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‘o . CHAPTER'I ' - . =+,

- ~+  INTRODUCTION Y .

l.l.;Introduction“to the Project .

. ’
The purpose of thls project was ‘to lnvestlgate )

*
)

the problems lnvolved in the de51gn of a 'single. slotted- /'

flap alrf011 sectlon at low Reynolds numbers, to develop

-.a de51gn method and to demonstrate ‘the desmgn method by

designxng and testlng a slotted flap alrfozl\séctlon.

.
-~

The desrgn method dlscussed in the follow1ng .

‘

chapters represents a unique contrlbutlon to flapped a1rfoxl

-

;de51gn in. whlch spec1f1c empha51s has been placed on’

f_fllght 1n the low Reynolds number range.' (R = lO6 to
‘-3x10 ) CA

satlsfylng the requlrements of hlgh speed and low speed

1

6 Lo~

In the course of the pro;ect. o

-~

(1) 'Three maln computer programs ‘were' developed for- the

A de51gn process (see Appendlces A,;B, and D)-

(2) A de51gn phllosophx,was developed and the method

. "was tested by de51gn1ng and testlng a slotted-flap

a1rf01l secylon. -
-8

(3)‘ The de51gn of srngle element a1rfo;l‘sectlons for
.slow Reynolds numbers was. studled and some a1rf01ls .

1



flap alrfoz.ls, a dq.scussio' of the de51gn requ'

the progect, and an lntroductlon to the an t1 al de51gn

’[“\ tools (computh programs)

) \‘ . H C : o
‘ ’1.2 Introductlon to Alrfoil Deslgn . :
' \ N N~ L '..
In pract1cal aer nautlcs the-designer(is

interested in bodles where the component of the aerodynamlc
. «

force actlng on - the body p rpendlcular to the dlrectlén of
. motlon 1s much larger than'the component actlng in the O gf}g

dlrectlon opp051te to that of mottoﬁi Such bodles are »f

called amrf01ls.-'

;,‘._-

“The perpendlcular‘force LS called the rift and

o 1s of course de51rable 51nce it balances<§he welght of the

alrcraft The force opp051ng motlon 1s called drag. For

powered alrcraft the drag must be countered by the thrust 3{3'

to ma;ntaln level fllght. In the case of powerless alrcraft -

. » /

oh

I
The des;gn of alrcraft 1s based on the de51gn

lgwi the ratio: of drag force to lift force is equal to -the. - ~=,<-vv
T ‘ ‘ L - C . ~.,  . R :.
tangent of the gllde angle.'f v s SR N

- of airfoil séctlo . An aIrf01l sectlon is. the cxoss
¥4 : e i

b T K

~section of a w1ng. The de51gn of a1rfoxl sectlons can be A

descrlbed as . the de51gn of a w1ng .of unlform cross sectlon,

.~ o - . )&o; .

N
N

¢ .



"of alrfoil sectllhs s two dl nSLOnal dESlgn.;

The ch rd of an a' foil sectlon is gederally’“

%pv c.

) and form drag (press re drag) Form drag 1s the .result of =

the d%splacement of the streamllnes ‘(and hence the alteratlon-

\
e

of the pressure dlstrl uthn? due to the formatlon of the\

'boundary layers. In pra‘tlde the separate determlnatlon of

C My,

B N
form drag and sklﬁ friction drag is, not usually/;m ortant

[}

hot w1re wak?\traverse.

\‘!
expressed ln nond1mensxonal,coe f1c1ent form.. The two-'

dlmen81ona1_lrft oqeffrc1ent,jc 1s deflned as

-2

'coeff1c1ent (CD) is - fﬁ'
tkpvzcl -

—_——

L. where'Lf is the ;iﬁdfrorce] x udit spah, v, is the:

'

!

-

' ;_ g The(irft and profll. drag of alrfoil sedtlonS‘are————

f ' taken to be the 1fngth of the Longést lihe;joihihg the“ .
_ tﬁarllng edgp and mhe leadlng edge although the chord may _:
be arbltrarlly ch sen. '.' .isf‘- "‘. _— Co f‘h .
. : :‘;, | The drag\of an alrf01l sectlon is termed)proflie i
i-f '-drag and is made up \of skin frlctlon drag (v;scous drag)g 'x\\ﬂ

.
Ve



B TN

el

‘per unlt span. SR ,i:".:_ B . e

N ' - R SR oo . o
Alrf01ls (or w1ngs) are not of 1nf1nite spa noﬂ X

PN

'ﬁfratlo of

. that

- ~

is termed\lnducéd .drag and ?wes its exlstence to the down~';

wash 1nduced by the wrng tlAkvortlces The 1nduced draa lj;

,,,,,,

coefflcient (CDl) is Dl/%pvzs where Dy is the 1nducedudrag’

and s lS the planform area of the w1ng. general’CDi‘is‘

.proportlonal to L™ . wherb the a5pe vratio (Ag) is

w 2 ) ‘#[,AR', y T o
equal-to;g_; b'géfthe.wing_span.‘: SR R ';

.vo

the other alrcraft components such as the fgselageh\ In

i, -
v ®ee

airf01l de51gn para51te drag 1s not con51dered Howeyer

1the 1nduc a drag must be con51dexed 51nce the expebted

'nduced drag to proflle drag wxll detehmlne

hto reduo the prof;le drag 1n the eszgn of the alrfoll

"

(Thls 1s dlscussed furth r 1n sectlon 1 3 ) 2

T

° . J

Ls 1n ompre551ble.. However the equallv temptlng assumptlon

ir'is . an 1nv15c1d fluld 1eads to the paradox1cal N

'

h The total drag of an_ actual aarcraft is made up

.uwr e e

Design for low speed fllght»(speeds less than ~|L'

flnlte span an addltlonal sburce of drag exists, -’ Thls drag .

.
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1ift ‘nor drag. o R oo s
: ~ The applicati, ot _ti_a’l f,flov‘r theo) L
- f . 9 N . . . ’. A )
. (1nv1scid -and 1ncompresslble fluld flow) leads to ﬁpe
C :"l ",’ = .
bk 4 redictlon of zero proflle drag 51nce ﬂbe,p}operty ofj:
. : -.\ e oo
* o .
“ . e
T , ;Circﬁlé

¢

h atory flow when superlmposed on tne unlform 1nc1dent flow

?results 1n a l;ft ﬁprce. 'QY’“‘KQ ‘f Lot

[y R .
) . . : B .“ ‘¢

Evefy alrf011 sebtlon exhlblts a unLque llft

v

coeff1c1ent for a glven angle of lnql;nat;on (aqgle of

’lﬁ L attack) w1th respect to the free stream.'
\ .

In order to

apply potentlal flow theory to calculate the Pressure5,':~

K

dlstrlbutlon and llft ca- unlqueness crlterlon 1s requlred
i to flx the value of the c1rculat10n fOr a glven angle of

Kutta dbserved that the flow tends to ;eave the

fattack;

tralllng edge of an alrf01l snoothly. That ls, the

.‘G.ui

,stagnatlon streamllne leaves the tralllng edge and is.

a '_.4 e 4

~'ngent to the camber llne at that p01nt.

'Thls tralllhg

when applled
2

“edge. condltlon (known as the Kutta Cénd&tlon)

to potentlal flow methods such as the 51ngular1ty methods

permlts the c1rcu1atlon to be unlquely deflned for- a glven

o

' s ' »

angle of at}ac? RN "‘«”-;,Y”f: f s ,ﬂ.-.

When the potentlal flow calculatlon methods, such

aS‘Thecdorsen erethod_, are applled to alrf011 sectlons,

R ]

s ....7 . . . B e

. .

./
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x._*the results lndlcate éhat oﬁe alrfoll sectlon oSS as suitab1e>~

as

as any other ln termL of the 11ft dharQ@Ferlstxd§ ‘ lhat
' s — T

j ,“315, the predlcted curves of CL{vers§§qa for all alrf01ls o

‘;.‘”5? . S
ﬂgeneral be dlfferent for cambere%}alrfoil sqptlons. o(mhe : .

a’

;55:5 zero 11ft angle rs equal tofkerb for qll symmetrlcal R t )

‘,nséct10n5°)‘.;”.' ﬁf'n"z?,j B SRR P
o In practlce the lift curves (CL versus u) for o
. cor T “ R ‘
tall alrf011 SeCthFS coqrespogd’bloigly to the theoretléal
. . L ’

- o

' OF attack AS lncldence 1ncreases the dev1atlon '__ Lo

";heory 1ncreases, a maxlmum Cr§Fx1st§‘for all'alrf011 D

','-"4

»  *¥fSeCthn§ for a g;ven Qeyno}ds)numﬂbr. Géee for example s

e . P

'Vf:(i: ' .f 1The ""igtion fromﬂtheory'isqdue to the;growth* e
s R : w3 ¥ e . e ] R . T : oo

’

&~;-of boundary l%?erséon the«%urfaces of the alrfOll sectlon.-'

a

'; Thé growth of the boun&ary layers depends prlmarlly on

s

1thd preegure dlsﬁrlbutLOn and the Qeynolds number.- On the o .--H‘f

. w -
. R
iy

'5‘33 upper surfacé (suctlon 31d%) of tne alrf01l sectlon the-" I

.... -t » A e .

;"ffbeundary layer thicknes% 1ncreases thh 1nc1dence.‘_Co’—“f!f*'“*“”;”

- ‘{v,'sequently ‘the: streamlrde pattern (and therefore the‘pressure

v

'Tw.dlstrlbutlon) r; dlfferent than the theoretlcal sd that

vf;thé llft coefﬁ1c1ent 1s reduced from the theoretlcal value'

‘ ,e'of potentlal flow theory,,the dlfference between experlmental
S " . c/ -
T nand theoretlca; 11ft 1ncreases w1th 1nc1dence.4‘t ' J;'

[
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. Uéglmately the bQundgry layer 1s no lggger‘able,

the steep. adverse pressure gradlent sociated:'

i N';‘

. the reglon of separated ﬁlow (on the suctlon smde) expancs.

.Lventually a maximum CL is’ reached. Thls phenomenon 1s . o

wit 1ncrea510q lncAdence. The boundary layer w111 separate

and| the _rate of 1nerease of L with ‘o decreases with o as ]

1

L)

: .’called traJ.l:Lng adge ‘stall o

slnce potentlal flow methods can predlct nelther

R A

. the actual 11ft nor the drag characterlstics ‘the deSLgn of .

'alrf01l sectlons requlres Ehe appllcatlon of boundary layer". - i{f

' -~

calculatlon methoas~to predlct the drag baSed on the

,~
~ . i

':‘potentlal flqw pressure dlstrlbutlon.‘-Thenethe pressure-» S

: dlstrlbutlon (and therefore‘tte 11ft) -can . be cotrec%ed to v:“ ' ;Q.

I(CL vers;

. /J

0 w.'.'

account for the boundary layer. ‘A very 1mportant part of

boundary layer calculatlon methods are the methods-of

-~

,predictlng boundary layer tranSItlon and Separatlon.

E

The llft—drag characterlstlcs of an alrfoll sectlon ‘

..

:,are descrlbed us1ng the llft curve and the. llft—drag polar

CD), Slnce Cy, and Ch are functéons of Reynolds &

/& complete descrlptlon(beually con51sts of a number R

- of cu ves for varlous Reynolds numpers. (Flgures 1 and 5.

;”are examplbs of these curves )

PreVentlng boundary layerlseparatlon is- the Pev

, .

-to extendlng the low drag range.or the range of useful llft

_coeff1c1ents for fL;ght Reynolds numgers. ‘Givén a des;gn.

‘

\.' .’ | .‘:"' . . _..



L . ¢ : .
pressure»distritution that willk delay boundary layer '

‘prealct the drag but also to find the boundary layer

' 'employed

. . , . , - . ' ‘ K ) j“ . . - ) . . X .
%eparatron7— , ¢ vrrmthdﬁ%T—SuchJas.that
* [ . . . : .

of Truckenbrodtr, can, be applied to yield the airfoil

VLBectlon .shape that w1ll exhlblt the deSLred drag charact-

,erlstlcs. Boundary layer theogy is applled not only to

L -

o
dlsplacement thlckness dlstrlbutlon which is requlred to-

correct the potentlal flow préssure dlstrlbuaﬁon for the
A 'y .
effect of the boundary layer. j .
Lo Y ' .
& discussion of the“@%?entialffIOW'calculation

method’ used in this; projéctb‘(the methodi“of distributed

:vortlcrfk) is found 1n Appendlx A .Appengix B'is a

' Y. .
dlSthSlon of boundaryqlayer analy51s and the methods

he.pronect Appendlx C. is a dlsc8551on-of

-

| alrf011 de51gn for specxfled de51gn pressure dlstrlbutlons.

LI - .. . R ,‘.'f

b ¢ Y

153 The De51gn of Slotted—Flap AlrfOII Sections

The deSLQn oF alrf01l sectlons ls compllcated

?by the facE~that alrcraft oporate over~a-range of Speeds._’

“'Therefore a- 31ngle element w1ng séctlon must be desxgned f

.'fas a compromlse hetqeen the requlrements of nlgh speed and

h.low speed The-w1n4\sect10n 1i t,drag characterlstlcs
‘when applled to an arrcraft are
' lift—drag polars for the range of

'urather than one polar for a partlcular Reynolds n

/s J

R ‘\

in reallty, an-enVelope of -

fllght Reynolds n mbers

Y
7 ‘y-

(The 11ft—drag polar for the Phoenlx sallplane4



o
*

., . . . . . .
' .
S I . : .
. . . . ) . .
K - .

in Flgure "2 as’an example ) .

'} . The deslred high speed characterlstlc of an

10

.

._Cchllng in- thermals.

N -
'alrf01l sectlon are low profile drag and small plﬁshlng

—foment whlle good low speed performanée requlres high qqft

AN

coefficients, low drag ana a gentle stall

[

For powered alrcraft the use of. a w1ng section

capable of prov1d1ng hlgh lift at 1ow speeds results in

a 1ower take-off speed and hence a shorter take—off run, . }f‘

At the same t1me the power requlred for take—off can be

.reducéd 1F the drag coeff1c1ent 19 mlnlmlzed On the
other hand sallplanes réqulre hlgh 11ft and lbw drag at ,"

. low speeds’ in order to reduce the’ SLnklng speed while.

Y . N

' . .
- . »

Good hlgh speed perfbrmance is best achieved

w1th an alrf01l sectlon of small camber whlle hlgh llft

'-at low speeds requlres a hlghly cambered secﬂ‘on. Increa51ng~

.the camber of an alrf011 results in an” upward dlsplacement
.t

. of the low drag range SO, that at low llft coeff1c1ents'
.(hlgh speedffllght) the proflle drag 1s 1ncreased. In ‘.
‘other words, attemptlng Lo 1mprove the low speed

. performance of an a\vf01l by an 1ncrease ln the camber

i,

',Uresults in a lgss of performanCe at hlgh speeds. o

rre .

For low speed alrcraft operatlng in the range

»

RL 106 to 3 x 106 for sallplanes and R =2 x 106 to

4 x 106 for powered alrcraft, good performance requlres

- r . L. -.« 4 v"..'

;

.'.. -1 T . ’ . . ] o oo g . . 1
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" Flight Llft-Drag Bolar for the wlng Sectlcn
used on” the Phoenix Sallplane

"Figure 2



D e

'fthc lowest possxble syab11ng Speed and the lowest pOSSlble‘i ?Qf'

,‘coefflcxent must be,lncreased while atjthe same tlme the

;,proflle drag. To 1mprove,performance» thc maxmmum Ilft L

aCCOmpllShed w1thout sacr1f1c1ng the. hlgh sp"

draq coeff1c1~ent 15 mlnlmlzed L..Idetally thls should be#

perform%Ece.,:'

. * " .
. Thls problem has been explored exten51vely by aitfoil. - "

'.de%}gners to flnd the best’ compr 1se ﬂbr a slngle element

N LT Lﬁi-
SeCtlon, The, work by Wortmanns perhaps best lllustrates T
this blt, many other lnvestlgators have desrgned atrfoils

_for the best compromlse for a partacular caé% (see Reference

w

- or v1ce—versa.A Flaps and slats have been used for thlS

.p0551b1e drﬁg (Wortma n

"falrfo;ls should A&ke lt p0351ble to de51gn for a w1der ) .

purpose 51nce the eérly days of aviatlon. *~;;~' o f;:.
jmodifylng\dev1ces have been proposed and tested :;yiudlng

{split!flap and the slotted flap 2 The slotted—‘lap has :}

»

"7 for example) Sone 1nvest1gators have 1ooLed at extreme-

'cases such .as max1mum posSlble 1if€ (Llebecks) or mlnlmum

3 LN

- mhe use of v rlable geometry or multi- elemqpt ;,

-

7r§nge of condltlons 1n that hlgh speed characterlstxcs .

need not be serlously compromlsed in favor of low speed

e L

T n the/last 50 years a number of camber 1;7//?i'

-

the plaln flap, leadLng edge flap,v}he drooped n se, the

re - ':

.‘.proven to be the most successful means of lncreaSLng the

LI

maximum_lrﬁt.coeff1c1ent of alrfOll sectlons whlke’at the

L)

Al
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: " same tlme extendlpg ‘the. low drag range9 because large .
Ny . . .

: \
scale flow separatlon ‘on the flap is delayed by~a1r flow
through the slot In other words,\the slot permats the

'::~deVelopment og.a new boundary layer on the suctldn side'»~'

o

3 "%of the flap andQZhls boundary layer is better able to .
;«p»overcome the steep advers& pressure grad;ent onhtheA o
. .‘flap w1thout separatlng. Aifa‘ | - TJ ' N
Vv .. . Three p0551b1e desrgn routes can be deﬁlned for' e e
the de51gn of slotted—flap alrf0115° o } N
(l) Desxgn a flap whlch detaches from the tﬂé&llng
l” . edge. The only.varlable is the slot shape and
f'ﬁ the flap deflectlon angle. Q;. ‘;» hf |
(ﬁ). Srmultaneously de51gn both the flap and the main
'5 o sectlon, 1mply1ng varylng the geometry of both ]
. ) _ 'bsectlons freely. : ;;f~ o '
;g /h; 'f! fﬁ(Bl: De51gn a flap that prov1des a Speleied pressure -
ﬁ»f% :;,.: ﬁ'tl' p dlstrlbutlon over: the upper surface of the flap..’
:~ . ““7,Here the flap shape 1s varxable but Ehe maln sectlon (I
- ﬁ_ P ” shape 1s flxed | | }l,“ | | T
, n' —?i_éyftré; idThe efforts of the NACA9 have con51sted mostly

%ﬁT of studylng the relatlonshlp between llft drag, flap
: p051t10n,‘flap deflectlon and flap chordfiength v Thelr
“‘f“”f work,has 1n general followed the flrst route as descrlbed .

‘I“ 1n the precedlng'paragraph consxstlng malnly of exten51ve e

m?’.'"'.h'.‘“w SR 55*%:_-2*:%-!;&@;-:;!»4{ Ny AP T L Gaoan e



The prospect of dES1gning slottedeflap a1rfo;ls"

for both high 11ft and’ low drag Can pe ‘traced to the work

of Stratfordlo; WOrtmann6 and Llebeck and Ormsbee.llf»

5

' wOrtmann and Stratford proposed the concept of optlmum |

max1mum.11ft

p&essure 52253ery and : boundary layer development on an
airfoil for minimum drag. Llebeck and Ormsbee developed

a method for the optimization of airfoil shapes for

-

RecentlY’Chen12 has applled the work of Llebeck
and Ormsbee to the desrgn of multl—comoonent a1rforl .

sectlons. Chen s method can be. oescrlbed -as follow1ng

?the second de51gn rOute stated prev1OUSly.; Thls tech— v

e,nlque does not take 1nto account the hlgh speed requlre—

2

T

“ments in the oes;gn of the alrf011 seetlons.

1;flap sectlon.. ThlS is the mostﬁpract;cal ap

.rnqompatlble.f (See Flgure ?.)_

. The thlro pOSSlb : rgggn_to the de31gn of

4

g slotted flap alrf01ls 1s to desxgn for a spec1f1ed pressure

2

v.dlstrxbutlon on the flap by vmodlfylng the calg of the
P c

h .

.because the maLn sectlon and. tne flap remaln structurally e

-8

fcompatlble.‘ That 1s, the flap w1ll retract smoothLy

,because the thlckness dlstrlbutlon rema;ng flxed. ?f- thls
'?regard two-erement a1rf011s Such as those deslgned b Chen .

fare lmpractlcal because the two’elements are structurally

_ Wt . ° . ..
en . R . :
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1.4 'mhe Deslgn Requlrements _ ‘
‘ _ . N ) The main obje;:}VG/ln the de51gn of 51ngle slotted-
e
- !

flap a1rfoxl sectlons is to extend the low drag range to

-7§"nh1gher llft coefflclents In addition’ to Ehe beneflts

° i

]oF such—a—wang—seetaoh—m\:émprOVIng’performance, as

dlscussed in tne last sectlon \the suppress;on of separatlon '

.

on the flap at hlgh llft coefflclents allows the flap to
act as-a useful control surface beyond the actual stall of
'the‘w1ng sectfon as a unlt. ThlS is a very 51gn1ficant Fon
'Ibeneflt because 1t allows control of the alrcraft to be J.:

N :;malntalned when tne wlng is. Stalled,‘, | :“;}.
: | | | X
..v-{

The reductlon of proflle drag is Stlll a

2

. . . ‘ L

de51rable objectlve even" at hlgh lift coeff1c1ents where',

, S 0
foo :the 1nduced drag coeff1c1ent 1s usually the largest part

'of’the\total wing drag coeff1c1ent ng‘example at .

CrL = 1. 5 and w1th wwng aspect ratlorof 25, the 1nduced
f.drag coefﬁ%CLent is about 0 03. At R —'106 to 2 x 106
;“however the proflle drag coefflclent for a hlgh llft

}f-hjff51ngle slotted flap alrf01l may eaSLly exceed 0. 06 13

.

-f;:'f(iHence a reducthn 1n prOflle drag °°efflclent”fr°m 0. 06

to say 0 02 represents a 45% reductlon in the total drag

ojslmllarly for a W1ng aspect ratlo of ten, Whlch 1s typlcal

L of! llght alrcraft the 1nduced dh;g cogff1c1ent at QL 1.5

Afls about 0 07 Here a, redu~ n 1n the proflle drag kf- ¢

coeff1c1ent from 0 06 to O 02 represents a, 30% drag

-

”4,4, ’reductlon.‘_’.'-xf;.?_'v ‘ ~-;;Fﬁ



&

1‘ S . o .

‘ -~ The de51gn of a slotted flap a}rf01l represents -
'{" . » .

an overconstralned problem for which an optlmum solutlon

' cannot be found. A de51gn can be termed successful 1f it

prondes the de51red performance whlle satlszlnq the,'

fmechanlcal_ana_structural—requtremeuts.- T

’

— e

For llght alrcraft it 1s de51rable to: de51gn a .

' two element w1ng for one - flap deflectlon anqle and one

‘r«

m‘\ K
.flap pos1tlon only 1n order to reduce tne size, complex1ty _

. e ‘.and thé welght of the flap déflectlon mechanlsm

. . The main effect of low Qeynolds numbers o! the‘

de31gn of ﬁ&apped alrf01ls 1s to llmlt the flap loadlng _4‘

. 'f-i,mand hence‘tbe maximum lift coeff1c1ent. A reallstlc p.'

'but 51gn1flcant de51gn objectlve at a Reynolds number of

106 is to attempt to obtaln the IOWest p0551ble proflle

_fdrag up to a lift coeff1c1ent of two14 w1th a 51ngle

slotted flap alrf01l sectlon.‘ At the.same tlme the flap{l L

- »should retract smoothly to glve 'a SLngle element alrfoil'f
 pOSSeSSlng good hlgh speed performance at a Reynolds |

b_inumber of about tWO to four mllllon. |

rp-l 5 Analytlcal Tools *;QZ‘

3
.

-ojcalculate Fhe potentlal flow pressure dlstrlbutlon over”;"”ﬁ‘
fffthe alrfoll sectlon the 11ft coeff1c1ents the proflle’tﬁ'
7}drag coeff1c1ents and the correctlon to the llft due to'naf'“

"the boundary layer. :,f;z_ o

In alrf01l de51gn the de51gner must be able toiF":uQF



L
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The surface 51ngular1ty metnods (dlstrlbuted

°‘source and dlstrlbuted vort1c1ty) as aﬁpllcatLOns of \\
potent1al~flow theory, ‘are ldeally SUltEd to the calculatlon

’é prESsure dlstrrbutions over, multl element alrf011

sectlons. The advent of.the dlgltal computer has made .'
(4 ) \

‘the appllcatlon of, these methods (whlch generally 1nvolve

;‘ythousands of COmputatLonal steps) relatlvely easy. The»'

‘dlstrlbuted vort1c1ty method has the advantage of requlrlng

31gn;f;cantly 1ess computlng tlme than the surface source ‘
. ' ‘ ) .
method For thlS pro:ect VllklnSOn's° versxon of the

- dlstrlbuted vort1c1ty method was programmed for the slngle

,~element and- for the srngle slotted flap alrf01l. Thls“

‘method 1s dlSCuSS°d at length ln Appendlx h

'

For de51qn Durposes the predlctlon of the

.‘assess current boundary layer calculatlon methods and to B

'fposltlon of boundary layer separatlon the varlatlon of
. 1;, u

v‘dlsplacement thlckness, the growth of the momenﬁum thlckness'.”y“'

l-'

. and the exteht of lamlnar and turbulent boundary layers_j

‘on the alrf011 surface are the only boundary layer features

sythat are of 1nterest.:ﬂ§fj._pf .n:fgfffffV"”:Jn

One of the maln emphases of thls pro;ect was to f}j'

dev1se a boundary layer ana1y51s computer program
% VT e,

".lncorporatlng the best teChnlques in the llght of the_f‘

L requlrements of the precedlng paragraph s These technlqueS's“lw{.sf

and the reasons for thelr selectlon are dlscussed 1n Appendlx B.



. . - . ) . ‘ ‘., : . ‘ o,

S The bdundary layer ana1y51s computer program 1s
'capable of computlng *he growth of the momentum thlckness
.'and the dlsplacement thlckness, and is capable of predlctlng't

'the p051t16h§vand mode Of boundary layer tran51tlon and

. separatlon. Partlcular empha51s was placed on the problem “1
',of short lamlnar separatlon bubble tran51tlon15 51nce for

'.dIReynolds numbers of about 10° thlS becomes the most

: probable mode oF tranSLtlon.-

)

Y
v'.'

The boundarv layer analys1s program uses thelV

L

j-pressure dlstrlbutlons generated sy the dlstrlbuted )
: et . . ' )y

[

'-vortlclty method The program was exten51ve1y tested
4‘A1rf011 sectlons used 1n testlng 1ncluded the Fx—67 h 150 14”'
FX- 67-h 170 and the GU- 25- 5(11)816 for whlch rellable,‘

- ‘ﬁ \:». - .
-experlmental results ex1st . In all cases the program.f ‘

succeeded in predlctlng the profile drag, the pos1tlon'ﬁ~'
and mode of lamlnaraturbulent tran31tlon and the llmltS of

the low drag range 1n good agreement w1th publlshed results. ;Tff*

L

’_ In the early stages of tne progect much work

wasddone on the problem of tne desxgn of slngle element .

low drag alrf01ls.f Severalr eSLgns were attempted for
o Reynolds numbers of 106 to 3x 106 usmng a compu'er fdg.~;?5”*ﬁ'"“

”(program of Truckenbrodt s method.; ‘Two of th”'deSLgned

-«

;? alr‘01ls as well as a general dlscu5510n of the de51gn

kR L, . S

procedure for low drag at low Reynolds numbers ls presentedjf'

: ‘ ln Appendlx C ; .‘ | ‘ ‘ i . .. ‘
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CHAPTER 1S S

The De51gn Method S e

Vo
T B . . . LN
R . . "

‘. tw »

*chapter outllneﬁ the proposed de51gn‘

‘V_ep of the design procesS'ls dlSCuSSed .

The flnstithree sectlons of the chapter con51derﬁ

“_the tnree maln steps of the method-' selectlon,of the

,fﬁigug ba51c alrfoll shape, prellmlnary flap deSLQn-and p051t10

1and Optlmlalng the flap shape.. Sectlon 2. 4 deals Wlth

B 3:J'€he problem ok correcting the ﬁheoretlcal llft drag

[

Vﬁkgoj\characterlstlcs to take 1nto account the effecb’oF the:<;h]'?f o

'ﬁ.boundary layer.h_ff “ff o 'tflA-€-f"f<f '-walﬂ'wﬁlf

] . : <

The deSLgn of the sl:;fed flap alrfoll (based f*“

h'il;and theoretlca~tresults for thls alrf01l sectlon ) Thefj_-,“

Af:method is, how ver appllcable to any other ex15t1ng alrf01l

vfexhlbltlng the basac requlrements.__*fv,fif iV?ml;; ﬂ““ﬂv

R R et
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2.1. The Basic Alrf01l.Sectlon_3 . S

o 2 l l Low Drag Alrf01l Sectlons for Low Reynolds Numbers

.?’fj“ Wortmann6 has shown clearly that the optlmum

oy suctlon 51de pressure d;strlbutlon on an a1rforl 1s one.j

that permlts the max1mum extensron of the lamlnar boundary
- . . 4

layer by recoverlng the pressure 1n the mlnlmum dlstanbe.
: Pressure can be recovered over the shortest dlstance by - {_

u51ng a pressure dlstrlbutlon wh1ch ‘causes: thfgdevelopment of
R B a turbulent boundary lay that 1s about to- separate over _ﬁ’f'
-

:3511;:.' 1ts entlre length.; Such a boundary layer, as proposed by ;

15 _ Wortmann6 and Stratford]‘0 suffers the mlnlmum momentum .tw

 loss.’ Hence ‘the a1rf01l sectlon exper1en¢es the mlnlmum ﬂk;ff S

S P B O

: e . .
C e . . ‘ ‘- - . - ‘

sectlons for max1mum 11ft Chen12 has shown that any fOrm "

of pressure recovery other than the above w111 not prbvrde

the max1mum llft for a glven pressure wcovery. Wortmann ;f“_lf

has stressed the drag reductlon beneflt'of the zero shear

.stress pressure dlstrlbutlon.' It should be empha51zed that

A"‘g 4'.“

b"th%,comblnatlon of low drag and hlgh Ilft is only p0551ble 1¢r'd'

at Reynolds numbers where the lamlnar boundary layers\can
l

per51st for long dlstances (1 e. R'lOGv— 3 x 106 approx1mately).3‘

Based on- the precedlng ldeas, Wortmannl7 and others |

. 1

have de51gned a large number of 1ow drag alrf011 sectlbns

..

~ff ~f‘ for low Reynolds numbers.; These alrf01ls can be cla551f1ed
et oo ) . ce Con \e



.uﬂvery:generally into three groups-' hlgh 11ft/ lamlnar and
high‘speed? The groups represent the results of three sets
____-_;_Qf_des;chondJ_tJ_onsa__In general_each_group_as d;stfgue -8 d“'_%
phy51cally by a general shape bué more spe01f1cally by the

locatlon of the low drag range Flgure 4, shows a typlcal

'-'_ ' alrf01l sectlon for. each class and typlcal de31gn 6eloc1ty

dlstrlbutlon.lu. hii.? .
R The hlgh 11ft group of alrf01ls have a. mld-range |

llft coeff1c1ent of at least 0..6 whlle the hlgh speedlgroup ]I;‘f‘

1s typlfled by a de51gn llft coefflclent of about 0. 2.) Alr—, |

f01l sectlons of the 1am1nar group generally possess the — 'i'?~

lowest mlnlmum proflle drag<s1nce the deSLgn pressure dls-.fV.

trlbutlon attempts to stress the lamlnar boundary ayer on .

both suctlon and pressure 51des For thlS group, the center;;

of the 1ow drag range usually lles in the llft coeff1c1ent

8t
./

_t¢1“Q;range 0 4 to 0. 6._‘ . _ .
"thr ,f' For the low drag aer01ls the l;mlts Qf the low

-

drag range are 1nd1cated by the appearance of a nose suctlon'

,v. P

o peak on. elther the suctlon 51de or the pressure 51de. On a T E

PP Y.

;}r hlgh Llft alrfq;l for example, at q$gh 1n01dence, the nose ji

suct;on peak on the suctlon 31de causes the development of ”‘ e
- Coe

vva nonoptlmum turbulent boundary 1ayer and flow’separatlon

o Wthh grows Ln extent as 1n01dence 1ncreases. Typlcally theﬂ-
,_'.' N N .

- rapld pressure rlse at the nose results in the formatlon of

LN

a long bubble type of flow separatl n atflarge 1nc1dences.g:?-:

el e
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o~ - S . /.
As the 1nc1dence decreases below the de51gn 1nc1dence a

L}

suct*ea\pfak develops on the pressure 51de leadlng edge .

Wthh eventually promotes tran51tlon to a turbulent boundary

24

<layer and a: rather abrupt drag 1ncrease. . However the £low
"remalns ba31cally attached over a range of 1nd1dences so'

‘that a secondary drag plateau 1s formed Eventually, of

. \,_

course, flow separatlon begans and the drag rlses sharply

- Figure 5. shows the CL - CD curve for the NACA 8-H- 12 air-

]
-

f01117 and is typlcal of the hlgh llft group

fﬁ 2.1.2. The Ch01ce of a Ba51c Alrf011 SectIOn .

PUENE The effect of a small flap deflectlon on the

;‘G"“Tiressure dlstrlbutlon over a flapped alrf01l is shown An 2 ‘

o . L
1gure 6. It is. 1nterest1ng to note that ‘the load on the

>

main section has 1ncreased substantlallv althouqh the aotnal

i | o

) magnltude of the pressure recovery 1s less than that~on the ,.-

. ©

'flap sectlon. Moreover 1f the maln sectlon exhlbits a
. : . ‘

<

. N roofétop" type of pressure dlstrlbutlon w1th a short
recovery dlstance, substantlal flow separatlon w1ll not occur

_untll the nose suctlon peak develops.' leen thlS 51tuatlon,

-

C ¥

- separated 1f the flap is- 0verloaded In thlS case the Ylap

'loadlng determlnes the performance -of the system. ,
T r : : -
' ff“' nJ i The pressure dlstrlbutlon on- the fiap remalns

ba51cally constant for varylng 1nc1dence at flxed flap

L deflectlon angle.» In effect the flap operates at only

-

the suctlon 51de boundary layer on the flap mgy well be e
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-

flap conflguratlon whlch remains flxed “This means

the pressure dlstrlbutlon on the flap can be optlmlzed

°

'for a glven deflectlon. S ~'vh;'5ﬂ - '}Wi_

On the other hand the maln sectlon contznues to

- .

."operate over a w1de range of angles of attack so that
if a good slngle element a1rforl 15 chosen as the ba31c'

sectlon, the main section geometry need not be modlfled N

because it has already been optlmlzed for mlnlmum drag{
'By opt1m121ng the flap pressure recovery, the | Sl
separatlon may be ellmlnated on the flap so ‘that the llmlt
of the low drag range w1ll b%ldellneatedjby the begln- |
nrng‘of separatlon on the maln sectlon. Thls germlts o
QNe good stalllng charactérlstlcs of the maln sectlon to;.'
be retalned-whlle at the same tlme the flap remalns useful

as a control surface up to the stall _'f 1-?;‘ '»3';j1y N

The total llft of the flap and the main sectlon,,,l\:‘f-

| when the suctlon peak develops at the nose of the ma1n _;:f:’ e\gr

sectlon, is always greater than the - llft of the aarf01l f" f,sf\

s

L sectlon alone for the same condltlon. Thls 1ncrease ln llft

L.

’ represents an upward dlsplacement of the mlnlmum drag~11ft

' coeff1c1ent as dlstlnct from the llft 1ncrement, Wthh com--

S L4

o monly refers to the 1ncrease 1n llft of the flapped alrfoll -

5.over the plaln*alrfo;l at the same angle of attack

d



: ' o o]
The precedlng argumentsvsuggest thet !n order to '

aehleve hlgh llft ooefflclents w1th-small flap deflectlons.

A and avold separatlon an alrf01l settlon of the hlgh llft group

{ should be chosen as the basic’ sectlon. There are however,.
ﬂ,”\;

. penalty.ﬁ”

- edge ref

Coa

}“two pronlems assoc;ated with thlS group of alrf0115 that.

must be con51dered

~(l) The mlnlmum drag coeff1c1ents of alrf01ls in
thls group are alwavs larger than those
. .

assoc1ated w1th lamlnar alrforls. \'

5,(2) As stated prev;ously, the drag coeff101ents

[ at low llft coeff1c1entb are large 51nce they lle

-‘outglde of the low drag range..i ;;Vf a e f . f
;The frrst problem constitutes an’ unfv01dable de51gn

:oblem two can. be solved by turnlng the tralllng

’upward and thlS 1s dlscussgz in Sectlon 2

3 usrng the method dlscussed 1n Appendlx C, 1t makes more sense, -

con51derang the number of avallable proflles,.to choose an

. '3

already eXlstlng alrf011. tﬁ;' i*ffj.;*'f'g'

-

s “f“‘J ' ‘Three alrfoll sectlons de51gned by Wortmann14 17_

-;whlch possess the characterlstlcs de51rab1e for use as. ba51c E

R Y

hlgh l;ft sectaons for a slotted-flap were consrdered Table l

\

‘}s a comparlson of the 1mportant characterlstlcs of these'
alrfolls., Clearly the dlfferences are sllght ,

The FXr67 K-lSO and the FX—67—K 170 are overall -

.o~ .
- 1

Although it is p0551ble to de31gn hlgh llft alrf01ls,.f'~.
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sllghtly better than the FX- 08 -5- 176. The FX 67 k 170 was

h‘chOSen prlmarlly because of the Iﬁrger thlckness to chord

ratio (17% versus 15%)~wh1ch helps‘when constructing a: full .

N

scale structure, and greawer thickness towards the rear whlcm°

(3 N . . .
‘ r/ Ve TN

W

sectlons show1ng the degreewaf s1m11ar1ty 1n !hape.

o -

prov1des space for structure and mechanlsms for the flap.vb:’h‘

Flgure 7 is a superposltlon of the three a1rfoxl

. . ' . a
- ﬁ»" : ' o

2. 2 l Flap Slze and Shape _T1‘

2, 2 Prellmlnary Flap De51gn, o '_‘,l~»ﬁaif p_"if.,' h‘:;

‘.

The de51gn of a’ flap is. perhaps more df an art

| ﬁthan a SCLence.~ The shape of the tralllng edge portldh of

“uthe alrf011 determlnes to a large extent the s1ze and the‘

-t

‘hlghly cambered 35% chord3

'.shape of the flap s1nce the flap must retract smoothly.n

The flap should be hlghly cambered "if flap deflec-'fjAp

3

i"of 0. 65 for a flap deflec_lon of only 10° w1th a.-

'"uof the 63 6xx famlly. - : lfoﬁ-"’ w.' : f;j;a;._él

‘7h(2)f

'?fment can be calculated in the normal way, the flap

achleved a 11ft 1ncrementl

‘ ;;There are, nevertheless,,some guldellnes avallable-'e-
AT

Ltlons are small.

NACA sectlon if.hxff“

For small deflectlons, where bou%dary layer develop- f

f'flapr At low Reynolds numbers there 1s llttle;'

‘say 25% to 30%._ Thls problem is. discussed 1n

'the next sectlon. o

woer e

Reynolds number determlnes the load capa01ty of t e ,3,;f3

-

n

'_" a . . «

.-beneflt derlved from 1ncrea51ng flap chords from - o
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' ”(3)';The results of exten51ve NACA testlng show that~

.v'llttle galq ln max1mum 11ft arlses from exceedlnqﬁ

Ca flap chord of about 35%./

.32

‘fﬁithlckness dlstrlbutl_xp

) ',nlnary, the shape 1s further modlfle‘hﬂ

1(4)' For g glven llft 1ncrement the 1ncreased pltchlng

)
*.4moment 1s less for & large chord flap than for a

'small chord flap 51nce llft 1s more evenly

‘-

'dlstrlbuted

-length of about 35% of the retracted chord 1t should be~

'i,hlghly cambered to permlt a hlgh flap loadlng for a. smallp
T :

.deflectlbn.‘ For small flap deflections it is p0551b1e to@32~”

‘-;qrellably by assumlng that the boundary layers on both thel-o.

jfmaln section and the flap sectlon develOp 1ndependently 18
P -
G freehand study of p0851b1e flap sectlons com—

o bining" hlgh camber, maxlmum thlckness and reasonable ;Q’af/ ;f?lf;_

/

W hows thatﬁfor the/Fx/67—K 170

'falrforl, a flap of 35%3chord 1s reasonable.q.f’
/ )

The flap desrgn procédure descrlbed below 1s prelrm-f ffjf

-fﬂ/e the de31red

f'pressure recovery/

"f‘Flgure 8 Freehand sketches help to establlsh the p01nts of R

;tangency Tl and T3,vthe center C2 and the radlus Rz..f’

"57Perpend1cu1ar AB and the arc of radl"' re constructed

'The prellmlnary flap, then, supuld have a chord_}~i“'

ihe-behaviOr of slotted flap alrf01ls falrly ‘Tfjlpifj=’

-f/é flap proflle shape was coﬁélructed as shown 1n fff o
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o R . : .
‘ “4‘, ' q .
'l'.Aften a few trlals the radlus ;15 found Wthh 1s tangent d;:gr
‘#,to the sur?ace at Tl and tangent to the smaller arc at '”“f{ SR

.m-some p01nt 'I‘2 The accuracy of the»constructlon 1s checked

‘-

';Jthey do, the two arcs are 1ndeed tangent ai}Tz
;'fIf the chord 1s reasonable Tl w1ll generally remaln flxed

f;ahas already been drawn.,_]f"sw

‘ _”sectron.“ ;gfj7:f-ff{;“;‘f'c'»_,,'_zQ*“Af?-HﬁAfjfigjﬁ”

f:pZ 2 2 Gap Slze and the Optlmum Flap P051t10n.;l‘{;!,"7 y;]‘j'_';

‘hfflaP deflectlon, a unlque flap p051t10n ex1sts at whlch the
'Lfllft coeff1c1ent 1s a maxlmum. In fact llnes 301n1ng p051-*i
| f!tlons of equal llft form a serles of concentrlc rlngs of e

%ifplrregular shape.. The center of these rlngs 1s of course the e

'U*Jlocatlon of max1mum llft.~"”*d]

- by notlng 1f TZ' C2’ and Cl lle on a Stij}ght llne.lJIf Vﬁ,gf7ik'

i ". Should the constructlon glve an u sultable shape ’
'.f.(perha ‘a bulbous nose or a poor dlstrlbutlon of thnckness) f}fp
N ) / R L .;'
: ithen ‘a new. shape can be skétched and the p;agess repeated

1;\but R2 and C2 must be changed “Ji#_g.a.f'yh?.”

W1th some practlce the entlre procedure C#nld takek R

H“fonly a few mlnutes assumlng "hat the alrf01l tralllng portlon

- Admlttedly the constructlon of the flap in. the

! \

.'fmanner descrl.ed 1s largely arbltrary and subjectlve.i At

”7'the same tlme'lt represents a.necessary step 1n the practlcal dtj'

3kﬁade51gn procedure, the beneflt of the above procedure 1s that }f7n“~

A

s fthe resultlng flap is structurally%compatlble w1th the maln

Experlmental results9 19 show that for a" glven

'd-'..

are
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18
. Foster, Irw1n and Wllllams L found the potentlal

. theory llft to be a weak functlon gf horlzontal p031tlon

-

T -the—flap~1nwagreement—wath«experlmental_results.. In
both cases a deflnlte maxlmum llft can be found.; Durlng | B

L3 s . ‘.-

the course of the current research thls flndlng was checked B

e
usmng the computer program to calculate llft on a slotted

flap alrf01l. ) .j w ;; r‘l' fv:g~;Z7.

Foster, Irw1n and Wllllams also found that for

':;some flapped alrf01ls potentlal flow cahculatlons w111 yleld
a vertlcal p051tron of the flap\at wh1d8~the lrft coef-ft
f1c1ent 1s a - maxmmum Wlth pther flapped sectlons the lfft
coeff1c1ent 1ncreases w1th decrea51ng gap and no max1mum cani‘
be found. (Flgure 9 shows gap and overlap ) (Flapped -
a1rf01ls tested 1n thlS pro;ect proved‘to be of the latteranf
tYPe ) Foster, Irw1n and w%}llams postulate that the flow:ld

f’ around the w1ng and the flap is: determlned malnly bylthe lltgyt

{j,;anlSCld (potent}al) solutlon,, They further suggest that o

- should no optlmum gap ex1st for gaps greater than that for}f
ﬁlﬁ.\ whlch the boundary layers 1n the slot merge, then the_fyﬁ

| ptlmum gap (max;mum L) w1ll be at or near the smallest gap

at'whlch the boundary 1ayer on the flap and the maln sectlon

_ at the slot exlt are Just separate.. Thelr experlmental re—-\ T

| -sults verlfy that, at least for the alrfoll tested thet?f |

L N total llft varles w1th flap pos1t10n 1n a manner 51m11ar to

'f“ that predlcted by 1nV1sc1d theory prov1ded that the boundary

. K
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layer on the flap and on the w1ng maln sectlon are every—.

.,

—““w—where_separatedmby—a reglonlofufreestream pltOt pressure,
however small... "
- R

Optlmum flap overlap (a e..horlzontal positlon)

for a glven deflectlon can be found mputlng the

potentlal llft for varlous overl.' ;rocedure w111

aalwaysaYieldfan[optimuﬁ"horig tal p051tlon. However it is

dlfflcult to determlne the opplmum gap (1 e.- ertlcal ebfi

‘ posrtlon) rellably wrthout res rtlng to w1nd tunnel testlng
.
__\E\éifijfgifpotential flow resul

may 1nd1cate an optlmum “
‘.vertrcal p051tlon the pressure dlstrlbutlons computed u51ng fl}‘

ol -

the mgthod of dlstrlbuted vortlc'ty (as used ln thls progect)

become unrellable in the: slot are .1f the slot spac1ng bec0mesf'

smaller' han-the p01nt vortex sp‘c1ng.' Consequently a.

‘: xlsts at all cannot be found.ﬁ

potentlal optlmum,'i"" _
R ~ 20'

In order to av01d the confluent boundary layer
’ a substantlal core of potentlal flow is requlred at the

slot ex1t therefore optlmlzlng the gap accordlng to the .

\

-ibster, Irw1n, W;Lllams crlterlon 1s largely 1rrelevant.

U51ng the flat plate formula for a turbulent

.

._-boundary layer and assumlnq the slot is falred 1n; the RN

'”thlckness of the boundary layer on the maln sectlon ‘side of

:jthe slot can be estlméﬂed.' Thls formula glves ‘a thlckness=
\

”vyof 2% of the retracted alrf011 chord 1ength for a maln"

sect;on chord length\of 82% of the retracted chord Slnce'

A
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[N . N {.A‘

'the boundary layer on. the pressure 51dé w1ll be laml axr up

fto the slot entry, thlS estlmate rs probably conservatlve.

3 o o

' The boundary layer on ‘the flap develops from ‘the

,;?;2;3v The Slo&3Shape and Predlcted urag

stagnatlon p01nt tO*the slot exit 1n a generally favorable

wpressure gradlent Uslng the flat plate formula for the /

i

lamlnar boundary layer,‘the boundary-layer thlckness at

.'the slot ex1t 1s about 0: 06% of the retracted chord This!

“is negllglble. B .,: BRI o | .

A gap whlch glves a slot ex1t w1dth of 4% of the

. retracted chord w1ll undoubtedly prov1de for a- substantlal

core of potentlal flow at a Reynolds number of lO6 based on

- < il.‘”"u;. :

E YAthe retracted ehord . . '.hq-i‘gv : .‘t

v L

. A ‘
. In actual practlce the deflectlon of the flap on

fya slotted flap w1ng leaves the exactcslet shape undeflned
.. as shown ln Flgure lO (a cross sectlon of the model tested)

| Referrlng to thlS flgure 1t 1s clear that a vortex or a.

1natlon of vortlces ‘must ex1st 1n the gap Sufflclent

'Clr ulatlon is- prdbaded\by the- vértex or vortlces for the _:

flow to leave A smoothly.21 (Analogously" the 01rculatlon

of ‘an alrf01l is adjusted to make the flow leave the |

tralllng edge unlformly )

Clearly the drag coefflclent predlcted by the~

boundary layer computer program w1ll be too low sincé the

' trapped vortex or vortlces must be sustalned by the alr

I
‘
'

L~
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. flow1ng through thg slot. 'If the»average pressure coefflcient
1n -the separated reglon 1s only 0 1 less than the average
pressure: coefflclent over the nose, then the resultant drag

\f . force coe££1c1ent_wlll_he_QJQl_based_onlan_eﬁﬁectlye_anea_
o _of lO% of the.chord. Thls centrlbutlon to the drag\could .

A i

'?eESily account for the dlfference betweend?xperlmental

results and th%%e predlcted by the progra asSuming a taired‘
Py slot." -h: e

4}\‘“ . . . ' “l’)h ' - o ] %‘

B Béﬁause the method of . dlstrlbutap vort1c1ty is

b 1Lcapable of handltpg reglons of small thlckness, falrlng

p !" ¥
~ of the slot was necessary to generate pressure dlstrlbutlons

fy "

Y

‘us1n the computer program Other researchers have falred

-

[_in main sectlon tralllng port1on for the purpose of

calc latlng the pressure dlstrlbutlon. ‘Te compare theoret—
1cal resulté“wvth experlmental results ‘the model should Dbe ! ¥j7j

1 [

falred;as welly However practlcal 51ngle slotted flap

'airfoils, if the% are to have fully retractable flaps,

/J

B

oannot'be-easlly de51gned to provide for a slot falrlng .

Lo . -
- Y

for two dlfferent falrlngs shown in Figure-10.~ Flgure_dl

o, . "The”effect of main sectlon fafrlng was tested
' '

Y‘Shows the computed anlSCld'pressure dlstrlbutlons. .The
results show 81gn1f1cant changes 1n the pressure dlstrlbutlonf'f%

-

in the nelghborhood of the slot. ~“ v_f ;'

The suctlon peaks shown at the noSe of thq

de51gned flap are not large enough to promlse rong bubbleﬁ

—a
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i . N
separatlon or short bubble tranSLtlon. In thls regard

the hlgh pea s found by Foster, Irwrn, and Wllllamsls are

w' :
20,22

pot supported by other experlmental results and are

E no doubt the result of sllght flattcnrng 1n the flap nose

Vg e
reglon. Surface dlscontlnultles, espec1a11y in the

T4z

. " The opt:.mum :'.pressure dlstrlbutlons suggested by

Wortmann and Strazfdrd are appllcable to the flap sectlon

: between Reynolds numberﬂwtotal pressure recovery and pkessure'

'

neldhborhood of the nose, can easxly cause large suctlon

»i peaks. ThlS can be- demonstrated u51ng the pressure

., -

dLstrLbutlon computer program.. ‘

2 3. Optlmlzlng the Flap Loadlng

2 3 I Flap Deflectlon and the Mam1mum Llft of the Flap

r,)

as long as the as ptlon of an 1ndependently developlng

boundary layer ;s valld Mlnlmum momentum loss and :

J .
Yy

maxlmum 11ft are the beneflts ofwthe optlmum pressure

n’ f

L . ry‘;‘ : L. O

recovery L T .
e ’ ' ’ \ )

‘Chen : and Wortmanns.show clearly the relatlonshlp

b

..v.’ 5

‘vl -vr

recovery dlstance, prov1d§d tran51t10n has occurred Just
prior to the beglnnlng of QQe pressure recovery. Very 51mply

4
the relationship 1s that foraa flxed pressure recovery dls-

»

.

pressure' that can be recovered w:Lthout boundary layer

separatlon.¢ L UL P LR R s

h‘r_gffffgf The appllcatlon of the 1deas of Wortmann and

L

Tk

tance and Reynolds number there ex15ts a maxrmum possrble ';‘A;V-'
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Stratford to the determlnatlon of max1mum flap loadlng lS
? . . [

'not stralghtforward - An lteratlve procedure u51ng a serles

of flap deflectlons and taklng 1nto account boundary layer"
: . . f

dlsplacement thlckness effects must be adopted

\."

R

Th oretacal—resul:L_tend_to.verlfy theqfact that‘.w

o 1f the pressure recovery oh the flap 1s greater than that

allowed by the optlmum recovery then the boundary layer w1ll

i

separate.- However 51nce some less than maxxmum pressure

. ﬂ

recoverles w1ll often result in flow separatlon as well the
'3

optlmum presgpre recovery crrterlon must flrst be applled

to the theoretlcal results to . determlne approxlmately the __/'

g max1mum flap loadang (4 e. flap deflectlon) For thls flap

deflectlon the the%:)ret:.cal‘.9 boundary layer results w1ll

11ke1y 1nd1cate some boundary layer separatlon, however byQ
'.

modafylng the camber the pressure dlstrlbutlon can be brought -Ll

’

icloser to the optlmum and the separatlon w1ll be ellmlnated

The procedure for determlnlng the max1mum flap .

1oad1ng is best explalned in relatlon to the actual flapped
alrforl belng de51gned.‘ Slnce the flap llft is essentlally
1ndependent of the angle of attack for ‘a glven flaQ‘deflec—tnld'

tlon, 1t 1s only necsﬁsary to calculate the pressure dlstrlz;/;p,

..' .

butlon.and boundary layer development nce for each flap

deflectlon.yh

,"'5_ Flgure 12 shoag the theoretlcal 1nv1501d pressure

dlstrlbutlon on. the flap for deflectlbns of 12° and lS° as: 'h
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.wedl as the locatlon of separatlon and the optlmlzed pressure Lf_f

- recovery accordlng to Wortmann 8" data.s From the flgure 1t

. ) . _-J v .
is- clear that 12° is close to the maxmmum poss1ble deflec—._*

4

; tlon or’ 1a other words the loadlng represented by\tzp is’ g,l"'

ERT

ISA;l to"the~maxrmum allowed.\ At thls deflectlon the bound—
.iary layer Separates very near to the tralllng edge and theA
‘_pressure recovery from the point of trans1tlon 1s Sllghtly

more than the optlmum recovery. (Wortmann s opthum recov-'

erles seem to be conservatlve.- Tﬁls 1s dlscussed later )

Fnom Flgure 12 1t§r§,£lso clear that the flap shape -

.must be modlfled from about the locatlon of the pressure."
mlnlmum back to the tralllng edge to obtaln the optlmum
pressure recove;y dlstrlbutlon." | | ' k "p k
o | It 1s 1mportant to note that the flap shape flxes
' the general 1ocatlon of the pressure mlnlmum and therefore
-71nd1rectly &1m1ts the flap loadlng For the flap under
“con51derat10n the 1oad1ng 1s very close to the optlmum
:f(based 8n the.work of Chen) and no substantifl galn in- llft
1s p0551ble by reshaplng the flap to move the peak suctlon
B p051t10n.; However ‘the loadlng can be 1ncreased by a small
'H'famount of local xeshaplng of the nose to glve a peak suctlon |

r

’plateau ("rooftop") rather than a. reglon of steadlly

decreasrng presSure from the nose to the mlnlmum pressure \;\1

':p01nt (This was demonstrated by Foster, Irw1n and Wlllmams )rf.;t

) i flap qulflqatlons were trled the resultlng

AT .

“, T



-

_theoret1ca1 1nv1sc1d pressure distributlonS‘for about equal‘p
'V_pressure recoverles are shown 1n Flgure 13 Both modlflc—*‘.
e atlons remove the flow separatlon and from Flgure 14 1t can

—be ‘sken that a constant shape factor boundary layer developshf

r;;l__whlch_ls_nearltomseparatlon. ..... Amhe_boundary_layer developmeuu'
| 1s also characterlzed by the llnear lncrease 1n the momentum:f:p
.floss thlckness whlch ;s typlcal of the optlmum pressuee“recoverv
’ai Hav1qg/mod1f1ed ‘the flap, the: flap retracted o
vh';performance is, now modlfled Prev10us study of the FX 08 S 176
h.alrf011 demonstrated that a small upturnlng of the tall had
ltwo benef1c1a1 effects. | . ‘ | j' .
.“ﬁ[{.h‘l) The low drag "bucket" was moved to lower CL.s.Mi
H (2) The pltchlng mgment was reduced by ﬁhe appearance ffwf;f'
‘fof a loop 1n “the tralllng edge pressure dlstrl-hﬁ:: |

L

.._butlon typlcal of the de51gn pressure dlstrlbutlons

“.for hellcapter bladesa'

_llar effects should be expected from the mod—L'

311f1catlons to. the.Fx 67-K-170 alrfoll however theoret1¢al’
ba;ﬂresults suggested that the FX 67~K—170\1s a more crltlcally",a.
fp-deSLgned sectlon where sllght mcdlflcat\ons to the geometryif

'have serlous effects. Theoret1cal results\for thls a1rf01li-

‘7'f‘u51ng the 1arger ;lap mod1f1¢atlon 1nd1cate that flow

\

a

fseparatlon w111 occur at all angles of attack~ rESults for»ﬁ;“

Lthe smaller modlflcatlon show a narrow1ng and lowerlng of
.fthe 1ow drag range to about 0 05 < CL < 0 70 w1th llttle1.>_’1>l5ﬂ

. R BTN ;
IRV c
- PO iy e
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.- Figure 14. Computed Shape ‘Factor and Momentum Thickness =~ .
L 1:‘-.,- 5707 Development:on Modified.Flap Number One Based
‘ij7:~f - . ‘on.the Theoretical.Inviscid Pressure Distri-
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..

change 1n the proflle drag for R = 2 x 10

PO

tralllng portlon of thlS alrforl have 1arg

'“vf_4g:-""

———_—changengctheupressnre recoverv from the opi

.-'5to an 1ncrease 1n the boundary 1ayer sh e factor (H) and

f@ﬁprobable separatlon at 1nc1dences where separatlon dld not

W occur before. Whlle modlflcatlon number two glves the

-

' glower flap drag coeff1c1ent (because 1t glves a closer to'bl

optlmum pressure recovery), modlflcatlon number one must

7be used 51nce the resultlng 1rf011 retalns a reasonable low H_Tf .

“‘drag range 1n the retracted'confrguratlon.’:»;;”g ;i"',:ll

'2 3. 2 The Optlmum Pressure Redovery,‘_yzv*‘,f f/;f
Wortmann s method of calculatlng the optlmum :

pressure recovery requlres that the boundary layer momentum
’xfthlckness at the beglnnlng of pressure recovery be known along
‘:;w1th the flow veloc1ty at that ponnt and the Reynolds number

“sfﬁﬁrsed on the proflle chord.: mhe follow1ng equatlon determlnes

“"rbthe veloc1ty ‘at a chordw15e p01nt x in. the pressure recovery
'Treg;On-a_777;‘“'“ o . o

“flwhere B 1s the slope of the graph of momentum thlckness (9)

ff ‘;versus x for a glven shape factor (H) and Reynolds number (R)

L4

ffSubscrlpt 1 refers to the values at the beglnnlng of pressure Qp

‘,‘- T o v - ’
i

\: S




LT is0
- s I : G
.tri§FCQVery and ¢ is the alrf011 chord e . f?"‘-'f
S f ’ ' ce e
S ”"t m = 0. 33 - £ S
‘_.-. »“ e . 68 . . :'
ey c; a—o—nu R“’ 20 e e
‘ M o w_.. _— ; o
' Detalls of the . derlvatlon of these relatlons can N
'.jbe found in reference 6« Q_“V'j7afly . .
Clearly the max1mum pressure recovery depends on D
1nator 'Bl” '6051ng Wortmann s results, RN
: LI s

‘,‘,m is- found to be around 0 20 for a turbulent boundary 1ayer‘j“f

‘«fw1th a large constant shape factor (about 2 2) Applylng.,fi

”1these results to the flap (con51dered a separa é a1rf01l) _ ‘;f
'flt 1s q}ear thdt 1n order to attaln a- small va ue of‘ Ute
v ‘ . . ... . Ul . ‘. v B

(i.e! a large presSure'recovery{aEy . ——|.mist be” large.

If _EE;_l is fixed as it is for»theﬂflap,-the magnitude of
P '-29 ‘ ST ST o R

: he max1mum pressure recovery depends .on . B/el" (The sub- It:

'fgscrlpt te refers to the tralllng edge p01nt ) -fdﬁ

Experlence w1th thlS method shows that Wortmann s

’I

'l]ment but that the shape factor used to compute the pressure
.23

-

”jfhrecovery is not the shape factor computed by Head s method

a:kThe calculated shape factbr (u51ng the boundary layer program)

1was always found to be less than that used to flnd the pressure -

fdlstrlbutlon‘ t-“"

Z‘method w;ll glve 'constant shape factor boundary layer develop—;?




-

.- '

The precedlng suggests that Wortmann’s data whlch
was derlved from Truckenbrodt S quadfature method w1ll yleld ‘i.

conservatlve pressure recoverles. In other words larger

“__pressure recoverlﬂs—iwathout—%lewmseparat1on+ware poss1ble“—”f—7/j,

1n a glven dlstance and for an 1n1t1al pressure coeff1c1ent,*

JJthan thOSe predlcted by Wortmann. o : f'. -
X 3 The ratlo‘B/el can be 1ncreased if the calculated

»

,el is used rather than el calculated assumlng a lamlnar IR S ]
.?boundary layer development in a unlform pressure up to tran— '

: hs1t10n. For example, us1ng the follow1ng relatlon to compute'

'-jel for the flap, /"y-’”u L ‘;h
i , - s b
o 066 [V
.C _ F o pl’_c ) X
S . 6 U L X1
. Where c = 0 35 ft., R = O 35 X 10 — = == and - —‘Q;Ei'&
o ~ 111 - 1.673 " _C o..35/"
el 1s found to be 0 0002 feeéﬂ ThlS compares to 61 = 0 00015 . .

.ffeet calculated by the boundary layer computer‘program u51ng
'-'_Thwaltes'z4 method.y (Boundary layer calculatlons are i ". - 'Mﬁ
dlscussed 1n Appendlx B.) ' | | ‘

¢

2.3.3 The Pressure Dlstrlbutlon and Boundary Layer Tran51tlon
‘ on the Flap T 713», SRR o R

‘At a Reynolds number 0. 35 x 10-\based on flap ‘.;1V~ ' “f
'chord ‘a lamlnar boundary layer development in a’ favorable '
pressure gradient and a steep pressure recovery, 1t ls o ‘vﬂ'éze Lo

;-Qnot surprlslng that tran51t10n to. the turbulent boundary

layer 1s by means of the short lamlnar separatlon bubble.

.9



g Theoretlcal boundary layer results show th'k thlS mode of

"transltlon ex1sts up to at least R 3 5 X lO6 based on' the

deslgned 35% flap chord

52

;n For the purpose ol calculatlng the'. ‘turbulent -

-

Eh'. - bqundary layerzdevelopment and the opt;mum preSsure recoveryt'-

it is assumed that when the short hpbble ex1sts, tran31t10n

fbrder.of.one per cent of the chord length) and’ that the
- ‘momentum thlckness of the reattached turbulent bOundary
p'layer‘is about equal to" the momentum thlckness of thef

' boundary'layer at separatlon.u_i-

LN

-

| ‘The d851 pressure dlstrlbutlon3 for low drac..
K\airfollsvlnclude a so-called 1nstab111ty reglon-or in |
other. words a reglon of sllghtly 1ncrea51ng pressure
' 1mmed1ately upstream of the flnal pressure recovery and ”

:occupylng perhaps 20% of; the chord length The purpose of

thlS re 1on 1s to ensure that normal tran51t10n due to the'

major_p essure'recovery. This reglon 1s v1tal for R = 106,

to'3 x. 10°.

' chord the 1nclu31on of an 1nstab111ty reglon W1ll

"?t promote tran51tlon and tranS1t10n w1ll always occur by

‘o
S . R
k. -

© e e v
o Y .

. takes,place over the length of the bubble (Wthh is of the |

®

growth 'f boundary layer 1nstablllt1es occurs prlor to the,,

However'on the flap at R 0 35 X 106, based on py
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2.4 ihe Effect of the BoundarynLayer-' c ‘ . :;J .

2 4 1 The VlSCOUS Correctlon Method -

Methods of potentlal flow calculatlon, such as o

" the method of dlstrlbuted\vortlclty, glve the pressure dls~,
rlbutlon about an alrf011 sectlon that would ex1st 1f air |
was 1nv1sc1d The effect of v1scosrty is to modify the.

flow pattern by means of the boundary layer. ThlS change

. «

in streamllne pattern 1mp11es a change in c1rculat10n."
Experlmental results confirm that’ the actual 1ift is less

» than the theoretlcal 1nv1sc1d llft. Thls,ﬁlfference ln llft
IR

‘is small for hlgh Reynolds numbers and low lmfts, however

\ .
reductlons can amount to 10 - 15% of 1nv1sc1d lmft coefflc—'

ients at hlgh lifts coeff1c1ent§:and low Reynolds numbers.'
~ .
Wlth experlence llft reductlons can belrellably
. . ‘ .
’ estlmated and 51nce calculated drag based on 1nv iscid pres-

sure dlstrlbutrons varles ‘little from the actual\drag, it is _1Y'
g
poss1ble to estlmate actual llft drag polars qulte accurately

for most pufposes. »-',‘ R '~:>' :" ”-;- \.

The accurate theoretlcal calculatlon oﬁ llft ‘and

- l ) N
drag 1nclud1ng the effects of VlSCOSlty is more de31rable.

Y.

Powellzs'and others have con51dered thj problem,.

in. deta11 by consxderlng the three effects of a oundary‘

1ayer on an alrf01l sectlon‘f the change in the 1rfoml

-~

thlckness dlstrlbutlon, the chu;ge in the camber llne

p051t10n and the change in, th

3

angle of 1n01den7e. These-

4 . .
LI + : / . . . L



effects follow fromathe assumptlon that an a1rf01l deflned S

Qﬁ\the addltlon of the measured dlsplacement thlckness o

',.

the, actual alrf011 will have an 1nv15c1d pressure dlstrl—

butlon almost 1dent1cal “£o the pressure dlstrlbutlon GXlStlng

over the actual alrfOll 1n v1scous flow._ In order to apply

e

Powell's method an- lteratlve procedure'must be followed

since the %alculatlon beg;ns w1th thepretlcal dlsplacement ‘ l'ﬂ

5

thlcknesses rather than measured values.- The 1nv1501d pres—
sure dlstrlbutlon becomes stable after a number of 1tera—

tlons and thls 1s~§aken to be the actual v13cous flow pres—
sure dlstrlbutlon..f' o S , S T

L For thls pno;ect a 51mp11f1ed v1scous correctlon
% .
' procedure was attempted based on' these assumptlons-

. (l) Fof“a glven c&mberllne, a change.ln thlckness

dlstrlbutlonvdoes not change the llft substantlally

(?), For most alrfoil sectlons and for alrf01ls with -

flaps at small deflectlons the effect of the wake
is, small when correctlng for v1sc051ty.'-

f“‘.i'zﬁ The method of superp051t10n of veloc1t1es dls— L
- . l ¥ :
cussed by. Abbott and Von Doenhoff suggests tha the pres— . a

\\g. sure dlstrlbutlon over ‘an alrfoll is made up of three parts,

the pressure dlstrlbutlon over the symmetrlcal Flng secthn

]

at zero ahgle of attack (zero llft), ‘the pressure distrib-

-

utlon over the’ mean line at the ldeal angle of attack;ahdhthe e

L 1ncrement resultlng from the angle ‘of attack fgr the -symmétrical
’tf. . . I ‘ o . v . - - . ' ° . . - . . . .




,f'to the addr ; n~6f dxsplacement thlckness) ms small,,thls
: o ‘Q e s S |

N efTect on the pressure/d*—trtbution—can—be—tgnore&———

. A REEE o co ;s G e
: v v & otV e
. S A A RIS S e . ‘ ; oMb e
. \ o o N . ':?A.a ‘:s&, "’1 N v A .‘.,.‘\, .
: R ‘ e pome s ST
o ' i AR T
- . . Ty . ‘:91. o , _..‘ o
y L : N = PR
:wing section. . J‘: ..', . ‘o a ;
! " X L . .® .
S Te é%t' , the chahge lﬁ thickness dlstrlbutaon (due R
i . L W - oo
_-———‘.—‘ ) N—

. S Changes in mean ine: shape cause the largest K
. . . ".J N BT ) , 12
changes 1n ﬁresSnre a t butlon and %#ft. _For thls pfOJect;
| 3 the mean line shape was modlfred (ﬁor both alrf011 and flap)‘f ti

"J; Smely by'addxng the dlsplacement Ay = (6*—3*)/2 (computedﬂ ax
v ? at glven chordw1se p031tlons) to the Y goord;nates of the :

proflle. The effelct,' e both \&Jn seo;t:n.on ahd flap, 1s to _"'. ;

Sy

_“lf,} 'tufn the tall upwarb (gn;he*Qhan

automatlcally accounted for by.the comput

w 4-~‘.,¢4... .
R

Rt . '9: ".-: * .- BRI ISR . 'i‘ ‘
f[fg»‘ﬁ '-3;?; d;strlbutaons. e
,.,;;Q§a3“» (21 the accurate calculation'of dlsplacgﬁent thlckness..

e ‘,%,c3g[1 Dlsplacement thxcknesses Calculated for the L ,
S LE

(€Z7T=‘ 1nv1sc1d pressure dlstrlbutlon tend to 1ncrease rapldly 1n ;"iﬂgjq

the nelghbprhggd of the trallxng edge.” Experlmental results .hh"

r'<show a reduction in- the rate of 1ncrease of dlsplacement

LT P
,thlckness 1n the nelghborhood of the tralllng edge. *Tne "’—ﬁ?;

» e

A 51naccuracy of theoretlcal results is accounted for by the T

‘f “hw ? steep pressure recovery predlcted by;potentlallélow theory ﬁ‘n"

s
. ., Ban . . e
. - . . L . . .




.‘%‘

near the tralllng edge. ThlS recovery is: never found

";eXpevlmentallys The rellablllty of the method depends -

’on the ablllty of the user to modlfy the: theorexlcal

“dlsplacement thlcknesses ;n the nelghborhood of’the
s .

‘-Q'M-

tPalllng éd@é, mvh.,tf..\\ N r?w". ) ]
. [ AN . . DR o, . -l "-;~.
¥ .

R

“"_ - In u51ng this metHQd it is assumed fhat the 413-'

Cp

‘ e

placemént thlcknesses used dre approx1matel> equal to’ the E

0

experlmental" dlsplacement thchnesses. ThlS 1mp11es:.:-

a >

..‘.. s !
W
“‘;’%‘A‘

. TR

N

that the pressure dlstrlbutlon and llft calculated for g'f’

the modlfled alrf01l are: very close J@ the actual v1scous

flow preSSure dlstrlbutlon and 11f%v

The . method was test&? by usrﬁg 1tzto predlct the

%

NACA 4 83 ’ ReSults for the two alpﬁblls sectlons are’ :

shown 1n>F1gure ]5 The theoretlcal llft curve w;th v1scous B

B ~ .4_ 4, 3

‘corpectlon for the NACA 4418 alrfoyl does not Qorrespond to
jthe experiﬁﬁntal results. Thls may be the resuﬁt of the e
'VEXber;mentalbrggults belng low the theoretlcal 1hv1scad

' ré&uﬂts belng hlgh or a comblnatlon.of the two.

’2 4:2 Appllca£:83‘s£‘the v1scous Correctlon Method on the
‘g&i Des1g Method I - . .

“‘”'* From Flgure 16 ;t 1s clehr that the actual press

.,.' - .

*Vgrecoveﬁy on the flap includlng th correctlon for v1scos

\ llft reducxton for two alrf01ls : the GU 25 5(11)8]6 and the ]

h
. - .
‘.v"‘. WAl
N ,", A
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Assumlnq that the mean ﬂlne modaflcatlons due to

~'a

'vﬂscous effects are ﬁbout the sad"for small varlatrons in @f‘;

: the flap deflectron at a glven angle of 1nc1dence, the

:’-'Lf". .

B 4

PR

Tode

'f'lnCrease in- the flap deflectlon requlred to achleve the

'optlmum Vlscous/pressure recovery can be estlmated The

.'(-'

i procedure is to take the modlfled shape ‘at a’ flxed angle Of

attack (say 3 NE and deflect tie flap (whlle maxnth1n1ng the yi"h

posrtlon) untrl the ca culatﬁ' ‘suke recovery on the flap

)

'ls about equal to the de51gn pressure recovery. Flgure 16

f3»°v.'-

;shows the pressure dlstrlbutlons for Gf 20 and u

' '“A*l %er boundary layer dlsplacements and 1hcreasmng the flap

aeflectlon to 20 are belleved"o be ‘a good approximatlon

v :

R

to those whrch would.be obtalne. eaperlmentally.

‘ | Slnce the pressure dlstrlbutlon obtalned for the
sectlon modlf;ed to account for the boundary laver (at Gf 1.20;
‘is very: close to the 1nv1scrd presinre dlstr;butlon for ﬁfﬁ5xﬁ

7h.f,
1s about tﬁe same as the drag calculated u31ng the 1nv1sc1d

dlstrrbutlon.3 The lift curve slopes for these two, condxtlons

\_~

should be about equal. For N '.: the computed llft coefm_;:iff

flclent (lncludlng v1scous effects),ls 1‘66 for Gf-- 20

The angle of 1nc1dence at whlch flow separatlcn

-a.‘

: ¢he.max1mum low dr g

.__,,\_’/\

).

U= 15 1t can be assumed that the drag for the modifled case'ﬁ



| CHAPTER III )
P . FXPERIMENTAL RI:.SULTS . |
; P TS . LIS S S .
‘ -”fi ;.[ _1, The. theoretlcal 11ft and drag results for the Ll
desrcned alrfOll presented 1n thls chapter are for a Reynolds-"
;nuﬁber of 10 1n the flap extended case to repreSent a o e

) typlcal 1ow speed Reynolds number and for R = Zaaﬁf_;f;d'\&a

}tcondrtlon.n‘p-{'rtff fﬂ(" R - B l“r,.gél g

' . The llft drag characterlstlcs of the new slotted a :
nliflap wlng sectlon~were neasured 1n the Unlver51ty of AlbertF o vf
S faeronautlcal§w1nd tquel by D J.,Marsden, R W Toogood and} ‘ ié
LT V;G Klssz £ <See Appendlx Ev) o ST '_ R -

| Flgure 17 compares the theoretlcal and corrected zv“'._;

experimental results for the alrfoll 1n the,petracted '

h,.conflguratlon.‘ The experlmental results shou that the iow

ﬁdrag range 1s broader than Was predlcted by the theoretlcal
“[analy31s. The.analy51s program 1s not capable oﬁ computlng

drag fo:g an an.rf01l w1th a separated boundary layer,- and

AN
.'r"',

:_f;dfcoerwssmentéghere’sepagaiébn be

"a slow 1ncrease 1n the extent‘of;theﬁgi%aratedrreglon beyond the

»

""flrst ocsprrence of separatlon at a predlcted llft coffflcient -

a S om . .- . . . . . . ~y .
X . o ' 1 N CT.oLTr T s . . B .
LN O M . . . b.r BT o .
T e
? . a ) ; “: -
: ' * ‘4.;- . , -«_1‘_
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"f‘of 0:7 It may be that the separatlon crlterlon used wasf“ |

'overly sen51t1ve 1n thls case

A comparlson of corrected W1nd tunnel resulté for a-

closed sectmon w1th results for the 75% open area slotted [q'*H;p

top showed the open top sectlon produced values of llft LI
coeff1c1ent that were too low.; More recent unpubllshed re—fﬁpn.,,

~”-sults by W1111ams at the Unlver51ty of Brltlsh Columbla tf’l ,ﬁ‘p

‘17'1ndlcgtE4that the open area ratlon should only be 60%

”ment shown in, flgure 17 between pub-f
14 |

The good ag“

llshed experlmental results for the FX 67 K-170 alrf01lf"

)

.T”if:heub

, ‘_JSent experlmental results are rellable..”vri-ﬁ-agung

o AN . ~”, .‘ .
_7and theoretlcal results obtalned here 1ndlcate the theory;.;f;

-

'works wellufo thls aerofoml.; Wlnd tunnel results obtalnedﬁ‘_fffl
&

at“a Reyﬂolds number of 8 4 x 10 4are compared 1n'”3

Vflgure ]7 w1th publlshed results at nearly the same Reynolds

.

"numbernv The good:ggreement is an 1ndlcatlon ‘that the pre- f,f

Plgure ]8 comparles the theoretlcal and experlmental

"lpllft and drag characterlstlcs of the desmgned alrf01l at the

'”hﬂ{n31derably hlgher than those predlctedefy theory

o )a;:' ]

'kpde51gn flap deflectlon of 20°'“ The theoretlcal results

vdflnclude the correctlon for the é&fect of the boundary layer, {lﬁgif

,pWhlle the llft coeff1c1ents agree falrly well (as well as'J
S .
f“”can be expecfed from twO dlmens1ona1 model tests 1n ‘a’ small

'?*3cale wlnd tunnel), measured drag doefflclents are con-‘“’

It ms not unexpected that measured drag would betl {fjh

b '
>
- s
& +
L . : PR ™

,ﬁ'.\j LRRER VR oo e ] S Ll PEAEEN



63

/ SR CD L

= r.‘;_ﬁ:‘i.g,ufé 18, Resul for the Slotﬁed-F’lap Arrfoil .1n the

O N 75N O S KNS E THEORY R= 106 L
LS b eTTED T%ST sscnom
ZaCa SN EAEE N IR E S ‘R—-,Ob .

70008 .00 . | Q024 70032

° e L fa S N ‘\ R
._ Av i ..' ‘l r D fj

Flap O Conflgura tlon "'{7__"4'"’:\,',- v

e ye—

e




Lot
eV

v - ex1sts at the back of the maln proflle wlth the flap

~extended : Flow v1sua11zatlon teSts showed that a reglon o

of separated flow does ex15t in the slot and that thls
_ "separated reglon is bounded by a free streamllne such that
the flow leaves the tralllng edge of the maln sectlon |

. Smoothly. o
The pressure 1n the separated reglon 1s less than

the free stream pressure and, as shown in section 2 2 3,

-“},: , the assoc1ated form drag could be- 51gn1f1cant and could _'ff~‘,c'?p5

‘o

e account for the large measured drag coeff1c1ents when com-

S

hlgher than predlcted and probably somewhat hlgher than

dP wou&d be encountered 1n fllght the overall llft drag -

.

;\g;;;f‘": erlstlcs taken together) represent a s1gn1f1cant lmprovemént.p”~

jlii-over exxstlng alrfOll characterlstlcs.‘ ThlS is lllustratedg

‘in Flgure 19 where the comblned experlmental :
e

the de31gned sectlon are compared thh results »ii?the,i};rgfjd
FX—67—K 170 alrf01114 and an NACA 23012 a1rfo;l wlthda;g df L_ .
308 chord slotted flap9 . ny'iﬁf.le"':A' it~»fL hvfﬁg'f'fl
e - :':.?~’ The operatlng speed range is extended both at the |

hlgh speed end w1th the ﬁlap retracted (low CL) and at the 'vf';'f'

low speed end of the range w1th the flap extended. The
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"ﬂls a useable range 1n that C is only 1n¢rea51ng slowly

o T g R T R T
extension of the CL'range'above'thabiof the original profile' '

‘d_theoretlcal pressure dlstrlbutlons for the flap extended

. dlstrlbutlons for the retracted alrf01l at a = 4 ¢

‘_Qcompares the measured and theoretrcal (1nv1sc1d) pressure

v%;-.
The coordlnates of the de51gned alrf01l sectlon

‘are. found in’ Table 2. _;]” B "'}'”"“]'i,- f’-] SR

w1th o and the stall_characterlstlcs_as_bhouﬁ_lanlgure_l;—u- ;—QL
~'.are very mlld - A smallrlncrease 1n a.when ;perating at v |
.hlgh C will not resul’q in. a drastlc ingcreasg in drag or
yra sudden loss of 11ft Lo - | iy:_p»~%¢;iy;; vﬁw'yﬁé s yt{f\f
| Flo;vv1suallzatlon studles shbwed that the rode;faﬁfff)"fl
'T¥iof transrtlon }Qbm a, lamlnar to a turbalent boundary layer y h: :T'
! 'e:wsuctlon srde of the flap and the \maln section was by L ‘
'igm 5n§ of | the short lamlnar separatlon bubble ThlS was,y'y ‘f.ft‘
'Jpredlcted by the theoretlcal boundary layer analy51s -TheA:7 |
Hobserved tran51t10n locatlons corresponded cBosely to the‘; ' T?
lpredlcted locations of about 6. 4 rnches downstream of the
'ft¥§;d

: conflguratlon ( Gf 20 )?t about the same CL and Flgure 21 .
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t - R 'I‘hp nrnblpm n'F deglg_nmg_%_sl&tmd—flap_a‘rf‘i? S
- ‘ . . # . .‘.
‘ sectlon does not 1eﬁ$ ltself to a neat optlmlzed s%iutlﬁh
D it the coqfchtlng structural and performaﬁbg 'j@_\H? 3
”.ents.‘~In.the precedlng chapters a desxgn method ::ﬁfr?;';;

put forward wherein a speciflc attempt has been wll_f é,’:

' made to satlsfy the diverse structgralgand performqﬁ%e

nL -{‘

#3 sifgleAslotEed—ﬁlap axrfoxl at'low~Reynold%:'
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distrlbutlon§ over ‘a range of angles of 1nc1dence._'1ﬁ .

L0
e a..‘

éddltlon Ehe flag modlflcatﬁpn requz;ed to g;ve tha

v

: optlmém pf@ssurg f'covery ls‘the modlflcatlon requlred to

‘. :
; » MO .

 _ lower the drag bucke wlth thqlilap retracted% Thls.“

A;dl 1cation alsO resulns 1n a smaller pltchlng moment




‘lhave a hlgh deslgn C and a gentle stall chaﬁacter—'i‘

:‘1st1c. -&g practlce thls 1mplles ‘an Qﬁfgoml sectlon

. “: ‘s ‘4,»“3. de51gned u51ng the optlmlzed Wortmanéi'stratfdhd;;r

'.:4;h Zl;”:' .pressure recoverles..ﬂ _..".»T,f ;d'i. A *f);;

‘;féieg?*t}*‘(Z)djThg baeag tlatrsectlon should be hlghly cambered_‘l |

Vh L w‘ j*-;fto pefmlt 1arge llft 1ncrements for small flap™ B B

'"'5\335‘?<T¥¥; AadeflectLOns:; The thlokness dlstrlbotlon must be fﬂ»,;'e

;z‘fw" : '”-1'T€:-chosen to Satlsfy the condltlon that the flap is,, | b;

! iicompatxble w1th the maln proflle in unsxretracted 3
'(”;ﬁ.ma:'fconfiguration."f:‘ fh _ '.'l‘.ff [ .\l RET _‘L‘[;‘j

WY

;(33;1The prellmmnary flaggls mpﬁlfled by reflexlng the-'g;m Q.
o »camber llne from abdut the,point of mlnlmum g;es-:hfff
}ﬁsure (9n the sg&?xon 51de) back to the tralllng

%mf? “fﬂj‘f‘f;‘“ffedge. Thls procedure can be repeSted to” move thew

;'5;i; ' fﬁfeuction alde pressu;e dlstrzbution closer to the ‘:;

e og'timum fog the max um lcﬁlng. | 'I‘he flap will

{i;&;nﬁps7f‘hi’;?ﬂthen remain’ unstali a at all’ angles of ttaok for

’:;A-:?tﬁéiz?;h the_ngen desionoqéflectloh and stall;ng gall begln““‘

;ffiﬁﬂﬂ:‘u': o with éeéaratidn from the txalllng portion of the

;é: lf~ : ;psétioni pTga,reglexing of the flap has the ‘-; ;

6;‘v}1 L .; ‘fof reducing the pltchxng mqpe;t of’the *“".&:;gli
| f aﬂgrfoi'l se,ction,when the flap s rétracteas~.. . ° 2@:.'
- . fhe propqsed de81gn methoﬂ“ls equallyaa;plxcable to e

uh‘:fdeSLgn for hlgher Reynolds n”w' .s although desxgn a alower'g~:f¥j;

U

‘v B
{‘ ‘ ! ) N < ‘..

h':Reynolds numbers, %yplcal of light algsxaft, has been Shown o

~ e
- . '\'~ : N
."\ o . . . R . ) ." N Aa - A Lo - s -,‘,. Lo . '
. Ve s .-'_ . § Chmd o T PR iR Wt et
R : e T oL P - i, ATE SN T . LR 14
v on N . . - - et e Wt - ol M " - el Rl
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" ? Co A )
o fo'be mare. crltlcal‘) " e | ‘
,”( "'/' ,..e‘—results_prcsented_lmgmpter ItI demonstrate 3
:;Qtd'¥ that the appllcatlon of the proposed de51gn technlque'has ' ;;td’{”
%%‘,; ‘resulted in the. desrgn of ‘an airfoil sectlon fo-r whlch a “7;"‘ T
_Il,%;zﬁvor:hwhgfe1n¢rease in the low drag na e has been achleved.:w
k v “ ’fo:ted;fflao au*foml 1s competltlve with pla:.n flappec\:“é
“‘.fﬁ»rroils in. 1ts appllca-tlon torlow speed alrcraft, and s1nce
: the slotted flag is more costly becauﬁe of mechanlcal com-'
5 pleilzy 1t will have to have substantlally better p;;forma ce :”
to j%s%:.f» lts use. The des:.gne’d a1rfoxl, based on the . ‘ ,.'
proﬁﬁsﬁ method, offers 1mproVed performange over an '..' : ."_.
o FX—6‘I-K-;17O alrf01l with a 17% pla:,n flapl4 v?ha.ch achleves <.“ :
a max:.mum CL of about‘r“l 7. ', ) S /‘ @,4 '
:‘_ “ | The large dlscrepancy between measu,ed .and o /
calculated drag coeff1c1ent :LS due to the ‘ina) 1-11tyoof the .
T present theory to take account of separated low “‘Ehgt occurs
: when the flag is extended.v In spite of; fb:.s' approxq.ma_t;el&'i
_ _~ 50% 1ncrsa.se ;n drag,” a worthw}ule extension of thElow ‘ -
R dr'asg range 6f the alrfoa.l“ section was acnﬂvadj "3"
. ' | | Ig éonclusion,_‘_a unlque des:.gq,, ph:.los'oﬁfxy, forﬁ )
‘ des:.gn' of sxngle s'lotte.d-flap airfo:.ls ‘at .l.o‘_,. Reynolds " -
numbe?s has been developed. An effJ.c:Lh A' -

'. ......



R S
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SR pproach has been evolved for the deelgn of a slotted-flap

—~—~w~—_——~thaen1e—stfecturally—cempat&ble—wath~a—g

alrfoll sectlon.

ciis_nigh—speeﬂ
It has been demonstrate by ngIYlng

the des;gn method, that a worthwhlle 1ncrease in the low

o7 & - oo : e - .
ﬁ_<ér ndrag range can be achleVed for an alDfOll sect&on fo; the
.‘,.ae i

% “,‘ﬂ~range of flight Reynolds numbers. ‘l" o .'Y”

g L

The proposed method of de31gn represents an

e

advance on de51gn methods curfently belng used for alrfoll
L, de31gn. '-?- '
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THE APPLICATION OF gjs METHOD‘OF : R

DISTRIBUTED VORTICITY aoo Ly
o -\_136 methods of dlstrlbuted VOI‘thlty and. dlstrl-
buted sources are both capabli of handllng the\calculata.on

_'Of pressure dlgtra.butlons over multl element alrfon.l sectlons.v‘

However the surface vor:é me@hod reﬁ'?ulres con,s.lderably Les=

. computiing: time?7. . ;.»’ e L O

i t?' Sy F‘;r thls pro:;ect thé me hod of dlstrlbuted vort—. . : f’? .

»Lcn:y, as modlfled by WllkJ.nson2 ; Was chosen because” of o r
: ‘. o the' tlma factor“ and thei_apparent accuracy and gase of aPPl.lc-l"‘v' ,Jg..
“ @atlon“', - , . | - o ’ _

f, 'I‘he bas:.c equatlon of. th,e method iss
CEEA : -

b/(sf")” + f X(s) K(s)u,s)ds = -U [cos o (-——)F + . Sln a - (—1)),]

Thi ' equatlon expresses the condltion that" the Suiél of the »

X s ~,W\ e
i :°tange;‘1‘t1al component of the free stream veloc:.ty at a gJ.“" :

o4

| pornt and the tangent:.al component pf %he veloc:.ty 1r,d,ucﬁ "
by the contlnuous dlstrn.butlon of v\ort:.c:.ty around the a1r—.'_‘."~.,
fo:Ll surface must eqwxl the velocity at the’ p01nt. , (By e ;

spe fylng a. zero 1nternal tangentlal velqcﬁ:y boundaryv. f..ﬂ-

.

cq: tlon 'lt a.s found that the externél tangen~t1al velocxty‘

...- .

v
u».‘

“is e{q:ual to&the vortex denslty at t'he po:mt s,, where X J.s ’ §

.tg'eq?rte}; dens:.ty ) Clqarly for a antlnu7us drst f_;tiqn'. '“ ‘

- L Tl . RN B SRR

.‘.» _'. (L K ' ! ! .« ,‘ Lo ::-.. i e LR
- _,:’-_, v Coai e
I ™ [y 2 F
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i
N '

. the method is exacﬁ.

@f‘; 'f"{. fﬁ.ﬁ : The method as p&oposad by Jacob and Rlegels

(2) iThe boundary condxtion is satisfied at a finite R

-

A T f
ﬂ;ﬁ' ';}5g nllkinson fnvolves two major. aPPrO*imati°n’
Y :  Nﬁ\ ‘ (;) The sunface,integral in the urecedhng equation is\y
- ._ : ) '5;_ replaced by an approximatlon uszng ‘the tfapézoidal .‘
: ;‘ . f\fule. \“x‘:' ‘  ‘A.- N e
@ .\

4 o "I‘he i

X ~ ..

N
/ N
. " '
.y .
o 1guatlon b T
o ""'. .v’ 2N_1 . ! . 4." o .
A * Xn Kmn Q(-ZN (cos u-x' 4+ sin ay'm)
B n—l " ‘ IR
’ where ‘ l?ﬂ, o 2';1.
_‘A. A. ." . . ’axm_ . d
AR xn-::x % x'oo=" =, y' e¥m, and ¢
R =K ’“_,d¢'-'-'“‘- S
. \ -‘ . “(v‘ .0v ‘ . .
L v (where n = 1, 2, ¢ . .-2N - 1)
.v :"
o

B ] B e . .
N "a-\_ T c oy . « - . ’ N
o : . . ‘ E
. . - L
¢ ; . .

ce number~o{ po;nts only.
al iﬁ the prec‘éxng an.-can-be‘ihplaeed
result of. trapezoidal 1ntegratio¢.~
.f th ¢nglar parameter ¢; the basic idea
'f.dlst§ibutlQP reﬁiins Intact.

Velociticn j.nduced\at pbint En by vortices of strength equal

to.one iocated at p01nts n on the alrf011 surface,. .

; .gondit on. wi  ' : 48 CO dltion the equatlons are llnearly

no unlque solution-xs peasihle.

The‘basic

The Kmn are the tangential

Wilk;nson

Using‘

——



> - . ' : .
(17 _specification of zero vortex strength et g = 0
4

dOes not correspond to zero. velocity at s =0 in
¥ 2

igﬁl réal plane, (The velocity is undefined).

"

edqe equ '« === .
actual velocity is X(s”) = QLELL_ the correct specification
N . Tt (gy) , :

S is. X(sl) = “QQSZN 10 The,removafhof this'equation results

< ~\ : “

‘1nAa s¥stem of linearly independent equations that’ have a .
\ N *

’ ]

L4

unique solution.‘

The most common vortex p01nt distribution is’

. .({:/ - ° ‘ ﬁv .. o

according to the equation o . C R PR
. % ékt—*(if+'cos ¢J)there-¢ . E-"--‘"and n ;l‘ > ! an-1 S
. . 411 B 2 B e N - n E a g N # 4 . Y -_ ¥i j » -V .

- R
. o \'.. o . : T

- xn refers to the chordwise position Of the point the effect

»

df this distribution is to concentrate the pOlntB in the nose

/region and the trailing edge region.

. o The‘large influence ooeff1c1 nts assoc1ated with
points having équal x jalues leads to arge errors when :
\'. estimating the 1ntegra1 by the tripgz;idal rule. fS‘help li ‘;ij
X \correct thls, the KF' Nﬁf coefficients ars c\“culeted using e y '

°

. L

an irrotationality demice which very 31mpiy 1s that us&ng'\~' .

e Ao

trapezoidal integration the ‘sum of any column Of influence ,};

~ -
° A .
h-.v

P
1 | «
.




. closed curve no

zero since the flow is irrotational) N

. [ o .
coefficients isécoﬁltant (ie the ci?culation around any -

-3
including ‘the’ point in question must be

wilkinsOn suggestgd further that the preceding ¢
point distribution be modified by introducinq a constant R
c,yﬁ«atx=x,[1+(1-k)x(1-x)1

r{
modification Was to move: the pOints 1 ‘and 2N -1 nearer the,» ..

Thé intent\ of this =~ s

. of small thickness helps to\more accurately approximate the

A

"neighborhood o

,velqcities at-these - points equal.

R retaining the équal anguIar spacing.

.trailing edge @0 as t9 reduce the error in setting the

The effect for k i1l is

to c%ncenérate points in the trailing edge region while

o R
a® The last modification should’ improve the ac0uracy

of the method. since ‘the coﬂ!entration of points .in’ the region

i
."“

In principle (referring back to the tw&*main
/

approximations of the method) the accuracy musé be improved

integral

as the total number of pOints increases.

-

' The application of the vorticity method to multi-:

"

element secffczs is st aightforward, the poing spacing in the 1
the slot (for a slotted flap) should not be
s g ’

W ..
Yirticity as. modified by

greatef than the’ minimum slot width. : {
o The methqd.of distributed
‘ »or both the 'single element airfoil

\

' N
and the flapped airfoil pressure distribution’calculatiozs;’//’

Wilkinson was progl

Several;lirfbil sections ani‘glotted flap sections were U%8d
- . : i
"y : '

to test.the programs Yoo : o N -‘n

et
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ngafhat' n of the qbsuk(’ is‘difficult because-

‘ibg must be done

.o , & N
\ . ;. 13‘v§tﬁtsure distri- e
L, 5 3 “yer, expeciﬁlly near
.!X". g"y “ wi:uhﬁtantial A perma*
-l‘\' lnﬂktly separated fl@% ey Y ny exist on the sua-_ix
;#‘k; ". e”tion side:neer the tr ‘;'gg 1mp;y1ng that f“
“-.\, : o inviqcid pressure distri e'are néver realized _
\.fgh ‘_'Prassuree are diffieul&[F“}@egsurp near the trqil- ‘,_' :
| \1\§ ';f‘ing edge and most test rﬁczlts extrapol&te pregsure
f f\' f';,¥‘disgi§buttons in %his région., 8 ' e &3 7? |

Fome #gpical rcsuliﬁ are Bhown in Figures 22 throu&h- "

' 25¥ Two conclusions were drawn- from the results:

Yo,

'\ (1) fhe progr_;’” rks4ﬁu11 fq‘\?drfoils or mult;-elementﬂf )

\ ,'sectlons with "normaliﬁ(ie wedge shaped) trailrng T

 ;\ ' 'edge;‘ . 3'f : ﬂeQ“Z)-

-k

'

The ogram glves uni!liag}e results foﬁ‘alrfdils
or\;:SBPed shctxons hhich exhiblt cuspod “hookedm
f..tralllng edges. Further to this, the reason for “
\>the poor rzsultS\zs likeay that the- assumed Kutta _ ;’f-':':z
_Mcondltlon ‘of - zero loadxng»at the.trail;ngmedge as 1mvgw;~'%57

incorrect for "hooked" sectxons. The results _ |
"cgtalbgued by ;;egelszs appear to substantldte this

-l..'

P
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. —EXPT.(RER16)

£ Cal t':lt‘edi“.l’f?éSQuFe-Dié't?ibﬁtibns R 2
U~25-5(11)8/@irfoil (e<="0.60 and i.--. - . |
3x1q6°) ‘-.’ . .v ‘ . R v_ ] .

.. . ‘on’the
" R=0:6

. Pigure.24. "compaf?o'n of Calcu
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‘ becausé of the‘wake»

® . ! '
' ﬁ* b\ \ ] | » i A ') A
LY B B . * N ! <
Yo - ‘vl ‘ ! . ~ 'v.f ’ 91
[ N N
" hd ot } > ' : ‘
- l .." ) * .‘- N L] ‘ : 4 *
v, - A * A
. *r
o S | ! "
s R . - . e ' ”
] vt - ~ ‘-.. ' ' '
) hgpothésis.‘rl_ ce Ry ;

'The usuafly gbod aﬁsumption that no prspsurq gradient exists

"“aQross1the w’ke at~the trailing’edge is probably inoorrect

"ature”ht the trailiﬁg edge inducj?

\
¢

- .

S T .

by the\hook. ;f’ N ;u' **}' S ,; S T :5

E,
- L

‘ v
‘ Sharp spikes in ‘the pressure distribution at the

’ gy

.;coefficient. ,As indicated by Fidure 26 the effect of de-

. ’
f-experimental results) and a small variation in lift w1th X -

‘and N. . |

) trailing edge of the main section for" labpgd aerofoil were

'also ﬁound + by Stevens, Goradla and Btaden using the method .

\‘

of distributed ‘brticity. The résults of tests done using
the Qouglas Neumann Program and experimental results.indicate

that these spikes do not exist theoretically br exXperimentally.
""’5 2
The occurrence of a IQOp An the pressure distribu-

HD

tion should be distinguished from the occurrence of a sharp

‘y ,

1, ‘ .
peak Loops in the pre ure distribution are common for .

“lrfOllS deSigned for small pitching moments.: - .‘~£ g

. Several airEOil sections were’ tested to determine

[

the infldgnce of the'distribution coeffiCient (k) and the

\

\ number qf pOints on- the pressure distribution and the lift

.i,f. :

'creaSing k for the Fx-61-163 "hooked" airfoil was to increase

the lift coefficient and to move the pregsure spike nearer

;!?the trailing edge. The lift coeffiCient also varied Wlth
'N as shown in Figure 21. 'The results for €he NACA 4424 airf011

show no spike in the pressure distribution (c?hfirmed by

)
1

+ .

A

R
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Figure 27. Variation of|C; with the Number of Vortex
I Points (N) apd the Point Distribution Coefficient (k)
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'1_- o . The digfributed vorticity computer program was

' \

x.assumed to give ré_iable results for the designbd flapped
airfo;l because ‘the predicﬂod lift coefficiehts were in lrﬂe

94

with other slotteﬂ flap results for similariflap deflections \‘

4 R y

The pressure dishribution at ‘the" trail&ng edge of

o the main section exhibits a steep presgure rise which should
)

be moqified as shown by the dotted line in Figure 28. This
steep pressure recovery causes the prediction of flow’ separa-

tion for ‘all the theoretical results. Jn addition the

- occurrence of thd® loop means ‘that the llft coefficient pre- .

dicted for the mamn section is low.l

N
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Uouno Y LAMINAR AND T‘U'RBUL'ENT‘ BQU’NDARY LAYER
S | o CALCULATION AND THE PREDI.CTION oF =, . N \
SO TRANSITION AND. SEPARATION o T
. - ' R R L 'ay .
- Lamlnar Boundary Layer Calculatlon e vy o
‘;,’. N >

",f b Rosehead31 suggests that an englneer may wxsh only

'to oredlct w;th sufflclent ease and accuracy the" eatures

whlch 1nterest hlm most. the posltlon of separa”'on, the

£ t\rf}s-

placement and moméntum thxcknesses of the boundary layer. .

‘dlstrlbutlon Of skin’ fgﬂctlon and 5§e varlatlon

-

‘Sdlutions of thls type are characterlzed by a Smellflcatlon S

r'of the boundary Iayer equatlons or the use of lntegral forms

4

V":such.as the momentum and energy equatmons. . ;ngf

”The estimate of the separation‘pos;tlon 1s obtained more

"accuratgly by Curle and Skan s~

.éfmethodf ; J’»; o »N ._ _.' :-5 o =fﬂ'.h."n<“. o ..;;;§;ﬂ<&-‘

I 24

Thwaltes‘ method 1s very sultable for general use‘

-in computlngtthe 1mportant boundary layer parameters 51nce S

% KA

"fq'lt prov1des satlsfactory accuraqy Wlth llttle computatlon.

32 mod1f1catlons of Thwa}tes R

Thwaltds method makes'use bf‘the'Simﬁlifying‘ ' IR

Te g& . C , K

'assumptlon that the lamlnar boundary 1ayer proflles are a.

®
tone parameter famlly. Thls assumptlon is good for favorable .

pressure gradlents or weakly adverse pressure gradlents. - 51

. \ ) . qQ o
However the modlflcatlon of Curle and Skan 1s requlred to - i
4 PR ‘. e, / ‘Q ) "' ‘ . ,l ” s R o b



tf/*'

"‘,

ﬂfm is related to the external veloc1ty dlstrlbutlon-+Uﬁ and

-

?;&'*ﬁ&§;“~ Ty

' The momentum 1ptegral equatlon can be'wrltten“as

a

is regarded as the form parameter (51m11ar to the form

32

o parameter A
. . ’ v
CF ‘one param;:ér

famlly of proflles.

of Pohlhausen 533 method) 1f we assume‘

“§. are unlque functlons of m for all veloc1ty proflles. )

_ r\ } e L . . . .
« \ %" + 0(H +.2) Ul =yl A

.

.d;.

e UE
' Thwaites:
| o

ng.

'}.E'

| Substityting for m.

(62)

YR

-

= 2v [m(H + 2) + 1] = VL(m) -

. . ) o v

eéaluated the expressionfrepreseqted'by

This implies that l and

) ‘.A " . : - . - :.‘ ‘ R
& « - - i .
P 97
Do f%& . _ E
o
. D ," . o \
‘ account for the case of strong adverse pressure gradlents
r order to f1nd the po;nt Sf separation. ’ '“'
’ 9 '
3 Follow1ng is a brlef summary and dlSCUSSlOﬂ of
Thwaltes' method ‘ . ' :
' : Two non-dlmen51onal ﬁarameters 1 and T are -
b dl
® . b
jdeflned by the follow;n&’equatlons. "
) P .
\; . l - e ( ) o , . -
o Q aY wall ) : .
2 k52u)~ B . , .
m= 25 (c=g) ..
. BN 9Y“ wall P
L Coa20 . o 0 .o
Now vw(T—3) = === .
-« T W% wall o e 3% .
. AP aU." 5 m ue? ‘ |
'and:,gf = -pUax s m = = - . V;
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, .
. . . . .
. . . .
. - . ., . : . N e
. . . A L] .
A o | _ N T
. ' ! . . it - - B .
\ } : S i
! : . doenetont v e L)

. ' ‘ ' " f“yrz/f ‘ '_@.
\ the Jgght hand 91de of th? précedrﬁé'equatlon for d;fferlng N

theloc1ty Qrofiles glven by known exagt so]utjgns cguerjmg a.‘f

';w1de range of pressure gradlents and fouhd that the resultlng

curves lay close‘to a straight Line for-whlch theéfquatlon

was: ¢ T s : . S Vo 75 X ' o -
_L(m) = 0.45 + 6m | ~ ST
e ' ‘ " . C i . . ) g -’

This gives:

[ au_é(ez) - 0.45v + 6U6% =0 - ' L
‘ e A '5'. : . ' - T s
and L62 1 = 9-é22 ;ouax. o . A
(U®) o o L

- B
A . . e 0 a AN
. . . .

.
. [ 4

The ‘plots of 1 and H as functlons of m. determlned

: b? Thwaltes from the analy51s of knowdfgolﬁfions showed o
51gnificant scatter for m > 0. Thls reflects the 1nadequacy

-of the assumptlon that the boundary layer proflles form a one _"

parameter famlly. Certaln exact solutlons most relevant to A

. [

the flow past aerofOLIS were selected as a gulde, and based

on these solutlons -a table of 1 and H as unlque functlons of ; A.‘

. m was establlshed R \ . . ‘?:Nf7

e ,
One result of this correlatlon is: that a unlque
value of'H must be assumed for sepa\atlon of the lamlnar '

boundary layer where in fact ‘H at separatlon has been ﬁound
to vary between 4 04 and 2. 6 _‘fr .i.-W‘ ' ;,'-.‘

- : : Curle and Skanag modlfled the H;L,m relatlonshlp |

so that the locatlon of separatlon was more accurately
predlcted by Thwaltes‘ method ;It is 1nterest1ngft05note :

1 4



E that for thé ll Qressure dlstrlbutlons for wh;ch exact

'
N

N solutlons were avallable ‘the e and Skan modlflcatlon

‘ - 4 ' :

[ ST RN

=

" resulted in a very accural‘ipredlctlon of” the separatlon TQ:
p01nt even though m calcula. d for these p01nts, assumlng.
the linear relatlon L(M) = 0. 45 + ﬁm, varied conslderably.
While the value of H at separatlon predlcted by Curle and

i'

Skan is in- error the point of separatlon i

predloted qulted

accurately.

Curle and Skan S separation crlte 1on 1s derlved

in reference 32 and ‘is a\modlflcatlon of Stratford s s1mp11-'

.

fled formula. The crlte ion 15 that. separatlon Qccurs when

the followlng 1s Satlsfl d ; ,¢;;-\u~ S L REERV
VR o g i
s .. 2 N ; . -\ ‘
X Cp (__E_) = 1.04 x 1072 _
. 3 dx ¥ B B
where Cp(x)‘= 1.- (U 2 u L is the maximum velocity and |
o, "™ _ . -
X! _.(x .xo) _ | a - I R e
o X=X - pf; (afj.;dx which .allows for an initially o
: .. -, . ‘ ' R ,m. ' . A' . R . . . L
favorable pressure gradlent ,pw«pgf'};~ w'”"t* f

, L1u and Sandborn3 plotted all avallable analytfcal
'?;lamlnar boundary layer separatlon results and found H to be a
fﬁhctxon of mvat separatlon.= They also showed that G} at sep-
B aratlon determ;ned by Thwaltes method 1s a good approx1matxon,

.\\so that 1n pra ce 8 at separatlon can be calculated, and
‘1 the relatlon b::;Len H. i and m . used to’ flnd H

| sep. - “sep. | _sep.
Voo R R




R \e? | o

. ’ ‘

|

In th computer program deveLoped for this project .

~Curle and Skan' s separatlon_crlterlon_;s_nsed_to_establ;sh

the separaﬁlon locatlon.- Thwaltes’ orlglnal relatlon betweeh

*H,. l and m is us d to find H although this is shown to,be
\ L)

/E’poor approxlmation for H. -

. T o

 The pred%ctlon of H at separatlon shoul? probably

~

. be made u51ng the f llowing table wh1ch is taken from the

. -curve drawn-by L1u-a’d San 34 based on‘the range over’ BV

'
whlch experlmental pr flles have been. measured (H = 3 to

H =§4 04) leen m # U' then H at separatlon .can be»

. v ,
,'found by 1nterpolatlon. o Y S
undary layer results aré the “‘C_'Ie;.

P The lmportant
- Ry
-values of L and the p01nt £. separatlon. ‘The parameter 1

'whlch 1nvolves skln frlctlo: ‘is of 11ttle 1nterest. :he

S '
-bounda?y 1ayer to a. turbﬂ{’ht bounda Yy layer on an alrf01l

are. L . s Y .I .rv.
(I)h trans1t10n<result1ng from the growth of 1nstab111t1esr o

'(Ziuftrans1tlon by means of thg;laml ar - separatlon

o

S L P
S Lo . [



Table 3: Correlation of Mggharati

- H

"

separation

for the Laminar B
. . /"‘

Msep.

oo

n .
o
.m ’

0.067
-0.075

0.125 |
0.150 |
}o.175 .
0.200° -
lo.225 -
| 0.25
lo.30 .
|o0.a0
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predictlon methods are based on correlatlons of experimental

data. For thls program Crabtree' 535 crlterion was chosen - i!'

_since 1t is based on a w1de range of experxmental data and

is easy" to apply. The basis of the m?f!bd is a correlatlon

HER

_ g”o ‘m (deflned prev1ously) at trans;tion wuth Reynolds numberv

I N
.

wbased on the momentum thickness‘:

At low Reynolds numbeg ti ioi‘tlof lamina;,boundr . :
' R 7 Lo
ary 1ayer separation usually precedes the p01nt of theore-

tlcal transxtlon on an a1rfoml.‘ Experlmental results show |

v

that under these condltlons the flow w1ll often reattach to
- the surfade some’dlstance downstream as a turbulent boundary
layer. The‘%eglon underneath the separated flow, between the

po;nts of separatlon and reattachment, is referred to as a’

P

"lamlnar separatlon bubble ' 7_‘., ?f' ,' 'j ;2?[“,?-33 'fsz*

*g . Experlmental results suggest the ex1stence of tWO

bubble groups- short bubbles and long bubbles. A crlteraqn was »
\!
proposed 1ndependent1y by Tanz, Owen and Klanfer and Maekawa, e
,.. e w'f'_"b_,-
. and Atsum:u.?"5 Owen and Klenjer36 proposed the follow1ng.‘,..

For Rs* greater than 400—500 at. separatlon, a short buv'

w1ll exlst w1th length of the order of 100 6* for'RG* ledl’”'”;'”

e

han 400 500 a long bubble w111 exlst w1th length on th
"order of 104 5*: co f' ﬁ i:' (_ ,1‘. ‘,';_f; 'lf‘1";b§ff
The eX1stence of a short bubble does‘not serlouslyf
‘dlsturb the pressure dlstrlbutlont; For the purposes of . -

l}-‘calculat;pn,'short bubble trans;tlon was assumed to occur :

- w1th1§ one calculation step (one percent of the chord)



. .l J ‘. : §'€5’\ _. . é‘;é ‘:}2 ° .
\ . . e TR A g i
Slnce no crlterion exxst% for pred#dting the = - -
R |

———————length—e£—a-leng+babb%e——ealeulaete

bubble formatlon 1s predlcted ﬁﬂe gﬂesence of a: long bubble

@ - #
® ' makes the pressuré'distrlbutlon radlcally dlfferent from o

f‘ i . A ‘ .. :
that in inv1sC1d flow. A suctlon plateau-of reduced level is

formed Wthh extends over the‘rqglon occupled by the bpbble

Vet . Voe )

length. f ' I e ‘ . Sy
S ':(_ f High 11ft a1rf01ls of the FX 67~K 170 type exhlblt ’_ N

- - ' : .. A U e
a partlcular type of stalllng bs av1 ) At low Reynolds .

-

[ .

";’bble., The locatloq Jof trJhSLt{ nAremalns falrly stable
"fth 1ncrea51ng 1nc1dence‘althyugh eventually boundary layer

"paratlon beglns near the t;alllng edge. Wlth 1ncrea51ng

i,e' 1nc1dence thrs reglon of eparate; flow expands and the alr—;vhv;)r
;) f01l stalllis iyplcal pf the *tralllng edde"” ty e. Slnce',;:i

.ﬁéu the nose ffdtlon peak deve&ops rapldly, the lamlnar boundary | ;.'
;[.k layerwseparatldh oolnt moves qdlckly to the nose, w1th the o 3.'".;

g_.‘ format;on of a; long bubble. Because long bubbles grow rapldly _

w1th 1nc£dence,‘the ané&e of 1nc1dence for max1mum llft 15,44;%ﬁlvwgs

essentlally the angle ét Wthh long bubble formatlon.beglns.g'

. f‘_’:“(f‘In the cakpulatlon program, the lam;nar boundary
layer momeﬁtum thlckness 1s matched to the turbﬁlent momentum
W z BT

thlckness at the p01nt of tran51t10n.. In addmklon the mass ek

flows in the boundary layers must be eqnal. Slnce e 18 known,

bf_ 1t only remalns to determlne H* (H* - 8- 6“') wh;Ch is the 'fd,'.
’ g\ o v . ‘ Voo » v R . C. :
%;ss flow parameter.'w e .uﬁfip.,f j, ,t,; IEE
o e . . .'\ . . v:.“: . . ' ._;.“I::‘ o

..
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.Pohlhausen 533 lamlnar boundary laYer proflles can

' o .
\»'-

Admltrtea.l.y 7. at

R .

transxtlon{ a. lamlnar boundary layer does not exlst however

be used’to approx1mate N3 at trans1tlon.

4.

no other ch01ce exlsts but to estlmate the thlckness by

[

assumlng a lamlnar layer. Fortunately Head 523 turbulent -

v
B boundary layer calculatlon,method, used in’ thrs pro;ect, is -
quite lnsen51t1ve to errors 1n the startlng value of H* ‘and H.
T , The parameter H* (at tran51tlon) can’ be used to
flnd the shape factor H for the turbulent boundary layer at
tran51trpn elther by uslng correlatlons provided by Head or

| ‘else by u51ng an 1terat1ve method dlSCUSSEd by ‘se bohm37 _ The =

' la-t;;;er metho:Qas used 13 the computer program.

’

_'CalculatiOn of'thq Turbulent,Bdundary'Layer-and'the Prediction

~

,:,f of Separatlon. ;'f; S ,{ $:> TN é;f7
. - 38 ' .
Thompson c%nducted a. crltlcal rev1ew of" the

Y

turbulent boundary layer methods in. usé\and concluded that

Head' 39 entralnment equatlon appears to glve the best’general"

' ﬁﬁ
level of agreement W1th exper;me t Bradshaw40 contends that

~ ~-_:p;-.- \_. r—— ».-—-\ ey

the success of Head's method is based on the fact that,llndw

contrast to most of‘the other int ,gral methods, lt -is pased i

.l

turbulent flow.; f‘

4on a. clear phy31cal hypothe31s abov

I_fNVV'L’ ‘ ﬂ Head' method was one. of several con51dered at the.
i 2
i

Stanford Conference n the Computatlon of Turbulent Boundary

. 3.
LayersAAf’ In a subsequent paper Head and Patel2 presented

{"t' an 1mproved method Wthh they consrder to be "at least as‘~

N
vl e



e
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accurate as-thelbest~pre§§nted at’ Stanfordfaplle Jbeing

'very fe@ seconds , | o

: 1sts of large eddles at(barlous stages of thelr development

._A1t by v15c051ty'and S0 the eddy will eventually die away after

suff;;i}ntly_slmple to enable'a hand calculatlon to be com- -

B eted in axf h8ur or two, and a computer calculatlon in a

L

Based ‘on its proVen'aepuracy and speed thls

=
method-was~chosen as the‘turb ent boundary layer calculatlon

-
- ' ' [ ce

metho,d.' _‘ R v - o . I

13

LY Beforé con51der1ng the method lt is valuable to

. -
(S v ¢

§ consxder the phy51calvhypotheses on whlch it 1s based.

R | RN,
Turbulent shear flows are'dominated -by . large eddles

’ ".&\l‘ .

1
”w1th a wavelength of about the,same order as the thlckness

of.’the boundary layer. Bradsha 40 states that "the large.

~

_eddy ohserved in shear flow is ba51cally a mlxlng Jet, a slow l’

_dr1ft of rotatlonal flﬁld with’ v/U no greater than 0. l, star&,

N

'1ng from somewhere 1n the low velbc1ty part of the flow and
.ulmov1ng towards the hlgh velocmty free stream”' ‘The outer
'part of the turbulent boundary layér consrsts of a serles ofv
3blllows or clumps or eddles of turbulent fluld whlch are res— :“

-_ponSLble for the phenomenon of 1nterm1ttency. '

Bradshaw states: that "a tuébulent shear flow con—<;i

. with a background of less su;cessful perturbatlons and:'*“

further that "1n a real turbulent flow there w1ll be a trans—-

—

fer of turbulent energy to the smaller eddles which dlssrpatev

o

-

v,hav1ng 1ncreased the boundary yayer thlckness by entralnlng

) . o o
) . .8



ek ‘ - 106

Co s S
| fluld from the free stream" g\\\ ) S

k 4 . ) ’ . . .
o . Lne outer"%oundary~$f—the—ﬁﬁr ulent—flow 35— :

'-normally deflned by the outer boundarles of the turbulent

clumps. The closer the b;llows are packed, the narrowexr -

the spread of 1nterm1ttency ‘Hence' the intermlttency will

&

be more and more conflned to’ the reglon near the edge of the,
2

boundary layer. Entralnment is then reduced by closely

packed billows and enhanced hy a loose P?fklng whlch permlts
L \ . \
a’ deeper penetratlon of thellrregular boundary., '

" The main hypdthesls of Hoad” and Patel is that an.

. v } °
1ncrease 1n the adverseapressure graﬁlent beyond that of the.~

N

. equlllbrlum layer results 1n a reductlon 1n entralnment whlle

- an rhcrea31ngly fawprable pressure gradlent results in an ;;'
Voo

»

Y o a//_,//fhe precedlng hypothe51s seems reasonable. For. L
o exa ple in a boundary layer prOceedlng to separatlon, the B Lﬁ

_‘1ncrease in entrainment.

[

’ skln frlctlon decreases rapldly whlle the dlsplacement tthk—'

‘ness 1ncreases rapldly. Thls 1mp11es a weak entralnment of free,‘

.lstream fluld 1nto the boundary layer. In-addltlon we'can'
a expect llttle growth of the large eddles because the shear ;“'.
*_1n thls boundary layer is decreas1ng and it 1s the mean veloc-~

1,1ty profile which prov1des the turbulent energy for the

7
Ve

. -growth of turbulent eddlesa,‘ “ o | fg\ .

S

mhe follow1ng dlSCUSSldh empha51zes the appllcatlon

h ~_of the method References 23 and 39 provrde a etalled dis-",

cussion.
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Head,s39 orlglnal method assumed that the entrain-
Pl

. ) ‘\ba

- predlcted in- the\\Jamples. :' /

ment of flUld 1nto thi boundary layer was 1ndependent of the.

Reynolds number. In ddltlon the quantr;y entra]hed‘aer

~J’un1t area of the surface was thought to depend only upon"he ;

boundary layer thlckness, the veloc1ty outside the boundary Lo

layer and the dlstrlbutlon of veIOC1ty in: the outer part of
N 1

- ) .
* .

the layer. .

-

If the quantlty of flow im- the boundary layer, per

. unlt time is Q then dQ/dx represnnts the amount of fluid .

' entralned by the boundary layer per unit length. The basis

e - . L4

4of the. method is then.

‘; l E_E[U(a-a* 1= f H*' S , ' SRR
U i 'wdx- o ';) "o ( ) : St
,Now d— [U(a 5*)] g% and H* 1s assumed to be a functron of
. y '
*the conVentlonal form parameter H so that H* G(H)

The functlons F and'G were determlned ‘on - the ba31s

”~

'of llMlted experlmental results. The draw1ng of a curve
- S R

-representlng the functlon F(H*) was a somewhat arbrtrary
'procedure however the Justlflcatlon is found 1n the accuracy

ywzth which 1t enabled the form—parameter development to be

. - oo
.

However the assumptlon that entralnment is unlquely /

’related to H* is over—srmpllfled., The orlglnal entralnment

method is 1nadequate An the case of equlllbrlum flows and

flows where a strong adverse pressure gradlent 1s fbllowed -
. , v

jy a region of zero-pressurevgrAdlent., The rmproved : -

- / v ‘ . ,
? L. . . : . N S . ] X
. . »



entrainment method seeks to correct these dcf1c1enc1es

Y

The accurate calculatlon of equlllbrium flows
1

(bougdary layers where H 1§'constant) is. of partlcular‘

1nterest since thlS type of turbulent bqt\dary layer develops

on the l\b drag a1rforls dlscussed prevrously

If the entralnment lS wrltten as C’ji 1 ig and 1f
: .o . - U dx -

4 :
the entralnment in- the equlllbrlum layéi is: taken‘%s aatum,';
l I

"_then for layers proceedifig o separatlon the entﬁalnment

:”Ludw1g - llmann relatlon._

fshould be reduced, and for layers where H is decreas;ng i

‘als

-

should be 1ncreased The result is. obtalned by multlplyl g .

)

lyCE»for the equ111br1um layer by a sultable fuﬁctlon of sgme .
'parameter that measures the departure from eqU111br1umh oh—‘

dltlons. The functlon chosen was- F(rl) T CE/CEequll where‘A

the chosen parameter (

1 d(Ue} [1 a(u ) I R
dx equll.. . -

-

“ . IR

s If Fgrl) :is determlned,"E can be found for glven o
p e

values of H ‘and Re if CEequ11 is known as a functlon of theserA“

'flayers;‘ uf;ff jf o . A
. .'C = H¥ ' . B . : :
o .‘., Eequll..__ v [U ax ] t?quil.
: . ) . > a . .. : ;-
The relatlon between H* and I.Iecessary to complete
A2 '

the relatlon is provlded by Thompson proflle data whlch

' :
A .

rov1des a new skln*frlctlon relatlon to replace the

-y .,.,_ [ . . ,”

anrlables,' Slnce H and H* vary slowly with x 1n equlllbrlnm S ol



xon—en—the—%ek%oweag—way

F
"Jequ1l L (rl)

Practioal calculation axoceedgya

It is convenient to write the basic entrainment .. '

The momentum lntegral equation

1 d(Ue)

l o At !;‘;.1f x
fOllOWs.LJ :';'i:

,f-— (H + 1) 9 du

15 used to flnd the lncrement in Ue
frlctlon relatlons glveh 1n graphlcal form cah be approxl-
mated by’ the analytlo relatlons* | s

Cf = exp (aH 4+ b)
_ »

-—
=

= 0. 191511 ~ o 834891c + 0. oszsescz”- o 001953c3

o Eequll..

over ‘a step. The skun

0. 019521 - 0 386768c + 0 028345c -"0. 0007010

is calculatedi-a'ndi.rl Q calculated._-..

F(rl) =:h'l

F(rl) is calculated

= 5 4rl for T H and Re are known

'hat the tran51t19n p01nt.w: ‘

The entraldment relatlon glves the 1ncrement in H*

The values of Re and H* at thz end of the: step are used .

“to- flnd H (fromrthe~tab1es)

: on the valldlty of the hypotheses

It can be seen that the success of the method depends

concernlng turbulent boundary
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ggyers and also on the accurapy of the functloﬁs Cf (Re,H)

i

and H(H* R )\« Thompson42 establlshed the precedlng relatrons

from an analyg?s of the 1ncompres51b1e turbulent boundary

F I

"ysrproflle data have'been exceed:

’a

ilayers on- smooth walls.A The famlly of proflles that was

’ d

B proposed was checked agalnst A broad spectrum oﬁrexperlmental

o

’

proflles. _}f o _“;f'fl .'7-.v_‘, ':f NSRS
o Sandborn and Liu4?’ show that fully developed sep-.

o aratlon of the turbulent boundary layer cannot exlst for B ‘

\

less than 2 7 and that 1nterm1ttentw§eparat1on cannot EXlSt

']for H </ 2 0.; Separatlon has been commonly assumed to occur 7

T between H = l 8 and H = 2 4 - f';kaglalﬂ;.h

o Stratford slq separatlon crlterion was tested 1n

-'»the computer program for the boundary layer deVelopment on

"fthe hlgh—lift alrf01l sectxons., Separatlon was predlcted for

'mnrnhable and does not compare to the ‘

Y

experimental reSults for these a1rf01ls, the stratford crlt-

'"j;erlon is 1napp11cab1e.

yfdfgﬁg The reason for the faalure of the crlterlon 1s
attrlbutable to the fact that for alrfolls of thls type the

turbulent flat plate proflle assumed to ex;st at the begxn-.‘“'

n1ng~of’the pressure‘?ase would not be properly formed i S

reached about 2 3;V'Thas suggests that the 1xm1ts of Thompson sé%

‘*m“Since Thompson s data com-‘”

pares well to eXperimental results,ﬁlzécan be concluded that

. 2 PSR ‘s w“
‘.‘ - LR : - T e i - . e R

“y
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the failure of Head's method constitutes“an adequaté separa-'

tlon crlterlon partlcularly 51hce the fallure value of H lS

-

g eater tgan 2. Wthh conforms to the result of Sandborn and '

Llu,
s T - . b S e ”
: The drag.coeff1c1ent is determlned from the Squire ',.S

-féhd Young44 relatlon whlch 1s well sulted to theoretlcal

;results.f The results from statlons sllghtly ggstream of the

-

tralllng edge are used slnce the large veloc1ty‘jump very

inear the trailing ‘edge, not found" experlmentally, results in

.r
4

a
~

'3erroneous caldulatlons.'f- 'J ~\;J '?

Because of the theoretlcal steep pressure recoverles

-

C R

m._near the tralllng edge, separatlon is nearly always predlcted
vover the last portion of the. alrf01l on the suctaon 51de To e

-accOunt for thls, separatlon was not assumed to ex1st 1n rea11ty

[ o

unt11 the theoretlcal separatlon p01ﬁt had moved back to 93%

o .chord. ~?‘., T s T @ Lo e e

b 4
. .

The method was tested on several alrf01ls and the

’iﬂdrag coeff1c1ents calculated for unseparated flow were found

~

- to be very cloée to the exper1menta1 values.h In addltlon the

;1drag was found to change very llttle after the pressvre dls— |
’bff?ffittrlbutlon had been corrected for v1scous effects. 'l';'57 |

»
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. " The proflle drag of a praotlcal alrfoll sectlon !‘-”

cannotmbe 1ess than the drag on a smooth flat plate at zero

'1nc1dence wlth lamlnar boundary 1ayers on’ both surfaces._ §v~-'

Skln frlctlon accounts for all of the proflle drag on a

flat plate whereas the prOflle drag of a. w1ng sectlon.ls U

| rcomposed of Skln frlctlon drag and pressure drag.‘f

The pressure drag (Or form drag) arises from the if

'falteratron of the potentlal.flow pressure dlstrlbutlontabout -
"!:the alrforl by means of the boundary 1ayer.f A net pressure‘ B o
;force results and acts 1n the dlrectlon opp051ng the motlon

:fof the airf011 : Becadse a flat plate has no thlckness (1n

¥

.theory) only 1ong1tud1nal shearrng fbrces are possrble.

The proflle drag of a flat plate depends 6K”the

-l Reynolds number., Skln frlctloﬁ 1s of course dependent on;;ﬁff"“

1D

. ;velodity but more 1mportant the proiortlon of 1am1narehgunal'f
7a;ary layer is determlned by the ‘location 6f trans1t1on' For 1 f.».

”*flow turbulence flow over a smbothgsurface W1th no pressure

“’i . ’/ \ \ﬂ".,

'fnfchange, the transrtlon pornt depends on the‘Reynolds number -

"l

-“'and moves upstream as the Reynolds number 1ncreases.-u o

' Up to ajReynolds number of about 3 x 10 the

_bdiboundary layer 1s entlrely lq.dnar whlle at a Reynolds number
}'of about 5 x 106 the boundary layer rﬂ~almost completely .;Tf 9"




Tl

' the 1am1nar boundary layer.‘ Reynolds numbers of 1nterest

2o

_turbulent. This range deflnes the'"transitlon"~range

o

%

within‘whxch drag reduetag&:-are p0551ble by extensmon of

. ‘.‘é’ :

1n thls pro;ect (106 - 3 x 10° )J f course lle W1th1n thlS'

S
“range. o - '." . ’_,,‘_ o
o o '

bd
-,
.

Normally wethln the range of Reynolds numbers

‘;above onhe: mllllon, trans;tlon to turbulence 1s by the growth

' of boundary layer 1nstab111t1es._ However tran51tion is also ’

»arrfoll at hlgh 1n01dence.r.

possxble by means of lamlnar separatlon bubbles partlcularly
for the 51tuatlon of thae 1ead1ng edge suctlon peak on an. |

4

- Instablllty type of tran51tlon is 1nfluenCed by S

3

“ifree—stream turbulende, surface roughness and pressure

4:f[ gradlents, aparb ffom Reynolds number.f If surface roughness

‘“"and turbulence are 1gnored, then transitlon can only be

’ Y

: “’ﬁf(l) ovar the low-drag llft coefflclent range, the p031t10n

#Ails bas;c to the de51gn of the low-drag alrf01ls. These

f'alrf01ls exh;blt a clearly deflned almost unlform low-drag

'flrange because.‘; g ‘5}17 ?”7[.?¥ff;.V:-ffﬁ»- "IQ'“'f1"

:,l(hlf{the shape of the opt”,um prh

.’d'controlled by the pressure gradlents.\;/;

C e . ,;ﬁ_

s

:ﬂfof tran51tlon of both boundary layers remalns falrly

'suréﬁrecOYeryedistributiongisf

»‘-". .

~»irema1ns basically'flxe ;

PR :""'.’

The pr1nc1ple of the cohtrol of tran51tlon posltlon"~‘



R

Tran91tlon 1s conflned to the so called "1nsta—

‘blllty reglon" . Thls 1s a req}on of: unlform pressure or

- sllghtly 1ncrea51ng pressure Just upstream of the_prlmary__———————

‘?tlayer w111 grow in almost the same manner over the range of

;pressure recovery, 1t 1s desxgned S0 that over the low-drag

P range tran51t1on w1ll lle w1th1n 1t.y Because of thls, the

l

vfboundary layer is: fully developed at the beglnnlng of the ‘ )j‘

:maln pressuri recovery for a range of llft coefflc;ents and v

51noe the. Optﬁﬂhm pressure recovery is fﬁxed the bqpndary

gllft COeffLCJentS. At the same tlme srnce transrtlon moves dh
':‘forward only sllghtly w1th 1ncrea51ng llft, the extent of

. lamlnar boqndary layer is falrly constant | Older alrfoll "

sectlons experlence a gradual forward mlgratlon of tran51tlon

"fw1th 1ncrea51ng 1nc1dence and consequently a. poorly deflned y'j’

'i'dujedge of upper and lower s;des reSpeCt1V91Y-- It is clear_ ;'

3'from thls relatlon that drag ;s reduced by reduc;ng eu and “iﬂft

:.fﬂ;By max1m121ng H (by de51gn1ng the pressure recovery for ji”‘:”

fRE

The proflle drag of an alrf01l sectlon 1s glven o

26u ( ) 2_'. + (_]_.)__2__ I R

fby the Squlre and Young formula- ;::”fj f.-_ﬁng;

v

.ii.The subscrlpts u and l refer to condltlons at the tralllng

A

.ﬂtftelv and bY iﬁbrea81ng H’lf U (or 55) 1s less than unlty. 'f!]*h}?”'

¢ - S
Lo, L

””ﬂH = Hseparatlon) el (or e ) 1s mlnlmlzed.z ?hasayaspdascussed;y_

Ty
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prevmously.; For H = Hseparatldn and a flxed Reynolds number,,

Zt U (at the tralllng edge) depends on the maxmmum value of U -'

’_Qon the smde of the a1rf011 belng ton51dered)(and\the lengthﬂ?ff

',coeff1c1ents.

f'lmum on both surfaces followed by optamlzed pressure recovery.u f“

oL

s,of pressure recovery Thls means that ordlnarlly the 1owest“'

"drag can only be ach1eVEd for alrf01ls d951gned for low llft,'

. . ‘7r s . »-‘. <

- In theory the lowest possrble drag would be

'1ach1eved by extendlng the lamlnar boundary layer to the max-l

A

'_Alternatlvely pressure recovery mlght be restrlcted to one
's1de W1th a unlform pressure or gradually decreasing pressureiy

'Von the other 51de. At low Reynolds number, u51ng the sepond

'fimethod, 1t 1s difflcult (1n practlce) to get the 5951red llftrian

n'g”pthe de51red pressure recovery and the low traillng edge vel-

L

Y

T“poc1t1es 51mu1taneously.“ Therefore,'ln practlce, 1ow—drag

"3:Truckenbrodt's method lS based on the work of Rlegels'

thalrf01ls are usually deslgned for at least some pressure

recovery on both surfaces.,y:?

“;de51gn of alrf01ls from glven pressure dlstrlbutlon

S e

The method of Truckenbrodtl 1s useful for the :}f?

5,46 .

Jrjf?thOlVlng the distrlbutlon of sOurces an@'vorticity flongfthefﬁ¥?1

mean llne.1 The maln assumptlons of the method are-«auwﬁ

i

'niu;;(l);iThe thlckness dlstrlbutlon of the a1rfoxl lS related yp’ff*

'“ffto the mean veloclty dlstrlbutlon over Ehe a1rforl‘

AR s N L DR "&4'. . S e ,u_-»-.'

J F’_m‘-"



"'f,_i.ita*"
o '9‘_.‘5.' o
" (2) The meanllne shap‘e'y"i"'é determmedby the "V'e.v'lllr'O,c'i.tY; ISR

U = Uu_.Ul :

G

o In addltlon alrf01ls des;gned by thlS method ate.g’g;"’
."de31gned such that the glven pressure dlstrlbutlon e;lets '
l:‘hfor the 1dea1 angle.v In other words at the des;gn llft the

‘fjfront stagnatlon p01nt 1s at the noSe. ' " ' ‘” .
, The a1rf011 sectlons des1gned u51ng thlS method

: exh1b1t the favorable characterlstic that the de51gn angle‘;tL

1?iof 1ncmdence 15 nearly zero because the shape of the camber'fif”’uf'
gfillne is used prlmarlly to generate the requlred llft }*f?ﬁ;ezahf?fif
| An 1nteresting problem arlses from the appi&éatlon L
.ffof Truckenbrodt's method to the desmgn qf alrf01ls employlng

:f,;optlmlzed pressure recoverles._ If the alrf01ls are des;gned fV*”*QL

St

:”Tfls ellmlnated. Furthermor‘ thest?'

.h‘h;fftraillng edge W1th a Pronouncea "hook"_;'

'ﬁ*rfjhdlmlnushes to zero at the traillng eage_’re typlfled by the

,alrfell sectlon.“{j:.?;” :

':;ilelted experlmental results ?




v : .
t NACA four dlgit serles. Thisfeeriés,dozs”nor exhibit?thef‘ﬁv ';
';' ‘
because'smaller pféBSure recoverles are p0551ble at the
same desxgn 11ft._ mhe'pressure recovery regions can be ?“"“5
reduCed 1n length alloW1ng the extensmon of the lamlnar
B\
- boundary layer (at least at low enough Reynolds numbers)
,l]\‘ Cenl / “.‘
“cf\<}”'].17 A practlcal llmltatlon on thls procedure wou be.
_'_ A 7._4""“" . - \‘ . . .
the dlfflcultykln manufacturlng the thln cusped hlghly cam—‘ '

? bered tralﬁ;ng edges.r{o-ﬂ_

Two”low-drag a1rfo;15 were de51gned'to @aln

experlence w1th Truckenbrodt's method.; These proflles and
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_11ft coefflcient was O 35 and the déag coeff1c1ent based

» R . . Sy .
. . . . '

at about 78% chord on both srdes. The design’potential'

‘on the potentlal pressure dlstrlbutlon~was 0. 00325- This .

) . o S R " L g ' I .

. é‘~

- compares favorably w1th other low-d}eg designs. For the
‘;sucunonaslde, the boundary layexr’ form parameter 1n the '
. pressure recovery regron was constant at about 1 6 Comparea

Vto the/desrgn pressure recovery of 2 2 (Thrs problem is

-dlscussed in. Chapter {II)Lly ‘-,"';-w y L o Y

iy |
The small nose radlus of alrf01l number one results

e

in the rapld development of a severe suctlon peak at the«-

L

nose., Th&s means that thb low-drag range is qulte narrow "'

51nce the ],Qf

pear groWs.-;@ﬁﬁ; p;f_ P
' The second low—drag alrfoll was de51gned for R

fa]% 2 X 10 j ThlS requlréd the 1nclu51on of 1nstabllaty

”‘*um condltlons @1sappear rapldly as the suctlon '

-

"e-

whl,;:_bulent bOundary layer wrll exrst at the 3991nn1ng °f the

reglons on both srdes becﬁuse at thl§ Reynolds number boundary
o .

i

1ayer transitloﬂ must be promoted by reglons of unlform or

e -

_ d_sllghtly igzreaslng pressurei, If these reglons are chosen
-:H-coréectly (an terms ofllength and pﬁessure gradaent}, the

"tran51tlon polnt wrll m ~gly sllghtly w1th lncrea51ng

-, 0‘\

ncxdence.~ Conseqpently_y

ggover a range of 11fts bécau!% a fully—developed young tur—'h

1'

-:»optimum pressure recovery

R 4

clent was 0. 29 and the,calculated %Eag coeffrclent %as 0 0039.

tﬂpum pressure reCovery lS p0551ble

“a

o

For thlsmalrf011 the de31gn potent1al llft coeffl—lfy’h
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. ~'The relatively sharp nose again results in'a'sharply définea

1ow-afég range.. The 1nstab111ty reglons functloned well e
—~—4—~——W&th—éhe—suetionns%ge—tran81tron—fa1r1y—stabie~at—&8%—chord——— """""" .
|  while the pressure side trans1tlon p01nt moved from 663

“chord for Cp,

= 0.128 to 79% chord for o= 6.574. o
K "f . < Somé experlence is requlred 1n 3pec1fy1ng 1nsta— '

Gblllty:reglons.~ The.length”of'1nstab111tyvregions can be. - v
K estlmated from previous results of othets,’hqﬁéverfthe‘pres--"
S SR T SR T LR
sure gradient must usually be established hy trial and error. )
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APPENDIX D

gExperlmental Apparatus and Résults

*.‘ A 12a1nch (flap retracted) chord model of the

deszgned alrfoll sectlon was tested 1n the aeronautlcal

open return w1nd tunnel in the Department of Mechanlcal "-4

-Englneerlnq at the UnlverSLty of Alberta.

-

A3 =Y The test sectloﬁsmeasured 18. 375 1nches by

8. 375 1nches and the model'

“-/ ’
The tests were conducted Lt Reynolds numbers between 0.77 ‘

o and O 84 x 106 the w1nd tunnel test sectloﬁ\turbulencefw

level was 0 34%. du;' | rl"l ? : j;fﬁ.j1'4' " \V"“

Expeﬂhmental results were obtalneg for. two testhh

ned the shorter dlmens1on;'

- :

.'VjFor these tests the test sectlon was seal

V]

.....

‘1_sectlon conflguratlons~ one w1th a 75% open area ratlo.

Zslotted uppgr wall4$ and one w1th a normal (closed) upper ,d”

5 -wall The flap extended cdnflguratlon was tested in the

slotted test sectlon only whlle the flap retracted con*’

’~;f1guratlon was tested in both test section conflguratlons.”

ﬁ-,‘
[

\'”The Slotted Test Sectlon.;.:7 ’bt;-lﬂA/:;
48

Wllllams

i'upper wall no w1nd tunnel correctlons are

2

°e<w1nd tunnel 1nterference 13 reduced to neg'lgible amounts.n_

by a second

'f;uppﬁr wall wh11e the slotqﬁd wall cons1sted of three 1nch o

A

,g‘_"‘ RES L ;n.h;;i”X;AJVD'

b_showed that for a. 75% open area ratlo;j.*

_eQulred 51nce et
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hesbd— Ad- where A depends on the thlckness to chord ratlo
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chord symmetrlcal a1rfoxl sectlons w1th a,nlne 1nch .
spac1qg (to glve a 75% open ‘area ratlo) .

7
= Dgnamlc pressure was. measured w1th a pltqt1; -
statlc tube approx1mately one. chord 1ength downstream"f ¢
the’ model ThlS value was used for the llft ahd drag - .
‘v
coeff1c1ents.' No correctlons ‘were applled to the results |
: obtalned 1n {g; slotted wall tests.‘hv ' .
- The Closed Test Sectlon
g The data obtalned from the closed test sectlon.
P .
\Were corrected u51ng the standard wxnd tunnel correctlons
for SOlld blocklng, wake blocklng and streamllne curvature . T
(ﬁ?tllned by Pope anﬂ Harper.é?.fc' | |

I L ' The tnree relatlons for correctlons to. CL;be”andT-ﬂ’
‘a for two dlmen51onal testlng in a closed test sectiohﬁarei:" .
S F 51 2“‘( + 4t g:: — — .ih... i
af— aui.‘fv*- ( Lu Mku L T a T “‘.'"'h?‘d_“'i"' A -

_ C e T T T e o
C.'L- x\\’ ﬂ‘b - ze) T

gy Udegmany o e
Here subscrlpt u refers to the uncorrected results or the R
experlmental results' ’J“#’iﬂhff“ﬁ’gflffffeg%*, . -

Ry} (h)..where H-ls the ratlo of model chord'iv .
t? the tunnel he:.ght. ,_For the tests o ».. 0 0876.
,::ft; "tf/fsb is. the term assoc1ated w1th solld blocklng
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'fof,thé,wing;seotion‘and is_about'dg3‘for'the tests]“df, '
mhssﬁ';: e § | .
which e ,0 025._ S Ve _ | .
v “ S . - N o C .
. | 5wb 1s the wake blocklng term.~lswb e h Du
For the tests C u was 1n the nerghborhood ‘of 0 0075 v
'that-e wh" was taken as 0 0025 ;'€;= Fsb + ewb. f? -&}-f} '?.'5'i .g,o

- o

The moment coeff1c1ent chk 3 about the quarter o _~"‘i"§7.

_.'chord.p01nt was about-*Ol.-_; fh}f‘-‘ .ﬂ~f- R I | iﬁ:
B ;Thereﬁorg for the tests. 'tt'f‘,: ;ff‘rhflifl_fii_ u"h}'lfé;:
;h ;T. Aav'=f a--’uﬁ 0. 8 (C i— d,i)»""j' S t :' - : e

..i?iHA:;CL;:= ! (0 855) I
& ;_aﬂtﬁ;;:CLu;was the un&orrected llft coeff1c1ent based

on the dynamic pressure measured downstream in. the slotted

o

4
test sectron for the same angle of attack.,«

..
‘:

Experlmental Procedures for Pressure Dlstrlbutlon and L1ft

The pressure dlstrlbutlon around the alrf01l was\ :
. B R \.
measured usrng a. scanlvalve and pressure transdﬂcer.; Statle\*_, s
3 R : ) 1\'
pressures were measured at 43 p01nts on the wlng surface, RS

s e e 0 x I
b 1»

the locatrqns of the taps are glven 1n'

:fable 4 o The prlmed

R

numbers refer to taps on the flap sectlon._:;'"'**”

uy Dynamlc pressure was measured wlth %.standard

downstﬁeam of the model._ Thls 1ocatlon 1s far enough away
from tﬁe model to be free of the ihfluence of the statlc'bf5fﬂf
: -t - L L
: pressure fleld around the model.
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TABLE- 4+ (Continved)
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Flap Section (Top)

Tap Number Chordwise Position (inches) -
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.‘('- Llft coefflcrgnt was . determlned from an 1ntegratlon ,f_gw‘”

;-f of pressure actlng on the surface of the w1ng
oo : S e

‘C'-.;__L-t-?:f-_;(g ,;-w Voo @ =S

st top ‘ot ‘ dfjéos.u_
o

iP q) bottorh

“ . 3 H .
° - . : . . e
B T

- where Po is theppltot reference pressure for the transducer
",} and dx =" ds cos e. e ls the slope of the q‘rfOLI surface":,

| and ds is- the dlstance along the surface. PR

Egperlmental Procedure for Drag 1,i7fj“ub{tf ?¢go,lf3m’{'s}{

F YR

A pitot traverse measurlng total pr%ssure Ln the

5hr——:*—
: 92 Pw ) Q'.Y.
q» e

'7‘"tfﬁQ where g2 1s the total pressure measured in the wake, ~2 15;?

the statlc pressure 1n the wake, qm 1s the free stream

‘j?;ff!p dynamlc pressure and P 1s the free stream statlc pressure.;<” o

Slnce the pltot traverse is well downstream of

7h-P“’ q where P 1s the free stream TETVﬁ y

'.':— .

'13Hence gz"— Pz = g2 + q”’:iii.

' Ss- of total pressure 1n the wake)

T az"' ' f {t (qm‘ - AP)‘I&,];5 (q,, -;-- AP) }dy e ' o

l

wak '
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AP was measured dlrectly at 1ntervals through

f’!

S top test sectlon case.rg

uthe wake and the correspondlng 1ntervals AY were measu‘ed

~51multaneously.j ertlng q S AP = A for convenlence.ﬁ_

.,'C "‘="—"’—~‘AY 2[(Aq )‘ al. e e

[= ST o S
q,e T e

L S

The corrected experlmental results are glven in .

L A X P
. el

graphlcal form 1n Flgures 33 and 34._ Flgures 35 and 36 are

rf;fa sampllng of measured pressure dlstributlons for the slotted

Y ,,,--
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TEST SECTION

SlOTTED i
CLOSED o

"fe:c:.mental Resultsij; or- the ] ged A:eroz.l w1th
'Flap RetractedfTRh~ 0. 84 %710 - S




‘ExXper -
the: Flap Extended ?-(Slotted 'To -'Test Secta.on, L
~ j0*84=x'105)?. S 2 :
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