )' i!J)!)C,H to Je :1ve the s ur1·:1ce . 

towards the t rn i l u1g e ge , 

Figure 28 s hows a seque nce 01 o i 1 1'1 oh1 phot og r ,1phs whe n th e 14';, 
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CL1 rk Y gl ove 1s :1 dd ed to the lc;_1dj ng edge except 1or ;1 g:1 1) ;1t :,7. S':, to 

:10 ':, se111i s pm1. Figure 29 s ho1vs ;1 siJ11iL1r seq uence \\1hen t he nose g love is 

onl y on th e outer SO':, senn sp:111. /\ cornp;1ri so 11 of the picture's in 1: igures 

27 , 28 ,1nd 29 s hm-vs tlwt the Cl 01v 1x1tte rn s on ;111 three 1v.ings ;1 re essc n

t i ;_il ly the same in the prc -s t,111 reg ion . 

The vorti ces 1vhich ,ire s hed hy the 1c;1ding edge 111odi1i c:1ti o 11 :i1tcrs 

t he !lO\\' o r t he hase line \\1ing at s t a 11 in s uc h ;1 m;1nn e r tlwt tl1c i nho;1 nl 

s 1virl p,1ttcrn shj1t s outho;1rc.l. Thi s s hil·t inc r e;1scs t he ,1re;1 o r ;_1tt:1chcd 

CJ01v on the inho;_1n l sect i on 0 1 th e h1 ing 1vhi c h 1vo ulc.l he expec ted t o in 

cre:isc t he Jilt contributi on o[ t hi s ,11·e;1. The st riking e rrcct 0 1 the 

l c;id ing edge modi [i G1tion i s to preserve t he :1tt;1chec.l Clmv on t he out 

hourcl portjon o r the upper s urrace nt hi gher ;111g l cs o r :1tt:1ck . It i s 

int e resting to note that t he n o\\1 p:1tte rn s on the outho:1 re.I sec tion or 

con 1i gur;1t ion .S (,1 gl ove 1ro111 SO~, to 100 ':, semi sp;rn) 1,ve r c idcntic: 11 to 

the pattern s shmvn in Figure 28 1·or conl.igu 1·o tion :i (;1 gap i11 the g love 

~1t 37.S'), - SO':, semi spa n). 'J'he uns tec1dy n:1ture or th e C! oh' ;11·tcr s t ;1ll \\1, 1s 

observed during the f'lmv v i s u,il i : ation test on th e h' lllg sho1vn in 1: igurc 

2~). The initial flrnv p,1tter11 ohsc rv cc.l on the h1i11g :1t u l 8.S
0 

1v,1s very 

simiL:ir to the 1x1ttern lat er obse rved ;1t a = 20°. lluri ng the te s t, t he 

o il patte rn i.lhruptl y undenvent ;_1 ch,rnge ,md end ed up 1vi th the p;1ttern 

s hmvn in 1:igurc 29c . 

3.) PrcssurC' lljstrihuti on ll,1t ,1 

The s urfo cc pressure c.li s trihuti.ons ;1re presented in Fi g u1 ·es :i O t o 

40. 1: igurcs 30 ~me.I 31 s ho1v d:1Li ror the h,1 se lin<' N/\C/\ 001 :) 1vi11 g , 1: igurc 

32 to 3S 1or the moc.l il"i cd wings and 1: igurcs :i (1 t o '10 s hrnv n1111p:1ri sons or 

various mocJirications. 
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c.1. ) The N/\C/\ 00 I S l-t 1 sc 1 i 11e \\' i 11g 

1: i gure 30 shmvS the three - dirne11sio11;1J p l ot al- presst1re v:1ri;1t io11 over 

t he upper and t he lo1ve 1· sur r:1ces or the N.\C.\ 00 I 5 h:1sc 1 i 11 c h' i ng. S i 11cc 

the tlll'ee - di111c 11 s i o 11 :1l plotting progr:1m docs 11ot plot 11eg;1t ivc v:1lucs, 

t he pressure coe Cri c i ent s 1vere uniCor111 i y i11crc:1sed so th;1t the 111:1xi1m1111 

11cg:1tivc pressure coc rri c icnt hcc;1me : cro. 

/\s sho\\'11 in 1: i gure :i b :1ncJ ::i lb, the pressure cJist1·ihut io11 over l 7':, 

0 
to (J 2':, semi sp:111 i s const:rnt :1 t a = IO :ind g r;1du;1II )' drops trn,:1 rds the 

t ip ol- the 1v111g . .t\t u. = 17. 5° , the nw.x imurn p r essure pe:1k occurs :It :\9':, 

sernt s1x1n. Cornp:iri. son or the pressure distrihutio11s ;1t ct - 10° :111d 17 .S
0 

shoh·s tk1t the pressure (in nwgnitude) incrc:1ses 011 the upper :111d the 

I Iver surl-,1ccs :1t u = J7 . S0 . Thi s comp;1rison ~1l so qu:llit:itivc l y conl- inns 

t he incrc:ise in lift, dr:1g, qu:irtcr - chon.l pitching rn ome:1t, c hon.lhi se 

mov ement o 1- the center o ,- prcssu r e t0\\1,1nls lc :1d i ng edge :111d sp:1111\1 i sc 

movement or the cente r o f l iJt toh·:1nl s root rrom rt = 10° t o ci --= 17 . :/
1 

oh 

se rved in the s i x - component h:1 Linc c r esult s ( l : i g t1re 10 t o !(1). 

The pressure di stribution obt :1 i11 cd :It sU1! I (rx = 18 . 5°) on the :1rt 

11 e;_1 d y const;:i nt. The o il r1 O\\' photog r :1ph t :1 ke11 :it st ;I l l ( 1: i gure 27c) 

shrnvs t he presence o r ;1 3- ll sep:ir,1tio11 huhhl<.' (h1ith co 1111t e r - r ot: 1t i11g 

s1virl JXJtterns ) over the s:Imc :irc:1 o r the \\ring. The rn:1x i111u111 hl oc k:1gc t o 

th e pressure pe:1k i s mIn11num. ,\t r O\\' : , the pressure cJcc1· l': 1se !"mill 20':, 

c hord t o th e tr~tiling edge i11di c 1tes :111 1m: r e;Ise 111 vc l <x-ity 1vhi L· h i s 

th e pressure on the upper surl-:1cc i s hi ghe r 11 c: 1r the l c: 1di11g edge , IO\vl'r 
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st; iJI. These v:1ri ;:1t i ons Lil the pressure di s tribution result 111 less lil-t, 

mo r e d r:,g , l ess pi tching moment, H ':1nv, 1n l chonlh·ise moveme nt o r th e cen 

t e r o r pressure ;:rnd outho urcl sp:11w i se 111ovc111c 11 t 01 t he ce nter 01· Ii rt :it 

(:j, = ! 8 . S
0

. The s,1mc trend s 1vc r e ,1lso obs erved 1n the s ix - compo11e nt h;r 

! ;:rnce r esult s ( l: i gurcs 10 t o JCi) . 

/\s no t ed i n the o il L1 01"' phot og r ,,ph s or· t he h, 1s e l in c 1vi 11g beyond 

s t ,tll ( l: i g ure 27dL the il o1v over the 1ving ne,1r the 1v;1I I ,1ppc:1r s to he 

Cull y sc p;1r:1te d. The co r res ponding p ress ure coe 1r icc int s in thi s r eg ion 

v:iry 1mm - 0.4 S to - 0.SO ( l: i gurc 3 1g) . Around 40 ':, semi s p:1n, the s1virl 

ne nr th e lc,1ding edge hel ps keep the r 101v l oc;i l l y ;:1tt:1c hed. Th e Cl o1v 

in between the t 1vo s 1virl s l oc:1tc cJ :1t :1ho ut 7S ':, se111i sp,m i s ;itt;ichc d :1s 

s hoivn hy the cons i s t cnt r ecove r y o r press ure :1t r oiv ..J . The dip in t h e 

rressure di s tribution ~lt 8 ~o 
. ) t i cho rd on r0\\1 s could not he C X p I , l i 11 c cJ . It 

i s seen from 1:ig ures 3lc ,111d 3 ] g th ,1t the pn.'SSllre inc r c:1ses Oil th e I 01vc r 

s urfa ce 
0 l\ve n th ough t he pc :iks 4 :md :.1t (1 = 30 . pressure on rO\\'S s : r r e 

hi ghe r :1t a = 30° , th e ir contributi on t o lir·t i s r educed hcc; 1use o r· t il e 

s t eep r ecove ry 0 1 pn~ssure. The inc r c,1scd pressure on mos t o r· t he up pe r 

s urfoce ~,nd th e !01vcr s ur1,1cc ucJd up t o 111c r c i1 se Ii rt , dr:1g , pit c hing 

moment, c il o r chvi sc l oc 1t ion 01 ce nt e r o r· pressure ;ind t o deL-re:1se th e sp: 111 

1v1se po s iti o n 0 1 c ent e r 0 1 li.1t :it ci. = 30° comp:ircd t o <x = l 8 . S
0

. 

The press ure inc r e:.1scs on the loh1e r s ur 1:1cc ,111d the 1· 1rnv scp:1r:i t e s 

on mos t o r th e uppe r s urLic c :1t ;111 g l cs o C ,1t t:1c k beyond u = :i0° ( l: i gures 

27e , 31 i .. llld :i lj). ft i s obse r ved th ;1t th e p r essure coc 1· 1-ic i e 11t in the 

scpc1r:1tcd reg i ons i s 11 e;:irl y cons t :111t :it ;1hout - 0. SS . 

The pres sure d i s tributi o n !"o r inc r e :i s ing :111d dcc· 1T,1s i 11g :111g lcs i s 

1 
. . 1 ·. ~ 1 l. I (lo I 7 c

0 I 8 co I - (lo ,1 so CO!ll]) c.lrCll Ill · 1gun.' _) o r ti= , . . ) , , _ _ , ; lll l .) . The pre s 

s ure di s tributi ons fo r inc r e:1s ing :ind dec r c:1s ing ;lllg l c s :i r e idc nti c;1I :it 
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() 
ci = 10 . Thi s agrcss 1vi t h t he s i x - co111ponent h;1l ,lllce r esult s hhi c ll shoh 

no hystercsi_s clfects. llowcve r , d i flc rcnt pres sure di strihutio11s ;_ire oh 

llystc r cs i s i s ;1l so scrn in the lorcc.' re sult s ;it these ;lllg lcs (Fi gure I() 

to lCJ ) . 

h. ) The J\ lod i [ ice.I N/\C/\ OOIS IVi11g 

The pressure ui st rihut i ons ro1- the mod il-icd 1v111gs ;_ire shrnm 111 F i g1 1res 

32 to :'JS. The pressures ;1t the or i I- i ces 1vilich Ivere covered h' ith the 

l e;_1ding edge g l ove ;11·e not p l ot t ed in these l'igures. In the ,1bscncc or 

pressu re ui strihution on the [ront port i on 01 t il e upper sur r, 1cc' or the 

wing , 1vllj c h contr ibutes suhsLlllti ;1 J I y to t he ro 1-ccs :llld 111ornents ;1t 1110 

J er ;_1tc ;_rng l cs o C attuck, even the qu;1! it ;1ti vc co111p, 1ri son oC Co r ccs/1110111cnt s 

or t he h;_1se J inc 1vi_ng ;rnd th e ll)Odi Cicd \\' 111g on t he h;1sis ol- prc sst 1re dis 

tributi ons could not he 111;1dc. I: i gurc :\2 sho1vs t he pressure di stri buti on 

on t he wi ng h' ith ;1 g l ove on the entire ] e;1ding edge (co11r· i gu r ;1t i o 11 .?) . 

The ruJ I recovery o r pressure on t he uppe r surr;1ce 01· conl- i gu1·,tt ion 2 

indi c ;rtes t h;tt the r1 01,1 i s ;1tt;1c hcd ,1t a= l 8 . S
0 

( l ,. i gt 11 ·c 32;1). Thi s 

:1g r ces 1"' ith the rorcc test r esult s h 1hi ch s h01, til;1t the 111;_1x i11aun Ii 1·1 oc 

c urs ro r conri gur;1ti on 2 ;1t ,i = l8.S
0 

(l : i gure 2- 1). 

I: i gures 28 and 29 sllrn,I t lw t the !'!oh' p;1t t c rn s due to t he vort i ces 

shed ;1t mid serni sp;_111 ure identi c il [or conri gur;1ti ons 3 ;11 1d :) ;it rj ! (1_ r,U 

and 30° . llrn,,evcr, t he pn'ssure di s tributi on :1t r ohI :i (1d1iL·h :1ppe,1rs t o 

li e u l ong most oC t he p;.1t h o r- til e vortices) (l : i gurc s 33, 3LI , ind 3:)) ;ire 

not i_d enti c 1l Co r conri g11r;1ti ons :i, 4 ,111d S. Tile Jffesst 1rc di s t1 · ib11tio11 

;1t r ows LI ,111d S ;1re identi c 1! in the post - st:1 ! I r eg i on I-or these co nl- i 

g unit i ons . 

Th e pressure Jistrihution ;1t rm,· I on th e upper sur r,1u .' ol' til l' 
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lwse l i ne wing :1t m:1x i111um I i Ct (F i gure :i lc) i s const,m t Crom 7:1':, chord to 

th e trni I ing edge , suggesting ,1 se1xir:1ted 1l01, r eg ion on the inho:1nl side . 

I lrnvevc r, t he r l o1v i s :1ttc1chcd Oil the i nho:1 rd sur r:1cc Or CO il Ci gur:1t i Oil ,1 

;1s shown hy 1-u l l recover y or th e pressure on ro1v I ( l: i gurc :i:i,1). Thi s ex

plains in p:1rt why co nr1 gur;1ti on cl h;1s ;1 ] Oh1er dr:1 g COlllJ)cl rc.'cJ to the dr,1g 

o r the h:1se J ine 1ving in the pre-stc1 l l r eg i on. 

Fi gu1 -c ~6h sh01vs the pressure cJj s trihution :it !'Oh' 1 for the h:1 sc l inc 

1ving ;111c.l co n Ci gurut i on S :it v: ll'i ous ,mg l es o l- :1tt:1ck. At a= 17 . 5°, ,1 

const:int press ure on th e ;:1ft portion o r th e upper surL1 ce 01 conl- i gur:1tio11 

S impli es th:1t the CLOlv i s sep:1r:1t ec.l there. The :1hrupt c h;1ngcs in pre s 

sure :1t 75'!, chord on the inhoDrd porti on o r th e 1ving could n the cxp l :1incd . 

The dip 111 pressure coe rhc i ent :it 1s•:, cho re.I 0 11 the uppe r sur1;1n _' or co 11 

Cigur:1tion S :Jt a= 17 . S
O 

(shown in Fi gure :i7h ) m:1y he expL1incd hy ,1 r 1rn\· 

p:1ttern s i mi I :ir t o tlwt 1,hi c h ex i sts :it roh1 2 ror a= 20° (l .- i g11rc 2(Jd). 

The 1s•:, c ho re.I l oc1t i on :1ppc,1rs t o he the di v iding 1 inc heth'een :i hi gh 

she:1r ;1tt:1ched 1l01v ne:1r t he l eadi11g edge ,llld :1 r cg i o11 o r r eve r sed 1· 101v 

ext endi ng from the tr:1 i J i ng edge. To the oncoming r101\1, the :i ll sep: 1 r :1 -

t i on huhhl e cont:1ining t he r eve r sed tl rnv :1ppe;1rs so111eh1h:1t :1s ;111 e l-rcct ivc 

h l urr hody 111oun tec.l on the upper stir1,K e or the 1ving. I t i s 0 1· i11 t e r cs t t o 

no te t h;i t the sur!':1cc pre ssures n1c:1sured just c1hc:1d 0 1· :1 c in-t1l:1r cy lin 

de i- mounted on ,1 1viml t unne l 1v:1l l (l~c1·c r c 11 cc 21 ) :1 l so s ilo\\' :1 dip i11 prL'S 

sure as obse rved :1t I S':, chord. The pressure di strihtrt i on 1·o r th e h:1sc l i11 L' 

1v1ng :.me.I co11Ci gur,1tio11 8 (:1 g:.1 p 111 the g l ove from SO':, t o Ci2. :1':, scm i sp:.in) 

and con Ci gur:.1ti on !) (,1 g l ove on ()';, t o SO ';, scrn i sp:111) :ire s liow11 i11 1: i gurcs 

38 - 4 0. I t i s observed th,1t th e p1·cssun' di stributi ons on the h:.1 sc l inc 

v\•i ng , co n r i gurati on 8 ,md con Ci gur;1ti on ~l ;1rc idc11ti c; 1! :1t :. 1ng l cs or :1t 

t: 1ck heyonc.l :rn° ,111d t he prc sst 1rc coc l-r i L·icnt ( - 0. :)0) i s co 11 s t:m1 01 1 the 



u pper s ur f :i cc . /\ 1so :1s noted e:irl icr, t he pressure ccwr1· ic icnt in :1 se -

1xir:1ted r eg io n i s ~1hout - 0.SO fo r :i l l the conri.gur,1t ions . ,\ pressure 

coer ri c i c nt 0 1· - 0. 42 on ,I r1:1t pl ntc lv lllg ,It u = 90° h:1s been re ported 111 

\{c rc r c nce 22 . 

The dcc r c :1 sc 111 pressun_' on th e' !Oh'C l' su r1·,1ce :1t 90':, c honl :1t (j = :i0° 

:111d so0 (l ,. i gurcs :i 6c :1nJ :i(Kl) 1s p rnlx1bl y due t o th e 1ving - 1v: Il I c r Ccc t s 

bec: 1use t hi s vnri :1ti on occ t1r s o nl y in the v i c init )' or 1\1:111. 

/\ good co rrc l:1ti o n could be m:1Je be tween the s urr:1cc p ressure d i s -

t ributi o ns :md the 11 ow p,1t te rns Co r t he h,1sc l in c h' ing . fn ot he r c:1scs 

the pressure di s tribution docs not ruIJ y :1g r ee "1ith the Cl rnv p:1tte rn s . 

Thi s i s attr i hute d t o th e L1 rgc s p:1c i ng in the :1d_j :icent p1·css ure o r i 1· ices 

1vhj c h poss ibl y mi ssed the hi gh g r ,1di c nt s in p r ess t1rc :1ssoc i;it ed h1 ith the 

s1'1 irl p:1tterns ob served on some 1'1 ings . 

2S 
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SUMf\1/\RY /\NI) co:✓ CLUS fO\JS 

N./\C/\ OOIS h1 ing with v:irious 1c:1ding edge modi !"ication s h';1s L·o111pkted . 

Tl1e rirst series o r 1vind tunnel test s performed in the ,'\erospacc 11ou11d:1ry 

L:1ycr lksc:irch Tunnel proviclc(l pre! imin:1ry inronmtion on th e post st:1I I 

heh;1v i or o r :1 sm:111 sc: il c (12.7 -cm-chordJ ,\J/\C/\ OOIS wing. The 1- irst 

se t or tests i11vo lvcd :1 " 2- ll" iving model th:1t s1x1n11ed th e entire 1vidth 

or the test sect i on. The second set or test s 1vere comp l et ed on :1 re 

r 1cct i.on pl ;1ne mod e l th ,1t sp:111ned 80';, o r the test sect i on wi dth (e l_l_eL· 

tivc :1spcc t r :1ti o = S.SLJ ). Three - component h,11:mcc d,1L1 :ind oi l 

r1ow visual i zation photogr:1phs were oht ;:1ined c1t ;1 l<e;·nolds numbe r h,1sed 

on chord or lk 
C 

~S0 ,000 :rnd tor incrc:1si ng ;1nd decreasing :1ng l cs ol-

;itt"1ck rrom o0 
to so0

. The second ser i es or test s 1vc rc co111pl cted t1 s ing 

;.1 /J-S. 72-cm- chonJ rcrlcct i on pl:me mode l (crl-ectivc :1spcct r:1ti o o l- (1-0) 

in the C.Jcnn L. f\1;irtin Wind TunncL l.e,1ding edge mod i lic:1ti ons 1ve rc 

rn;ide hy pl:1cing I~':, Cl:1rk Y nose )!.loves onto the l e,1ding edge 0 1· the 

1vi ng. In ;iddition to s i x-component b,il:ince d;it,1 :i nd ,-1uoresce11t oi I 1· 1ow 

vi su,1 l i z:1t i.on photogr:iphs, a 1 i.m i tcd ,.1rnou11t or sur 1·:ice pressure d:1t ;i 

l . 1 ? 1 (l 6 r . . I I . W,IS O)tillllCl ,lt l<ec = _ _ ( X ] 1or 1ncrcc1s111g ,Ill( le<..-re, 1s 111g :1ng l cs ol 

0 0 
,1tt:1ck rrorn O to SO . The co11clusions or these tes t s :ire it em i :: ed lwlo1I': 

1.) I\ 1 i rt -curve s l ope or 0.071/degrce \\1,1s oht: 1i11cd 1·o r the ,\Ji\C/\ (lOI S 

wing wi.th :me! 1vi thout l e;.1ding edge modi ric:1tio11 s. In the post - sUil I re 

gion, ,1 second li rt -cocr l- i c ient pc:1k \\', IS oht:1 i11 ed on the N/\Ci\ 00 1:) h:1 se 

I inc wing :it a= 3ri°. The v:1l ues or the Ii rt coer 1· icient :1t the i11it i :1I 

:.1ml the second peaks 1vcre l .l I ,llld O.~l-'l respect in.' ] )· -



2 .) The Jc:1ding cdtc modi r1 c 1ti ons incrc;ised the Ji rt coefficient in 

the post - st:l ll r eg ime. The errects or increasing the 1vidth or :1 g;1p 111 

th e l c:1ding ecl gc g l ove over the inner h,1I r or sem i sp:111 h1,1s to redu,·e 

the i11iti :ll 1 i rt - coe ffj cient pc~1k to l.OS ,md to :1d v,1nce the ,1ng lc or 
0 0 

st;ill hy I to 1 7.S . 

:OS . ) Co111i gur:1ti on 4 (;i g;1p tn the g1ove Crom 2S ':, to ~10 ':, sem i sp:111) :1rnl 

con1igur:1tion :1 (; 1 gl ove on the outer hc1Jr scm i sp; lll ) exhibit ed :1 s111oother 

drnp in the Ii rt coc 11i c i ent :it st:!LI. 

,J .) The clr:1g coe l-r i c j cnts ror conrigur;1ti on 4, con ri gu r :1tj on 8 (;1 g: 1p 

in th e g l ove rrorn so•:, t o (12.S':, semi sp ;_m) :md confi gur;1ti on 9 (:1 g l ove 011 

the inne r hJ I r semi span) 1verc Jess th:111 the dr:1g coerr i c i ent or the , ,\C1\ 

OOlS hu se l inc h1 i ng het1vce11 n = 11° :ind l<1. s
0

. 

S.) An j11ere,1se i n the pit ching moment (:,bout t he 2S ':, 111,1c) 1v;1s observed 

;1t the m:1x imurn Ii rt ,mgl c ror the NAC!\ OOJS ,ving 1vith ,llld h' ithout l e:1ding 

edge modi ri c:1ti ons . II01vever, conri gur:1ti on 4 :md con1i gu r ,1t i on ~l did 

not show :m :1pprcc i ,1 hJ e ckmgc in t he pit c hing moment : it the 111u :x i11nu11 Ii rt 

:rng l e . 

(1.) The r o l 1 ing moment coerr i c i cnt inc r e;ised l ine,1rly h1 ith ,lllg l e or :1t -

o t,.1ck up to ex = 10 , :ind then c.lecrc;1sed unti 1 the :111 g l c o r· :1t t:Kk I-o r 

mn x imurn lirt. Tl1e roJljng 111omc11t coe rri c i ent 1·o r co11ri gt1r:1ti on 1] h':J s 

essenti :11 1y co i1 st:mt i11 the pos t - s t ~!ll r eg i on. 

7.) The hch:1vior o r· the y;11ving 111ornent coer ri c i cnt s 1vc r c cssent i:11 l y t he 

s:1me I-o r t he NACA OOlS h, ing with ,111d h' ithout l c: 1ding edge modi ri c lt i o11 s . 

A cons i stent 1nc r e:.1sc in 1mgnitude 1vi th the :ing l e o r :1tt:1c k 1v: 1s 11nt cd f"or 

ever y confi gur:1ti on. 

8.) The s ick ro1~cc coeff i c i ent kept incrc;1s ing h1 ith :mg l e o f" :1t t:1ck he 

ro re st~1ll, dec r e:i scd ~1t st :111, i11L· r c;1scd 1mtil ,t 

27 



Conl- i gur;1ti on :i prodt1ced the 111ax I 111 tu 11 s i de 1-01·ce i n the post -sLlll r;111ge . 

9 .) /\ c llo rdwi se movement o r cente 1· or pressu r e or ZS';, to 4 7. S':, cllo1·d 

Iv;1s oht,1ined on th e N/\U\ Oll l S 1ving I-or the cn t in' ;111g l c or ;1tt;1ck rn ngc 

o l- o0 
t o so0

. Th e c ho rc.11-J i se l oc1t i o11 or L·e nter o r pressure ror t he 

modi 1 i ed 1v 111 g shifted 1on v;1rd comp;1red t o t he l ocntion or center or pres 

sure , o r the unrnocJi 1i ed Ivm g ;1t co rres ponding ;mg l cs or ;1tt;1ck. The 

minillllml c honl1v i se movement o r n .'nt cr o r press ure ( 27';, t o 4~';, 111:1c) w, 1s oh 

tnined for conFi gurc1ti o 11 , j. 

10 . ) The sp:1111vi se movement 0 1 cen t e r 01 lirt for the N/\C/\ OOJ S 1, ing \\'; 1s 

1m m Vi'~ t o LI :1~, semi sp:1n , o r :rn g 1 cs o f ;1t t,1c k ,ram o0 t o so0
. Til e c rrect 

o r th e l e;1ding edge modi 1i c 1ti on Iv:1 s t o shi I-t th e cente r 0 1· Ii I·t i11hmrd . 

11. ) Th e sh:1pc o r the i.1ir1o iJ uppc,11-cd to h:1ve u strong inCl11ence 0 11 

th e hys t e res i s e ff cct s . The N/\C/\ OOJ S h,1se line h' ino exhibit ed l1\'st e r cs i s b , 

e ffec t s 1vher cc1s the 1ving moJj ri ecl 1vi t h ;1 J,1';, Cl i.11·k Y g l ove on th e c 11t ire 

l cad i ng edge did not shOh' ~1pprec i ;1bJ e hys t c r cs i s . 

l :2 . ) /\ good c orrc L.1ti on ex i s t ed bet1veen t he I·orcc/m01 11c nt r esult s , th e o il 

In some c; 1scs (the h;1se l inc h1 ing ;1ml 

conri gur:1tion S) ;111 ;1hrupt c hange in the pressure v:1ri :1t i on Ive r e no t ed 

in the vi c inity o f t he count er rot :1ting sh1ir l p;Itt c rn s obse rved in th e 

o il Clmv phot og 1·;1ph s . In othe r ins t :mces , ho\\1e \·c I· , t he prcss u1 -c di s tri 

hut i on diJ not ch;1ngc even though :1 ve r y di st i11 c t Sh' irl p,1tt c rn ex i s t ed 

:I c r oss th e p1·cssure Lips . The r:1 i I ure to ohse r ve p 1·css u1·e L· h;111gcs 111:1y he 

:1ttrihuted t o the l ,1rge sp ;1c ing beth'('Cll :1d_j :1ccnt p r ess ure t :1ps 11hi c ll 

G ll! scd ;in y pressure ]K' ;.1ks ;.1ssoc i :1t cd 11· i t h the s11irl p:itt e rn s t o he 111i ssl'd . 

/\ l;11·gc.' v;.1ri:1ti on in the p r essure d i strihuti nn in c; 1scs 1d1l' r c no vo rt ex 

o r s1vir l ix 1ttc rn s Ivc 1-c ohsc 1· ved u1ul d not he l'XpL1ined . I t i s 



interest ing to no t e thnt C:p · - 0.S over the surl",lcl' for 1d1id1 tile !"!011· 

1v:1s scp,n :1ted; thi s ,1ppcared to he independent 01 co11l-igt1r:1t io11 :111d 

:111gJ e o 1 :1tt:1ck beyond the st: 1 l l. 

L:i.) The use 0 1 " 2- ll" 1t tl I sp:111 11·ing n1odel to study the post -.;Lil I hl' 

k1vi o r , s qt1est ion;1hle . 0 i1 110111 p:1ttcrns oht,1i11cd in this st1 1ch· re 

vc,1il'd the pre sence or ;1 hi g!iJ y :i-l l 1-10\v I-or :1 Cu 1 l sp: 111 model. 

14.) Cons i dering ,1 smooth e r v,iri:1tio11 0 1 lil"t, p i tch ing 1noment, r o lling 

llloment :1t s t :111 (tk1t 1110 111 d i 1np rove the :1spcc t s :11-rect i ng tile spin dcp:1 r 

ture) ,md :1 s!ll :11l e r dr:1g :rnd cent c 1· or pressure n1ovellle11t to he dcsin'd 

C1- it e ri:1, th e hest !llodi Ci c;1t i on tested 1,•:1s conCi gur;1t i on I. 
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In regards to the present study, a numher o[ reconunendc1tions ror 

ruture work ,ire g iven be l ow : 

l.) An extens ive cxpcri 1ncnt,tl study including 110\v visLwli z;_1tion 
, 

sur [ace pressure mecisuremcnts, ond Ornv 1ie1d s urveys on" [inHe wing 

ivoulcl be rnnd e ,1t stall ;ind beyond. Tests 1vouJc.l be spcci 1ic:il l y ,1i1ned 

at determining 1✓hether the Jpp,1rent vortices in the 3 I) sep,1r:1ti on huhhJe 

Corm ::i loop vortex above the upper sur 1;ice or these vortices 1 i rt off 

the sur[8 ce ;mc.l go to inhnity wjthout jnterocting 1vit h e;1c h othe r. In 

addition, the wing/wall ef1ect on the lower s ur1:1ce 0 1 cl reilection pLine 

moc.leJ at higher angJ cs of ~1tt,1ck 1voulc.l be invest i gnted. 

2 .) Floi,v vi_suc1lj z21tion, sur1occ prcssureme.:isuremcnts,rnc.l ll ow 1· i c Jd 

s urveys would t hen be performed on ;_1 tinite wing 1,vith the l c;_1d ing edge 

modi[ica tion [or a coni iguration that would exhibit the most promising 

results in the six-component boloncc dot;i. 

3.) /\bove mcnt i_oncd tcs ts would a 1 so he 11w c.lc on :1 w i ng/ ruse I :1 gc 

and wing/Jcuding edge modi1icJtion/fuseJ:1 gc comhimtio11s. 

4.) Using the rcsuJts obt;_iinccl rrom tests on J finite wing :1s cl 

guide, c1 thcoretjcal moc.lcJ 0 1 the threc -c.limensjon:iJ 1Jrnv 1iclc.l woulc.l he 

cons tructed. 
5.) /\ numcric:il technique 1vould he developed to predict the ,

1
ero -

d)'l · f r· 11·te 1✓ in12 :1t sUil l t1nd beyond em11lO)' ill ." 

1arm c chunicteristics o D 
1 11 ~ 1:, 

the ahove rnent ioncd t101✓ moc.le1 · 
6.) An nppropr i ate trc"tmcnt or tile "i ng/ I cC1d i ng edge mod i r i u ,t ion, 

wing/ ruse lagc c rr ccts an<l w ing/l cC1d i ng c<lgc mcxl i r i c" ti on/ r uscl "gc• 

:i () 



c on1i gur,Jti ons wou ld t hen he incorpo r ;1t ed ll1 the munc ri c ll ;m;ll ys is. 

::; I 
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Appendix A - Listing of Computer Progr am 

.,FL l 5 I, M IJ, 
FLl~T Ob/14/79 22:49:30 
LNU FLJST 2.3 CAHU§ GLN£HATt.U, 

.,HUu,f-' •••••• CUT •••••• 

1,,t.LT ,L Q,CUT 
Ebl bu - 06114-iz:49 cu1t11 
0 UU Ol 000 SUBHOUJINE CUT(XMIN,XMAX,TMJN,TMAX,JSTRX,ISTRY,IPLOT,IST,A,B, 

OUUUJ OG C 80UUUt coi •J,IU,Kr) 

8
0UU 04 og DIMt.NSION ISTRX(5),ISTRT(2,9>,IST(b),Al35,5),A(35,51 oouo~ 0 UlME.11S10N IBl5) 

800U Ob ogg C 
00U u7 0 CALL l 11ITT (301 

I
OOUUb 018 CALL B!NITT 
OOU09 0 CALL ULIMX(XMIN,XMAX) 
OUU!O O 8 CALL DLIMY(YMIN,TMAX) 
OUUll O CALL rPE( pLOT,1,ISTll 
ouuu, o8g CALL l,1EcK!A<1,1>,et1,1!! 

~

OOU!.3 0~ CALL DSPLAT!All,1),8(1,1 ) 
OOU14 0 CALL NOTATE 493,50,5,ISTRX) 
OUU!~ 0 8 iALL Nv TATE 40,410,2,ISTRTll,KTI) 

I
OOU!b 01! F(J,Eu,l) GOTO 20 00Ul7 0 0 10 ~1: 2 • J 
OOO!b O FAC: BK -
OOU19 8 lALL TTPE!1~L6t,IFAC,IST(Kl)) 
ouu20 1g CALL CpLOT(All,Kl),6(1,Kl)) 
00021 2 CALb HuCOPT 
oou22 8 RET HN 
0UU23 END 

i,,HUG,P •••••• DUMP •••••• 

1,,ELT,L Q,OUMP 
[Ll bu-Ob/14-22149 DUMP(2) 

~

OUU Ol 
8
~
8 

SUBROUTINE DUMP(T,A,B•C,U,£,F,G,H,Q,KI OOU 0£ C 
OUU03 DfMEtlSJON Y(35,5) ,A(35,5) ,Bl35,5) •C(35,5) ,Dl3S, 5 1,£l35,51 ,F( 35,5) 
0UU 04 0 0 D MEI.SJOU G(35,5) ,H(35,5) ,0(35,5 1 

~
88~8~ 888 C GOTO(l o ,20,30,40,50,60,70,B0,90),K 
OUU 07 ago 10 00 1 I: l , 35 
OOU Ob O O 00 1 J: 1 ,5 

~

OU UU 9 000 l T(i,~1:A<l,J) 
OOUlO 

888 
RETUR N 

8uu 11 20 DO 2 I: 1 , 35 
UU 12 U0£J:l,5 

00013 0

88 
2 Ylf•JI : B(J,JI 

00014 8 RE UH N 
0U U15 30 DO 3 I: I , 35 
OUU !b 000 DO 3 J: l , 5 
OU U!7 0~

8 
3 Yll,JI : C<i•JI 

OOU lb 8 RETU RN 
OOU 9 40 UO 4 I: 1 , 35 
oou2u o 8 Do 4 J = 1 ,5 
ou u2 1 o 4 Yli,JI = u <1,Jl 
8uu 22 888 RElu HN UU2 3 50 UO 5 I: 1 , 35 

oo ouz q ooo oo 5 J = 1 , 5 

8
0U U2 ~ 0~

8 
5 T(l,J) : E.(J,J) 

0UU 2u 8 HEl UHN 
00u 27 bO UO 6 I: I , .35 

Q0UU2b 00 0 UO b J: 1 , 5 
Q0 0U 29 ogg b Yll,J): f(!,Jl 
Q0 UU .3 U O Rt. TUkll 

800 031 888 70 UO 7 I : OUU .32 UO 7 J: 

88 88 ~~ 888 
7 ~ Jf~~~ = 

QO OU3~ 00 0 80 UO U I : 
QO OU J b 00 0 UO U J : 

1 , 35 
I , 5 
G (I, J) 

I , 35 
l , 5 



vl 
-I-

•••••• UuMI-' •••••• 
OOUUJ/ 000 B Yl I •Jl = t1 lI • Jl 
OO UUJtJ oog HETU l< N 
Q0UUJ9 oc, 90 uo C, l = l I JS 
~0UU4U 

~~~ 
Y? 9 r = 1 • s 888~1 9 f•J = OII•Jl 
RE UHN 0UU4J l:.liD 

i.HUC,,p •••••• FORCE • ••••• 
i.ELT ,L Q, FORCE 
~blus~-Ob/140~~;49 

80UUU<'. 8~! 
FORCE(23) 

OUU UJ 0 
~

00U u4 00 
ouuuo 00 
ouuub oo 

oouu u7 ooo 

80UUUb ogo 
oouuc, 0 0 

oouu10 ogo 
900011 0 0 

~~~~ i. ! 8~81~ OUUlo ~ OOU16 
0UU17 
OOUlb 

~88~ 9 

ss8d ~ i 
I

OOU24 ~11 88 ~ ~~ o 
OOU27 8 
OOU2b C 

l
ge~1~ 80! ~ 
8881~ ~~ ~ 
OUU J4 08 
OUU Jo 0 

88~11 8~ 
800U 3b O 8 

0UOJ9 0 

1
888 ~~ 888 
OOU4;. 0~

8 OOU4J 0 
OOU44 0 
OU U4o 000 
OUU4 b 00 0 

88 88 ~~ 888 
8888s~ 8~8 

OOUo l 0 
8o uu=i 2 c, 8 

~

oouo J oo g 
OU05 4 00 
ouuso og g OUU~o 0 

i
oouo 7 og g OUO~ b 0 
00Uo9 00 0 
OUUoU 00 0 
OUUo l 00 0 
0CJUu 2 000 

C 

C 

5 

10 

2 0 

DIMENSJON CLW(J5,5),CDW(J5,5),CMW(J5,5),CNW(35,5l,CR~ CJ5•5l, 
•CYW(J5,5l,ALPHA(35,5l•I0(5),Y(35,5l 

UIM£1/>!0N YMIIH9), YMAX(9), iSTAY (2,9), ISTRXl5l, !SY (6) 
DIMlf4S!ON XCl-'IJ5, 5) •YlCP(J:,, 5), Y2CP( 35,5) 

DATA YMIN/-,l,O,,-,J,-,4,0,,-,l,O,,O,,O,/ 
DATA YMAX/l,S,1,,,2,,1,,b,,l,l,,l,,l,/ 
UATA lSTRX/65,76,80,72,65; 
DATA l5TRY/b7,7b•67,6tl,b7,77,67,78,67,82,67,89,R8,0,89,49,89,50/ 
DATA fu172,J23,525,121,9b9/ 
UATA 5Y/l,3,8,4,2,ll/ 

WRIT!:. (61b6) 
REA~ IS•lll !PLOT 
CAL ERASE 
WR! 1:. (6,44) 
REAU15,ll,END=2oO> J 
•RITE (6,55) 
RE Dl5,lll NSTART,NE NO,FACS,FACC,Xl,CBAR,CHORO 

t
[INST AAT,EQ,ll GOTO 100 

S~Ar= o 
J=J ♦ 
REAU17,22) IREC 
READ (7,77) AL,AD,AM,AN,AR,AY 
REAUl7,33) ALPHA( 1,J) •CLW( I ,J) ,COW(I ,J) ,CMW( I ,J) ,CNW( I ,J), 

•CRW( •Jl •CYw( 1,Jl 

iF!IREC,£0,NSTARl) ISTAT=l 
F ltT AI•E Ql O) GO TO l U 
bw , J = -1 

w •J = -
CMWll•J) = f-1 
CNW l•Jl = -1 
CRW(l• J l = 1-1 
CYW(11 J l = 1-1 
ALPHAll,J) = -1 
XCP(l•Jl = 1-1 
YlC P (l,Jl = 1-1 
Y2C P (l,J = 1-1 
CLWl!•J l : FA CS.CLW(I,Jl 
cuw11• J 1 = FACS•C UW(l•Ji 
CNW l• J = FACS•C NW(l•J 
CR W(l• J l = FACS• CR.(l•J) 
CY•il•J = FA Cs.cYw(!,J) 
CMW l• J l : FA CS ♦ CM W l l•Jl•FACC 
ALP= ~LP HA(l• J >•3,l 4 159J;lAO, 
!FI NS TARl, GJ, llOO ,A ND , NS TAR l,LT,930 ) GOTO 20 
Al ~ = hl• COS I ALp )+AD• ~ I NI AL PI _ 
XC P</• Jl = ( - AM/ AL ~ ♦ CHORD/4 ,+Xll/CHORO 
Yl CP I· J l : AR/( AL• 4,) 
Y2CP I ,J : - A~;tA0 • 4 • l 
EX Pl = C lw(l,J l • COSI ALP) ♦ CDW(l,Jl•SI N (AL P ) 
EXP£ = 0 ,75• 1FA CC -l, l - Xl /CB AR 
lM W(l• Jl = ( MWll• J l ♦ EXP l•E XP2 
I F ( Ji<E C, EQ, NENU ) GO TO 5 
I= I+ l 



r 

c..,, 
u, 

•••••• FOKCE •••••• 
000Ub3 000 GOTO 10 

I'""" ill 
C 

00Ub5 C START PLOT OUUob 
loo guu67 CONTINU~ UUotl KMAX: 

OUUo':l IF(JHEC,GT,600,ANO,IREC,LT,930) KMAX: J 
goou1u 888 00 loO K: + , KMAX OUU71 CALL DuMP ! •rLw,CDw,CMW,CNW,CRW,CYW,XCP,YlCP,y2cP,K) 
roun n~ CALL l 1.ITT JO 

ouu 73 ~ALL B!NITI OOUH ALL LjM~ -51150,) ouu1; CALL DL Ml™ N(K),YMAX(KI) 
8888J 888 

CAL YPE PO, ,J Y( 
cAtL lt1ECK 1L~H1 d ,1 r. y f L 1 » f '"" 888 
CALL DSPLAY(ALPHA!~•ll,Y(l,1)) 00079 6F(J~Ea ,1) GOTO I OvUbU 0 1 0 Kl: 2, J 

8e8g~ n~ tAC : 11:l(Krll 
ALL TYPE I PLOT•IFAr•ISY(Kll! 00083 lALT CpkOT ALPHAll,K >,Y(l,K ) 000!!'+ fgg ON INu 000d5 

ill 
~ALL NOtAl~!'+9J,58,~•l~tR~I 00086 ALL NO A '+0,'+l , ,1 R l,K)) 

rOU87 AL~ HQCOPY 
888 13$ 160 cot INul 
oou eu ~AL cy ,o,,5o,,,5,1,3,ISTRX,ISTRY,1PLOT,1sY,ALPHA, 

• ~W,J, B, l 000091 CL! CuTl-5,,20.,o.,,3,ISTRX,lSTRY,1PLOT,ISY,ALPHA,COW gguog~ 
~~~ 

• , J, 1:1, 2) 009.3 GOT ~ 0000'1'+ 200 CALL INITT(0,7001 

8
0UU95 

888 H FOKMAT! ~ 30091:, FORMA f 1 I 0097 FOKMAT( 9X,F6,l,9X,Fl0,3,FlO,'+,'+FlO~J) 00096 

ill 
'+'+ FORMAt!l8X, 11NPUT Oto fONTINUr•TO TOP TYPE Q•J 00099 55 FORMA l x+•INPuT NS AR •~END• AsS,FACC,Xt,CBAR,CHORD',/,lOX, 00100 ••T~ INo CA E COMP1ETION o M!LTI LE P,oT rT ., 30101 .,. OX•ITlPE AN l• ,li'l'ib'' .,1-. TO ALO 7 ONES') UlO 77 FORMAt !'+ X•F ,~,F 0, •'+F ,1 001g3 66 FORMA 1ox, 1 IN ul IPLOT = o OR DASHVD ~INES', 00 l '+ e/,l0i•• NP~T IPL l = 1 FOR LiNES ♦ S MB LS•, goios n~ ••l•l&~••I~ UJ lPy T: ¥ FOR YMeOLS ONLY• 0 Ob ••I• ,'U E PLO : 0 F YOU ON Y WANT TO LOOK AT THE PLOTS•> 00107 STOP 00106 END 

wHDG,P •••••• MAIN •••••• 

1,,ELT,L Q,MAIN 

il888I-06/l'+81211'+9l~AlN 

0003 8 11 
00 0'+ 22 

88888l 8 

1

00007 0~1 JJ OOO Otl 0 
8000 9 8 

OUIO '+'+ 
00011 0 

888li 88 10 0 

READ '1•11,ENO :100) 1,J,K,L,G,A,B,c,o,E,F,G,H,O 1~A!~ 17122) l,J,K,L,G,A,B,C,D,E,F,G,H,O 
FORMAl(~ ,3I5,F6,2,2Fb,2,F6,l,F10,2,'+Fl0,1,Fl0,2) 
KEAu<s, ~ A•B,c,o,E,F,G, H 
RRITE ( 133) A,tl,C,O,E,F,G,H 
FORMA1(30X,2F8,2,F8,l•Fl 0 ,2,4Fl0,l) 
READ 5111) A,B,C,D,E,F,G,H 
~Rill !7•'+4) A,8,C,O,E,F,G,H 
FORMAI 29X,F6,l,F8,l,lX,Fl0,3,Fl0,'+,'+Fl0,J) GOTO O 
ST OP 
END 

"HDG,p •••••• MAP •••••• 

'-ELT,L Iii MAP 

~
LT 61:1-0b/14-22:'+9 MAP 
000 01 oog IN SAMPAT H•TEMP,MAIN 00Uu 2 00 £NU 



l,I 

°' 

• ••• •• MA P • • •••• 

QHUG,P •••••• MFOR Cl •••••• 

1o,ELT ,L Q,MFOHCE 

~~
T bb-Ob/14-22:49 MF0RCEl2) 
000 1. 8 ~~ l N WT•GRAPHlcSfF8RCE,,UUMP,,TYPE,,CUT 
0002 Lib UOM•AG2PL0 l , 

OOUO..l I END 

QHOG,P •••••• MPRESS •••••• 

QELT,L Q MPRESS 
lLT bb-06/14-22149 MPRESSll) 
OOOUOl 000 IN WT •GRAPHI(S,PRESS 
00UU02 000 £ND 

~HOG,P •••••• MPRES20 •••••• 

T bb-06/14-2 1~9 MPR S201 ) 
wELT,L Q,MPRES!o 
b~ouo1 o~ IN •~•GRA~HlcStPRE52D,,TYPE 
800002 8 LIB U0M•AG2PL0 10, 

0000..l ENO 

wHOG,P •••••• PRESS •••••• 

~iTT6B-~&~~t~i~l49 PRESSlt4i 
888l ~ B ~ N~1g~ ,~i~~9~•!~~J5~trk1CPl..14•5) 
ouo..1 ~ EQU ~ALENCE 11cl4l1,1cp11,1, 

8~88! ;~~ C 
80UU7 

Oggg~ 811 C gou10 
o88H 
888!~ ~ 10 
oou1s gol 

0017 8 8001b ~ 
OOlb 

00019 0 
888~~ 88 
88~~~ 888 20 

~

OOU24 000 
00025 oog 
00021, 08 
80027 0 8 
000..10 8 
oou..1 1 
00032 000 
8881~ 888 
000..15 000 

..10 
C 
C 
C l

og~~~ 888 

OO U..lb 0 

ggs ~x 888 ..11 

~

000 ..19 888 ..12 00040 
0004 1 ..14 
00 04 2 000 ..15 

FIA,H•Ll•Ml) 1B-A>•FL0ATIM1-INFOYIL1l)/ 
•FLOATl!NFOY ( 1+1>-INFOYILli) ♦ A 

GIC,O•L2•M2) (O-C>•FLOATIM -INFOXIL2l)/ 
•FLOATIINFOX( 2+1)-J NFOX(L2 )+C 

DATA I NFOY/1•21..1•~•9,l..l,17,25,J..l,~5,57,61,67,7J,77/ 
DATA I NFfX/!127,~..l,7 •92/ 
DATA !xi M, YOIM/92, b/ 
AEAD , lN TAR ,N P 
H£Aol9, 2,END=1Jo1~ZYART,1G,1A,IFAc 
l~ll~TART,yi•NSTOP! STOP 
REA l7,..l..lll '1~>•1=1,220) 
~~f~slA~Y,L ~NS TARTJGoro 10 
NPOHT~:IC(l) 
IA: -iA/10 
00 20 : 1 , NPORTS 
DO 20 J: l • 5 
CPl!,J) : FLOAT(fCPII•J)) 
FAC : FLOAT(IFAC /100 0 , 
uo ..10 J: 1 , 5 
Ul : CP(l,J) 
Q2: CP (2,Jl 
GVOLTS : (Q - Q2)•FAC 
PST : CPl..1,Jl 
DO ..10 I :~ 1 NPORTS 
CPll,J : IC~II,JJ-PST)/QVOLTS 
•RffE l 6•l101 
oR £ 6,b6J ISJART,fA 
• RITE l6155) II , (CP 1,JJ ,J:1,5)) ,I:l, NPORT SJ 
WRITl 1~,77) I XD IM,IT OIM 
UO 40 JX : l , JXOIM 
UO ..11 I : l • 5 
!Fl IX, GE, I NF OX(! I ,A NO , IX,LE, INFOXI I+l l l GOTO J2 
UO 40 JY: l , YO! M 
UO ..14 J : l , ts 
JFIIY, ij E£!NFOY Jl,AND,IYiLE,INFOYIJ+l JJ GOTO J5 
Zl: F (C ~ J+..l,IJ,CPCJ+4, l,J,IY) 



,.., 

c., 1 
--.J 

•••••• PRESS •••••• 
OOUU4j 
QOUU44 
00004!.> 

~

OOU4b 
OOU47 
OUU4tl 

800049 
OOU!.>O 

OOOU5l 
OOOU!.>, 

~

000!.,j 
OOU5'1 
OOU!.>5 
OOU5b 

wHDG,P 

ooo 
000 
000 

888 ~u 
iU 

•••••• 

40 

H :n si 
~7 
88 

H8 

PRES2D 

L2 = F!CP(Jt.3,Itll,CPIJ+4,l+ll,J,IY) 
l = GlLl•l2,l•ixl 
1oRllE (l5,ti8l l 
GOTO l O 
FORMAT I l 
FORMAT I llCJ,24X, 18, H,x, 18,24X, 18) 
FORMAT(IOX,lli8) 
FORMAT(lOx,15,5x,5El2•4> 
FOHMAT(IOX,•STAHT kEC NO 1 ,I7,5X, 1 ALPHA 1 ,l6l 
FORMATl2fJl 
FORM1d (E 0,.3) 
FORMAT(IHll 
STOP 
END 

•••••• 
11ELT,L Q,PRE52D 
ELT 6tl-06/l4-2i149 

R88881 88 
00000.3 00 

PRES2D(Jt · 
DfM NStON !~16) ,Y (35,5) 1XCLl 16) ,XCU( 15) 

M NS ON ALEx14), CALEYl4) 
BIMENS ON l220l, IC~IJ4,5l ,CP(J4,5), ISTRX15l, ISTRYIJl, ISY(6l ·oouu4 o· 

00005 8 
OOOOb 
00007 ~ ooooe 
80009 

0010 
oouu g 
oou12 

888t~ 8011 00015 
OOOlb 
00Ul7 0 
OOUltl 8 

l
u~n sll OOU2.3 8 
00024 

888~~ R 
00027 0 

8
00U2tl O 

8 80029 08 OUJO 0 

~

00031 0 0 

8883~ 888 
OUU.34 000 

8gs8H 8R~ 
8ouuJtl ooo 
gog ~~z g~o~o 

00 41 8 (/IJ42 
00U4J 0 
OOU4 4 000 
00U4!.> 000 
00U4b 000 
OOU 47 000 

828~~ 888 
OOU50 000 

~
8885~ 888 
OOU5 3 oog 
0005 4 uO 

OO UU :, !., UO O 

1 

~ 

18° 

20 

30 

40 

45 

46 

47 

EOUI VALENCE ( 1Cg46 l, ICP ( 1, 1) l 
DATA scALEX/3,, ,,Q,,1,/ 
DAlA SCALEY1J,, .,-2,,-2.1 
DA A IU/72,J2 ,52, 1,54 ,969/ 
DA A XCL/15, ,a., .B1!t .02~, ,05, .1,, 1s, ,2, ,J, ,4, ,55,, 7,, 75, ,825, 

•• 9, ,95/ 
DATA XCU/14,, ,0125, ,025, ,05,, l, ,15, ,2, ,J, ,4, ,55,. 7,, 75, ,825, ,9, ,95/ 

•I 
DATA fSTRX/t,7,72•79,82,68/ 
DATA ~TRY/45,67,80/ 
DATA 1 T/1,J,8,4,2,ll/ 
loRITE 6r99) 
REA~ 15•11) fPLOTl WR! E ( 6, 21 
DO ! = l , 5 'r ld = 5, 
rl11, , = 14. 
JJ = 

READ15,11)NSTART•NSTOP,ITAP,IPLOT 
JJ = .JJ ♦ 1 
REA~(7,22,ENU=5ol1START,Ia,1A,fFAC 
IF( ST ~RT,GT, NSTOP) JJ: JJ -
Fl START,GI•NSTOP) GOTO 50 

REA~17,33l( C(l)•l=l,220) REA 7,3.3 I KIP 
lFI ST ART,LT,NSTARTlGOTO 10 
NPORTS:IC(~l 
IA = -1A/l 
UO 20 I: , NPORTS 
Do 20 J = l , 5 
CPll,J l = FLOAT(JCPII•Jll 
FAC: FLOAT(IFAC /1000, 
UO J O J : 1 , 5 
Cl l = CP ll,J) 
02 = CP 2,J) 
OVOLTS: <a1-a21•FAC 
PST :: -; PlJ,Jl 
uo jQ I = 4 , NPO RTS 
CP (,,J : lCPli,Jl-PSTl /O VOLTS 
lFl PLuT,EQ,l) GOT O 46 
DO 40 I: 2 , 16 
T(l, J J = -CPli+2,ITAP) 
UO 4~ I = 18 , 32 
Tll,JJ ) : -CPlI,ITA P ) 
GO TO l uO 
UO 47 I : 2 , lb 
UO 4 7 J K : 1 , 5 
Yli,JK) : -CPl!t2,JK) 
UO 4tl I: 18, J2 
UO 4u JK : l , ~ 
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C.., l 
co 

•••••• f'HE~20 •••••• 
0000 ::, 1, 000 48 Y(l,JK) : -CP(itl,JK) 
0000::,7 000 50 CALL l ,,!Tf (JO) 
~gou::,ll 

Iii 
CALL BINI T 00:,9 CALL Ct,~CK(SrL[X,S~ALf:Yl OOUuO CATL 0~ LAY( CALEX, 5A EY) 

~OOli bl !F I PLJ T,t:.~, ) JJ : OOOt,2 ~O 6(J l : • JJ OOOoJ 
FAC : 18( ll ~8UUb4 sr CALL lrPE PLOTl,IFAC,iSY<Ill UU65 

0 8 CALL PLOl XCL,Yll,lll OlJOt,b CALL lrPE If'LOTl,;FAC!ISY<Ill OOuUt,7 0 0 CALL PLOT xcu,r<l ,11 
g°UUt.,tl n~ bO cotq IN uE 
8~~~~ ~ALL NJTAl~i4zJ , 58 ,s,l~TR~ 1 ALL NO A 2 ,41 , ,I H 000071 CALL HuCOP roun 

888 
CALL F!NlT (0,700) ooop H FORMAT l b ouo 4 FORMAT( l •2"X, !BolbX• IB,24Xd8l 00001::, ooo FORMAT ( !OX,1116) 

88007b 
8~8 

55 FOHMAl(!Ox,1s,sx,s~12,4) 0077 
~~ FORMAT! !Ox, •START EC NO •, n,sx, 'ALPHA', 16) 30 00111 8 8 FORMAT 2f5l 00U79 8~ F OHMA T ( E • t I 

rOUtlO 8~8 FORMAT(lOX, NPUT fPLOTl: 0 FOR DASHED LINES•, 0001;11 •l•fOX••fNPUf fPLOf : l ~OR LINES+ SYM~OLS', 00062 •I• O~•• NPU PLO l: 2 OR SYMAOLS ONL 'l 00001!3 000 HY FORMAT I lHll 

~888g; ~u FO~MAf1~x,•rYPf fN STAR~ 'TNO REC , TAP LOCATION s tPLor•, •I• X, f LOT= ?R CP LO OF WHOLl WINy'p 888g •1,sx,• P~OT:~NYTH NG ~UT 1 F~R SPii Flfi AS AT ~IFF ALP' 
••l•SX••A LO THE SAME LINE EPAR O Y COMMAS• 

8888~~ 888 
STOP 
ENO 

li,HOG,P •••••• TYPE • ••••• 
i.ELT,L g TIPE. 

I
ll 6b-06/ 4-2

8
149 

00001 0~ 00002 0 
OOUO J 8 8 OOUOlj 

8888~ 888 
1,,HOG,N 

i.Rt::~UME,E 

TYPE 

iUBHOUTINE TYPE (IPLOT,IFAC,IVALUEl 
F(fPL Ol ,EQ,0! CALL LINElIFACl 
F( PLO ,E ,2 CALL LI NE Ol 

IF! PLot,&~,Ol CALL STMBL<IVALUEl RE UHN 
EN 



J . 

2. 

.) . 

4. 

RI: 1:1 :I~ :,\JCl:S 

Kroeger, I<./\. ~111d Fe istel, T.\'J., "!<eduction or St:1IJ - :-;pi11 l '.ntry 
Tendenc i es Thrnugh IVing ,\ erodyn;.1111 i c J)esign," SJ\! : l\1per 7(1()481, 
/\pr i l EJ7(l. 

l;e i s tcl, T.\V. :111d Anderson, S.I3., " ,\ ~lct hod I-or l.oc1li:inn \\1i11u 
I:10\v Sep:1r:1tion ;It St:1] I to 1\l levi:1tc Spj n l :ntry Tcntlcnci;s," " 
/\JM Pupcr 78 - 14 76 , 1978. 

"St:111/Spin Fli ght l<cse:1rch 1:xp:mded," /\v i:1ti o11 \\'cck :ind Sp:1ce 
Technology, Septc111her IJ, 1~)78, pp. ]01 ,111d JO S. 

Wi11ke l 111:1nn, /\.L., "l :xper i111ent:1 l Studies o r :1 T1vo :ind :1 Thrcc - lli111cn 
s ioni1l !,Ohl Speed Turbul ent I3ouml:1ry L:iyc r," lloctor:1 1 lli sse rt:1tion, 
University or MarylantJ, 1976 . 

S. Lnformuti on ror Users o f- the Clcnn L. ~l,1rtin Inst itute 0 1· Techno l og:' 
!,Ohl Speed \Vind TunneJ :1t the University or f, \:iry l.111d, l\1rt I -
Descripti nor t he \Vind Tunnel. 

(). /\hhott, I.II. und llocnhorr, /\.!:., "Theo r y or Wing Sec tion," ~-1cC: r:1h' 
I Ii l l Hook Cornpuny , Inc ., l 94SJ. 

7. !'ope, /\. :md ll:11·pcr, .J . .J., "i,01v- Spccd Wind Tunne l Testing ," .John 
\Viley :md Sons, Inc., ,\Je1v Yo rk, J%(l. 

8 . l':111khurst, H.C:. untJ llo lder, ll.lV., "\\'ind - Tunn e l Tec hnique," Sir 
lss~1c l'itm:in :ind Son, I.tel., l.ondo11, 1948 . 

9. Gl:1uert, II., "The Lnterrerencc on the Cl1c1r:1cteristics 01· :111 ,\irfoil 
in ;i Wind Tunnel o r lkc t:117.l.;Lil:1r Sect i on," lkports :ind ~lc111or:111d:1 

,\Jo . ] LI S ~) , 1 ()j 2 . 

JO. 1nror111:1ti on I-or User s or tl1c Clenn I.. ~l,11· tin Institute o l- Techno l ogy 
I.ow Speed \Vi nd Tunnel ,1t the Univers it y 0 1· ~l:ll")' l :111d , I>: 1rt 111 -
lt1t:1 l<ed11ct ion Procedures. 

I J . I1ope, /\., "Sunun,1 r y l<eport or the I:o rce s :ind ~lorncnt s Over :111 N1\C/\ 
OO l S /\ ir l-o il Through 180° .i\nglc or /\tt:1ck," /\ero lli gcs t, /\pril l ~l~~l , 

pp. 7(1, 78 :111d 100. 

12 . l~icgel:c;, I:.iv., "Aerofoi l Section," I3uttc n mrths, l ,ondon, l \l (1!. 

11. C: i· i st zos, C.C. , llcyson, II .II. :rnd Bosh·inkl c, lt \V . , " ,krndy11:n11ic 
Clii.1r: 1ctc r i st i cs o l- N,\C/\ ()()1 2 /\i rCoi I Scct i crn :It ,\ 11 .~ lcs 0 1· Mt:ick 
I·ro111 o0 to 180°11

, N/\C1\ Tccl111i c:1l :'Jotc :i:ihl, .J:1rn1:I r :,· [ l)SS. 

14. lloerne r, s . I:. :rnd l~orst, II.\ ' ., "I ,. luid - 11yn:1rnic 1.il·t," ~!rs. i,i scto ll c 

.!\ . lloc rner, I ~l7S . 



I S. S111ct:11w, F.O., Summey, ll. C:. , S111jtli , \i.S. nnd C; 1rdc11, !(.k., "l.i glit 
/\ i rcr:11t l,·ift, Drc1g ~ind ~lament Predi ction - /\ lkvic1v :mcl 1\n:1lysis," 
N /\ S/\ Cl ( - 2 S 2 3 , ~ I: 1 y J 0 7 S . 

1(1. \Vinkc l1n:111n , /\.l :., 11 1:101v Vi su:1! i ::: ;iti on St udi es or ;1 l.01v ,\spt'l'l l~; 1t io 
1: in i tc \Vi 11 g Beyond St,11 l," Ti( J\J:- 79 - 3 , l)cp:1rtmc11t o r· /\erosp;1l·c 
i :ng incc rin g , Uni versity or ~J;-1ry l ,111d, Co llege 11: i rk, .J une ! ~l 79 . 

17. rsr:1s ! oh1 , /\ .L., !li cks ,!(.~!. :md llnrr i s , 1( . \1., "Use or Cr :t Type 
Bound:iry- l ,;1yc 1·-T rnn s iti on Tri ps on \Vind - Tunnel ~, lode l s, " .\! ,\L'\ TN 
ll - 3S7~l , Septc111hc r J SJ(1(1. 

18 . /\gr:1 1v: 1I, S., "l\1r;1111c t ri c- Sttlllics 0 1· lli su J1 1t i11uo11 s l ,c;1di11g l :dgc IJ 
rccts on \\' in ).!_ C: li:11 \ 1ctc ri st ic s 1·0 1· 1\ng lcs 01· /\t1; 1d; llJl t o so0 ,

11 ~I. S. 
Th es i s , lJ11i vc r s it y or ~l:1rrL1nd, l ~l79 . 

! <l . k11i glit, ~I. ,llld \Vcn : i11 ~c 1·, C: . . J. , "~\' iJ)(I Tu 1111 c l Tes t s rn1 :1 Se r i es <11 · 

\Ving ~lode l s Th rough ;1 ° l ,; 1rgc /\ng lc o r /\tt,1c k lt 111gc, " N/\C/\ Tcc l111i c 1I 
l<e port 3 17, 102~l. 

20. Th1v;1itcs , IL, "l11co111pre ss ihl c /\c r ody n:1mi cs, " C: Lircndon i>n_'ss, ();,Joni, 
I %0, C:k1pters l ,md S. 

2 1. Vu s,111tc1, l(;1m, V . , "lJntcrsuclmngcn i '1hc r d i c l :c kc 11 grcn : sc h i c lit :111 
c inem l, 1·e i szy1 imler 111jt Sc itc111,1:1nd," lk ri c ht 6:\/ 4(1, Br:1u11 sc hh1c i g . 

22 . lloc rn e r, S. 1: . , "Fluid - llyn:1mic l) r,1g ," pub! i shcd hy the :1uthor, l % S. 

,) () 



-----"--

------✓--

' STAGNATION VORTEX 

SURFACE 

VORTEX CELL 

SEPARATION 

Example of a separation vortex 

(from Reference 1) 

(from Reference 16) 

Figure 1 - Possible flmv field model s used to exp l:J.in colmter- r ot :J. t i ng 
5 \ ,1iTl p.:1.tte rn:::. 

41 
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Force Balance 

u 
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Test Section 

43 . 94 cm x 115 . 83 cm 

!vi n .i.; Mod el 
NACA Chord cm Span cm 

2-D 0015 

3-D 0015 

12 . 70 

12.70 
43.94 

35. JS 

Figure 2 - Sketch of IVing Models in Boundary Layer llesearch Tunnel 
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Test Section 

2 . 36 m x 3 . 3 S m 

Wing Model 

Leading Edge 
Modification ---

- -

>--

Spaiwise l ocation 
of pressure taps 

(% Semispan) 

-- . -

95 (Ro 

84 (Re 

w 5) 

,w 4) 

- - ~ ---- 62 (Re ,.; 3) 

>--

- 39 (R ,w 2) 
-

L----

- -
_ 17 (l ow 1) 

-

I 
; , / , / , , 

Chordwise l ocation of pressure t aps on 
upper/lower surface <======-

Ta2 No . % Chord 

1 0 
2 0.0125 
3 0.025 
4 0 .050 
5 0 .10 
6 0 .15 
7 0 . 20 
8 0 . 30 

Ta:Q No . % Chord 

9 0 .40 
10 o.ss 
11 0.70 
12 0 . 75 
13 0.825 
14 0.90 
15 0 .95 

Figure 3 -

Modified NACA 0015 Wi ng 

Sketch of Wing ~!odel in Glenn L. Martin Wind 
Tunnel and Details of Leading Edge Glove 
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14 % Clark Y 

faired flat -\ 
I : 

-~ 3 . 8lcm',.........c__ ' - -

Increase in chord 
Leading edge droop 
Decrease in nose radius 

Baseline NACA 0015 

I 

45 . 72 cm 

figure 3 - Concluded. 

.,__ 



.j:.. 

Ul 

u_ -

Configuration 1 
(NACJ\ 00lS) 

~ 

Configuration 6 

1001 Semispan 

>-- 87 . II 

751 
~ 

~ 62.51 

~ ~ 501 

>-- ;1 . 51 

25 1 

12. 51 

7 

Configuration 2 

u_ -

100 \ Semis.pan 
----r, 

87. 51 

75 1 

62. 51 

501 

ll . 51 

Configuration 7 

u -=--

1001 Sem!span 

_ 87.51 

_ 751 

~ 62.51 

_ 501 

_ ll.51 

~ 251 

_ 12. 51 

, / / / / 

Configuration 3 

u. -

1001 Semispan 

1-- 87. 51 

751 
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