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: ,Spsgifﬁc charaptn, ﬂ
eristics is made possible E& numerical design proﬁeduresaﬁbsed on ;1&1-

[}

potential flow analysisumethods The_propertf%s_of_snch_sectjonffiif“;[uym
predicted fairly well by combining boundary layer and potential flow

:\ analyses to- form a Viscous flow analysis technique. ; Progress in airfoil f‘f

| '}g design depends largely on the development of these numerical tools and

‘5:improved accuracy and allows for a substantialf

:procedure ) The technique lS powerful_.;

,complicated Single and multi component airfoil designs

this thesis describes the develOpment and. applicatibn of such design and -

‘_,analySis methods

"A surface 51hgularity, potential flow analysis method using a

f distribution of vortic1ty on the airfoil surface and a boundary condition Tiili

specified in terms of the stream function is described An important

o feature of thlS method lS the trailing point Kutta condition which gives
. » e

R ki

"whucfion in the number of

4'surface elements needed for an accurate solution Comparisons with

-exact test cases show.&hat this methgp is much more efficient than

s I "',

A

d. flexib]e ennugh to, handle

A viscous flow a&aiysis method waswconstructed by taking the

potential flow solution and@iﬂruecting 1t for the effects of boundaryf{'

layer displacement thickneas using an equ1valent airf01l technique

S B 4‘:\’
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| sllface about the section.' The potentiadiflow about the equivalent iﬂ’

section is shown to proyide a géod\approximation to the viscous flow ﬁ

@t

about—the—aetual—seetier ‘ erWL;l*"f*,',,ﬁ??:”;"j“_{s‘ﬁf. 2 5 :
A practical form of the yelpcity distribdtion optimized for
maximum lift coefficient was developed. The effect on this distribution
ﬂf fncreasing the upper Surﬂaoeqvelocity at the trailing edge. which is j' B
equxyalent to increasing the loading there. was found to be a dramatic () 49E

‘ i'jﬁﬁ increase in the bptimum lift coefficient‘ . A v%gocity distribution

exhibiting a large lift coeffihﬁent was used to daeign-a single compbnent

section for which viscous flow analysis predicted a lift coefficient nf

» S0

ﬂ mb%fl of this sect;on uas.built”and jpsted'in the University S e

” ﬁﬂpnel at Reynold numbers from"lo6 toc

of Albertavlow urbulence w

2 x lG6 ;» The/mOdel generated conSiderable rear loading and gave a; b
naximum lift/coeffiCient of 2 64; The d15crepancy in lift coeffiCient

' arises from the viscous flow analysis being unable to account for the\
'if unusually large Viscous effects present in this particular sé%tipn.'_,w[‘," ‘
' The approximations uSed in the equivalent airfOil technique are EherEfore vi#
not applicable in cases Wlth such large rear loading Suggestions ane ix o
hgiven for extending the capabilities of the Viscous flow analysis to i‘

handle such dlffl€u4t cases as weﬂl as more usual airfOil sections. 4,‘ éﬁi-];
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Re
Re .
X

4,
skin friction coefficient

- B
number of surface elements on a component

'LIST QF SYMBOLS

distances gefinéd'in Fig#{g 2 v ‘ .
element curvature, éﬁuat%on (46)

airfbi]_chord, also control point

diﬁsipqtion integral R

[
drag coefficient -

1ift coefficient

quarter chord moment COefficient
pfes;u}e coefficient . . . N ' M
velocity error, equatioﬁ (22)

shape factors - | :' . . L
inf]uAen’ce coefficient (rﬁa'.trix“‘el,ement)'. ’ |
ve]ohity distribution eﬁﬁongnt, eﬁuation (41) -

number of components in a wing section  j{ L

.
pressure A &

total bressure in wake

static pressufe in wake.

freestream dynamic pressure, v% p U2

radial distance between points, also distance
defined in Figure 2

right‘hénd side' of matrix equation-'
Uuc

- Reynolds number, "=~ ' L R
Al _ 'ux‘
Reynolds number based.on x, .=

«
Lo

E.{‘ ° . ..



Re Réyno]ds.nuﬁber.based on o, !%- :
S surface, also surface distance
t - distance defined in Figure §
G,v . velocity components in boundary layer '
u velocity on airfoil surface
U, '"! freesfream velocity
XY Cérfesiaﬁ co-ordinates
Greek Symbols
a agg]e of attack
| g .- velocity distribution parameter, equation (40)
yroo vortex dg:;ity
r vortex strength
g v displacemenﬁ thickness
gx* N ‘*énergy thickhess
4 | element half length '
&y~ difference in stréamfunctions
e; _blockage correction‘factorl VoL
8 - " momentum thickness \
.V ' .Kihemaiic‘vﬁscosity

Eyn co-ordinate system in Figure 48

P density )
Al - ’ . ’ . ‘ . . )
o pressure gradient ‘parameter, equation (35)
‘ »
T .Shear stress
" ) streamfunction - )
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t1
tpv
’td ;

u,!
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index of control point
index of element
g . ‘

index of airfoil component

1

index pf“élement end point
" , 1 ot X
value at start of turbulent pressure recovery

region . o fx

N

rooftop value : o .

trailing edge

lower surface, adjacent to frailing edge

L]

BV

trailing point

L upper surfate, adjacent to trailing edge

upper, lower in Figure 22

stagnation conditions

freestream conditions

« -
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required value |
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) such an 1mpontant role F]ying has, in fact become an acc/pted part in \

from the fast transportat1on of large numbers of people over }ong d1stances

.. + - . N . . Bl
I S e T S, S Y SN L.vw\«u;:&“"&'ft";" T b TR
' 1}

CHAPTER‘I

\ ; o o

,——¥HTRODUCTIQN

~

In.a country this size 1t is 11tt4e wonder that aviat1on plays\\

the Tives. of mbst of the populat1on The scope of av1at1on here ranges

‘to the use of hang gliders as a pleasure craft ' Among a]] these modes -

of f11ght ‘the great maJor1ty rely on airfoils to ma1nta1n the -craft and
its payload in the air. Just as there are a great varmety of a1rcraft
used today, s0 there are a great var1ety of a1rfoi] sections. B -
‘ The demands being made of all a1rcraft are cont1nua1]y be1ng
increased and th1s leads to 1ncreased demands be1ng made of the a1rf011

sect1ons which are used To conduct the search for new, improved air-. ’

foil sections by purely exper1menta1 ‘tests is not reallst16'~‘ FJrst, it

1.

is un]1ke1y that trial and error techn1ques w11]'prov1de the-best sections.

4

‘Second, the costs, in both time anﬂ momey, of perform1ng exper1menta1 ! o

tests are cons1derab1y greater than those of ana]yz1ng the section
mathemat1ca11y. There. is therefore a need for the deve]opment of fast,
accurate, re]iable methods of ana]yz1ng and consequent]y destgnjng airfoil

T

sections. o -~ ‘ o -

3

The main thrust of aviation islto;transport-peopléﬁas fast-as

possible.  Low speed flight is however of great’importanCe a; it occurs g

in both the take-off and 1anding»0f'aircraft. The low speeds whfcﬁxare_//.’

7
/

demanded, largely for safety and economic reasons, require that the-air-.

foil section develop high 1ift coefficients. It is therefore important

. that methods of increasing the 1ift coefficients of airfoil sections be

C e

examined thoroughly.
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o The major portionlof the 1ift coefffcient is due to the }ow I
D '_pressure coeff1c1ents generated ‘onfthe upper surface of a section' | '

.L1ebeck and Ormsbee [1] have examined the . theoret1ca1 prob]em of opt1miz-'
: 1ng thTScpressure~d1str1butnon'to obta1n"max1mum~11ftwv—-Their—resu]ts_~—~~rw?:-
i_1nd1cate that increases in the optimum 1ift. coeff1c1ent cahabe expected |
1f the pressure coeff1c1ent at the tra111ng edge of . the«upper surface is
reduced ' Pre11m1nary potent1a1 flow resu]ts suggest that this 1s only
”‘ikwj . | :poss1ble if there is a corresponding increase 1n pressure coeff1c1ent at
| the tralllng edge on the lower surface Th1s has the effect of adding
some 10ad1ng to the rear of the airfoil section, r1ght up to the trailing
| edge . The- poss1b1l1ty of 1ncreas1ng the 11ft coeff1c1ents of sect1ons
- by develop1ng large’ rear load1ngs 15 therefore 1ntere§t1ng and attractivevi
in its apparent-sfmpl1c1ty Interest in sect1ons w1th h1gh rear 1oad1ngs

" is not confined to high 13ft sect1ons . Large rear 1oad1ngs may a]so be

: ‘ \\\
. of he]p in high speed sections where a more even load d1str1but1on over
~ the length of the; section may be deswrable.l 'f>\‘>\

N

. . . . \‘.
Several analytical techniques of-determining

airfoil sections are available. These techn1ques posess vary1v

:';of'sophistidation and accuracy, however the baslc part of all the \\f\ﬁ;\" -

techniques isvthefca1cu1ation of the potential flow about the section;” T

The potentiallf]ow equations can themse]ves‘be'solved.bv a great variety
df‘techniques and n\exceilent'discussionvof’thepdﬁfferentjmethods |
ava11ab]e is g1ven bv\Hess .and Smith [2] tThe technique which they used

- has, however, some drawbacks and to overcome these a _better method must

be developed. One part1cu1ar prob]em ar1ses from thexr app11cat10n of

Q

'~the.Kutta condition.. This haS*heen'wr1tten_as a condition specifying no o

load- near the section trailing edge which is in conflict with the aim of

o
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examln1ng sect1ops with large rear loading ‘fi-,,‘ o 3; .
} It was known w1th foresight, that iterative procedures would
be developed for the design and v1stous flow analysis of sections These ]s

Cwillo requlre an appl1catlon of the potential flow analysis at each

1terat1on : The potential flow method developed will therefore have to be
. particularly eff1c1ent if such procedures are to be performed with an
E affordable amount of computing effort " : ‘ _
. The potent1al flow over the a1rfoil sect1on w1ll provide a
fa1rly accurate model of the real flow around the sect1on . Viscous .
"‘effects must _however . be taken 1nto cons1derat1on 1 It 1s therefore
necessary to analyze the boundary layfrs whlch WTll develop on. the a1rfoil
surfaces : Th1s analys1s w1ll prov1de the aerodyg§m1c1st with 1nformat1on y
regard1ng the trans1t1on from Yaminar, to turbulent flow, the locat1on, if
any, of laminar and turbulent separatlon and- the drag coeff1c1e:: of the '
" section. . o _;-" e | L | |

. A model of the full v1scous flow over an airfoil sect1on ¢an be ?
;constructed.by match1ng the outer potent1al flow solut1on to the boundary
layer solut1on next to the a1rfoil surface ; The use of the boundary
"layer d1splacement th1ckness, wh1ch can be calculated permlts the deter- {j-
m1nat1on of the d1splacement surface about wh1ch‘potent1al flow can be
“assumed to occur Such a v1scous flow model is necessary for the pre-
'd1ctlon ‘of the actual perfbrmance of a1rfo1l sectlons . ;, fv,

| The ult1mate goal of. a1rfo1l theory 1s not s1mply to analyze
sections to determIne the1r character1stac9 but to des1gn sect1ons which '
‘have spec1f1c characterlst1cs w1th the adventcof des1gn methods, such
as that of. Chen [3], aerodynam1c1sts are rap1dly approach1ng the1r goal

These modern methods requ1re ‘the spec1f1cat1on of the surface veloc1ty
- 3 .



: ~~;m1ned by-. this surface ve]octty<d1str1butions“_w;__ﬁr.“mmuﬂ_if; l B S

‘ A des1gn method is an inverse of .a potent1 1 f1ow ana]ysis

' l_.metmd/ and’ the characteristms of op are transferred to the other. The

.‘method to be developed must be efﬁcient and reHab]e ahd miist also be .
f]ex1b1e enough to handle many . of the constramts on ge metry w1th which* -
a11 aerodynam1c1sts are beset’ A spec1f1c requ1rement of the design

' me thod wﬂl be the ab1hty to des1gn sections w1th con51derable rear

" loadmg - This can on]y be done correct]y if the commonly used, no load

d

- Kutta cond1t1on 1s removed from the design method and rep]aced w1th a ‘

o more suwtab]e condition

.The surface ve]oc1ty d1s"tr1but1ons which can be permitted on an
:_;a1rfo1 1%. ‘surface are Timited to those for wh1ch the bounday//'layer remains_" ’
x’lattached To determlne these d1str1but1ons the boundary’ layer analysis
_.used 1n ‘the v1scous flow mode] can be |ut‘1st,d As a f1rst step in
exgmmg the effects of rear loadm’on obtammg hlgh hft coeff1c1entsl.

a procedure fo]]ong the H’nes of that of L1ebeck and Ormsbee [1] can be

.used Th1s_ _ 1 prowde the -upper surface veloc1ty d1str1but1on which

'g1ves the op % ”'.]dft coeff1c1ent The p0551b111ty of obtammg such a
fye]oca.ty,...dh ¥y .aesmgle component sectton can be exammed by

| to thé des1gn of a section which wﬂ] produce
this distributiof. il enitial. Flow. . |
| "% il Bfoil can be exam*ed in the viscous flow
wierfo nce and espec1a]1y to deter- o

mme the effects of the vfscous ﬂow on the ,des1red rear 1oadmg The . |
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““'design of any airfo11 section exhibiting rad1ca1]y new CharaCtérfstics

',cannot//pd with this, ana1ysis A model 04 the section must therefore

‘such a test facility. The Iarge size of th1s tunne] and ‘the use of a

be achieved in pract1ce : This serves as a test of the. analysis method

' yunder condat1ons not prev10us]y encountered w1th conventiona] a1rf011 X

-~

' sect1ons . T L L gﬂ-ﬁ '

The Un1vers1ty of Alberta 1ow turbu]ence w1nd tunnel provides

“data acquisition system makes poss1b1e the col]ect1on'of accurate exper1-

mental data to-comﬁ]iment the'thedretica]-results;' o
- In summary, it is_tné object of this thesis to deVeTop.a11 the °
necessary.analyticad-tools. ‘These will be tested to ensure that»they
- t . ) S . . ; .

perform satisfactOrin. * They w111 then be applied tofthe problem of

- achieving h1gh lift coeff1cients on a s1ng]e component sect1on us1ng a

Targe amount of rear loading ' F1na11y, a mode] of such a h1gh 11ft

' sectlon w111 be manufactured and tested

¢

\ .

A
3 -

I74

'fbg/t/stedrexper1menta1]y to deterhine 1fﬁthe resu1ts of the analysis canv_LArr

v,

N



less accurate than conformal transformat1on methods on 51ngle component

cases.

.the vortex density, which is détermined directly, is egya]atonthewsurface
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"CHAPTERII"
A
POTENTJAL FLON~ANALYSIS‘

“
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3

2.1 introduction’ -

l

—

' d1str1but1on on the surface of a1rf0\1 sections is requ1red as the first

step in the design of -such sect1ons Conformal transformation methods
such as that of Theodorsen [4] can'analyze sections of arbitrary shape.
These methods are based on the theorem whichpstates.that it is always
possible to transform the potential field around any closed contour'into
the potential fteld around a circ]e. Such methods are not simple and, |
as there'is.no such theorem for transformind the potential field around

multi- component sect1ons, ‘one Tooks to surface s1ngu1ar1ty methods of

analysis. These methods rep]aceﬁmhe potential f]ow field outs1de the

~airfoil contour with that about a’set of s1ngu1ar1t1es, sources or

£

vortices, which satisfy the same boundary conditions. Surface singu-

1ar1ty methods can deal easily with multi- component sect1ons and are- no

o

!
The most. w1de1y used surface singularity method is that of Hess

and Sm1th [2] Thls method uses a distribution of-sources and sinks on

the surface of the airfoil section combined W1th a vorticity“distribution

to generate'circulatiOn.w On the other hand the method of Martensen [5] '
simply uses a distribution'of vortices on the airfoil surface.. ~ This
latter method has been’ mod1f1ed, and improved, by N11k1nson [6] who used

it w1th some success as an integral part of h1s method of a1rfo11 des1gn.

One distinct advantage of using a distribution of vortices a]one is that

< . ;\« '
h o 6 * ~* - . ”‘
A
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veiocity '
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The boundary conddt1on which is applied.in an airfoil analysis”

-

‘ 15 that the solid surfaces of the airfoil section are streamlines.' In . 3
| the above methods [2, 5 6] this cond1tion has’ been written n terms of - o
velocities. In the Hess and Smith [Zj method, the normal velocity at
' the so]1d surface is required to be zero In Martensen s [5] and
w11k1nson S [6] methods the tangent1a1 veToc1ty at the 1nterior of the
: solid surface is set equal to zero, which also resu]ts in .the surface T
be1ng a stream11ne -Such formu]at1ons result in Fredho]m integral ‘
equat1ons of the second k1nd This thesis w111 adopt a boundary condition
. 'wh1ch requ1res that the stream funct1on at po1nts on the so11d surface be .
| a constant. This removes the problem of determining the nonna] or
‘vtangent1a] d1rect10ns to ‘the solid surface. This boundary cond1t1mii
combined with the use ‘of surface vortices, has also’ been used by Go]dstein
‘and Jer1son [7]. as a part of a method of cascade des1gn, and by Oellers <h-
[8] in a technique of ana]yzlng cascades. | | |
Chen [3] has analyzed and compared var1ous “surface s1ngu]arity
methods . He shows that the method’ of Hess and Sm1th EZ] is very sensi-
t1ve to the co-ord1nates of the airfoil surface. He also found that the
method of Martensen [5], hen improved to hand]e thin a1rfo1ls, does not
‘ pred1ct the correct c1rcu1at1on about the sect1on ‘tested. Chen [3]
deve]oped a method based Gh that of Oellers [8], using surface vort1ces
and the constant stream function boundary condition. ' Th1s method showed‘

none of the problems associated ‘with the other two methods and was found

-

‘to_be faster alSo. |
A major advantage of the methods of Oellers [8] and Chen [3] is

" that they are easily extended to provide an iterative method of a1rfo1]

<



2.2 Surface S1ngu1ari y Theory

~ function, o, must sat1sfy Lapiace

“desién Chen [3] has developed such a design method and has demonstrated

K
the power of this approach to the design of airfoil sections

Mavr1p11s [9] has a]so developed a method of airfoi] section

analys1s and design using- d1str1buted vartices and the constant stream

funct1on boundary cond1tion—‘_-5n_EﬁﬁEIEEf‘f‘“t‘case_hT“‘anaTys1s method o

. gives more aCCurate resu]ts for the 1ift coeff1c1ent than "does the Hess

and Smith. method Mavr1p}15 [9] and Chen [3] use s1m11ar 1terat1ve tech-

. niques. to design alrf01l sect1ons, but they differ in the manner in wh1ch '

- the 1nf1uence coeff1c1ents are formu]ated and in the method of 501ut1on

mel. e

' The_method~presented‘here is also a surface vorticity method
using the constant stream funct1on boundary condition. It is thought-to

be the s1mp]est ava11ab1e and provides exceptional accuracy for 11tt1e

-.‘comput1ng effort. These aspects make th1s method attract1ve to both

q 1 ‘
estab]1shed users of a1rf011 ana]ys1s techn1ques and to those who are

JUSt entering this field. R " o 2 . ' \_

e

equat1on,-

. g_u+ez_st=o N o (1)
ax2  ay? o S . |

vTh1S is - the fam111ar equat1on of poteJt1a1 f]ow ig two dimensions. For:

-

the glow over a1rfo11 sect1ons there can  be no normal. ve]oc1ty at the
sol1d surfaces and thus each so11d surface is a streaml1ne of the flow.
S1nce the stream funct1ons wk (k =1, . M) on the’ surfaces of ‘the M

components on a multi- component section are constants, the boundary

- -~ .

v ‘.q‘f L
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| equations, are.in dimensionless form. The distances are dimensionless

g @
condition for equation (1) can be written as, .
S .
. b= e on}the;surface. . h .' ¢
The strean function f ; a uniform strean incident to theA“M-m
positive X axis at an angle a is. given by, | ,{ » ‘i : ; . .
v y cosja - x'&in u; o 4., E :\.4 (3)

|

RN

which satisfies equation (1)‘ This equation, and all subsequent

with respect to the chord 1ength C, the velocities w1th respect to the’
free stream Yelocity U, and the stream functions with respect to the

product U C ' '
o The p0int vortex of strength r. located .at (x Eyo),"_has the’

stream function,g i
/

where - ' e i
N . . - /

S ST (uﬁ)/

'Equation (4) a]so satisfies (1), eXCept at'r ="0.; Because.of the

1inearity of equation (1) any co]lection of pOint vortices or any

continuous distribution of them. as in Figure 1, that lies on the air-

: fOii surface, S, wiii satisfy equation (]) in the region outSide of S ' e

A general pOint on- the surface é is deSignated S' VortiCity

f~hav1ng a denSity v(S') at . S' is continuousiy distributed over the surface.

The stream function at some p01nt P due to this distribution is given by |
‘-t\ . - o T . . .
L vppjé—];[ y(Sn): gnr (P,S')dS'.”  (5). .

#
I3
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FIGURE 1 - VORTEX REPRESENTATION OF TWO COMPONENT AIRFOIL
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‘When the po1nt P 1185 on the surface S. equation (5) gives. the stream

£ funct1on at the surface due to the dlstrlbutwon of vort1c1ty on the

o

- Applying the boundary cond1t1on (2} to the comb1ned f]ow due

’to a. un1form stream p]us the above d1str1but1on of vort1c1ty one obta1ns

(6)

The a1rfd1] surface is d1v1ded up in some manner into N sma?l

7

W ‘_-"*"-9: s - g fs s "“}"?’,5" d~’?‘

Iy

d surface e1ements On each of these there is a contro] point, C

Each e]ement J ‘has vert1c1ty of dens1ty y(S ) d1str1uuted on its. surface

. The integral 1n-(6), over the whole surface S, 1svthln repJaced by a

7l

. located at (x1, Yi ), at which the boundary condition. (6) is made to- apply.‘
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.y point {ﬁ R, is th  right hand side of (7) evaluated at control point;i "

) . ” . . ‘_' ‘lc‘ ‘fﬂ.'1 \“
summation of N integrals over ;he N surface elements: App]yihg (6) at
the control poin;} ei, one obtains, ' . —_— ?;';
e | ’ B ' | 2
. e .
wk + JE'I r [ Y(S ) wmr (Ci‘ d) d S = y1 cCos a - xi sin a.
; * ‘ 7
) ™ (7)

“There are N contro] points C‘ and there is one such equation

. for each control pownt The pngp1em of potentia] flow over” an airfoi]

a - ” o

section has therefore been reduced to that of solving these N simult-

aheous equations

‘The results requdred of an a1rf011 analysis method are the ¥

~ surface ve1ocft1es ' Martensen (5] shows that the: ve1ocitylin the @

interior. of the w1ng ﬁs zero and the d1scontinuity in tangential”ﬁe]oc1t7 -
q.

across a vortex sheet is equal to the density of the vortex sheet _ Thu? d? .

y(s ): 1§ eqeal to the surface velocity. In so]ving the equation (7)

. one therefore solves dfrectly for the veloc1t1es on the a1rfoi1 surfaces.‘

T At this point 1t is necessary to make some assumptions about
the}sect1on geometry. the location of the control po1nts. and the form
of Y(sj) over each element Ji The simplest approx1mat10n is to assume
that-the elements are streighf lines with the control points at the
element m1dpo1nts and that y(S ) is a constant, Yy over each element

- Using the above approx1matxons end applying- equat1on (7) at

eaeh control point y1e1ds the system of equations,

Bt D Ky RO, (=N (@)

_where Kij is the 1nf1uencé coefficient of the element j on control

i
and hk is the stream function fo?jﬁhe airfpil component k. Using the
R . 9, :
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notation of Figure 2, the influence coefficients can be writtenz
o . 1 L2 oL oo -1, a8 v
K‘ij v (b+A) gn (f‘«l) - (b"A) n (r‘z) + 2a t?n (m) 4l
"ff\.ﬁ (9)

The detai]s;of the calculation of this eqﬁation-are p}bvidgd'in Abpendix 1.
e ) A . g
Thé right hand sidé is written4

PR ' Rj = (yi cos a - X, sin a). . : (10) -

[y

_Thé;K{j and Ri are bure]y functions of the.co-ordinates of the
L0 o , . N

+ surface e]émeﬁts and the angle of attack, o, of the free streém.felative

to the airfoil chord. The system of equations (8) is a set of N -
o .

» Vd * - ~
equations for the N unknawn Y; and M unknown Vo where there are M

componenhts.  The M additional equations required for a solution to this

problem are termed the Kutta»cbnditions and there {s one for each compon-

. . . hood .
ent in the airfoil se;%1on.

y The technique described so far,makeé use of the simplifying

4

assumptions-of straight line elements and constant vortéx density on

each glemeﬁtt.which is referred to here as the bgsic method. Héés'[]]]
héslghown*that for- the Hess and Smith surface squrce method some improve-
ment 15 obtained if one includes the éffetts of curved’e]ements and vary-
ing séurce density ove; the element. ‘ The equatiohé needéd for- curved

o .
surface elements and varying vortex density were developed to see if a

- similar improvement in accuracy could be obtained with the present

’,

_turn reduce computing costs.

method.. ,An’improve@pnt in accuracy by thé use of curved elements might

allow a reduction in the nu

a
—

ontrol points needed, which would in

o ) ~

< ‘.".’ . ,/ "t: ‘
i 0 ‘ ‘ . .f -



ith Control Point _

it Element

o

FIGURE 2 - NOTATION USED TO CALCULATE INFLUENCE COEFFICIENTS
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}he equation which must be solved is, agafn; equation (7).
The procedure used to evaluate the integral in (7) is'exactTy that used
by Hess [11]. The integral evaiuat{on yields a serieﬁ‘of terms -the
first of wh1ch is the constant vortex dens1ty, straight line elemen} case
banalyzed above. The next two terms arise from a linear var1at1oﬁ/if the
"vortex density, and from approximating the surface shape with a'parabo]ic
curve rather than a straight line. Further terms in the-series allow
for nonlinear variations in the vorticity distribution and higher order
cunvature jn the shape of the elements. Higher order terms:become
progressively less important and only those. terms which'gjvé significant
improvements in accuracy in the overall solution need be retained. -
Details of the method using higher order terms are gfven in Appendix 1.
There it is shown that the higher order method .is considerably more

difficult to implement than the basic case. A comparison of the

accuracy oﬁ the varjous possibilities is given in sectgon 2.5.

2.3 The Kutta Condition

In the 1nv1sc1d flow over any cy]1nder there are, in general,
two stagnation po1nts on the body. There is also an undeterm1ned circu-
_ lation about the body and hence, by the Kutta- Joukowsk i theorem. the net
resultant force on the body is undetermined. . Kutta and Joukowsk1 1nde-.
pendent]y arr1ved at a- techn1que for determining the c1rcu1at10n wh1ch
would exist on an airfoil section in a fluid of very sma]]-v1scos1ty.
This tecnnique is known as the Kotta condition or as Joukowski's
hypothes1s, the former be1ng used here. | ._
Kutta and Joukowsk1 were concerned w1th a1rfo1] sect1ons whose

~ geometries are calculated by a conformal transformat1on technique known

today as the Joukowski transformation. - In this the flow over a circular
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cy]lnder is mapped into the flow over.an airfoil section with a cusped
tra1]1ng edge -These sections have two stagnation p01nts " One located
near the 1ead1ng edge and the other near the trailing édge. 'Also the“
ve]oc1ty at the trailing edge w1]l, in general, be 1nf1n1te

» Both Kutta: and Joukowsk1 proposed that the c1rcu1at1on around

the Circu]ar cylinder be adjusted soﬁmhat one‘of the_stagnatlon points
in that flow be located at the pofnt which wil] map into the airfoil
trai]ing edge In this case the 1nf1n1te velocity and the stagnat1on
_ point, occurr1ng together at the tra111ng edge, cance] and y1e1d a finite,
~non-zero velocity there. It has been’ shown by Mjlne-Thomson [12] that
3 concequence of this fssumptiOn.is that the stagnation streamline leaves .
the cusped trailing edge tangent to it. ‘

It isremarkame that this smooth flow- from the trailing edge - "
is observed in pract1ce 1n unstalled a1rf011 sect1ons . The photographs
of flow visualisation studles of Prandtl and T1etJens [13] show this -

‘ effect clear]y They a]so show the process ‘of convectlon of vort1c1ty.b
from the a1rfo11 at the initial stages of mot19n whlch sets up the .'
correct amount of circulation. The Kutta cond1t1on is both mathematic-
ally necessary, to provide unique solutions to a1rfo1] ana]yses, and has
a ctear physica] basis. f -

For the analysis of‘airfoil sections using conformal transi
formation‘techniques'1ocating a{stagnation point-at the pointeon the
cylinder which maps’into the airfoil,trailing edge is genera]]y used.

For sections with wedge shaped trailing edges th1s results in zero’
velocity at the tra111ng edge

- In thin a1rfo11 theory the section is replaced by a vortex

sheet on its mean camber line. Here the velocity at the ends of the‘



BETE
of the sheet w1]1 be infinite if there is any “yortex strength there
‘The Kutta cond1t1on in this case fixes the strength of the vorticity at
the trailing edge at- zero.

In his surface singularity method Wilkinson [6] shons that
vthere is cons1derab1e numer1ca1 d1ff1cu]ty in sett1ng the tra11ing edge
ve]oc1ty equal to zero. He therefore introduced the assumpt1on that
.there is no load carried on the two elements adJacent to the tra1]1ng
edge. The velocities on ‘these two elements are therefore the same.
ATh1s approx1mat1on gave reasonab]e resu]ts and has become the one most
"common]y/ﬁsed in surface s1ngu1ar1ty ana]ys1s
| ~This "no load" Kutta condition can be applied to the present

method. As the vortex dens1t1es are 1dent1ca] to the surface veloc1t1es,

'counter c]ockw1se about the sect1on, this can be wr1tten.

+ oy, =0 S

In genera] equation (11) is incorrect aﬁd, in order to
minimise the errors it introduces, one is forced to use very small
.elements near the tra111ng edge A better so]ut1on 1s to model the
observed phys1ca1 phenomena that the airflow 1eaves the trailing edge ¢
smooth]y This can be modeled by prov1d1ng an add1t1ona1 control '
'po1nt just off the tra1]1ng edge "Such a Kutta cond1t1on was used
successfu]]y by Bhate]ey and Bradley [14]. | '

The b1sector of the tra111ng edge is extended into the free
stream and a contro] p01nt placed a small fract1on of chord'downstream

of the trailing edge. ; It is then assumed that the streamline through |
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the othg: contro] points of that component a]so passes through this

control point. Equatlon (7) then appl1es to these tra111ng coﬁtrol

points, Ctp’ and the Kutta conditionican be written as, -

-

thfesy TRy e

There are M such trailing control pOJnts,‘one for each -component, and

_hence M Kutta'condition equations. B ' : o

2.4. . Method of Solution

Since the solution to the problem of potentiaT‘f]dw over mutli-

‘component airfoil sect1ons is a s1mp]e extens1on to the s1ngle component ,

case, only the 1atter is presented here in detall

The first step in the so1ut1on 1s to define the e]ements whlch

'describe the a1rf011 surface. One obv1ous method of doing th1s is to

~Tlet the supp]1ed section co- ord1nates be the end points of the surface

e]ements This has fhe d1sadvantage that there may be 1nsuff1c1ent

co- ord1nates ava11ab1e or that they may be 1rregu1ar1y spaced To over-

"7come these prob]ems the airfoil is divided up, from 1ts 1ead1ng~edge at - :

= 0 to its trailing edge at x = 1, an a manner s1m11ar to that used by

jw11k1nsdn [6] and Stevens, Gorad1a and Braden [15] The end po1nts of

the surface e]ements are ]ocated as shown in F1g 3, at x co- ord1nates

g1ven by,

xy = 7 01-cos &»,J; (2 - 0.1, N . »(-‘3), o

2n8

. . where 4, = o Here N must be an even number in ofdef'that‘an’end

point be located at the airfoil tra1]1ng edge

Th1s d1str1but1on of p01nts prov1des, in general - the most
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'genera11y occur.

- are sparse or 1rregu]ar1y spaced.

_ 19.
accurate solution because 1t concentrates the contro]l points near “the

1ead1ng edge and tra111ng edge where the largest veToc1ty gradients ‘

-«

The correspondlng co- ord1nates yz of the element ‘end po1nts :

.are determ1ned by 1nterpolat1on on the g1ven a1rfo11 data. The use of

standard 11brary computer subrout1nes for 1nterp01at1on can somet1mes

give troubTe depend1ng on the d1str1but1on of the or1g1na1 a1rfo1l

co—ordinates The use of a cubic sp11né7functlon has been found to be

-

the most re11abTe methods;  This g1ves smooth curves through the g1ven
|

'po1nts and can be eas11y and eff1c1ent]y computed u51ng the method of

Ah]berg, Nilson and wa]sh [16].

uj ', The infinite slope at the Tead1ng edge of a bTunt nosed a1rfo1T

SECtTOH is a source of some troub]e for any poTynom1aT 1nterpo]at10n

techn1que Th1s can be overcome by rotating each surfage of the a1rf01]

through 30 , -as shown 1n Figure 4. The cub1c spllne method allows one

to specify the slope at the ]ead1ng edge, which in this case is tan 60

After 1nterpo]at1ng on the rotated data one rotates the 1nterpolated end

$~
po1nts through 30° to restore the awrfo1] to its or1g1na1 position.

 This guarantees that the;1nterpo]ated'data conta1n the same bTuntﬁnosed
,'_characteristics as othhe origina1~data, which is especially important
Cat large angles of attack. While this process is not'strfct]y necessary '

it has been found to Jbe very successfu] when data po1nts near the nose

~1

The control points are taken as the m1d po1nts of each surface ’

- element, as shown in Flgure 3 In the case where the tra1]1ng point

Kutta cond1t10n is used an additional contro] point has to be generated

The . blsector of the tra111ng edge is extended, as shown in Figure 5, and

ve
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FIGURE 4 - ROTATION OF AIRFOIL SURFACES
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. ’:_-v.-,used to ch]cu]ate KIJ In cases where a? + b2 - A2 =0 one can..use_the
/s .

- ) V.2
the cohtro] point-is located on‘this'extension a distance 6’01 t from

the trai]ing edge. * This distance was. imund to g1ve the most re11ab1e‘
resu]ts for a wide range of a1rfo11 sections, ot

.y

Element End Point

AerofoiAlATr‘aili’ng Edge

Trailing Point, Ctp

FIGURE 5 - LOCATION OF TRAILING CONTROL PQINT

s
A

" Having determined the location, of the element end points and .
control. po1nts one can proceed to ca]cu]a‘te the 1nf1uence coeff1c1ents

Kij"' For each element j, whose length is 2A, the distances a, by, r " '-

~and rz as defined. m Figure 2 are ca]cuﬂated Equat1on (9) is then

..............................................
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to determ1ne which va]ue of the arctangent should be used | The right i.;;g
hand side of (14) 1s cons1derab1y more accurate than the left hand side. |
when . calculat1ng terms where a 15 smal] : Th1s occu&%afrequently on |
slender airfoil sections and in the ca]cu]atlon of the 1nf1uence co-

e

efficients due to adjacent elements. The calcu]atlon for R , equation

,'r““~\\g///,__ilgl:_depends on' both the Jocd}lon of control point C, and the angle of-
‘ -~ attack a. o o o T . :

The system of equations- (8) can be:written in matrix fora as,

o

=1 | S

SF L5 PR R I I L IR

i=N , : 1

The Kutta condition can be written as equation (11) or as equat1on (12)

Th1s becomes another equat1on in the system wh1th then becomes, 1\\\\ )
..-_~r' . . ‘ . .'-‘ “-f - - -
1"].' K-l’] ¢« o . - K],N ] Y]
. -‘/ - . o ’ . .
(. 1L = | R E)
o B 3 S N
B R IR B A
=N+ Kutta condition ] ¥

The-system of eduations (16) is then solved for the N unknown .
vortex densities Y; and the stream function L IEN For hoét'sing]e com-~
oonent airfoils N ‘need not exceed 40, wh1le 70 elements are sufftc1ent ’

"for most two component airfoils. The system (16) is therefore general]y .
small and dense, and Gauss1an e11m1nat1on is . used 1n preference td

jterative- technlqoes.
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The;solutions“are the dimension1ess surface velocities at the

o

control points and the dimensionless stneam“function.5 The‘preSsure

distribution, 1ift coefficient and pitchfng moment can be easily calcul-

-

V's

When thlS ‘technique is extended to multi- component a1rfoi]

‘sect1ons the po1nt d1str1but10n (13) is first scaled to the chord of

each 1nd1v1dua1 component before be1ng app]1ed It 1s then necessary

to move each component to 1ts correct locat1on ~ This is done by speci-
N

" fying the amounts by whlch the 1ead1ng edge of thé component is trans-

lated and thé ang1e through which the component is rotated.  With the

geometry thus deflned one can ca]cu]ate the K, ij. and R, from £9) and (]0)

The multi-component case~g1ves rise to a dlfferent stream

function for each component and each component has its own Kutta condition.

. For example a two component a1rfo11 with N e]ements on each component

gives r1se to.a system of equations wh1ch can be wrrtten.

. -t ‘ \~ :
i=1T . SRR B U PR B
1"’] K]’] '.Q. '_/'K']'ZN ] 0 Y.] . b
RN Ko K '_‘; ,f°- A
BT K Kean T = Ry ()

=N Ky oo Kzu,‘zu'o P
. Kutta condition, component 1 | 1 y;!
1=2N+2 I Kutta~condition; component 2 ¥y

. L.. - : - -

Equat1on (17) 1s ‘then solved by Gauss1an e11m1nat1on

The r1ght hand sides of (16) and (17), R;» are the only terms

j wh1ch 1nc1ude the angle of attack a. In detenn1n1ng the f1ow over one

a1rfo11 sect1on at a number of ang]es of’ attack one ‘therefore need only
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2.5 Hesults - L .

5y

determine the coefficient matrix.'K1J,‘once * The column Vectors R, and

Y; canhhe replaced by matr1ces R1 and Via whére each column of R1 is:

ca]culated for a d1fferent ang]e of’ attack After applying Gaussian

matr1x, yJ y 18 the so]ut1on for a d1fferent ang]e of attack This
method of so1ut10n is a very eff1c1ent way to. obta1n the velocity dis-

tributtons,on‘an a1rfo11 section at severa] angles of attack.

| ~ The pe?formance of thjs-method is best tested against exact
solutions for known airfoils obtainé.‘hi'a conformal -transfarmation |
technique. In the case of single element>airfot1s Karman - Trefftz
sections are used as a test. o )

. A compar1son was made between resu]ts using equat1ons (11) and
(12) for the Kutta cono1t10n and between these and the exac!!so]utlon
~In the case of a1rf01ls w1th ‘small camber at low ang]es of attack the
two surface velocities Ytu and Yip are very close’ 1n magn1tude Here
(11) is quite adequate and g1ves reSults almost.- 1dent1ca1 to those
obta1ned us1ng (12). Both methods gave excellent agreement w1th:the'
exact solutlon for such cases. | : _. : '; - "

Moderate and h1gh1y—cambered a1rfo11 sectlons however,, show
P :

a marked d1fference in magn1tude between Yty ‘and Tego Under these

' cond1t1ons equat1on (11} can not be: expected to be an accurate Kutta

condition. F1gure 6 shows that the use of equat1on (1]) does indeed.

resu1t'in'cods1derab1e errors in the calcuTated ve10c1ty d1str1but1on.,

The veloC1£ﬁes on the upper surface of the airfoil are too 1ow, vhile

- those on the: 1ower surface are too high. Much more accurate results

used it is difficult to model-the highly'curved nose section accurately.‘

{

T :

- are obtained‘with‘equation (12).  With the sparse distribution of’-p,omts“’3
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¥ 0] .Equafion (12)

' A Equation (11)

[ wewm Exact Analytice

Karman-Trefftz Aerofoil a = 0°

Kutta Condition
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FIGURE 6 < COMPARISON OF RESULTS USING TWO KYATA
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This results in errors in th? vé]ocity distribution in the nose régioh, as
cah be seen in the two points close to the stagnation point in Fibure 6.
In every case tried, use of (]2) provided the most acéurate

solution. The improvement is most noticeable, as expected, nea#_the' . .
’trai]iﬁg edge. In ca]qu]ating the 1ift‘coefficient of an airfoil section
the errors involved in using (11) accumulate and result in an estimate of
1ift coefficient which is too low. Using equation (]2) in preference to
(11) involves some qdditioﬁa] calculation but the greatly jmproved
accuraty fully justifies this extra work. ) | | .

~For 6 more densend{stribution of elements ‘the results arg
improved as one wouid expect. This can be seen in Figure 7 wheré 10
elements are used compared to 22 elements ¥n Figure 6. - The improvement .
1's'most marked ‘a-t the nose where the extra elements allow this'highly
curved area to be mode]]ed‘with greater accuracy.

c The regults presented so far have been found using the basicv'

approximation of straight ]}ne-e]ements with constant vortex density
ﬁ% distributéd on eécﬁ e]ehen;:. The effects of including the higher order
téﬁhs due t6 sgrfaceﬂcurcg%are and a linearly varying vortex®density on
each element afe ;hown in Figure 8. Hefe equation (12) is used as the
kuttd coﬁaitiqn; ‘nIt is clear that the e%&%aﬁterms make only émall
changes to.éﬁgﬁresults. fh general the fnclusion of element curvature

dew | .
raises the velocities while including the linear vortex density decreases

¢

the velocities. Both of theée terms are of the same magnitude and when

- combined they tend ‘to cancel.

R

There are two major similarities between the results of this

*higher order technique?aha that_uséd by ‘Hess (11]. Both methods show

“that the element curvature effect and -the effect ofuljhear]y varying

- v N I
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singularities are of the same order of magnitude. The inclusion of dne‘
of the above effects alone cannot therefore be justified. - Hess also °

concluded that.higher order sq]utions‘give only a small"change to the
basic solution as was seen to bé-thefcaSe.here.:"

In the dats.presented by.Hess [ll]lthe effects of higher order
terms acéumu]ate, each additional term giving a’ more accurate solution.
In the present method the add}tional térms tend to cancel, and there is
even less worth in keeping these higher ordér terms-fhan there was for

Hess. It is therefore recommended thaf.only the basic ﬁéthod_with
straight line elements and con;tant Vortei-denéiﬁy be used. - -

The b;sic method with equation (12) as a Kutta coﬁditidn gives
accurate results for most airfoils. An‘ekémp1e of a section with a
fairly sharp.peak in the velocity distribution is given'in.Figure 9.
Thisris a Joukowski aiffoi1'with a cuspéd trai]iﬁg edge as opposed to
the wedge shaped trailing edge of the»geheré1'Karman‘-’Trefftz airfoil
sebtiﬁn. Here 40 elements are used to describé the section aﬁd there

s excellent agreement with the exact solution.
This Singulaéity method will break down for an airfoil of zero
zthickness, where the upper and_ldwer surfa;es are coinéident. It is
therefore fmportant to determiﬁe how thin an airfd%ﬂLcan bé analysed By |
this method. A 1% thfck, 30% camber Karman - Trefftz airfoil section
with go elements provides resu]ts‘withfqpcuracy simi]ar“to.that'ﬁhQWn‘in
Figure 9. A Joukowski airfoil section with the séme ihickness apd-
‘camber required a larger number of e]gmenté to pfbvidg such accuracy.
 The thinner tail on tﬁe_cusped Joukowski -section exp]ains'thetloss,of

accuracy in this case. R .
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G t‘ From the resu]te obtained from many praétical afrfdi]tsections
.jt hae been determined that, using-the point distribution equation (13)
one need not use more than 40 elements to obtain an_accurate velocity
distributioni In fact if the airfoil doeéinot_have a very highly curvedl
surface and no sharp velocity pea*i then 30 elements nitl suftice; |
The performance of this calculation method for muTti-component

airfoil sections Was'tested‘against the exact test case solutions given

by w1111ams (17]. - The exact pressure coefficients giVen'by'Hil1iams‘and
those ca]cu]ated by the bas1c method using Kutta condition' (12)'are shown‘
in Figure 10. This is for Williams "Conf1gurat1on B" with a 10° flap
deflection‘at 0° angle of'attack A total of 6b surface elements a;e
used to descr1be the ajrfoil -section, 34 on the main section and 26 on
- the flap. As can be seen there is good agreement between the present_
v.method and the exact values of Williams.
The effect of,us1ng the<equa1 ve]ocity Kutta condition (11) in
_the tno'component case is similar to that experienced for a“one,component
“airfoil. The changes are most pronounced on the main.section'where .
ve]oc1t1es on the upper surface are lowered and those on ‘the lower surface
are ra1sed ~ When us1ng 60 e1ements this Kutta cond1t10n gave an error |
~of about 3% 1n calcu]at1on of the 11Tt coefficient.

~

) In general the upstream components of mu]t’.hconlponent.a‘irf-,oi‘l..e
; sectionsvshow'iarge velocity differences between_upper and lower surfaces
“near the trailing edge. 'The trai]ing.point Kutta condition handles this
well wfth a relatively'small number ot'e1ements,-whf1e any method using
the equal vé]ocity Kuttatcondition nust resort to many e]ements cIogelj

packed at the trailing edge to achieve similar accuracy.

From the examples examined here it can be seen that this preSent
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~ Seebohm and Newman B o 3.64. .

examined. | Both the present method and that of Mavr1p11s use the

: 33
method gives excellent agreement with exact solutions for both single and
multi-component airfoil sections It is worthwhile to compare this.”

method with other surface s1ngu1ar1ty methods of a1rfo11 ana]ys1s

‘Results us1ng the Hess and Sm1th method are g1ven by w1111ams a1ong with

. the exact solution for the two component a1rfo1ls which he deve]oped

Seebohm and Newman [14] have applied the1r surface vortex method to one

of Williams test cases.as has Mavr1p]is [19]. A summary of results are

 shown for comparison in Table 1.

L  TMBLEL

- Lift.Coefficients of Williams' Airfoil Sections

Airfoil - ' Configuration B | Configuration A
Angle of Attack 0 10 | ® qe°
Exact o |- 2.029 3.5448 | 3.7386  5.1404

Present method (60 elements)” | 2.0296 _3.5437 | 3.7440  5.1441

Hess and Smith (]80 elements) 2.0092  3.5259 | 3.7029 - .5.1065

Mavriplis (140 elements) - = - - 1 '3.7154 '5_]]38

The present method is clearly the most accurate for the. cases .
RN

ﬁ‘i constant'!tream function boundary cond1t1on As is po1nted out- by Chen

[3].and again by Mavr1p]1s [9],. the stream function. boundary condition

-7 1

‘provides a more,accurate.matrlx equat1on than do methods usrng nonma] or -

tangential ve]oc1ty boundary cond1t1ons ' These 1atter methods use the -

slope of the airfoil surface as part of the boundary conditions and

small error in ca]cu]atlng surface s]ope result in relat1vely 1arge '



| 34
errors in resulting yelocities. .

The 1ift coefficient which an a1rfo11 sect1on develops is.
determ1ned by the c1rcu]at1on around the sect1on ‘It is the app11-
cation of the Kutta cond1t1on which determines the circulation pn'the
section. . O0f the four methods tabulated only the present method used a
trailizﬁ point Kutta condftion.'while-the others used the equa1 ve1ocity
Kutta condition- As was mentioned previously this 1atter cond1t1on '
underest1mates the 1#ft coeff1c1ent and this can ﬂ‘ seen in Table 1.

The high accuracy of the present method can therefore be attr1buted
mainly to the use of the tra111ng point Kutta cond1t1on

In the comparison shown in Table 1, the Hess and Smith method‘"
used 180 elements, Mayriplis [19] used 140 while the present method
required only 60, for better accuracy than was. achieved by the other
me thods . The_darger,number of elements are needed when'using the
equal Ve]oeity Kutta condition in order to make the size of elements
near.the trailing edge small enough that'the error associated with this
condition become neg]1g1b1e. \ l s .

o SN

A reduct1on in the requ1red number of elements by a factgr of‘
A v

three in the present methad reduces com uter execution time by a factor

s

of at least ten. U51n5350 elements. the computat1ons take s11ghtly less

' than 1 second on an Amdah] 470 V/6 computer The sma]] nﬁmbeﬁ-of e

surface e]ements requ1red reduces the storage requ1rement “of the com-
puter being used Us1ng this method single and even two omponents
airfoil sections may now be gnalysed accurately using the Iatest gener—

_ation of desk top computers.



2.6. _ Conclusions |

‘The method of ana]ysfs of mu]ti—compdnenf airfoil sections
presented here s attract1ve because of. 1ts re]at1ve simplicity among
other surface s1ngu]arf%y methods One need not determlne components
'of veloeity eltﬁer normal or tangential to the airfoil surface, with the
attendant prob]em of determining these directions accura}e]y. The terms
in the maerix equation can therefore be easily and accqrate]y calculated.
The resulting solution of the matrix equation provides the sdrface
ve]ocifieS‘dirept1y. | ’ | .

A Kuftd condition requiring that ‘the streamline along the air-
foil surface pass through a point close to the'tgailing.edge is propdsed.
}his Kutta‘c0ndition is shown to be superior to.the'conventional Kutta
condition of equal velocities on upper and Iower édrfaces near the tfail-
ing edge. | . |

A higher order model which accounts for surface cquature and
1ineér1y varying vortex dedsity was examined. ~ The effects7of the‘abovef
. terms‘were found,to'be sma]T'and‘when.cpmbined‘they tend to cancel. The
basic method of ‘straight ]ine surface eIementS‘wﬁth constdnt vortex
denéity is therefore recommended fdr practical use.

The basic method hand]es both cusped and wedge shaped tra111ng |
edges and airfoils as thin as 1 percent of chord. Multi-component
~sections are eas1{y handled and prov1de accurate solutions when using
the trai]ingvpoidthutta condition. Results for some exact test cases
show that‘fhe present mefhod.predicts Tift coefficient more accurately
| than three other surface singdlarity methods aﬁdithat\this accuracy is .

achieved with fewer surface elements. .
) , VS
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~ The trailing point Kutta condition is %he'key to §ood
accuracy with a smail number of surface elements.’ By greatly reducing
the number of elements required for an accurate solution this method

makes analysis of multi-component airfoil sections a practjcal
possibility for small computers.



CHAPTER IIT
. v
POTENTIAL FLOW DESIGN |

3.1 " Introduction

By combining experience with. sound aerodynamic princ1pTes air-
foil designers: can deve]op surface ve]oCity distributions wh1Ch w11] give
an airfoil section a desired.set .of aerodynamic characteristics. The
optimization methods of Liebeck and Ormsbee [1] and Chen [3];‘for |

examp]es;fprovide'specific surface veiocity'distributions optimized for

' ,maxﬁmum 1ift coefficient, and the apoiication of this design technique to

the design of a section with a high 1ift coefficient will be described in

‘Chapter V. - The purooselof’the design technique is to ca]culate~the

geometry of the,airfoil section'which will, to some accuracy, give this

required ve]oc1ty distribution.

To date the only practica], ana]ytical methods of mu]ti-

'component airfoil section ‘design are based on surface Singuiarity tech-

niques - While some exact transformation methods have been developed

for single component sections no working methods are knoun for the multi-'

component case. Surface srngutarity'methods are also deSirable because,

~as the design_protesS‘is iterative, adjustments can be made to both the

designed geometry and the required surface velocities at each iteration.
This allows the designer.to inciude many of the constrainterwhich'
frequent1y ocecur in the design of modern airfoil sections; e
Surface vortex methods of adrfoi] analysis can always be\con4
verted to bive a design technique ‘ A desired surface ve]oCity distri-
bution is specified, which is equivalent to spec1fying the strength of
the 31ngu1ar1ty in @ surface vortex method This cannot be done for

surface source methods and” for this: reason they are not employed direct]y

37
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in the deSign process.

.

The first use of a surface vortex design method is that of
Goldstein and Jerison [Z]Awho_deve]opeq a technigue_efvairfoii and
cascade design. This technique sought to find the location of the
vertices of knowh strength such that each lay on the same streehline}
This streahline is then the airfeii seetion. The properties of this
section were then determined by a confbrmai-mapping technique as surface:
sinéhjarity analysis techniques were not then available. With the
advent of such anaiysiSJméthods Wilkinson [6] developed a fechnique in-
;_ which the suction side velqcities'are'specified énd the camber of a
= specified thicknesy section is adjusted toksatisfy the requirements.
The converéence on.the required solution'is checked at each iteration by
the anaiysis methéd. Two major limitations with this iechhique are that
the‘veiocitiés:can'be specified on only one side of the sectioh and the
thickness distribution of the section must. be .known in advance. - o
Both Chen [3] and Mavriplis [9] have deveioped Simi]ar d@
éeehniques based on imprbved anainis methods .- These methods do not
have the limitations that are inherent in hilkinsonws-technique-gnd are
"cbnsequentjy much more powerful. :ﬂin both these'methods the»de§§§n
process follows naturally from the'%nalysis method and the eeUatfons of
the desigh method are developed fron{those found in the analysis.
Reeent]y Beatty and.NarraMbre [20] have,combined an accurate surface
source anaiysis method wiﬁhVWilkihson's design technique in order to
'.rachieve better accuracy % | _ |
The ana]ySis method deveioped in Chapter II has been shown to
’ be exceptionelly accurate when tested against various exact solutions.

It is also very efficient as it reduires fewer points around the sectiom

.

i ‘



than other methods. As it is a surface vorticity method similar to
those of Chen [3f and Mavriplis [9] the design method follows natura]ty
from the analysis method.-~ The use-of. thzs_method 1ntrodutes some new
aspects to the des1gn of airfoil secttons This, together w1th the
eff1c1ency of the method, provides a fast, accurate des1gn technique.

The simplicity and efficiency of. the method make it 1dea1 for those with

@

11n1ted computing facilities. - _— : i
3.2. ~ Theory _ 4 ' i

) In the analysis method .of Chapter II the geometjy of the ajr-
foil section was spectfied and the surface velocities wer? calculated. =~ -
In the design problem the surface velooities are g$VEn as{}equnrements
and it is the geometry of the section wh1ch must be deteerned At
present there does not "appear to be any way to do th1s 1naone d1rect step.

An iterative procedure, in which a basic section is gradu 1ly mod1f1ed

until it y1elds a section with the de51red ve]oc1ty d1str!but1on is there-

fore used.

£ d ‘ > - -

The equation (8) can be written as:

. yj €05 @ - X Sina = jfl Kij ¥5. ;2.;N. lg)

This equation provides a means of systematically modifyinb the basic air-

foil sect1on Assuming that the K. i
(8
basic and the mod1fled section, and given the required w‘} ) and YJ(F) and

and y; on the modlfted Sectlon

are approximately !&e.same for the

Ay (18) g1ves a relation: between the X
4

f
Another set 'of equations in. x and y; are then requlred'to determine these

i
co-ordinates.  This set of equations c0h$agn the ideas oh how the modi-

fications are to take place.. Generally oné w1shes the chord length, C, -

to remain constant and the thickness and the camber of the sectlon are
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consddered as variables. For a1rf941 sect1ons whose chord lines are
located approx1mate1y along the X ax?s the X; can be constant and vari-
ations in the y \prov1de the mod1f1cat1ons to the sect1on ) The scheme

~is adequate when des1gn1ng s1ng]e component sections or mu]tf component
sections where the flaps have small deflection angles, up-to GO . An
a]ternatine st to adjust each component along lines perpendiculaf.to the
. chord of that component . This wi]] be practical when such lines are:not'
:para11el, ot- approx1mate1y para]le] tp the .free stream dlrect1on As%
‘ mosg design requ1rements are made at small f]ap def]ect18ns and sma]l

<y

\angles of attack the s1mp1e scheme of ma1nta1n1ng the X5 constant is

,.eMb1oyed,here. The y co- ord1nate of the control point C at the dth

'-iteFatjon in the design procedure is then given by,

, . - . . . \/\
o , N » , .
(d) . _ oo () T (d=1) )y iy o -
iz = o5 a.[fi-§1h oty jfl Kij ) Y; ],t—l,&...N. F19)
' @ - . -t ." '."‘ ' ’ '\l
of ‘\ Whether tnls technique will converge on a so]ut1on will depend

1arge1y on the manner 1n whlch the 1nf1uence coefficients” &ary between
]
iterations. The e]ements of the coeff1c1ent matr1x K Ae generally

small, the size depend1n9 on both a1rfo11 sect1on and the ndmber of ele-

‘ments N being used. In general the d1agona] terms._the selﬂ-1nf]uence
" coefficients, are the largest. These terms are functions only of By
. .th \ :

the half-length of the J element., In progressing from desidnvto

design tne 1engths of elements should change only very slowly. ’Hence '

<

the.terms which are genera]]y the 1argest in. the summat1on in equat1on

| (19) change;;[ow]y.' This acts to ‘stabilize the design procedure.

* The Kutta condition, equation (12); can also.be written into

the désign method as:.

3
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The location of the trailing pofnt is so close to the tra1]1ng edge that

it can be assumed that ytp(d) is the designed location of the trailing
edge. This point together with the control point locations oﬁtained
from'equation‘(iQ) define the airfoil section.

‘ From equations (19) and (20) the role of the wk(r) can be
readily appreciated.'. The wk(r), being constant on any one component,
have the %ffect of ra1s1ng or 1ower1ng that component by ‘a constant ‘
amount. In a,sTng]e component airfoil section this is of little conse-
quence, and any value can be chosen for w]( ). ) In the case of multi-

component airfoil section§ each component has its own separate wk(r) and

hence each componenf is raiged vertically by-a,dif?erent~amount.. The}&

difference between the wk(r) n any two components’réprésents the quantity
- .

of air which f]ows be tween these\somponents These differences control
the iﬂot w1dths between components Whlle the value of one of the Yy (r)
“will, as in the. s1ngle component casg, determlne the vertical 1ocat10n of

the whole 'section.

3.3 Method of -Solution
© The approaqh-taken by this metﬂod is fhét, starting from a
bésic airfoil séction,athe y tplordinatés'of the surface are syétu‘lti- //;/
cally altered fo giQe a hew airfd%1.secti . This new section will hévew '
‘ a surfzce velocity distriputibn"doser nto vhe‘ requirefi disfributioh tr;an
that on the basic sectibn. fhe pfocessvi itératiVeiand the,hewly
designed section can be‘anflyged éfter each| iteration to determine jf a

suquglg\ESftion has been desigqed. This -~

* {

terative approach allows one
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to,a]tér both the required solutijon and the designed geometry at each
. .

iteration. This allows the designer great flexibility in rhoosing the
required velocities and also allows specific geometric constraints salh'
as minimum thickness, leading edge kaqius to bé incorporated in the
technique. A flow chart of the solution procedure is given in ngure 11.
A There are five necessary steps in the procedure. | These are
labeled 1-5 in Figure 11. In.the'fifth step the désigner may be satis-
fied if ay;pecific number of iterations have been performed or if the '

requirements were met to within some accuracy. There are lthree optional

steps in the procedure. These ére labeled a, b, c in Figure 11 and may

“or may not be used as the designer wishes.

. The first and second necessary stepsjare perférmed exactly 65
in the ana]y;ié methad: of Chapfer II. The airfoil surface elements have
their end points fﬁéated in a c;sine distribution. - The mid-point bf'the
straignt ]ing,joining.the end points is fhe.contro] point. ' The trailing
control point lies a Short distance behind the trailing edge. The

, of the N element on the jth

o

control point- "

influence coefficients;xKij

is calculated using Equation (9) where the distdnces a, b,'r] and r, are’

defined in Figure 2. The left hand sﬁdes of the system of Equations - 8

(8) and the Kutta conditions (12) are then combined to form the coeffi-

. : 1y .
~ cient matrix. At this point/one can take the first optional step and

use thjs matrix to solve for the velocity distribution around this . ...

Section, This solution can thenkbe compared with the required solhtion.l"'
The third necessary steb is the-appliéation of‘Eqﬁations (19)

and (20).by the multiplication of‘fhe coefficient*matrix by the vector

of required velocities and stream‘fuhctiqns. Forta single component

section these equati\ns-can be written as,



W

Input basic airfoil section,

required velocities, & y's

Construct coefficient matrix

[Kij] for this seétign.

9

- - —

(a) Analyse section. Check *

agreement with requirements.

(b) Alter requirements using *

o Y

qnélzigd sqlution.
RN

Design new control points’

and trailing edge.

Y

: ]
-

1

Cé]cdlate geometry of new

airfoil section.

F‘-—

Ivv

(c) Alter geometry to suit * |

geometric,qopstraints.

If designer is satisfied,

‘output designed airfoil section.

‘ s

;’, R

* Optional steps.

_FIGURE 11 - FLOW CHART OF DESIGN PROCEDURE
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It frequent]y occurs that specific velocities are requ1red at

Cos «a

sin o

YKN.l

‘.

]

)

| _(d-1)
S
Ko !
KN, tp ]J

(21)

certain locations on the sect1on but the- ve1oc1t1es at other locations

are not specified and no part1cu1ar demands are made of them.‘

case the vector ‘of requ1red velocities is not fu]]y known

7

In this

The values

‘which are unknown can be replaced by the’ correspond1ng values of the

surface ve10c1t1es calculated in the analys1s step

I3

"

This 1s the second

optional step and it requires,, of course, that ‘the ana]ys1s be ‘done.,

e The streamfunct1ons, wk(r), can’'also be rep]aced by the values obta1ned

. from_the‘ana]ys1s.

“used with caution because Qf the important'role played by the stream-

functions in controlling the slot widths between components:

Sy

|

In multi-component sections this procedure must be \

. The fourth necessary step is to obtain the co-ordinates of the

“airfoil section from the set of designed control points obtained from

equation (21).

designed trailing

point.

‘The trailing edge location is taken to be that of the 

Because the trailing edge and. trailing point

are very close the error in'this. assumption is very small: The"

‘detailed design of the trai]ing edge of an airfoil section can have a

' significant'effect on the performance of the section.

method can éu?tab]y‘accurate trailing edge shapes be designed,

s

LY

Qn]y by this



a5
Tuo‘methods.are considered for determ1ntng the remaining adrf
foil co-ondinates, which are the end points of the surface‘e}ements. ‘The
first method uses the ‘fact that given one end point of an element and
the mid= po1nt. 1 e. the contro] point, the other end of the straight 11ne' ’
element can be found. The key to successfu] use of thls princ1P1e lies o

P

///)in the accurate prediction of the trailing edge. Th1s pornt 1s the only .

d end po1nt des1gned and it is an end po1nt for e]ements on both upper and
1ower surfaces. Start1ng from the trailing edge the end ‘points are found
1n.turn up to the leading edge using the designed contro]-po1nts.' This
is done for both upper and-lower surfaces ' 'Ideally the 1oéat10n of the'
leading edge calcu]ated from both upper and Tower surfaces 1s 1dent1ca1
Typically the two 1ocat1ons are less than 0. 05% of chord apart in which

- case the mean of the two values is taken as the 1ead1ng edge: location.

The most distinct advantage of th1§ method'1s that the des1gned a1rfo1l

‘section wiiz have its contro] p01nts’ﬂocated at exactly the des1gned
locations, gxcept perhaps for the two,control_pornts‘adJacent to-the
leading edge One'draWSack is that if one end'point goes astray subse-'
;quent]y ca]culated end po1nts on that surface will suffer accordlngly

ThlS cdn result in rough, saw toothed sur(aces on the des1gned section
‘which cannot be tolerated.

To alleviate the problems of rough surfaces a second me thod
was developed.. - This consists of fitting a smooth curve through the
designed controtﬂpo1nts and 1nterpolat1ng on that curve “to determine they

- end point - locatlons _ A cub1c sp11ne_funct1on was used for th1s purpose:
.to ensure as smooth an airfoil surface as'possible The'drawback to this

is that for any e]ement the two end po1nts and the des1gned contro] po1nt

all 11e on the same smooth curve. In analyzing tn5’§?>f611 later the

- . - . . D 3 Y . LI T e a ~r a ~e - N s _ s = _ _ a
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~ designed nose ‘thickness and there‘is no alteration to the trailing edge.

' section co—ordinateS'from the control. point locations but the above

46
same - two end points.  This tends.to;reduce the curvature of the surface
which can have4a serious effect near“the 1eading'edge of the component as
can be seen in Figure 12. | ‘ o

The distancg between controi p0ints adJacent to- the 1eading

. edge is termed the nose thickness here - From Figure 12 it can be seen

that the effect of smoothing 1s to produce an impiied nose thickness
smaller than the deSigned nose thickness. In general the nose of an
airfoil Section is. a sensitive area and the designed nose thickness
shouid be restored by some means The upper, surface co-ordinates are

therefore raised and the lower surface co-ordinates lowered by‘an amount

- that varies ]inear]y from the ]eading to traiiing edge. . The amount of

adJustment is such that the new implied nose thickness is equa] to the

LN

This is equivalgnt to driving‘a wedge down the centerline of)theaairfoil

.component. Doubtless other schemes are.avai]abie to determine an airfoil

-

methods are fairly simple and in generai prov1de suitable results.,
The third optional step can be taken once a new airfOil section
iswdesigned A check can be made to see if this section geometry is )

reasonab]e or even phySicaiiy pOSSible If the design is not completely

©

.; satisfactory a]terations can be made - to the geometry to meet specific

requirements Some of these reqUirements could be to retain a speCific
nose radius or traiiing edge angle or to limit the maXimum or minimum
thickness to speCific va]ues With such geometry changes the velocity

distribution on the'designed section will not necessari]y be the one
.

specified : However this method prov1des sufficient flexibility for the

de5igner to come to a suitabie compromise between geometrical constraints

and the desired ve]oCity distribution. n
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In the set up described here two such hodifiéations were.usédl
If the thickness of the section fell below that of a 1% thick section then
the thickness was increased to that of the 1% thick section. This was
| ddhe;beéa0§é'thinner;sectiong areAunfééijsfiﬁiffomAa pracfica] poiﬁtlof' ”
view and a]éo this represents the limit below which the analysis method A
becomes inétcurate. The second modificationoused allows any desired
portion of the section to be kept unchangéd from its origina],]ocation.'

This feature is particularly useful when'designinguf]aps to'suitié main

component whose geometry and location is fixed.

3.4 " Results

’. The iterative design'procedure should cbnverge on an‘airfoil
design which giveé exaétiy the required ve]ocity distribution. As the
téchnique is numepical and iterative the results Qiii not'give exact
agreement and-it is_first'necessary toideterhine just how close this
method will come to the required solution in practical caseé. An
’ exampleyo? a practical airioi]idesign is shown in Figure 13. . As can be
seen there is good, but not perfect, aérefment between the designed and
required'Yeloci;y'distributions. The_veiocity ef}dr at any control
point is defiﬁed by, | | | ] |

N ‘ -
ooy

o

It is important to determine cause of these errors and how they vary

with the number of iterations performed. <j:>\§;;tc_ '
3 The major effect of the design procedure is reduce the errors

R . . . , : .
asg\; number of iterations increases. However, the errors introduced

by the technique of determining the airfoil co-ordinates from the designed

\f
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control points will tend to grow as the number of 1terations 1ncrease
This will Timit the method in jts attempt to achieve the reqq1red velocity
exactly. To some extent this can be exam1ned by setting the\requ1red

velocities jdentical to those on the initial basic Airfoi1‘ \The a1rfo1l

-

should then cont1nua]1y design itself and in a perfect des1gn &echn1que

|

the veloc1ty errors _,".pkld always be zero.

44V

Both té"~ -determ1n1ng the airfoil c¢o- ord1nates wéie

tested the Fbe ;Jnd-the cub1c spline smooth1ng method
3] ;,l‘he Wor, mann section FX-61-163 at 10 .angle of
attack us1ng 40 surfaé%;ﬁjhments,j This has the required ve1oc1ty distri-
botwon shown in F1gure 13.., The maximum and average ve]ocity erhbrs for
both techniques are p1ottedfin Figure 14. From this it is c1ear that,

as expected the flat element method is super1or The maximum errors in
th1s method occur nea? the trailing edge where the approximation that

the trailing po1nt\1s the tra1]1ng edge is made. In the smooth1ng method

the maximum errors occur at the nose where the effects of reduc1ng the

'surface*curvature are felt most'accutely The effects of not adJustmng

 the a1rfo11 to give the correct nose thickness was a 50% to 100% 1ncrease

e
in the errors.. Small geometric errors at the nosé are greatly aggravated

by the high angle of attack of the section, hence this is a severe te§¢
\gf the smoothing techniooe. The maximum errors; although they appear\
jtlarge; amount to less than 7% of the local velocity at the nose.

As a test of the deéign method a NACA 0012 sectiOn was designed'
to give the FX-61-163 distribution at 10° ahg]e of}attack. 40 surface
elements are used as the analysis method of Chapter II h;s shown that this
is adequate for highly accuratevso1utions from single.component sections.

The design method was app]ied.liitjwms with and without smoothing to
: R “ T

.
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determine the relative rates of convergence. The Sverege velocity errors
at each iteration ar? plotted in Figure 15. .The first few iterations

provide the most rapid convergence and the rate of convergence gradual]y

fdecreases from then on. The smooth1ng techn1que provvdes,slower con-

vergence than the flat e]ementrtechnique_ae could be expected.

Defining the term improvement as the difference between the

~average errors for any two consecut1ve 1terat1ons it 1s c]ear that the

improvements .decreases as more 1teratvons are performed There is there-
fore a point at wh1ch the design process should be terminated.  The

criterion used must provide a realistic balance between the need for

o

) accurate»deei‘h-and the cost of performing each iteration. In- des1gn1ng

~single component sectlons the cr1ter1on that the design process ‘be term-

*

inated when the improvement becomes less than 1% of the or1glna1 averdage

've]oc1ty error is used In the cases show4'1n F1gure 15 this occurs at

the Bth iteration for the flat element method and at the Gth 1terat1on

for the. dmoothing method. The trends observed 1n F1gure 15 are typ1ca1

of those observed in the design of many single component sections w1th

”

angies of attack ranging from -8° to +10° and employing various numbers

of elements on each section. Of these results the data presented in

'Flgure 15 are representat1ves of the resu]ts obtained: from difficult -

design test oases.

The results of the'8th iteration of this test case using the

flat element method were presented in Figure 13. This is a difficu]é test

' case as there is a high ve\oc1ty peak. at-the nose and cons1derab1e 1oqg1ng

'y

in the rear 30% &‘f"‘%& des1gned séction. The de519ned section had substan-

tially the same shape as the FX-61‘163 profT]ecbut had a maximum thickness of

-‘1557% of chord compared to 16.3% of chord for the EX1§]-I6Q section.  The

-

¢



-0.20

0.10

Error

- 0.05

i

Averge Velocity Errors

O Smoothing Method ~
4 Flot Element Method

x
1

AN

53




RN : : - . - : 54

change in the thickness. distribution is\bven more radical as the tail is
des1gned from a thick, symmetr1c‘5edge shape to 4 th1n, cambered, a]most

cusped shape . Cons1der1ng these difficulties th1s des1gn 1s cons1dered
A‘s

to be quite adequate CoL e - ., §

An example of .a rather arb1trary design problem, Dased on a ¥

‘ g
ol NACA 0012 sect1on at 0° ang]e of attack, is shown 1p Figure 16. The .«

upper surface_velocities are 1ncreased and the lower surface velocities
decreased by an amoungathat varies‘1ineah]y from leading edge to trailing
' . edge. The resu]ts in Qﬂ1s case after 8- 1terat1ons are- exteptlonalf;
accurate;- The reqdﬂneﬁ resu]ts are in fact those one would expect,.;:
accordiné to the-s1mp1e design rules of-Abbott and‘Von Doenhoff [21] had -
£ 7~ one distributed the NACA 0012 thickness distribution andund‘a NACA a=0
mean line at an angie of attack‘of 4. 56° "<Tﬂ5?u§si§ned sectfonwis- 'f'
n1nc11ned at an‘an e ef approx1mate1y 59 to the free stream and\the thick- :bﬁif

M - ness d1str1but10n has changed very 11tt1e " The very accurate results B
Lo *» 'ﬁ, :,{{7
' . which are ach1eved tnﬁth1s case are attr1buted ma1n1y to the fact that
IR S S L
there is so 11tt1e chande in the th1cknes§ d1str1but1on - !”' >

. \' ‘7‘ 4
. - The v1scous f]ow ana]ys1s of Chapter IV restricts th1s tﬁes1s.

EN

to cons1der1ng 51ngle component‘sect1ons, howeVer methods such-as Stevens,

L Gorad1a and Braden S [15] areunot SO restr1cted and -thus thé performance of
A".‘g" y
: . . this de51gn method on mu1t1 component sections must be'p§§;ed A two compon-
P ,{y}{” ﬁk
' 3 ﬁgent sect1on ‘was therefore des1gned to have a requ1red ve]oc1ty ‘pstr1but1on

obtalned from a known two component section. Thé%result of the.des1gn

[ i

pnbcess after 12 1terat1ons, when the convergénge cr1terlon MaS satlsfwed,
(/]

.\" .

as shpwn in Figure 17. The bas1c sect1on wéé composed of two NACA 0012
A t: sectipns each sca]ed to span the desired X €Oo- otd1nates Thé requlred surface'

,veﬂoc1t1es on both components were supp11ed together w1th w] and *2
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large. The flat e1ement method was used in this case and Tt B R
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60 surface elements were used, 40 on the main component and 20 on the flap

as the analysis method has shown that this 1s aoequate for an accurate
so]ution . | i
The results show good agreement between the desired and the
desjgned velocity distributions. Thfs is quite remarkable as, again,

this case represents a difficult probﬂem for the'design’method;' Near

“the trailing edge of the main ¢ mponent th re are qu1te drast1c changes
QP -

1n thickness d1str1but10n and cambe? On the flap the maximum thickne53453

changes from 12%-of ch%rd to about 30% and the camber changéxnlre qu1te L
’* A.:A ,'",. ,‘f{‘?

capab]e of handling the severe changes in slope which occur at :
of the ma1n component, At the same time it must be 3pm1tted that;
s the region in which the largest velocity errors occur an the main
component. The,largest ve]ocity errors on themflap occur on the under
side.  This is due to the inability Of the flap to qrelop its full
thickness in 12 iterations. This isvcauseqb1arge1y bj'iagoting such
an unrea]1st1ca11y thin 1n1t1a1 flap ’

The method will therefore des1gn a who]e mu]t1 -component air-
foil sect1on starting from“a fa1r1y unrea11st1c basic a1rfo11 sect1on

This is however not a comp]ete1y pract1ca1 problem from the point of v1ew

» of the a1rfo11 des1gn eng1neer In general the ma1n component with the

flap retracted, will have been prev1ously de51gned as a s1ngle component
section according . to the requirements of high speed cru1se The main

component is therefore already des1gned and canﬁot be a]tered as it was

in the dast example. The f]ap must be des1gned. under the influence of

”~

. the main component, to suit tie requirements of low speeafand high ]jft..

-
o
Rt

T
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To test‘the‘possibi1ity of such/awflap design technique a basfc

airfoil sect1on with a fixed main component and a NACA 0012 flap was USed

In genera] the- ve]oc1t1es on the main component are not known and cannot

e e e e e e

be spec1f1ed ,‘ The set of requ1red‘Veloc1t1es on this‘tonpbnent are ~;¥l,r
replaced by the values ca]cu]ated in the prev1ous ana]ys1s step © Fixing
-both the ]ocgt1on and geometry of the main component makes. the specifi- .
cat1on of Yy redundant Only the strZamfunct1on on the flap, ¥y, can, be
specified. The first choice ofgggékhat was tested was the value from P

the known solution.

. L)

In this case the des1gn process fa1led after 12 iterations, to -
locate the flap correctly and the geometry became d1storted as the method
attempted to match the requ1red flap velocity distribution. There was £
fair agreement between the des1gned and requ1red velocity d1str1butlons
but the errors were larger than those seen 1n F1gure 17 and therefore not’
acceptabgz " The convergence of the velocities and streamfunction on the
ma1n section to the so]ut1on which was known butfnot speC1f1ed wﬂ;efound
to be very slow. -In th1s regard 1t should .be noted that there are many
flap geometr1es, ‘and correspond1ng locations, which prov1de approx1mate1y

'the correct ve]oc1ty distribution over the flap. The conf1gurat1on to

rd T
- ﬁr 1ch the method converges will depend to a large extent on the basic .

-

1 *
T e correct s]ot width between the main compepent and the f]ap -whlle'

;\5«

-~

sec£1on used Fb]]ow1ng the 'approach of Chen [3) and Mavriplis [9]‘bnd

Ci!ng ;he va]ue 9§ 73 ca]cu]ated “n the prev1ous jteration gave equally
”..

bad resu]ts unl*&Sﬁt e 1n1t1a1 fiap 1ocat1on was correctly chosen.

S 4
e ﬁﬁﬂQ&k , To sunnounﬁighege problemc one. ean, at each 1terat1on force 2

L4 'y
to rema1n a f1xed amouni? qp; from the value of p] ca]culated in the

prev1ou§ analys1sc~ In‘!h‘% manner the f]ap is' raised or. 1owered to give

A)

S

.
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the ay used in this case is the exact y, -wi.of,the solution this will

~not, 1h~genéra1, be known in advance. It can however be estimated,usinéﬁ&
~ i s . ) ) \ .
tﬁ‘.sf;omu‘al' AR "‘ . o .
Ay = Slot Width x Average Velocity across the Slot.: (23)

The peha]ty to he paid in‘orderlto solve the flap design‘prob]em is that
the slot width must be chosen. 'Leaving this peremeter‘fnee resnlts in
poor solutions or excessivefy long calculations. .

Us1ng the Ay in the.design pr%:edure gives the results. shown- |
~in Figure 18 after 15 1terat1ons The velocity errors’ on the flap are ,‘
comparab1e with’ those observed in F1gure 17 and the velocities on “the

<
main section are in good agreement with those or1g1na]1y requ1red of the

two component section. Most 1mportant, using the constant AY techn1que,

4

the flap is correct1y To&Qted and its g metry is not distorted. " The
or1gma] velocity d'lStr‘lbutan avound E&)

asic airfoil section showed a

./'

'1arge velocity peak at the nos€ of the f]ap wh1ch the des1gn metﬁ 'removes

'However, if one star%fd from a more realistic f]ap geometry ‘one qou1d

’ expect even better results. <L A

A bas1c a1rf011 sect1on w1th a NACA 0036 flap was emp1oyed and

the resu]ts are shown 1n F1gure 19; Here the results after 15 iterations

'are exce11ent 'The ve]ocity"erfors on~the flap are very small andAthe

Lye]oc1ty d1str1but1on on the ma1n sectlon agrees well with that required

of the or191na] two component des1gn e\_he flap shape is marg1na11y

‘thicker than tﬁat 1n.F1§ure -18, and comes closer to the. expected valqe

k‘i

of approx1mate1y 30%-o£-1ts chord As with the s1ng]e component cases

'the closer the basic sect10n comes to the final thlckness distribution:

the better the results.- The reason for this is that while cdmber changes

-
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‘sections near the trailing edges of the forward components.
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are performed fairly rapidly a]teration to the thickness are gradual and

take many iterations. _—
The method of maintaining Ay fixed at ach iteration can be
applied to the complete two component section signs also. This cqntro]S

the slot width and specification of either or v, determines the location

1
of the whole section. Clearly the slot width can be controlled .in other
ways than by the Ay method. The method uéed'by Beatty and Narramore [20]
is to‘Epecify the distance betweéﬁwthe leading edge of the flap and the _

traf]ing edge of the main component. Using su;ﬁ‘a method in this case

would simply involve moving the designed flap vertically to meet this

-

condition. In such cases the ¢ a&d ¥, can be arbitrary as their role
: 1 2

in controlling vertical posi%ioning has beeh replaced by actualvphysfcal
positioﬁing. | '

The con?érgence»propérties of the two component cases are.
slightly different from those seen in Figure 15 for single component
cases. In&Figure 20_the_average velocity error at each iteration fs
plotted forfthseé of the éases discussed here.. Ih'tﬁe complete design“:
of the two égﬁbonént sections starting from two NACA 0012 seétion§ the
average error dfops off more stowly than in. the single component case. - -
For fhis reason the convergence Criterion of an improvement of ]eséfthan
1% of the original error does not stop calcu]atfdns untii the 12th4 |
iteration. This slower fate of convergence and a'higher ﬁvérage

velocity error are t}ﬁica] of two component sections when compared with

single component cases. This ‘s thdught to be sihpTy due to the general

‘comb]eégty of the geometry of mu]ti-component sections with highly curved

L4
£y

- .
3 . . . . . .3
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. Injthe case‘kf the problems.of designing the flap aione, using
the Ap method, the'convergence is quite'different. In these cases "the
average errorris calculated for the fiap alone. - In the example'starting
from the NACA Ooié'flap the convergence is fairly spasmodic. . Using the
NACA 0036 flap, the convergence is very spasmodic showing'diveroence on
some occasions. The divergence occurred on iterations where there were
sudden changes in the ca]culated 'stream funct1ons together w1th substantial
ve]oc1ty errors at 1ocat1ons near the nose of the flap. These errors die
oQ( rapidly in subsequent iterations. Tnls erratic behavioﬁr'precludes
the use of the prev1ous convergence cr1ter1on and 1n its place a limit of

(-
15 iterations is used. As can be seen, by compar1son with j A

the resh}tshaging the more rea1j5t1c flap shape,g1ve, after 13 erations, -
i 1) _

accuracy similar to those of the sing]eicomponent design. The advantage

of us1ng th1s flap shape over the NACA 0012 sect1on can be seen in

Flgure éb The better shaQF gives approx1mate1y a 4 1terat10n advantage .

s

in ach1ev1ng any given accuﬁhcy 7:' ﬁ

\&3

Th1s des1gn techn1ﬁhe be1ng 1terat1ve, Qses considerable amounts
of computer t1me The actua] amoont used depends on_ both the number of |
elements being used and the number of 1terat1ons perforqgg The t1mes
quoted be]ow are for the CPU time used on an- ‘Amdahl 470 V/6 computer

For a s1ng1e component section us1ng 40 e1ements and emp]oy1ng
8 or more ‘iterations the time requ1red is less than 0.34 sec. per iteration.
This is for the comp]ete program with all opt1on; shown in E1gurev11.

The analysis option (a) uses considerabfe,time and'when ana]ysis ts only
'performed on ;ne final'design the required time drops to less than 0.22
sec. per iteration. - For two component sections using 60 elements, 40 on

athe main component and 20 on thdfﬁ’wnd employing 12 or more 1terat1ons

~
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the requ1red time is less than 0.90 sec. per iteration. Emp]o}'ng the ,
analysis optlon only on the final de51gn reduces the requ1red-¢1me to

1ess than 0. 45 sec. per 1tﬁrat1on . In the case where the f]ap a]one is

to- be designed a saving of approx1mate1y 25% should be possible if one

does not recalculate the influence coefficients 1inking elements and
control points on the main section, and if the design of the main com-
ponent is bypassed as this is redundant. | ”

~ While the foregoing results may have made multl-Cqmponent afr- 5
'foil section design appear to be a relatively simple matter,  there are
some brob]ems associated with this technique.  The problem of ehoosing
a velocity distrtbution whiCh will yield a praetica1 shape of airtoil‘
must be examined. MWhile th1s technique will be able to supply such
answers on a trial and error basis the prob1ems assoc1ated with the mu1t1-
e]ement case seem to be quite large. In such cases the prodsem of the
s]ot width, or effectively the ay, wh1ch is to be chosen must be resolved
In th1e connection it must be noted that the h1gh1y curved port1on of the:

main section is not, in genera1 a sol1d surface. It is usual]y the

separat1on streaml1ne leaving the underswde of the'main component, there

,lbeing a large gap in the rear of this compdnent to house_the flap in its

retracted pos1t1on As th1s is a free stream11ne its path can vary,

<gccord1ng to the geometry of the flap, and thus the slot width-will be

P

“ a]tered

For those who are interested in des1gn1ng f]aps at 1arge flap
angles the vert1ca1 movement of flap co- -ordinates may not be desirable.

The other a]ternat1ves mentioned in ‘the theory may prove-useful in this
5 :
regard, . ¥

v

A frequently qgcurring probiem in airfoil design is the need to‘ N

remove a sharp velocity peak from the nose.of the flap whi]e retaining
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the remainder of the velocity distribution and on]yialtering the geometry
of the\f1ap in the nose reg{on.- “Beatty and Narramere [20] have shown
that, ﬂfth thefr tethnique, it is not always possible to attain the

!

requ1re? velocities - with these local geometric alterations. This has been

" found tb be the case with this method also and experience with this method

A , S ( N
solution will have ta be reached. B *VJ

)

1
r,#

1nd1cates that the most successful des1gns are obtained when each component’

is des1gned,as a comp]ete unit. If a f]ap pes1gned for g high 1ift con-
figuratjon interf#res with the cruise configuration then some compromise :
Because-of its generality this design technique opens up a wide

variety of'possibilities depending on a‘users needs. The ability to Ce

'iﬂttr the geometry of the des1gned section in any way w111 give r1se to

other prob]ems Qt has been found necessary to limit the thickness to °
greater than that ‘of a 1% th1ck a1rfo1l as this represents the limit of
accuracy of the analysis technique. This precludes the possibilities of

upper and lower surfaces’crossing wh1ch’was found to lead to very poor v

results. A scheme which arBitrarin alters the designed section-can

result in s]ower convergence or to a' solution with large velocity errors.
Each scheme used would have its own propertles and these wou]d have to be
exam1ned 1nd1v1dua1]y

Qccasnona]ly a specific'veiocity'distrjbution isarequired‘of
the section: upper surface but not_of the lower surface. This is\hanu]ed
by usfng tﬁe 19Werasurface ve]ocities calculated from xhe aha]ysisﬁfn the
desfgn ca]culatapns" This freedom of choice of ve]ocﬁtﬁes on the 1ower
surface glves the result that in the final design the 1ower surface
ve]oc1t1es depend Targely on the basic a1rfoﬂ section used Q Cases where

this opt1on is used generally requ1re more jterations. _ L
i . .- o A
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Practical examples of airfoil design frequently 1nyoh}e trying
many require® velocity Jdistributio_ns,bg_foke a suj"_cam'e Qesjgrm' is foend.
A graphics display terminal is used in-this case to dispfay the designed

N

section geometyy and the actual and required velocity distributfdns,qs
A “ o . R

soon as they are calculated. This allaws for the rapid assessment of

the designed sectian. Without this facility airfoil_design progresses

'

3.5 Conc1usions

A method of dérg_igning multi-component airfoil sections in.

potential flow has been developed. This method.is based on an accurate,

efficient analysis method from which the design eq.uationﬁié}f_e‘ ‘derived.
E;ch component ‘of an érbitrary basic arffoil is modifié';‘lff'g‘both. th_ick-f
néss,..?,nq‘ Sau}b,e_r'; to g]"ve"‘ ah'-!,?."‘“ sectidr; which has the re‘q_t;i.r%;d.surface' 4
velocit}jaistribution? ;Tﬁ's”-is done in an it:er';ti'vé ina‘ri"h"é‘g‘which' I
aﬁoWs t;le‘\d_esigned geometry and the required"‘velbcity di;tfibuti‘on to
Be altered at will at each iteration. | It was shown ;hi*ff,"i‘s freedom

resﬂt‘ioin a very powerful design tool which qﬁ‘p be fi,ttéd? to suit many
DAY 3 . < - -

’ y X‘ Y 4 j ’ j-‘_'f_ B e, B ..’ ~ 1 - :
* of the constraints which occur in the deslgm,q{ ﬁoﬁev:n,aiﬁfoﬂ sections.

) » - . o - - v, 2 . . " N
+  The design method determines the 1oca_t*§3§j.:,9fﬁ’. control/@i-nt.s
‘ * ' g A , -

on the new section'.'f The app].icatf’anﬁaf“‘a" Kutta condition in thé»désign“

.
i

process gives the location of the traﬁﬁg'édge. From these boints the

airfaoil co-ordinates are determined and two techniquci of dping. this .wé'f'j'ef
‘considered. A flat element tgchxique was found to result in less error
than a smoothing technigue which had a.tendency to reduce the surface

‘curvatu'resf The flat element method converges’n a sql’u_tionfconsidé%rably

faster than the smoothingemethod. It is therefbre recommended for use |
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except where 1t results 1n rough surfaces.\1n wh1ch case smoothing is

A\

ca]]ed for.

v . The des1gn method provides uﬁtab]y‘ecCUrate sotutions for * &, -
S botH’s1ng]e and- two" component sect1on& 2 Genera11y the method/w411 a #Vﬁi'}

» Q L .
W T converge to -an. accurate so]ut1on in 8 1teratmon§/?or/the sing]@ éomponent

Py

" .,“.
3

PP ~case and 12- 1terat1ons for a two component case. i,Th : od 1& flewaTe

: Q-
enough to handle the des1gn of . f]aps under the 1nf1uence{of flxed main

vaﬂ components For th1s case it was shown that the difference between the

S g\ . stream funct10ns on the components, or effect1ve1y the s1ot w1dth between
< g e e

R <i;hem. is an 1mportant parameter which should be kept con tant throughout :

N

& oo he des1gh procedure \This_applaes to -all, mudtl compondpt.des1gns
; ) kS

_ The method can be starfEd from any reasonable~bt51c section,
. ’ LS x,, AEVE R
e, 'however a]terat1ons to the th1ckness of %he section are parf rmed more

3

» ’ A'a"
oy Because of th1s _many variatighs ‘on thié method a&e poss1b1q ﬂ“thé'”’,
W . :

performance" of each such var1at1on w111 "have to be ellﬁ1ned individually.

‘/_—

) . ) . - : ‘
® . ' . ' ;o . . o
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o P R R & 1scous FLOW ANALYSIS ~ .- _ e
T W v g o A e o
’ Cagte Y o mamion o T
- , :\:Q'”& o Q 4 S O ) S
O 25 ';" In: to dete”“‘"e the: Performance of an airfoil sect1on an- )

j'd*. a’;eaT f]md the’effects of vtscos1ty mutt be acc/untect for.- ,‘The. ALY

pote!‘lﬁ W analys1s of Chapter II does not accoun*f for these effects
/ [ . ..',4'

b - as: 1t is a 1tab1e on]y to. 1nv1sc1d ancompressw]e f]ow{ However, Y p
: attempting .to solve tho qu v1s§5us ﬂow equa.tmns for bhe ﬂow ab0ut
e SR
ars all'afbll sect1on is, joo 1arge a task to %‘g]ed m Fgrgunyte]y

. ¢ * N R 5 {t'," s R '4;-, ‘
. a1rfbl1s are des‘lgned suq@ that the 'effectsr qf VR ’c9 {imfmed t0- #a

. R ‘7 i L * : . oY ‘.‘
S~ 8 thm regwn near tne surface. the bwary 1ayer¢mm ‘the- wake - - A

R g}{”whmh 1eaves the a1rfd11 tra111ng edgex - A prafct‘lcaﬁﬁmetked of solving
iAo " ..

0y % " thi's problem is there\fore ‘to attempt to n@tch the outer. potentra] f’low.

I 'so‘lutmn with the boundary 1ayer soluﬁon p@xt to the a1rfo1'l surface N
Y 3 The eﬁfeet df‘ the’ boundary '"? ns “tor d1sp1ace th& ?tream-. _' » -

L :"3?“’-. g _'-lan‘ss Juiﬁ outszde"tms 1ayer by a _5 equa] \tq, thé local d1sp1ace—_ -

“‘ : | ment th1ckness The flow ouswe the bobndary layer i then approxi- .
"‘m&ted by the - potent'laf flow over‘tms d1s acement surfa de Powell [22]

e a
txas shown that, usmg exper1menta11y obtamed di Splacement th1cknesses,

L ‘_this procedure prov1des adeauate agreement:’vnth expermenta'l resuLts for:
‘awrfoﬂs - Powe‘ll 5 approach was to cons1der the d1sp1.acement th1ckness o T
effects as a]termg the thickness,l the camber 11ne and ang]e of attack of o

'the sect1on ) The th1ckneSS\changes were carr1ed through to a wake which

b e - extends to’ 1nf1mty and it was shown \that the detaiJed development of the i\\'
L. . NETY I L . Vo
‘wake had- 11ttle effect on ‘the resu,lts{ \\'
\ ] . v
;‘\ \ e o 5 \ .
A N .-
. . \. ! : B K . -3
& 6? . / - l -
C ’ “- . v .



and for multi- compo:ent sect13hs

based op velomtf%‘s ca]culated ‘pot%al flow ana]ysis

S R | SRR ;
. f / ’ !
. eq?s..Goraha and Braden [15] ((eve deve]oped a method for

airﬂnl This 1s’tbe a1rfoif¢wh1ch .in potehtia] flow, produces “the

p{ressure distrfbutmn of the sect‘ron 1n viscous f]ow ' The eo%lgalenf
a1rf01“l had botil thi‘ckriss and camber changes velative to the actual

sect1on. " of o the carhber Tm‘_&di‘ﬁtatmn 1s the most. 1mportant

wé i
hglress, eilECts are rieglected. Tt?e" o
bouﬁdary'layer a"a]ySis -

"dEplacement th*lcknesses,were ca'

3

o &potentm‘l&ﬁ]ow and Wi‘fc'ous ﬂowresults are matchﬂ by a0 1te-ra five. B

- Cebem and Sini th [23]\~h1ch utilizes Thwa1tes ‘[24) method for cé]c
- the lammar boundary ]ayer and Head‘!l?method in the tu(bu ent ' °

i
?rooess w‘mch converges onéhe equ”alent a1rfo1& s'ectwp wﬁic‘h shou1d
. . .. [ - A '
oxineld the“l’axpemmenta] pressuﬁ'e d1str1but@" SO ﬁ . ;" '

L

T A»mmxlaﬁjteratwe process has been u?e'? by Seebo'hm and Newmann. | ‘.

A I

[18] The boundag '1~ayer ca]x:ujations in this fol]owed the method
uaa‘ting A

k4
e

e

ub&undary The abnity of the boundavry 1a5'er calcu'la ions to pre—

d1ct the i 1‘sp1acement thlckn\ess correctly is. cruclaﬂ to a11 such matching

most accurate for boundary layer calcd’latwns they consume large amounts
-of compu;mg/t’/ For economlc reasons 1ntegra'l methods of boundary

}ayer analys1s are genera]ly used o ST _ ~

v

In the case of mu1t1-component sect1ons the wakes from upstream ’

_ components can mer'ge wi th the boundary layers on downstream components

: .Although the methed of . Stevens. ‘Goradia and Braden [15] can hand'le this

o
conf1uent boundary layer problem. 1t is not s1mp]e to apply This~

-

R 4
oy ﬂ
-

"";‘procedures lv(hﬂe differenua] methods are gener ly"regarded ;sw thb\{ o
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conf]uence can have a conside‘réble !ffect on the‘anrfoﬂ perfOrmance and

.1gnoring 1t nstmcts the. vahdity of a, v1scou3 ﬂow method to single

9

separated componws

«

The viscous flow of" pr1mary on".rn here is that for a s1ngle
'component sectﬁon and confluent boundary layer methods w111 not be used
Recent deve’lopments in boundary 1ayer ana]ysis pervmt the accurate cal-
.culatwn of the charactemstms of the boundary layers on airfoﬂ sectwns

" _When comlgned m”t!r the rehable potent1a1 flow ana1ys1s of Chapter II an Q

TN

. ﬁp , -
accurate vtscous Flow. analysi-s method should resuit 4 o . f
., ‘ . .\ . 5 o . . 'J : ‘ lé
4.2 ‘$Oundary Layer‘ Analys1s . 't‘" FOi R AP
. B f& . - ,w%t{’ .
- cﬂn steady. 'two d1men£bna1 in\:dﬂmdsswle, 1sdtherma1 fh?- o
“the boundary layer equations reduce to ‘ _ ’,. S .l ‘
g o~ ": N " i - P :*'f‘\ - ‘,“' ) l. :.“;n' _'..‘.- ' ' | { .
RN SRS TR I <) 4
K Ay $ .~ U Lo . R . - - . P
d -.:v..bli‘h:-‘:-‘ ,v v . '. : dU ]g'd. _u'.ﬁ"q “J , R . ..‘ ‘ P . b.‘
1 ~~'“ u -3u vty _g.‘;TJ s U == dx + E _3_5_ . L - (24) L
R -, A o §:
The fioundary conditions on these equations are,’ ’ )
L .o . :

L 'U(x"O))" = vlx0) = 0, ulx,=) = JJ(X)-' . I
.'zjm‘n'-". ' . ~ | -
RS D1fferent1a1 methods\iou'ld be used to sp1ve these eq&uataons LT~

. . - .
‘ 'Vfor the boundary ldyer ve]oc1€y profl]es at eéch X stat1on .on the a1rfoi1 s

'surface The use of 1% methods removes the need to calcu‘rate these ;‘»

~As mtegra] i . i T

"

profﬂes ‘and consequently*they 1nvone much less work.

'methods have a]so been proven to be fairly accurate 1t was demded to use .

3

one in this analysis. .The particular method must be able to pred1ct - -

accuratg]y the boundaryhlayer p}arannete'rs i n bo.th~ lammar and turbu]ent flow ’\
) - - ‘.' ' N
AL .
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and Khne [26] provides 'a ratmg of Vamous methods in turbulent flow.
There is Htt]e d1fference between the- best methods and consequent]y a ;‘.
’ method which Mends easi'ly with the 1am1nar ca]cu]ations can be chosen. |

A method’ whxch 1s readﬂy programab]e and has been successful in predict-

~

| ’ 1ng a1q‘011 boundary layers i a]so des1rab1e
“ * The boundary layer ana1ys1s me'ihods chosen were those of o

Epp]er {27] in the 1am1nar regfﬁ! and Felsch, Geropp and walz (28] in
* %

“ the turbulent regmn Th1s scheme has been used by Mﬂey [29] and has
. proven accdrate 1n t%sts on a1rfoﬂ sectwns ~ These methods involve ) ‘

’ ‘f-"* the 1ntegrat1on of both the momentum mtegral equation and the mechamcal
; | e LT ,
e : To,,arrwe at‘hgse e“moa; -the: d1sp1acement th1ckness, 6*'.,

v momentum th*lcknfss, -B,. and energy tminer\s,gg**, ar’e def.uwd as. ‘ 3

.

,nergy 1ntegra] equatwn

=S %»(1-%}}@ - o . 25

o g { u ((ﬂ (U) ydy R i S

U
’.Q - l/,\ , .
The skm fr1ct1on coefﬁ ient, Cf, and d1ss1pat1on 1ntegra] C are

.defmed by. ot T o ) iR

——amam e i el e 4 man w P -i. 1 - s o -
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.’ corr‘éb‘gﬁmof Fels _

o

Usmg the assumptlon that the” lammar bounda*ry layer veloci&

prof1les form a one parameter famﬂy Epp1er [27] provides the corre1at10ns

for H Cf. Cd 1n terms of H¥* and Re.e, the Reyno]ds number based on the -

momentum thickness These are provided in an analyt1c fom&l\hmh '
’ ] S .

a]]ows for easy: compgatmn - e — / .

FAREE

1coH and Escud1er [30]

this has been superseded by thath/Felsct\ ropp and Ha]z [28] Th1s
method uses the shape factor corre]atwn of

the slqn fmctmn corre]atwn of Fel seh -‘[31] and the d1ss1pat10n 1nte/9]
| [31] : Thfsq\lse sprrelatwn,, wh1ch was originally

pressed as a seri,es of equatwns by. Felsch, .

Geropp and Ha)z [28] wh1 h makes it su1tab1e for computers _This d'issi-

‘ f

»

.
s

} oS whﬂe Eppld prov1ded his own turbulent bourg,dar,y iayer Anéﬂysis L

.- 3
>, . - . ' ‘
3/ , N pet 73
..The shape factor H and H* are defined by, .. - .~ @ *
. “w ’ ’ = 6* R . ' “.5'. ' ' -
._.". L 93 '  w . -
I n ) ‘ R ) ‘ g . .
.o . . H* - _6__' ) . . (2 . . A
: 9 1 . : -
‘ " . ‘~
By mmlpulatmg the boundary 1ayer equat1ons mand (24) and o
» :
. emp]oying the def1n1t1ons (25) to (27) the ;ni.tegral equatlons of the w'
*: . v . ) AN
boundary 1ayer are obtamed as, : : *A SRR L N : .
" “ , « s
T T (28)° -
S -
&, and e .
..’“-;' ‘s ::: .. " e
.‘. [ v.‘a- (29)‘ .
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boundary layer The shear stress distmbution therefore depends not.

\‘)f) .

on!y on the mean velocity dﬁtrtbution but also on upstream effects.

~«'It s tms propgrby which a'llo%f this. method to: rank among ‘the best - L,

ava]]ab]e - L ° :'_’ .

: .~“_ + The dit‘?érentia] equatwns (28) and (29) are ‘integrated _ s‘rmul-

v, taneoUs]y by second orderJﬂu‘ggE-‘Kut‘tﬂt}%fh"‘quw and for this procedure

,h‘

pler [27] has supplied stabﬂity critena It“t.hese criteria are not

meqthe stepsuea AX, ‘i"s cut in haW and the antegratagnfepeated. It ¢
lhasabgefn found that, foh the awfoﬂ‘ sect‘Forfs testeﬁ the 1argest s,,tep- 3

A
' ~size wh1ch provides s fﬂici.entl aqcurate 'requts 3 0 52 o.f,ﬁ;:hord ' o
S ¥ t v

cgfqé‘ N k6 “
The schgme‘us,, 1pea.l fOI’q complﬂ:ers as the correla,tiqns are
J"

' '.—f'.wr1ttan anp@ica'l fy,t.mdgfme same eqda:.ions are sowed by ‘the same .

i g e N Q
technique in both Eam‘l‘nat and;urbu]ént»flom 4 &he rngtpod“-has been wélr

. documented b’ﬁ}ﬂle& ‘[29], however t‘here are some unfortunate typmg

" cnrre1at10ns to deterifihe the correct fomulas é, i

* ,ﬂnd ‘ )r! ‘.._Q

| errors in both Mﬂey- [29] and"}'g,sch Geropp and wa']z [28] Before :
app]ymg the method ih was necessary to’ return to the s0u§ce of the .

R L T » d TR R -

N
Lk

,/The boundar,y layers deve'lop from the stagnatmn pomt near
the leadmg edge of the airfoﬂ ?ection ~ The 1n1t1a1 values for (28) and
(29), from the stagnaﬁ’bon point flow ve]ocity distrlbutions [34], are |

_ _ ‘ g IS
eo = 0292(Red”“,, T (30) L,

N
y

{y - J-o 475 (Re ST 1’(31')

\ .

. "The lammar flow ana1y51s can. proceed from that point to the pofnt of

-thansitwn to. turbulent flow. ‘
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Severa] d’iteria ex1st for pred1ct1ng this trans1t1on point

M1chels method [32] emp!oys an empirigal relat1on between Re and Re at

- transit1on Sm1th [32] shows that stabi]ity theory exp1a1ns the

.t° 1mPl"Ove the corre]at1on at lower Reyno]ds numbers In this region *’

d1fferences Jn trans1t1on locat1on we

‘ysed.

. ’,
0 t d imated this th thi a,
correlation an approximat with é‘mul .
Ree = ‘1«.174 Re 046 o L (32)
, Cebec1 Mo?1nskis and Sm]ﬁh‘£33] Yﬁter updated this formula to. ‘_ | N
vl&l ~ : - d e N v
' 0 46 . ~ R
Rey - FH (4 _Zi%_) Re, . C(33).

P\

(33) agrees well w;th.thA formula of Nh1te‘[34]
. s i‘i§ ‘

. g ; .
\ - L e T ey
. o

~;‘,§~ . M1]ey [29] has Shown that M1chels criterion is not dwst1nquish-

ﬂ '

able from the Sch]1cht1ng. U]r1ch. Granv1]1e [35] cr1ter1on used by

' Stevens, Gorad1a and~B§QQen [15] " As Mileyvpo1nts out Mlchels'data -

was Obt;:jfd in wind tunnel exper1ments Eppler s [27] cr1ter1on,

which w, based on free flight data§@;§elds Iater trans1t1on than other av:.-

. _
negl1gab1e and equat1on (34) was .

methods\‘“'ln pract1ce it wasﬁfzund, §§§ the test cases exam1ned that
r

sty
% vk

- v = .
. . N

~ The above methods were conoerned with transition due to the
growth/of 1nstab111t1es 1n the attached ?%m1nar boundary layer. Another
mechan1sm whlch can Tead- to trans1t1on in a1rfo11 boundary layers is that

of laminar separatlon This phenomenon can lead to comp]ete breakdownv

. of the flow qver the’ sect\pn 1f the boundary 1ayer fails to reattach to

- l

B the surface.» Lamlnar sépaﬁttion 1s therefore a very 1mportant parameter.

I 2

R ! — ~>.7 . . ‘_l"“ . . . i3 -_ . ..., A '.;“ - e ! ] : L,, . ‘ B . L
. . : . 2 ." P . '- ) . - L e,

- C ERN v *
' o CLoeater <~ ~-w-4* 7.. :
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E-In the. 11ght of. severa] exact so]ut1ons Curle and Skan [36] modified the

laminar Separat1on cr1terion of Thwaltes to read
o el 99 (35)
at separatlon By plotting tthe walues of Hand o at separation'fEOm"

var1ous exact so]ut1ons L1u and Sandborn. [37] showed that suth a unf e
Ty

| va]ue is 1nadequatg/ The values of H and o at separat1on for the. exact

solutions given by Tani [38] and Liu and Sandbornv[37] are reo]otted on

Figure 21. These solutions can be correlatéd approximately by#
SRt 2 )
’ § ] o Lo .
- H o= 3.2e79943.9.,570.07 < 0 < 0.36. . ()

»

" This expression is used as the criterion for laminar separation. As

L.

. .Epplers' [24] correlations are derived from a one %Erameter family; of

’,upiofile,'the boundary layer ca]cu1ations;ha9e thejr_own'unique separation -

ckiterion.  This happens to be that of Hartnées' phofi]e which.hés an

H of 4.03 at -separation. Th1s va]ue Jis used for s <0. 07

\»"

- Afte? separat1on the. f1oﬁ-n;?”¥eattach as a turbu]ent\boundary 7‘.'®
- layer. . If the reattachment po1nt 1s far. downstream of fhe seaarat1on
: po1nt the long bubble thag forms, can have a cons1derab]e effect on the :

‘pressure d1str1but1on arouhd the sect1on " Owén and K]anfer [39] Show

( s 3

thatfﬂhere 1s a cr1t1cal Reyno]ds number, Re 5 at separat1pn below

»

which the trans1t1on and hence the reattachment process 1st\onsiderab1y

‘delayed g1ving Iong bubb]es They suggest that the cr1t1ca1 va]ue of

ﬁfc* at separat1on is in the region 400-500 The present analys1s uses -

450 v Gaster [40] shows that the pressune grad1ent over the 1ength of

) the bubb]e also 1nf1uences the structure of the bubble However there
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'ana]ysis._ - _‘ ' S

) are pred1cted the boundary 1ayer ca]culaﬁm shoula mghtfu]]y be term-

B both o and s+, o This d}-ffé@fro‘m Mﬂey . S0k

6 and &% constant " The method used here ISu-S_ TS Bhécts the |

- T ". K 3 » ' | 78
H . ‘ ‘ '

still remains the probTem of determmng the buﬁﬂe length. ~Horton [41]

provides some ass1stance in calcu]atjng the 1engths of bubbles however,

_ agreement between theory and exper1ment is not good enough for airfoll.

Regardless of the typé’ of bubble prediéﬁed Tong or short, the

effect is presumed to be the same in each‘case. Transition to turbulent
)

,flow 1s assumed to occur at the separation pomt Nhen very ilong bubbles

Lt
inated. Th1s is not done as 1ong bubbles 1’:1 ohe- ana'lys1s may be‘cane

short. .due to changes in the pressure d1str1$caused by the viscous

correchons At transition it is assumed-

there 1s cont1nu1ty in

fact that 6* drops cons1derab1y at trans1tion ,1;*'

1 | f The turbu]ent boundary 1ayer ana]ys1s can proceed up to “the,

o 2t
traﬂmg edge of thé sect1on, or to the pomt of,turbm separatlon ‘f’
Nany criteria have been proposed for turbu]engsepar‘dtmn and frequentw

’ separatwn is pred1c;ed fon a particular value of H. . Chang [42] has

Ay

nev1ewed many of these techmques.and;note@as he theoretwca] va'lues ‘_

&
of H at separat1on range from 1.8 to 2.8 s turbu]dnt ana]_ys1s methods

]

¢ S
o

do not guera]‘ly agree exactly on- the boundar_y 1ayer parameters the
criteria. used depeqés to some extent on the ang,lysw method. | ~
Ideaﬂy th separa;wn occurs where the skin frwtwn becomes v

o ?:-!
'(3"7‘)‘; ‘




f Th]S has beenxshown by Cebec1 and S@]th [23] to be adequate for most

- of the.sectron 1s the -Sum of’ the com?onents from each 5urface

X

[y . . -,
- . . ] .
TN, . .
"ol )
1] N :

S 79

s
L]

“at furbulent separation. For airfoil flows at“afReynolds number of 10°

thfs results in separation when H ts apbroXinate]y 2.4. This is within )
the range of va]ues suggested by Chang and also represents, approx1mate1y,
the limit of app]1cab1l1ty o;,Felsch s sk1n friction corre1at1on

| A separat1on cr1ter1on frequent]y used in airfoil analysis is

R
that of Stratford [ua] On some test cases th1s simp11fmed method gave

“separation at va]ues of H rang1ng from 1.7 to 1. 8. Such vajues are
" thought to be too low Sandborn and L1u t44] have shown that there

- exists a reg1on of 1nterm1ttent separat1on prior to comp]ete turbulént v

Kd

rseparatwn In their 1nvest1gat1ons no pro@fes w1th shape .factors a.s .

"low as 1.8 were. encountered at separa;ron They further conclude that

the minimum value of H, at the start of ﬁntéﬁi&ttent separatzon is 2;6

/_‘

The drqg coeff1c1ént of the sect1on is ca]tulated from the semif

;e _
emp1r1ca1 re]at1on of Squ1re & Young [35] The drag coeff1e1 t due‘tf

one surface.is given by -;ﬂ . i
¢y = 26, U (He*5)2 v (38) |

© -y

f‘:

v’a1rfo11 sect1ons . Smith and Cebec1 [45] have cons1dered the use of‘*fi"“ A

‘

other. s1m1]ar relatlons but conc1ude that equat1on (38) 1s as good as'
\

any other and s1mp1er tp app]y | In calcuh:tang the drag coeff1cient

when the flow separates from the surface ahead of the tra1l1ng edge the '
!

- yalues of 8, U and*H at seBarataon are used The tota] drag coeff1c1ent

'S

. . . - . . o
L v . . R i . . P ) ) .

D - tEte jy. ': - v . ‘ c .. ‘\\,;;'

§
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m'4.3;,f- The Equiv&lenf;iﬁffoil»Technique - e
¢ The equwalent alrfm‘l section was obtamed from the actual -
o 'sectwn and the calcu]ated boundary -1ayer d1sp1acement th1cknesses. ,;The
g: . thickness distribution on the’ quwalgnt section was assumed tp be the -

1 . 4

same? as_ that on the actual section. -Sma]l changes*iﬁ thicknes$ cause .

“small changesnn the potentla] flow ve10c1"ty d1str1but1on The

o~

e | cambeir 1ine’ Was however ad’%’f/ed as shown in Figure 22 such that vyt 1ay -
3 2 "',,‘,,;', midwaywween the ca]cu’late.d dfsp]acemeht $urfaces © The -airfoil surw

. 2“' e
- ;,:‘ ”faces were therefqrg moved \aertlcaﬂy ‘by a d1stance S . ) .
.) ‘$ N R ) . .' : . .. « . .t . o . ; .,
cr L ; .,U‘,u, e "3 ‘/,/ .
’ . x _aF ox e R AR : ’
. ;- : (Gu S 6 )/2' ' v "'..‘ , ‘ . l .

y . . [ . : B .,

1 4

. . . . - Oy 4 . , R
. - L] - . .
o ' R : 6* S
LA . .o . — . . oy .
T D S : . E ; E
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Ve The eqthvalent awfoh techn1que rehed therefore on the

prediction of the d1sp1acement th1cknesses. JIn a "egwn of tt)rbulent

separated f]ow no adequate method for ca1cu1at1ng the d1sp1acement th'ick-

‘nesses ex1sts. Tﬂhe displacement thickness, wae then&)r‘e assumgd to grow
. tinearly from the separation point at the rate. at which 1’t\'v;as growing

t“that point. Th1s ‘s an approxmate method and can orﬂy be expected

to be suff1c1ent1y accurate when the separatmn pomt is close to the

traihng edgs - ' ; ' " e :-’j ’. -,v“

. i, - 8

Calcu'la;) d values of 6* show some 1rregula%t1es especially at

Ntrahs1t1on. ﬁese 1rre~gular1t1es cou]d‘“cause changes 1n the ca]culated 5
: a 1

' pres§ure dlstmbutwn wh1ch ,would have been smoothqd over’ in the rea]

flow. . The calcuTated surface d‘lsplacements were: ther,efore smoothed to ; *@

. | 3 .
' . 'provade %reahsuc equ1va1ent airfoil sﬁ*tion. M n

- . Co.

3 ; The vrteratwe procedure which was perfomed to converg%n the "‘
The d\mterf‘on

—_—

e;quwa]ent a1rfo11 sect1on 1s 11]ustrated in F’1guJ'e 23
ivas t.hat the m‘t

—

for convergence oman equwalent alrféﬂ sect1on

ecoeff1c1ent has converged to’ mtﬁm 0 OQS and the cfrag coeff1c1e]nt to- =

A thhm 0. 0001’ The use of smoothlng had the effect that 1t'stébﬂ1zes S

N
~ A

2 —\the 1terat1ye procedure. cOnver,genpe on a §olut1on was gener Hy

o obtaaned w1th1n 5 1terqt1ons. R

I'd

. v ;2
. & . . e
- - . . N

>
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4 .

Input actual airfoil sectdon,

Reynolds No. & a.

v

Analyse section in potential

. ‘ v
r flow. Calculate C & Cyo.
I Analyse boundary.layers.

Calculate 6*'s & CD.

AT R

Have CL and CD converged in

two consecutive iterations ? .@

Calculate smooth displacement

I ] effects to actual section.

i .
I ‘ C e
. . .

Construct equivalent airfoil

section and repeat.

Output viscous flow solution

and stop.’

FIGURE 23 - FLOWCHART OF VISCOUS FLOW.PROCEDURE

>
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4.4 Results R X
. L . . L&
The capabilities of the boundary Tayer analysis method were
assessed by application to test cases where the bouhdary layer character-
isticsswere available fn_the 11terature. Tests of this integral method on
the flow over a circular cylinder gave good agree@ent withzschoenauerfs

Rumerical. solution of the differential, laminar boundary layér edquations as

reported by Schlichting fés]. .The laminar sepa ation triteriop (36) pre-

. /\dicted separation at 105° whieh compares well *Schoenauer'-s prediction
of 104.50. - The:"Newman Airfoil F]ow" given by Kline [26] was used to test
the tgrbuient‘f]ow computations. Again there was gobd agreement with the
‘experimental values. S1nce the detailed boundary layer calcu]ations were L

reliable the viscous flow ana]ysxs method was tested on soﬁe known airfoil

L3

“sections. ' < R A '_; -
T The data of Raspet and Gyorgyfalvy [46] on the "?hdenix" wihg ¥

section provide an exce]lent test of th1s calculation method. The data
. were obta1ned in free flight tests of the Phoenix sallplane and tonse- :

quently the Reynolds number, based on test section chord, varied W1th
~ ¥
the l1ift coeff1c1ent according to the formula .'\ .
Vi

A

Re. = 1.19 x 105 (c, )."’. - (39)""

The input data to the analysis was the, glven set of airfoil co-
(e

brd1nates awd equatton (39), the 1ift coefficient belng the‘value from.the
. potential’ flow calcu]ation.- No ané]e of'éttack‘information was diven

’hy Raspet and Gyorgy?alry S0 ang]es from -7° to 8°'were tested‘at apperi-‘

mate]y.one degree'intervals- The resu]t1ng profile drag polar is g1ven :
in Figure 24 together w1th the exper1menta1 results. In the low

o

Qrag range the agreement between theory and experiment is excellent

~
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.dhowing’ﬁhe two low drag regions. found in the expgrtments:' At higher:
11ft cqggfic1ents the theoretica1 drag coeff1c1ent 1s up to 40% 10wer
e

Kd than the expermental ltsultsr Thet'eason for this discrepancy can be, 1

' T seen 1n Figure 25. f : //"r-—. }; | o

40‘. [
__. _Here. the_locations of 1am1nar separatioh2 transition and

t_separation,are shown. ACQording to the experimental data, at‘

fcients greater than 1.2 separat{on occurs ahead:of,qoz of -
chord. At these 11ft coeftictents e theoretical results predictqw"
' pRe a(’, separation at approximate1y 95% of chord. At higher gng]es at“attack
‘ the theoret1ca1 results cannot be expected to yield accu?pte so]utions
due to the approxﬁmate mode111ng of the separated region.
The pos1t1on of transition 1stredicted ‘well by the viscous ..
f]om analysis. In gendral trans1tlon was brought about theoretically
.. byeshort laminar separation bubbles. In the exper1ments only a small
section of the upper surface;‘betWeen 1ifttCOefficients of 0.17'and 0.6,
is spec1f1ca11y mentioned as having a 1am1nar separation bubble. "“}he',
,exper1menta1 results were obta1ned from boundary layer prof11es taken at
approx1mate1y 10% of Chord intervals and, from flow v1sual1sat1ons using '
tufts. ; Such methods could have detected the transit1on but perhaps not . g

- the short bubb]e wh1ch caused it : _ ° &

v e

Some details of boundary 1ayer measurements at specific 1ift i
T coeffic1ents were also provided by Raspet and Gyorgyfalvy -[46]. ,fComr
o parisons betWeen the thebrética]jand experimental results for two lift.
coeff1c1ents are prov1ded in F1gure 26. tThe measured Values of
momentum th1ckness agree well with the theory for 311 cases. The'agree-
mentifor the shape_factor,fL1s good in the turbu]ent region but less

satisfactory‘in the ]aminar region. The difficulties of measuring the



of (4 6] . - ’ --*0— Boundary Layer Transition
' v --Q- Turbulont Sopa(ation
- 18 \S LS T T | B T . -
\ ..‘0. . ‘Q. TUGb ' 8 E
L.G \ . i . \‘l\ ' Sepn
v‘\ . | '
| lupper “
Surface
) {
‘ . 1 -
. ( . X ' . o‘ .
: : JPtle Unstable S
04k v : 3 Ltom. 3
S ;o Laminar 4 ° '
. \““ :. sepn i .
o 0 ' DR S T RNRS NN W ] '
0 02 04 1.0 k
1.8 T T —- 1 : '/‘- :
a |.6 [ l. ‘ ‘ . -
1 Stable .
~ (\ Lominar e '
) 3
‘CL - " Unstable Lower ‘
( 1 R Lominar Surface = ! .
08 - L ‘
‘04 | |
2 e h @
. 0 1,.. P S 1l I N N
‘. 0 5&2 0.4 0.6 0.8 1.0
, X/C ' l
} - 1 v
FIGURE 25_ - PHOENIX WING, BOUNDARY LAYER DEVELOPMENT 3

: ILobeled Areos are

.

e

Experimental Observanons

N 86
.-Theoreﬁcol R\esults R
| —a— LGminor Separation ~ -

/



. 40 -

20 |

T e gy
' - %
" i C o L
. o . o 8 A
RS o L .
4 ) S S
‘ N N - n' . o
‘ | : ¥
- v
A,
. ‘ ‘ ’
Y % !
Upper Surface .
'.. ,’ “ . . L ‘ k . . ~
C{ - Theoretical Experimental '
B Results Data [46] T
“ 114 . (n I N
N I R * /
/0.28 2 e

) - - »
FIGURE 26 (a) - PHOENIX WING, 'BOUNDARY LAYER PARAMETERS . g

A © e



50

: 30
¥ |
I

2.0
1.0

-

~ Qv‘ o~
y
1
LN Lo

v

,"’4_
4 N a

Lower Surface

- Y=x103.

Experimentdl
Data [46)

=~ FIGURE 26 {b) -

CONCLUDED




o )
[ - . .
: A
. | . .

. | EEE 89
u [ Yol

thin laminar boundary layers could' cause 18rge errors in determining H. '
This is supported by the fact that thé experimental data on the upper '
surface at CL = 0 28 shows values of H greater than 3. This is a° region‘
of favourable pressure gradient andﬁby boundary Tayer theory,shape factors
of greater than 2.6 1d not be expected. In regions where 6* (=He)
isglarge_it“has'a e;;:Zspondingly large effect on the equivalent airfOil
toA section.° The boundary layer calculations therefore prov1de the most o
accurate values when they are'required the‘most. '
: The above case provided a, detailed test of the boundary—layer
~ calculations on a section at a given lift coeffiCient ‘ However the
data :ld not prov1de a teést of the ability of the equivalent airfoil
technique to correcﬁgy predict the 1ift coeffiCient at any given angle
of attack To test this the data obtained by Loftin and Smith [47] on
some NACA airfOil sections was used. Comparisons between theoretical
and experimental lift coefficients for.a NACA 64]‘- 012 section at,
Reynolds numbers of 9 X l06 and 0.7 x 106 are given in Figure 27 The ;
theoretical results shown are those for which turbulent separation is
* confined ‘to the final {0% of chord. | »
"The theoretical results agree well Wlth the!experimental
values and show clearly the effects of the flu1d Visc051ty on lift.
- The agreement is certainly better at the higher Reynolds number where
the viscous effects are weaker . The thicker boundary layers which
develop at lower Reynolds n%nbers cause larger Viscous corrections

This affects the calculation method as the computations converged slower .

at the lower Reynolds numbers " due to the larger changes which must be

T ——— e S

"

‘made to the equ1valent airfOil section Typically 4 iterations were

, required at the higher Reynolds number and 6 at the lower

-
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Theoretical and,experimental drag coefficients are compared in

- Fighre 28. The 4greement at the higher Reynolds pumber*ds arkable

as, at high lift coefficients, up to 10% of the section expe;EEnced
turbulent separation At the lower Reyno1ds numbe /thég;rag?ﬂs predicf_d"/
well at ‘the Tower angTles of attack ‘At}i thsjf;k‘
NJaminar bucket at a 11ft coefficient o\‘ﬁ"%’; )

thi ang]e of attack ‘the tran&ﬁrtaﬁprjnt ;?W

PRSI W
\
i

\

\

due” to the formation of a 1am1nar s
At higher angles of attack thé%urag,
- Clearly the formatton of a leading edge bubble resu]ts in a turbulent

boundary 1ayer whose characteristics are not adequately model]ed by

th1s method. - ' o ot . - - .

Recent1y some experimenta] results on a modef of an. Fx-61™-163 §

zairfo11 section were obtalned by Mr G KISS in the Un1versﬁty of A]berta
ulow turbulence wind tunnel. In trying to dup11cpte these results using
¥ .. the given co-ordihates very, poor resu]ts were obtained, and on measur1ng ;
the’co-ordinates of the section it was found that\there‘were errors in,

the profi1e shape" Near the’ tra111ng edge the model was too th1ck and

K -

,d1d not have the correct camber 11ne The modelrco ord1nates were

therefore used in a v1scous ana]ysis and a comparison between the theoret-
. "1ca1 and exper1menta1 resu]ts 1s g1ven in thure 29 .;, L
& » '
» U51ng the correct co- ord1nates there 1s good agreement ‘between

-

11ft coeftﬁclents .up to the sta111ng angTe In general the theoret1cal
drag coeff1c1ents afe 1ower than those found eiber1menta41y In th1s

case agreement 1s poorest at ]ow drag coeff1c1ents although the accuraty '
of the results isqquite adequate - : . ) ." - . <:
~J, _ - -
"' kL ‘. 4

a . L
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. mi 'I‘he fx-u 163 sectian modebf exhibnw.ymr separotion bubbles 4 -
h on botr; surfaces ovet most of its useful range “the t;st Reynolthumber

\ ﬂ
i @f 0, 9 X" TO5 The bubbles are of varying length and their 1ocation is rot
{ . ,‘}ﬂxed Th]}«section there'forewovides a goed tes\t of % laminy .
——y _sepamfiopmﬂmum ,,,,,,,, T he_location_md;lengths_nf_these_bu.bbjes_mjzm_ .
b ' ? . . C . et W ¥
predicted looqtion of laminar separatfon are presented 1n Figure. 30 On o

itl',

- the upp!r surface the pred'lcted location of Mnﬁnar sepa\suon 1s gene
ahy a ;hbrt distanc&ahead of that found. experimentall_y The largesf * g
. érror 1n locatioh was 10%-of chord when the section angle gf ﬁtaﬁck was®

L 4

v 6°.'" On the lower surface a}most perfect agreement was found No Tbnd

- n bubbles wera...predicted and the exper”i‘me 3 indicate that ndne were logger ‘
% ‘

r lthan 5% of, ohord The 1nf1uence ofé _,hese bubb1es on the pressure distrin:.-w

.

‘ v 4bution is )ﬁerefore expected tei bﬂ smﬂ ‘ ' I 7

_ S
- o " The calculations were terminated at 8° as further incr‘eases 1n

r

. . _ang]e of attack caused the turbulent separation point to move rap'idly

upstream. Turbulent separation is nqt easy to detect mth the ﬂow ,

7

: .v15uaHsation technique used. The results mwever 1nd1cate thot rthe s a<

' point of turbulent separatwn can be predu:ted, up to the stall, to s .- p

s ,_3 S B ‘-
* .0 & wWithin a few per cent of chord.

‘ Presure distmbutions for thls sectxon were a1so taken andf" pl, R '
two theoretlcaI and experimental dvstrwbuttons are given. in ~Eigure 31 i s
e . E

These are for the 0 and 6° ang'le off attack cases 1 \s ,not‘%ceﬂ‘b]ef

‘ - that, while there is in gngal good agreement, the differences begween, .
L ‘ the theory arid experiment are most pronounced ion_the upper sur@ce n‘:ar)
~ the 1am1nar€eparation 1ocat10n A poss1ble explanatlon for thf-s i?ﬁ e
\-‘ .that the ‘laminar separatwn bu‘bb'le could be affectu;g the preﬂ's/:ure "
- distribution in this area. As the d1sp1cement' effects ogibubb'l__es' ar\e L
. ' : e ] |
’ 0, : . ‘ . . .
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not known ddequetely this could not be model led 1n‘the viscous flow
'aha1y;is,f Alternatively the model co-ordinates hay not have been deter-
mined to/ag adequéte'accurac}. As the section was\mahufactured from tw
compOnents, the shape of the mode T eeuld be altered if these were not
held f\rm]y enough together In either case the differences between the
measured and theoretical pressure distributions are small.

. \
4.5 Conclusion ?
v L .
The boundary layer analysis combing the laminar calculations

of Eppler and the tuxbulent calculations of Felsch, Geropp and Walz agree

e

we11‘with expefimenta1 resuf?s for the cases tested. The lotations qE?
the p01nts of transition, ]am1nar separat1on and turbulent separatIon are
adequate]y predicted by th1s method. |

In applying the: boundary,]ayer resu]ts to the equ1va1ent air-
foil geehniqge a method of viscous flow analysis was obtained. Using
this.:good'agreement was achieved between theoreticel‘results and\exberi-
menta]hheéu]ts on airfoil.sections; ' |

The theoretical results were found to be most reliable when
less than 5% of the section showed turbulent separation. Beyond thatz/

-

point this equivalent airfoil technjque is hot valid. The.results were
feund to‘agree best wigh;experiments at high Reynd]ds number where the
viscous effeets'are the smallest. ‘While.the dreg coefficiehﬁ§’éou1d not
be predicted as accurately as the lift coefficiehts, the accuracy'is A '
_adequate for most airfoil analyses.

The viscous f1ow anaiysfs cen therefore be used to adeqhately

. predict the actual properties of an airfoil section in a real flow.

Strictly one can only expect accurate prediction for airfoil sections of
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the type tested and in the Reynolds number range tested. There must

therefore always remain the ppssibi]ity that airfoil sections\of a

' Al

radically different type may not give as‘éécurate results aS'wépe

. observed in these tést cases. / e \
| Vo



' GHAPTER V

HIGH LIFT' VELOCITY DISTRIBUTJONS
N ‘ !
)

5.1 Introduct1on

It was demonstrated in Chapter ITI ﬁhat an airfo11 section can -

be des1gned when the surface velocity d1str1but1on about the\section is

given.. Th1s velocity distribution determines the aerodynam1c character- )
! o }

istics of the section. Therefore, to obtain a section which posesses
specific characteristics’the aerodynamicist has to determing the surfate ‘
ve]oc1ty dwstr1but1on wh1ch will produce them ‘Whole fam111es of
velocity. distr1bu¢1ons can be systemat1ca11y exam1ned to determ1ne wh1ch
. one y1e1d$ a desired property in an alrfo11 section. The resu1t1ng_.
distribution can then be used in the design of. an‘aihfpil sectibn.v

! One property'which may'be'of;QSe‘in severa]‘dff}erent situ~
ations is large rear 1oading‘qf the;eection. In such ;Ections the
velocities qn;the upper gnhface are subetantia11& higher than thoae on:

the lower surface near the trailing edge. A compariaon‘between sections

| with and w1thouq rear loading can be made from Figure 13 . There the

' deswgned section showed con51derab1e reé} ]oad1ng while the basi c\sect1on _

N

N

did not.

_Desig ers of high 1ift air?oils4have not fully considered .
the usejof largé rear-loadings. ~Thjs is ndt compietely sukprising-as

surface singularity design.methods apply the equal velocity,

~_
,\»\.

. ]
o

no~10ad{ Kitta condition. Conéeqdent]y sectfons were desjgned_to satisfy‘#

this no oad eondition. With the introductjon'of the traiﬁing point
Kutta condition the designer is able to investigate the design of sections

_with large rear']eadings. 99

5
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The app]ication nf rear loading to airfoil sections is of

1nterest mainly in’ the generation of high 1ift sections. Another area
.of use 15 in the deve]opment of h1gh speed; sect1ons where a more equit-“'
able 1oad1ng of the section permlts a reduct1on in:the maximum velqcity
over the.sect1on. Th1s a]]ows such sect1ons to travel faster than’ current )
sections before encounter1ng the problems of&gbnpreesible f]on. The
analytical too]sfdeveloned here dnd the.experimental_equinment avéilab]e
however 1imjt’this investigation to 1nconpressib1e flow problems. Hence
the ingestigétion of veldcity distributions which produce_highflnft co-
"efficients L 1 | |
" The opt1m1zatﬂon of the ve]oc1ty d1str1but1on on a s1ng1e com-'

f

‘ponent sect1on for max1mum'¢1ft coeff1c1ent was 1nvest1géted by Liebeck '
.and Ormsbee [1] -This norh w:s 1ater{expanded to two components by
- IChen . [3] o Ine both cases it was known that 1ncreas1ng the up;er surface
veldcity at the tra111ng edge wou ld resu]t in h1gher Tift coeffic1ents
The des1gn techn1que used by Ormsbee and L1ebeck (1] forced them to use
a ve]oc1ty of approx1mate1y 0. 9 U and d1d not perm1t rear loading on
the sect1on Chen [3] used'thevalue‘U°° for convenience and did achieve
some rear 1oad1ng The‘advantageS»of rearlloeding were ceﬂled into
_ quest1on by L1ebeck [48] when h1s section performed we]] 1n experimenta]
tests while Chen's section failed to y1e1d its des1gned l1ft coefficﬁnt [49].
Chen [49] however b]amed this fa11ure on separatlon of the w1nd tunnel |
wall boundany layer at the junctioh w1th the mode]l.

Nortmann [SO] has des1gned h1gh 11ft sections for which the
' potentia],flow shows some.rear.]oadrng. He has ‘also developed a-method'
of contro]ljng the point of traneition on the sectibn.ghus penmitting}fhe fi :
design.of.setffens which_operafefwell in praetice; .rBy combining this

v



Chapter IIf a pract1ca1 method of gesigning hﬂgh 11f

' vascous flow. ana1y51s of ghapter I@

EER o ' f
o with the opt1mbm so]ut1ons for max1;Lm 1$ft and tHb\des1gn techn1que of
|

sections can be
deve]oped The Sectlons sd des1gned gaﬁ then be Qpalyzed using the
)

Smith [51] has shown that ; there are grea: ga ns in lift avai]-

».able from mu1t1- component sect1ons Bhis isdue larg 1y &o the 1arge

rear toa41ngs deve]oped on fgrward components as can be een 1n F1gure 10.

H0wever, as the viscous flow analysfs 1s not capable of acturate pred1ct—

ion of the propert1es of mu1t1 -component sect1ons on]y s1ng]e component

.sections w111 be cons1dered here o T .\ o

7

5.2. Generationtof Possible Distributions

The optlmpm ve]oc1ty dlstr1but10ns developed’ by L1ebeck and
Ormsbee [1] and Chen [3] are of the same type.: On the upper surface
there is a reg1on pf constant h1gh ve1oc1ty, the{rooftop Th1s is
followed by the Stratford [43], zero skinm friction, pressure necovery

distribution to-the tra111ng‘edge velocity: = On the ]ower surfacefthere

‘s assumed to be stagnat1on pn:ssure,; The cond1t1on of the. boundary

layer at the start of the adverseapQFSSure gradlent p1ays a large part
in determ1n1ng the pressuse recovery d1s!r1but1on as th1n(boundary
1ayers can w1thstand larger pressure grad1ents than th1ck ones.

>

Stratford s turbu]ent separat1on criterion [43] was used by both'
L1ebeck and Ormsbee [1] and Chen [3] to calcu]ate the pressure recovery
d1strrbut1 w-—However when used in the ana]ys1s»of Chapter IV this

cr1ter1dh prééictlﬂ separatlon at va]ues of the shape factor H betweep

1.7 and 1.8.

| .
discovered whefi !

& 1é therefore qu1te conservatwve, as L1ebeck [48]

“ifctlon exceedednjts optimum 1ift coefficient. The
Y . ‘_'< B ) ]

i



/o
assumes_a,ve]ocity distribution of the ‘form:/

Jfoqnd that the;exponent mis adequate]y'given by Wortmann's relation:

o : - L0l
method of Stratford was also found to be awkward to use.
An a]ternative approach to determ1n1ng the veToc1ty d1str1bution
l

‘ !
in the pressure recovery region has beeé given by Wortmann [52]. +He

AN

/

. U ' 1 I ) . ° _m . ) f
= = [1_.+ £ (x-xpr)-] S (40)
o pro , o

. - . . {

Wortmann [52] has'provﬁded the correTations‘forvB and m in terms of‘the
Reynolds numbers‘of the flow which will produce a boundary layer of some

constant‘value_of HT- These cohre]ations were developed before the

“advent oleeTsch Qeropp and Walz's turbulent flow1ana1ysis , They most

‘therefore be «re- examined in the light of this advance in boundary Tayer

{

theory. From tests applied w1th th1s boundary Tayer_techn1que it was

!

f0'074 . - o
oA SO } (M
68 Re0.2 [ .

m o= 0.33 -

' However the values of ¢ which,ﬁ?oyide specific values of the shapeifactor

" H were no Tonger applieable.' To giye values of -H of approximately 1.8 .

-3 6

-3 6

required ¢ = 9.2 x 107 at Re = 10° and ¢ = 8.0 x 107 at Re = 5 x 10°.

Th1s latteT vaTue allows a comparison to be made between

opt1mum veloc1ty distribution obta1ned us1ng Nortmann S d1str1but1on and

the resuTts of Smith [51] us1ng the Stratford d1str1but10n iThe

.compar1son, assumlnp a comp]eteTy Tam1nar rooftop,'1s shown in Figure 32

s

' The resu]ts are aTmost 1dent1caT and’ th1s expTalns the conservat1ve

" results obtained from Stratfords method. The shape factor H of

approximately, 1.8 will not yield zero skin friction and hence is not

the optimum..lehe resuTt§ of Sandborn and Liu [44], and those from the
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L § ' ' o R ‘
boundary layer tests carried out{lﬂ Chapter IV suggest that values of H.

VR : )

"‘.

up to 2 4 may be tolerable..

. Because of the freedom of cho1ce of Hywhich WOrtmann s method -

a]]ows this. method is to be,preferred to Stratford's. This allows one’

.to des1gn pressure recovery reg1ons with any.desired factor of safety.

“+

A des1gn vaTue of 1.8 was chosen here as 1t prov1des a fa1r1y Targe

*
-

-factor of safety.
Y .-+ Liebeck and~0rmsbee [T], Chen [3] and Smith [51] aTT make the - )

assumpt1on that the rooftop is. either compTeteTy turbulent or complete]y
/ -

Tamwnar with tran51t1on at the start ot;}he pressure recovery reg1on. -
The ch01ce of fully turbu]ent f]ow Teads to short rooftops due to the I
rapid growth of the boundary Tayer The choice of the 1am1nar flow

J rooftop g1ves Tonger rootops and h1gher 1ift coeff1cnents but doeés not"

“~

«account for the very real poss1b711ty of trans1t1on pr1or to the pressure

-

recovery region, This’woqu Tead to failure of the.bouddaﬁ!§¢o nemajn *,‘;L‘

"attathed in the subsequent adverse pressure gradient, It, is, however,
N
not necessary to make thTS choice between extreme pess1m1sm and ektreme .

Y

opt1m15m if an adequate undary Tayer anaTys1s is ava11ab1e

.In the comparlson i Figyre 32 a compl eTy laminar rooftop

s

* was assumed as 10 Sm1th S case However th1s flow cannot be realised,

caTcu]at1ons, as trans1t1on takes pTace

IS

: accord1ng to the boundary laye
at 35% of chord The ensu1n turbulent boundary Tayer re uTts in
rap1d1y 1ncreas1ng vaTues of/e from th1s po1nt downstream ~ The‘result ;

- of - thTS is to 1ncrease the Tength requ1red to make any spec1f1c pressure
recovery. The aTTowabTe ve10c1ty d1str1but1on for th1s ‘rooftop veToc1ty :
is also pTotted in. Figure. 32 By compar1son with the fully Tam1nar

¢

rooftop case the poss1b1e case y1ers e 10wer Tift coef1c1ent

1
. N 4
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.

The procedure adopted here in determining possib]e ve]ocity -

'd1str1but1ons is to calculate the va]ues of ¢.at 1ocat10ns along the

[N

chord assum1nq a 1d0% of chord rooftop distribution. This is done by
the boundary 1ayer calcu]at1on method of Chapter IV and’ 1nc1udes the o

effects of transht1on Usrng‘equat1on (40) the 1ocat1on of the
"1wortmann d1str1but10n wh1ch prov1des the spec1f1ed pnessure recovery,\,‘r

3

fmmrmfmp

l'
“number of, 0" was taken and a value of g of 9.2 x 10 3

As Wortmann po1nts out [50] the abrupt pressure rise at the”

t of the adverse pressure ‘gradient cou]d, 1f the boundary 1ayer was .

t1on [49] shows th1s sharp d1scont1hu1ty Analysis of Ghen' s a1rfo11

turbulent boundary dayer wh1ch began there 1mmed1ate1y separated : Th1s

is thought to/ be the 'main reason for the failure of Chen's a1rfo1l to

‘produce its des1gned 1ift. coeff1ctent i ' . "" ;

\
Iv ~

In the des1gn of a prdctical a1rfo11 section 1t 1s therefore

necessary tQ introduce, as Nortmann d1d an 1nstab111ty grad1ent between

gradient is to locate the transition point on the_upper surface of
: ) . ’ Ll ’ ) ' .

the qection.  Transition could be made to occur due to the natural = -
'growth oRjnstabilities or by the formation of short-laminar separation

bubb]es atter was'chosen'here'as test results "show that the
po1nt of 1am1nar sep at{onfcan be predicted accurate!y by- the boundary
layer analysis. ‘

From.experience 1th short 1am1nar separat10n bubbles at‘

- .] .
Reynolds numbers of approxima 1ygj06 1t is: clear that rare]y are they

r

0 tra111ng edge iS eas1ly determined. A design Reynolds-

1am1nar there cause a ]ong 1am1nar separat1on bubble. .Chen S a1rfo11: B

ng the method of Chapter IV showed that at 1arge ang]es of attack the .

the rooftop-and the turbulent pressure recovery reg1on._‘ The purpose of,(“

‘-



‘from the end of the rooftop The grad1ent for this

_‘enqurance ratio can be determIned

»otra111ng edge ve]oc1ty u

’ ‘ | 106
\ /‘*\ . \

longer'than 5% of chord. The instability" region therefore was made to

be 7% of chord 19ng to prov1de some factor of safety "The velocity in

th1s reg1on decreased 11near1y from the rooftop value ~The ve1ocity

f

grad1ent being that wh1ch produced 1am1nar separat1o<:at about 2% of chord

LY

an be ca]cu]ated

approx1mate]y by us1ng the laminar separatlon cr\ter1on of Curle and
)

Skan [36]. »‘The velocity distribution which'resuits is not -the optimum

from the point of view oflmaxinum 1ift coefficient but it does represent

a more pract1ca1 d1str1but10n

4

From the des1gned ve10c1ty drstr1but1on the max i mum poss1b1e

lift coeffwcient can be calcu]ated by 1ntegratton assuming stagnation

.conditions on the lower sUrface The minimum possib]e drag coefficient

“

can be found by performing a boundary layer analysis on the upper surface |

ve]oc1ty distribution. From these tHe maximum poss1b1e glide ratJo and

1

!
For each tra111ng edge ve]ocwty chosen there is a famlly of

' poss1b1e ve]oc1ty d1str1but1ons depend1ng on the rooftop ve]og1ty chosen;g

Only one of these d1str1but1ons is the opt1mumy For\rhe case of a

Ip.

te
given in Figure 33._ As the r00ftop veloc1ty is increased the length of "~
. ’ . 1 . ) . .

= 0.9 u_a fam11y of poss1b1e d1str1but1on is

1aminar'f1ow decreases The thinner boundary layers which then develop

‘requ1re steeper instability grad1ents to cause 1am1nar separation.

The 11ft coeff1c1ents wh1ch were. obta1ned from th1s famlly of'

d1str1but1on are plotted in.Figure 34 - The distribution. wh1ch produces

~ b

, the max1mum Tift coeff1c1ent is obtained whén the rooftop veloc1ty is

1.866 U;. _There'is-however a fairly broad peak to the curve and increas-

ing or dECreasing the rooftop ve1ocity7by d.l,Q; causes less than a 1%

- 1
]

-y
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decyease in 1ift Toefficient. The curve is typical of results obtajned

from ana]y ing cases with various tra111ng edge velocities.

The surface velocity distributions produc’ng the maximum 1ift

[}

e plotted in Figure

coefficients for various trailing edge-ve]oc1t1es
35[ In' each case the optimum rooftop is approximat 1y Jthe same length
and thus the distributions are éppro;imateTy the same when pTotted in.the
canonical form used by Sm1th [511 PThe higher trailing edge velocittes-
aTTow«for h1gher rooftop veTocitles and consequently higher 1ift coeffic-
jents. The rooftop ve]oc1t1es and 1ift coefficients which are obtained
from this analysis are presented 1n Figure 36. The rooftop veToc1ty
var1es T1near]y with the trailing edge velocity while the T]ft coeff1c1ent
curve r1ses even faster. Th1s shows clearly ‘that .the effect of increas-
ing the trailing edge ve]oc1ty is to perm1t greatly increased 11ft

coeff1c1ents However these same higher trailing edge velocities do

_cause nonlinear 1ncreases in the drag coefficient.

5.3.  Design of a High Lift Airfo\l/icction | -
| The above calculated velocity ‘distributions provide high 1ift

‘coefficients in theory. x:ever it is not known whether an a1rfo1T

section exists which can p

=R

uce such velocity distributions. The h1gh

' traiTing edge velocities can be generated on an airfoi] component by

add1ng another proper]y designed component downstream of it. nThié has
been demonstrated both theoret1ca11y and exper1menta11y by Smith [51]
who- terms th1s the "dumping velocity" effect. ) '
It is 6f interest to see if these high trailing edge velocities

can also be achieved on a single component section. The design method

of Chapter III was therefore applied with th¢ requirements of the "

‘/—
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outimum velocity distributions on the'upper'Surface and no requirements
on the 1oweresurfacen The basic sectioh used was the WOrtmann airfoil,
FX-61¥163, as this showed some rear loading in-potentia1 flow. ‘It was
also hoped that‘the‘tavourab]e characteristics of the 1ewer surface of

- this section wdulq_be‘trahsferred to the designed section.

:The desjgh.process preved to he no easy thing and to accomp]ish
it took more than one step. . The freedom of the undersurface to alter
its velocity distributioh attegch iteration results in a prefile whose
Tower surface depends to allaege extent on the design angle of attack.
The on]y practical geometry of section was ach1eved when des1gned at a .
Tow ang]e'of attack. This had the resu]t'that the des1gned section
choru wWas inclined,to the hor{zonta] axis. -’fhis was overcome by rotat—

" ing the designed section until ity chord line was approximately hori-

zontal. The design process.was then compTeted using this’as the'basic

3
|

section. L

[

“In designing the sect1ons it was found that for a tra1]1ng ‘
\ ./\
edge ve10c1ty of 1.2, the ve]oc1t1es near the tra111ng edge were sensi-

- tive to the number of surface e]ements useg There was however Tittle

}

difference between resu]ts us1ng 80 and“]OO surface e]ements These
results suggest that the potent1a1 f]ow method is approach1ng the limits

of accuracy on such a section. Th1s sect1on was therefore cons1dered

N
{

in detail. = ) : S o
'The desighedasectﬁon and its potehtia] flow velocitx’distr?-
bution are showh in Figure -37 at an angle.of attack of 15°. The ce- \;\
ord1nates of the sect1on are given in Tab]e 2. The upber surface | '
e10c1ty d1str1but1on is a]most 1nd1st1nqu1shab1e from the design reQU1re-
ments except near the leading edge and 1nstab111ty gradient. There ¢he

2l
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discontinuities ¥n s]ope.are smoothed out.  There is‘also a sharp drop
in velocity in the viscinity of‘the trailing edge which wiTl cause %
separat1on of the boundary layer thére Such ve]ocity drops occur on
.most sections: when exam1ned in this deta11 and it JP not thought to be a
]pract1ca1 prob]em in the rea] flow. The h1gh ve1OC1t1es on the upper
surface force the lower surface ve10c1t1es to unusua]]y low values thus

g1v1ng the 1arge rear 1oad1ng that was: des1red Stagnat1on pressure

cannot be obta1ned over the 1ength of the lower surface as the opt1mum
!
condition requ1red The genera] form of the 1pwer surface velocity

d1str1but1on owes much.to the FX-61- 163 b551c section used in the design
process. Other basic Sections would have produced different distri- ;

butions. | A]though there‘is the possibility that these could/give greater

1ift coefficients, the poss1b1e ga1ns are smatl.
. The des1gned sect1on was fu]]y tested with the viscous flow

analysis method of Chapter IV to determtne how 1t would perform in"a

real flow At the des1gn cond1t1on of 15 ang]e of attack and a,

Reyno]ds number of 106 the ]1ft coeff1c1ent was 3. 72 and the drag coef-
i
ficient was 0.028.  The upper surface velocity distr1but1on showed. a

}short laminar separat1on bubb]e at 35% of chord The subseque t

-

» turbulent boundary layer had.a valhe of H of 1.84 over most of 1ts

1quth However in the last ]Ob of chord H rose rap1d1y and the -
®
y turbu1dnt boundary layer was pred1cted to separate at 99. g% of chord.

On the 1ower surfaCe the boundary layer exper1enced laminar separat1on.w

o at 63.55% of chord and turbu]ent separatwon at 98% of chord,

a

As the ang]e of attack was, 1owered from the des1gn value the

point of 1am1nar separat1bn rema1ned fa1r1y constant and: the turbulent

l

_bbundary 1ayer shape factor, H, gradually decreased. Little change was
. L I .



;At 1ower Reynolds numbers the po1nt of turbu]ent separat1on moved up- -

observed on the lower surface down to 3°, ' |

Tests were carried out at various Reynolds numbers at the

‘design angle of attack. Results showed that while the point of 1Pminar

- separation remained fairly constant' the shape factbr in the turbulent |

layer decreased rapidly with Reynolds number. At Reynolds numbers’
greater than 106 the sect10n appeared to be even farther from the stall
Stream /from the tra111ng edge - Atra Reyno]ds number of 0. 5 x l06 the
ca]cu]at1ons pﬁed1cted turbu]ent separation at 98.5% of chord. -

The present viscous flow ana]ys%s therefore suggests that the
I

des1gned sect1on will perform adequate]y at the des1gh condition.  There

>

also appear to bevno formidable barr1ers to overcome to reach th1s

condition either in inereasjng the angle of attack or in increasing the

"Reynolds nuhber[' - ' , .

!
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CHAPTER VI an
'EXPERIMENTAL TESTS D .

6.1 , The A1rfo1l Section
A mode] of the sectiondesigned in Chapter V was built for
te§t1ng in the Un1vers1ty of Alberta Yow turbu]ence wind tunne] The

" model’ chord was choSen as 1 metre as thﬁs a]]ows for a Reyno]ds number

of 2 x 106 in the tunne]. M‘Also such a 1arge'mode1 makes accurate

construction of the section possible

i

1 The model was constructed from a serles of sheets of
[

"Styroﬁgam S.M." 1nsu1at1ng mater1a1 bonded together The section

profile was cut out using a heated wire. Grooves‘were‘Cut in the surtace
of the~section for.the plastic tubing;used to connect the pressure taps

y to.the pressure transducer. .The>skjn'of'the]section, 0.020 inch thick,

‘ ATuminium sheet, Was wrapped around the'foam section and bonded -to it.
The skin was kept in place and underiunifonm pressure by enc]osing the
wing in a plastic bag whlch was evacuated using an 1ndustr1a1 vacuum.

‘~c1eaner‘_ Fh1s process resu]ted in some crush1ng of the foam g1v1ng a
non un1form profile across the span of the model. '

\\‘\J Hollows in the section were filled with a body ti]]er untif

‘ the prof1]e at the centre span conformed closely to- accurate temp]ates

i :he final w1ng mode1 had a constant section over the centre 50% of span,

gy 4 <
r the outer areas of non-un1form1ty be1ng fa1red in as best as possib]e.

The’ non uniformity amounted to Tess than 3 mm at any chorda] p051t1on

- Th1s was thought to be aceptab]e to ‘produce two d1mens1ona1 flow in the

} ) .
! . v

centra] sect1on

I The static pressure . taps were located on' the mid- -span 11ne
117

I N .
! : !

>
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They were manufactured by dr1111ng through the skin and pulling the
1/16 1nth d1ameter plastlc tub1ng ‘through the\skln These tubes were .
cemented in p]ace‘and sheared off flush w1th the ai:fo11 surface. |
Afterlconstructien the'co—ordgnates of the]section at the
mid-span 1ecation were‘measuredﬁv This was'accgmpliShed using vernier
' height gauQes and a surface tab]éf .ft is estimated:that'the measure-‘_
ments- were "accurate to 0. i-mm | The measured cuford;gﬁtes aEe ‘given in- '
Table 3.  The measurements show that the upper suqface.of the mode]
was neuer more than 0 5 mm from the desired section. "The 1ower surfdce
showed deviations of up to’ 3 mm near the 1ead1ng edge a~a’i§’€b 2 mm near-
the tra1]1ng edge L - o
The actual prof11e~was then ana]yzed in both potential and
v1scous flow . The pressune dJsterut1pn at the de51gn angle of attack.
of 15° tn potential flow is given. ip Figure &S.I_ Also given“there‘is'
the desired pressure distribution from the opt1m1sat10n Chapter V.
The upper surface pressure dlstr1but1qn is very c]ose to that de51red
w1th the rooftdp pressure coeff1c1ent exh1b1t1ng some f]uctuatlons
' Cons1der1ng the accuracy to wh1ch the model was manufactured this
demonstrates how sens1t1ve thl; areav1s to geometr1c varlatlons “In-
‘the adverse pres5ure gradient reg1on there is good agreement and no
f]uctuat1ons in the pressures except aft. of 98% of chord where there is
a drop in pressure coefficient fol]owed by a rise towards the tra111ng
edge. P
.. v“‘Emp109ingtthe viscous,fdew technique of Chapter tV gave 1fttte
alteration to the potential flow pressure'distribution shown in Figure
- 38.  The houndarx }ayers,on both surfaqes were catcu]ated'tevhe thick

- near the section trailing edge. ' On the upper surface the.displacement

thickness. is approximately 15 mm and on the 10Wer surface it is!8 mm at

[ . . .
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" TABLE 3 > :
. WEASURED COORDINATES-OF fwoDEL - "~ = ~
L T _ ' o :
Y . Y R X Yo~ Y
UPPER - LOWER PPER | \LOWER. -
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0.1519 - 0.0293..- 0.6545 . (2010 0.0556
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.- 98%'af cthord. After this‘point the upper surface experiences a favour-

.ab1e pressurexéradient and'then separates in th 'subsequent adverse
gradient The v1scous ana]ys1s converged- on a solutlon with a 1ift

ukoeff1c1ent of 3.71, a drag coeff1c1ent of 0. 0284 and a p1tch1ng moment
coeff1c1ent of 0.411. - The pred1ct1on of turbulent separation near the
tra111ng edge of the sect1on was, not thought to be a problem The
separated area is very sma]] and the‘pressure fluctuat1ons whmch cause

it may be smoothedvout by the thick boundary layer there. . .

f
]
. N .

6?? The Wind Tunnel and Instrumentation } A ; .
' ) )

“ The University of Alberta low turbukénce wind tunnel test .

section is 2.44 m broad and .18 m high» The model was‘mouhted rerti:
cally on the tunne] centre]1q‘i~i showq,1n F1gure 39. The model wes
held between circular end p]ates which permit 1t to be rotated to any _
'desired ang1e of attack.u~ The end p]ates;heve boundafy layer control
suct1on ho1es in them These arq a series of 1/8 inch oiameter holes
r111ed through the end plates at 174 inch intervals at the jﬂ\ct1on of
the mode ! and the end. plates This is only necessary in areas where

\
adverse pressure grad1ents will be encountered on the mode1 The purpose

of the ho]es 15 to remove parts of the bOUndary layer which- bu11ds up on
therf]oor and ce111ng of the tunnel. . Iﬁ\th1s_was not done these th1ck_

: boundary‘layers may separate under the jnf]uence ot‘the large adverse {
pressure gradients generated‘by the:wing secti ns. .This.wonld.resuytb
lin large disturbances to the flow fie1o which would interfere]with the

" two-dimensional nature of*the flow. The other side of the s ction hol;s
are connected via p]enum chambers to a large a1r 5uctT6n’;;mp -The

¥
- pressure in the chambers was approximately 0.6 p.s.i. below axmgepher1c

< 3 -
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The tunnel airspeed was measured by a pressure transducer
connected to a total pressure tab'and a test section §tatic pressure,fap.
The stattc pressure tap is located 1.5m upstrea@ of the model where it
will not be affected by the presence of the model. 'Tne ijt coefficient
and pitching moment coefficient cen be cateylated from the static
pressures; on the ainfoi] section. The static pressures_at.every tap on
the section were measured sequentially around the a1rfo11 Each tap
was connected in turn, via a "Scan1va]ve sw1tch1ng unwt, to a pressure
transducer The drag coefficient of the section can be cdlcu1ated from
the loss of total pressure in the wake. A pitot tdbe nn\a traversing
mechanism was therefone,used in the model wake. The difference between ",
total pressure inside and oﬁtsjde the wake was'neasured on a pressure
transducer. The distance trave]]edtbeing measufed dn a potentiometer
connected to the traversind mechqnigm. |
A1l readings from the pressure transducers were fed to a data
acquisition system whtch was able to process the resulte,to some extent.
Using this system the Reynolds number_cqu]d be monitored and the sensi-
ttvity o;vthe_wind_tpnne1 cpntro]s'permittedvthe Réyno]ds numbers to be
}he]d constant to within é” d The measured section.static pressures were
o ﬁconverted to pressure coefftcﬁent form and integrated by the trapezo1da1.
“rule over: the. length and thickness of the sect1on This prov1ded both
e 1ift and pitching moment coeff1c1ents. The results from the wake
surveyfwere also integrated by the trabezo1da1 rule to provide the drag

m'""

coé?¥1c1ent When taking the wake traverse the transducer output was

e

p]otted cont1nudus1y. This allowed the experimenter to adjust the

~traverse speed to. suit the wake being measured. .
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The pressure transducers were calibrated to determine ‘their

sensitivity before and after the tgsts. An accurate inclined tube

manometer was used for this purpose. The maximum change in sensitivity
was 1ess than 0./ . As part of each: experimental run the zeros of the
pressure transducers were determined, This minimised the possibility

of the results being affected by drift in the transtcers.

6.3 Wind Tunnel Corrections

Because the tunnel wa]ls'affect the flow Qver the section all
data must be corrected to give the results which would be exbected had
the tests been performed in free air. The wind tunnel wall corrections
. are a function of both the geometry of the test set up and df the uh-
corrected coefficients. The standard eorrections-have-been developed
over the years op a semi—empirica1 basis, and are well documented in
Garner [53] and Pope and Harper, [54]

The f1rst correct1on applied is that for blockage. The model
and itg wake occupy a certain volume in the wind tuhne] and the air must
flow around th1s while belng constra\ned by the tunnel wa]]s | The
resulting distprtion in the stream]ine pattern from the free air pattern
causes‘ah increaSe in the 1dca1 fluid velocittes. This is accounted tor
~by assuming that the effective airspeedaat the model .is faster than‘the
measured ve]écity,.Uw, by an amount U = As the dynamlc head q, is
correspending1y increased, all pressure coeff1c1ents are reduced from
the1r ‘uncorrected values.

| The blockage correction_ has two components, that due to the
spltd-wing.and‘that due to the wake. For a 27.7% thick section, which
;s the model thickness, Pqpe and Harper [5&] giue a dey‘shape factor of

0.5.. Using the formula of Garner [53].this gives a solid blocking
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factor of 0.016.. The wake blockage depends on the drag coefficient and

»
~was calculated from Garner's formula to be 0.102 Cy.  The total blockage

~is the sum of these two components,
. .

-

= 0.016 +0.102 C

t

\
€ 0 (42)

No adjustMent was made to these,ve]ues to account for the amount of air

removed from the tunnel by the end plate boundary layer suction. Such

an adjuétment would reduce the corrections.

4
’

The second correction applied is for streamllne c?ryature
A model which produces 1ift causes qurvature in the stream11nes of the'
flow about it., The presence of the tunnel walls interferes with the
natural curvature expected in‘free air. The nature of these corrections
is examined by comparing the theoretica] solutions for the free afr ond

. tunnel wall boundary cohd%tions.‘ The/potentia] flow analysis technique

of Chapter II could be extendgg,nuwhghd1e th{s case. However consider;
able work would have to be done to accomp1ish these changes. _The geheral-
ized correct1ons glven by Garner [53] were therefore used |

The corrections depend on the ratio of a1rfo11 chord to the
tunnel width, ‘as the model is mounted vertica]]y, and the uncorrected
coefficients. The presence of the Walﬁs induces an upwash at'the mid-
chord pointr ThlS gives an effect1ve\angle of attack increase, Qa,
at that oointx The natural curvature of the free stream 15 straightened
by the tunnel walls which maxes the model appear more h1gh]y cambered
relative to the straightened f]ow. This results.in a discortion of the |
preesure distribution and consequently corrections must be applied to
th% 1ift and pitching moment coeffjcients. The correctﬁohs which must

be added to the uncorrected values are given bvaarner,{§3]. - For this
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model they can be written as: .
pa - = 0.3 (c'L + 4 cMQ). |
e = - o.oze cL . b (43)
M = 0.0067 €, : L

No such corrections aretapplied to the drag coefficients as this is
essentially an inviscid correct1on . :an-;;‘

' ~ The streamline curvature corrections are necessary because
the measured pressure d1str1but1on would not be observed in a free air-
test At the corrected angle of attack in free air the pressure dis-

tribution would be such as to produce a*reduced 11ft coeff1c1ent This

calls 1nto question the assumption that the corrected maximum 1ift

coéfficient is the maximum 1ift coefficdent obtainable from the section |

in free air.%' It ijé}b& character1st1cs of the pressure d1str1but1on

. which determine the foint of max imum 11ft The effectively higher

camber of the wind tunnel test will 1ntroduce'fower peak pre55ures.and;-
hjgher'adverse'pressure gradients than the free air condition. A free
adr test model wod]d presumably not stall until approximately the same
peak'pressures and pressure‘gradientssoccurred on its surface. At such
a point the two maximum 1ift coeff{cients would be approximate]y the
samei The only way to check this theory is to carry out free air tests
on the section. * Until that tlme the conservat1ve approach of assum1ng

that the corrections apply to the maximumllift coeffiéieht is used.



J27 .
6.4 Experimenta] Results |

f

Tests were carr1ed out on the moeelxat Reynolds numbers. based -

on the model chord of ]06 1.5 x 10 and 2 x 106

These Reyno]ds numbers
were maintained to within ¢ 2% by monitoring ‘the tunnel temperature and'
freestream velocity. | Measurementsmof 1ift and pitching moment cbeffi-
c)ents were taken at every gq-interval’of angle of attack."'Wﬂkeh.‘ '
‘traverses for the drag coetficient measurements were taken at each
degree interval of angle of attack Except for a few read1ngs
at 2 x]O Reynolds number at, least two sets of read1ngs were taken at
each CQnd1t10n to test/the,repeatab111ty of the results. This is
- particu]arly necessary atblow Reynolds numbersfwhere the pressure'
differences'across the pressure transducers are small. ‘
" Qrag traverses at all Reyno]dsjnﬁmbers!were taken at‘a 1ocat1on
0.5 m downstream of the trailing edge ~ As the staﬂ]1ng angle was
approached the wakes became unsteady and grew'wider than the 0.17 m ro
that the traverse mechan1sm cou]d span 'For this reason erag values |
are not ava11ab]e up\\o the stalling ang]e ! Inworder to est1mate the
AN
effect of. poss1b]e static pressure variatidns in the wake the apparatus
was . moved to 1.3 m.downstream of the trai]ing edge. At this distance
downstream the wake required . two separate traverses to cover 1t.'b5dth
Resu]ts at this station d1ffered by less than 5% from those at the

’ |
or1g1na]-stat1on‘

Downstream static pressure variations and those across the

wake can cause errors.in the measured drag coefficients depend1ng on the
[
ca]cu]at1on method used. In eva]uat1ng the drag the accurate formula

of Jones [55] accounts for any static pressure variations which may ‘occur.
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o ;‘ .
The drag coefficient is calculated from the formula:
' i !

R SR LSRN o5 . %] N
= 7 [ P R [Py = P% = (P, » 2T ey (44)
TN |

‘ L
', This equation was used in this case with the modification that'P = P_,

i.e. the static pressure in the wake}{s‘the freestream static pressure. !

The error in this assumption will arise froh both -downstream and cross-

. ) - [y .
.stream pressure gradients. These will depend on the model tes; config-

{ ' [ 4 . . .
uration and.no uniform corréction can be applied to the data.
The correctidns will be largeSt at the max imum drag~cohditions

P ) . . .
and at these conditions static pressure measurements were made across

the wake at the traverse section. The maximum value of &w - Pm in the

wake was 0.086. The mihimum'value of ﬁ;w - P_ was approximately 0.75q.

The maximum possible error due to static pressure variations will be:

E

PR T
' 1+ _1_‘."_. -
;[% T P;]

{

or appfoximéte]y 5%. This is a tolerable error considering’tHe-errors

dqe'to the unsteadx nature of the flow and the numerical integration

1
1

technique. o " : o

Measured pressure dﬂétributions around the model are presenfed
in Figure 40 forlangles of attack of 4.2°, 8.3%, 12.4° and 16.0° at-a

Reynolds numbei of 106. Two sets of data are presented for each data‘

“point showihg that the repeatability is bettef than 0.1 for Cp except -
- . . i : . . . li

\
|

-in regions of very high pressure gradfentw As the angle of attack is

! l
increased the largest changes in pressure coefficient occur near the .

leading edgé. "The lower surface pressures gradually increase while the

!

£

A\
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upper surface pressutef rapidly decrease. At 16°, the ang]E'ﬂf attack -

- for max1mum 1ift, the d15tr1but1on approaches a rooftop dlstr1but1on over.

,

the f1rst 30% of chord. Downstream of m1d-chord there is little var1at1on

in pressure distribution with?ang]e of attack. However, at 16° the

pressure coefficients over the last 10% of chord ares, to within e;peri-

oL S . . | . o e . : N .
mental -accuracy, constant. 'This is generally taken as an 1ndication of

a region of separated f1ow and any further 1ncrease in ang]e of attack 1ed
‘ ]
to comp]ete bréakdown of the flow. . | :

. The variations on the lower surface are characterised by a
a ) e : o . '
rearward movePent of the stagnation point and a genera{ increase in

pressurejcoefficient~?s the angle of attack is increased.' Over the

rear 20% of the ‘section the prasdure coefficients change qy less than

0:1. There is therefore almost’ constant loading near the tram]ung edge
at these ang]es of attack. The load1ng at 99.6% of chord 1s, for each
case, greater than 0. 53.  On the upper surfacd tqe tra111ng edge veloc1t}
U" lies between 1. 02 U_and 1.08 U_ zgereas the design requirement was J

|
1. 2 U_. A]thcugh cons1derab]e rear ]oad1ng was achieved the desxgned

amount was not reached. J '
The angle of attack bf 16° gave the maximum 1ift coefficient
at this Reyno]dS-humber.‘ A comparison between the préssd’% distribution_

"~ in this‘case and the ca]culat%d,potential'f]ow results of.figure}38 show

that the eesign lift coefficient was not achieved.  The 1argest discrep;
ahcycgetween theery and experiment is i# the rooftop region where the
measured pressure coeff1c1ents are approx1mate]y -4.25 compared to the
theoret1ca] va]ue of approx1mate1y -5.5. fhe agreement 1mproves towards

the trailing edge'where the error 1n pressure coeff1c1ent prediction is

approximately 0.3. " This applies to both upper and lower surfaces in th1s

Y

K
Y S
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1ocat1on -The stagnatton point”in the experiment was located at 5% of

chord at this angle while* the theoretical location is at 8.5% of‘chord.
These differences between theory and‘experimenteere consisteht.

with a -decrease in ercuTat%o about the section relative to. the- theor-

etica] value - -This is due to viscous effects and~shou]d]havé been

I
pred1cted by the viscous- f]ow ana1y51s

|
A-series of flow v1sua11sat1on exper1ments were therefore

conducted on‘the/mode1 to determ1ne the cause of th1s strong v1scous
: r

!

1nteract1on \> ting the airfoil surface with a mixture of so]vent
End Kaoli ‘n1ng the w1md tunnel, ;at ife Je;1red cond1t1on severa]

inferences can be made-about the boundary layer flow. A photograph of |

m— |

the flow visualisation on the upper surface at the maximum ]ift condition
is showh in Figure 41. ! The dark area in the first‘30% of chord is a

region of laminar flow where the surface coating remains fairly wet.

!
1

.Between 30% and' 32% of.chord the boundary layer undergoes transition to

turbulent flow. With the greater skin friction and'mixiné 'nth s fresh

turbulent region the so]Vent evaporates qé1ck1y 1eav1ng the wh1te depos1t
of Kaolin on the surface The turbu]ent boundary layer quickly assumes
a low skin frlct1on, a]most separatcng. ve]oc1ty profile.as was des1gned

The evaporation process tnen slows dqwn 1eav1ng a wet patch A fringe
T

,of 1iquid dribbles can be seer on the 1owkr edgq of the pa1nted strip.

: J

These dr1bb1es drop down vertically wherever they occur from the mid -

«3’

chord po1nt to the tra111ng edge. 'Th]s 1nd1eates that theusk1n friction
- N \ . ’ o ’

in.this reg1on is approx1mate1y zero. The fact that-the dribbles do not"

-
;progress upstream is an ‘indication that no reverse f10w ex1sts

To further exam1ne the f]ow in the turbulent region a_ tuft.

approximately % of chorp long., was held next to the ‘surface. The tuft

} | ~ | /
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" FIGURE 41 - UPPER SURFACE FLOW VISUALISATION, Re =106, & = 16°

FIGURE 42 - UPPER.SURFACE FLOW VISUALISATION, Re = 108, & = 12.5°
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a]ways pownted downstream It d1d not however adhere firmly to the

surface at the traiiing edge which 1ndicates that the boundary layer is P
J .

certain]y very close to separating Sandborn and-Liu [44] show that '

‘evaporation techniques of flow visualisation indtéate the start.of

intermittent separation and not fu]] f]ow,separation as was previously
L}
believed. Some drying can be observed in Figure 41 over approx1mate1y '

I
the 1ast 7% of chord. These-experimentai results therefore indichte
that‘intermittent'turbu]ent separation is occurring in this region. ‘
| At angTes of attack éreater than 16° at this Reynolds number

the flow broke down comp]ete]y. stalling the section. At lower angles

of attack the flow pattern was quite different from that at 16 A
typicai example is shown in_Figure 42. This is the fiow pattern at

12.5° whose pressure distrioution is giyen n Fi@ure 40. A laminar ] T
separatioo oubble can be c]early seen separating trom the éurfacefatbl

35% of chord and reattaching at 40.5%. ihis is the regiOn of the
instability gradient and the airfojl section was de31gned to produce a
-Taminar separation bubble in th1s region. The first long verticai
dribble in Figure 42 shows the separation line and the last is the»’
reattachment line where the iocal skin 'frictions are'apprOXihateiy zero.
Inside the bubb]e(dribbles of liquid can be-eeen clearly travelling up-- }
stream in the re;erse flow of the bubble. "The transition to turbuient
fiow occurs somewhere in, the bubble and the reattaching boundary layer

'is turbulent. Immediate]y attér the reattachment there is fast
evaporation of the soiyent indieatiog this. The wet region of almost

zero skin triction turbulent flow Continues‘to the trailing edge indi-

T |
cating completely attached flow to this point.
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On the lower surface of the model the boundary Tayer remained .
attached for all ang]es shown in F1gure 40. The transition p01nt maved
upstream from 75% to 62% of~ chord as the angle. of attack was reduced
from 16° to 2. 2° - At angles be]ow 2 the - trans1t1on point moved rapidly
forward until at 0.1° a laminar separation bubble was formed at about
26% of chord. o | S j N . | . . -
The model was tested at Reyno]ds numbers of 10 1.5 x 106 and
2 x 106 to determine the effects thTS had on the pressure d1str1but1ons
Up to the stal]lng angles the resultlng pressure distributions were not
greatly different from those shown in Figure 40. The.upper surface
pressure'coefficients were, to witth experimenta] accuracy, the same.

On. the lower surface the pressure‘coefficients-were, on average slightly

ﬁ_and‘Z X 106

larger at larger Reynolds numbers. Comparing results at 10

'Reynoldsenumbers at high angles of attack showed that there was an

- /
increase in loading at the trailing:edgevof approximately 0.1q.

6.5 AdrfoiT‘Characteristics;'

Thevlift and_ouarter chord pttching moment characteristics of
the section at the»three'test Reynolds numbers‘are given in Figure 43I
over the tested'range of angTes'of.attack. The scatter in the data at
the lowest Reynolds number is due to-errors.in measuring the pressures

around the secfion The pressures in this case were approximately %

of those measured at 2 X 106 Reyno]ds number and the pressure transducers

‘gave correspondingly larger erroms. The 1ift curve slopes are. constant

from angles of attack from'4° to }ithin 19 of the stall. . Be]ow 4% the
Jower surface boundary layer trans1t1on point moved forward qu1ckly
The thicker boundary layer eventua]ly_separated near the trailing edge

and the resulting disturbance to the smooth flow over the traiTing edge

i
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reduced the 1ift coefficient.
' The 1ift curve slopes are 0.084, 0.093.and"d.101 per degree
l& © respectively for the three Reynolds numbers.  This increase with
:"f " “’,/ﬁéyno1ds number is.slightly larger than is usually observed on conven-
" ‘tional airfoil sections. The boungary 1ayers’wh1ch develop on the upper
. surface are particularly thick due to the use of an almost sqbarating
pressure distribution, and the strdhger than usual Reynolds number éffect
is attr1buted to these thicker than usual boundary layers.
The maximum ]1ft coeff1c1ents were 2.64, 2.50 and 2. 25 at
Reynolds numbers of ]0 , 1.5 x 106 and 2 X ]O respect1ve]y. _The stall

in each case was caused by the upstream movement of the transition point \

on the upper ‘surface. Flow visualisation studies taken at close to

stall showed that”transition occurred ahead of 32% of chord fdr all
‘lReyno]ds numbers.; ThisAear]ier transition results in thicker downstream
',boundary layers thch separate under the high adversé presSurezgr;d{énts-
‘generated. by the section. The stall was therefore a rapid form of-

trailing edge sta]] rather than due to the bursting of the laminar

1
-

.‘ separat1on bubble
High Reyno]ds numbers pr&moted ear11er trans1t1on leading to
earlier sta1]1ng,of.the section. This accounts for the observed dec11ne-
in maximum 1ift coefficient with ézyno1ds number. A si@j]ar decline
has been obgerved‘by Wortmann'[SO] on his high 1ift sections and the .same
phenomenbn re5u]ted in the féi]ure of Liebeck's "laminar r g op" section
[48] to operate successfully at Reyno]ds numbers in excess of 106
*{l' The quarter chard p1tch1ng moment coeff1c1ents are also p]ofted

in Figure 43. These are large and negative due ma1n1y to the 1arge

amounts of rear loading on’ the section.  The moment coefficients are
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fairly constont over the linear range of the 1ift curve indicating that
the’quarter chord is approximately the aerodynamic centre of the section.
| . The measured'drag coefficients are given in Figure 44 for all

three ﬁeyno]ds numbers.  These drag coefficients are higher than those
found on the high 1ift oeotions of Wortmann [50] or Liebeck [48]; The
reason for ;nis Ties pfimari]y in the high velocity at the trai]in; edgel
of the section. The Squire and Young drag formula (38) shows c]early
the greet dependancy of drag’on this velocity. As the Reyno]ds number

\

layers g1ve less drag Because the experimental and theoretical

is increased the viscous effects G::; reduced and the. thinner boundary
‘pressure d1str1butlons are quite d}%ferent no meaningful compar1son can .
be made between actual ~and predicted drag coeff1c1ents

The Iift to drag ratio is an important parameter in estinating
the performance of”an‘aiffo?l,section. \ The measured Qalues_for this
section are diven in Figure 45 for the three(Reyno]ds nunbers tested.
As there is little difference between the 1ift curves at these Reynolds
numbers the differences in glide ratio.refiect mainly the imorovements
in dnag as\the Reynolds number increases. These nesu]ts apply to'wings
of infinite aspect ratio: ~ For a wing of reasonable aspect ratio theF

induced drag will be larger than the boundaryblayer drag at thejangies

tested. ' o : i

6.6 Discussion

The exper1ments have shown that cons1derab]e rear 1oad1ng can

" be- deve]oped on a s1ng]e component a1rfo1] sect1on and this does lead to .-

\ ’s,. Ug:
large 1ift coefficients. The section develops a lift coefficient of :

6

2 64 at a'Reynolds number, of 10°. By comparlson Liebeck's section [48]

gave a max1mum ]lft coefficient of 2.2 and had no rear loading.
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WOrtmann s high Tift sect1on [50] achieved a 1ift coeff1c1ent of almost

2. 4 and showed some rear loading 1n potential flow although the amount

achieved in practice is not known. :
0 ' 2 l

oIt s aYSOurce of some disapointment that the viscous flow

analysis was unable to correct]y pred1ct the pressure distribution about

the sect]on ~and hence the ]1ft coeff1c1ent As the potential f]ow

! g

method and the boundaryllayer caTcu]at1ons have proven themseTves to be

correct in independent tests- the -errors’ lie in the matchin.of the two

. in the viscous flow model.

. . -
The large differences between theory and experiment could be_

~attributed to fhe ca]cu]at1on of an 1ncorrecb camber line adgustment

- l
1n the v1sOus f]ow analysis. Various camber Tine modifications were

! .
therefore tried to attempt to)find a theoretical solution which modelled

the experiments. The most severe mod1f1cat1on app]ibd was t\‘match the
upper surface of the equivalent a1rfo11 section to thﬂca]cu]ated upper
side displacement surface This reduced the calculated 1ift coeff1c1ent

from 3.71 to 3.28 at the design'conditions’ Emp]oying the disp]acement

th1cknesses ca]cu]ateg from the exper1menta1 pressure coeff1c1ents
|

gave 11tt better results.

; It is therefore 1nterest1ng to speculate as to whether any
equ1va1ent airfoil of the type used in the vqscous flow ana]ySIS can
provide the exper1menta] pressure d1str1but1nns shown in Figure 40. E
The design technique provides a tool that can- shed 1lght on this issue.

The des1gn requirements were spec1f1ed to be the pressure cogff1c1ents
obthined exper1menta11y at 16° ahg]e of attack at a Reynolds number of

]0 . The basic section used was the model itself and the calculations

were termindted after 12 iterations. "Figure'46 shows 5 comparison of

S



i Co AL

J : .
the model and the designed section This is the effective section
wh1ch most nearly approaches the exper1menta1 results. +he agreement
between the pressure coeff1c1ents on the effective section and the

L 1
exper1ments was excellent up to the last 5% of chord.

o ' ' ‘1
- 1-
B i i
L . ————— Mode! Section
- ’ A . . © ------Effective Section 't
‘ & _ : v
: . - 1 ] { !I L ~ H . .
-0.1 _0-1 0-? 0.5 ‘ 0.7 0.9 1.1
' ! : X/C \
- §
_ _ | ) . .
FIGURE 46 - COMPARISON OF MODEL AND EFFECTIVE SECTION
Yy | !
[ £ . :
. prhe ef%ective_sectioh is considerably thicker than the moae]}f

P A :
near the trailing edge and the camber of the section has been consider-

-ably reduted This: is apprbximate]y the'geometry that the viscous f]owr
ca]cu]at1ons should have y1e1ded by the. d1sp]acement th1ckness changes

Whe tra111ng edge however has moved up by 5% of chord. Th1s is
1

|
approxnmately three times the ca]cu]ated displacement thickness at that

Lo B
. <
i Nl
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point hence camber 11ne adgustmbnts ca]cu]ated from ispﬁacement thickness

* could not y1e1d th1s effect1ve sect1onT

- In the viscous flow mode] bath th1ckness effects qnd the 1nflu-
|
ence of the wake were neglected.” The increase in thickness of the

| : ‘
effective sect1on relative to the model suggests that thickness effects

~should be accounted for. Thickness effects could not however account
for the large movement! of the trailing fdge It is therefore thought ;

that the effect of the wake must be considered 1n’the v1scous flow analysis

of secttons w1th very large rear load1ngs. ' ;|

[The ‘boundary Jlayer ana]ys1s, when app11ed to the measured

. pressure d1str1but1ons, failed to 1nd1cate the forward movement of
-trans1tlon that causes the stall. However it can be used to deronstrate
the mechan]sm that leads to the st&]] On app1y1ng the boundary Jayer
analysis to the upper surface .pressure d1str1byt1on\at the maximum }1ft
coodition, laminar separation was predicted at 38% 5& chord. The values
of the shape factor H for this aha]ysts are,p1otted}in Fioure 47,

| i

.- Downstream of tranéition the minimum skin friction coefficient was .
4 at 85%"of?ohord.-' By foro1ng transition to.
occur, ag was observed, at abbroximate]y 32% of ;hord toen-the turbulent
fjow came much‘oloser to separation.  The shape}factors H for this flow

'calculated to be 7.26 x 10

are also plotted in Figure &/ and in this case the minimuym skin friction ‘1
coefficient dropped to 3.44 x 1074, Any farther forward movement of

transition caused the analysis to predict turbdlentrﬁeparation.

. ’ . ‘ ' } \ . . .‘ '
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FIGURE 47 - THEORETICAL BOUNDARY LAYER ANALYSES OF
EXPERIMENTAL PRESSURE DISTRIBUTION
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o . .
The analysis method could not predict the early transition at

high Reynolds numbers. This was truevfor‘qllvgf-the transition criteria
(32) to (34) and for tﬁe Sch]ichting, Ulrich, Granville '[35] method.
This last method indicates that the surféce Waviness_on the §ectioh;
WHich‘shoks up as frregu]qrities.in the itheoretical, andAactua1 pressure

distributions,.can cause the laminar boundary layer to enter the unstable]

region'ahe?d of the meaéureq‘transition_point. _ The growth of instabil-

" ities due to.surface wavinéss is ihgught to be the mast prdbgbie cause

- of ear]y‘tqansitiOn as both surface roughness and freestream turbulence

l©

levels were low.
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S " The failure of the transition criteria<;£:;h}s airfoil section
sugéests that they musr be re-examined. The.present preuiction meihods
. are based mainly an data from previous airfoil sections. This section
/ and Liebeck's ére of a new type with long 1am1nar'rooftop3velocfty ko
:sfd1str1but1ons and both exh1b1t the same.unexpectedly ear]y transition.
They may therefore be exper1enc1ng a particular cond1twon which was not
present rnlprey1ous airfoil sect1ons.‘ Hopefu]]y th1s section could
provide some information on this aspect of boundary 1ayer theory.
when laminar separat1on bubbles were observed their.locdtion
was predlcted wel] by the boundary layer ana]ys1s The turbu]ent
sepirat1on criterion (37) appears from this exercise to bg consisoent a]
with the onsetuof intermittqnt separation. From the results shown/ﬁn -
Figure 47 it can be seen that the design‘va1ue of H=1.8 for,ohe j
turbulent layer was conservative. .Values of H of 2.1 are quite séfe
and higher.vaiues seem to beiquite possfb?e This-wi]] enab]e ) ‘
'des1gners to use ]arger adverse pressure grad1ents w1th consequent
increases in the length of laminar rooftop flow. This could make
possible the design of sections with higher 1ift coéff1c1ents than

measured here.
|

e

~—t
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- CHAPTER VII
CONCLUSIONS

The determination of the properties of airfoiT seotions is
;based on the analysis of the section in potentﬁa],f]ow. Such an ane]ysis
method was developed herg and it was shown to be the most. accuraie to
date, The pr1nc1pa] reason for this accuracy jis the correct formu]at1on :

- of the Kutta cond1t1on which determines the c1rcu1at1on about the ‘section.

1 :utta cond1t1on predicts correctly the 1oad1ngs /
whicn%ooéuﬁ ; 1]1ng edge of airfoil sections. Th1s 1s particu-

-he deve]opment of high 11ft sections and for multi-

component sec'; g f‘or wh&u forward components show large amounts of -

- | 4

rear 10ad1ng e |
,” The practical apolication ofva potential flow analysis method
genera]ly'requires its use in,an iterative orocedure. “Effjciency is
: 'there;ofe very*important.  This method is simple, accurate and vetry
effitient by comparison w1th other methods it is therefore a very
V1mportant pract1ca1 ‘tool for the aeronaut1ca1 1ndustry
A technique of designing airfoil sections in potential f]o%
was developed from this analysis method. By the application of ‘this i
technique to various problems it was Shownyto be both powerfo1 and
‘flexible.. The use of the trai]ing/poiht Kutta condition greatly simpli-
fies the oaiculation of the geometry of the'oesigned airfoil section. ‘
This leadé directly <o the faster convergence of the iterative design
procedure.  All previous surface singu]arity techniques of afrfoi]
‘

des1gn had used a Kutta condition wh1ch specified no 1oad1ng near the

trailing edge of the section. As the tra1]1ng‘po1nt Kutta condition’

147 , S
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. the ana]ys1s of the boundary layers on airfoil sections%as programmed.

‘The accurate prediptipn of laminar separation, transition.and turbulent

148

does not have this restriction it permits the airfoil section designer ¢

to investigate the possibilities associated with 1ar9e loadings near

M
L

. the trailing edge.

The novel use of the design techn1que to determ1ne,‘from experi—
menta] pressure distributions, the,effective a1rfo11 in potential flow
ShowWs . a furth?r uskt of the design method. This application to experi-
mental meaQUréments may’prove‘useful in the development/of future viscous
f]ow analyses .=' . | |

A boundary 1ayer analysis method which had proven accurate in

¢

§

separation are of crucial importance in airfoil sections and suitable

criteria were chosen for,each of these effects.

. Combining the boundary layer, method with the poteﬁtia]t%low

solutions a viscous flow analysis method was developed. This method

uses the calculated displacement effects of the boundary'1ayer to modify

the camber line of the section to produce an equivalent airfoil section.

'This concepf was shown to work well, giving accurate predictions of the

v1scous flow over a selection of airfoil se¢t1ons
<

A practical method for determmining a1rfo11 ve]oc1ty d15tr1-

but1ons wh1ch y1e1d maximum 1ift coeff1c1ent was developed us1ng the

. boundary ]ayer analysis technique. .Emp]oy1ng this method. the effects’

of raising the trailing edge ve]otity on the upper surface were examined.

This is equivalent to raising the loading at the trailing edge in

practical qirfoil sections. The rooftop velocity for the'optimum

distribution was found to increase linearly with'the-trailing edge

~velocity. At the :same time the optimum 1ift coefficient which the

[y

.7 . [ . r
, 3 | B ~
. !



’

“149

. . v ' ‘ R N
section can produce rises nonlinearly.

An a1rf011 section with a h1gh ve]oc1ty on its upper surface’
at the tra111ng edge was designed to test the pract1ca] poss1b111t1es of
achieving h1gh Tift coeff1c1ents by this technique. When this sectlon

was analyzed by the viscous flow method it was found to have a large

amount of rear loading. This produced the desired high 1ift coefficient .

together withﬂa large nose-down pitching moment coefficient and a 1argef

'drag coefficient.

A model of ﬁhe SeCtipn was constructed and tested in the
University of Alberta lew turbulence wind tunnel at a series of angles

6 b

and 2 x 10°. The test

of attack and at Reynolds numbers between 10
resu]ts show that the theoretically. pred1cted lift coeffitients were not

obta1n d The mode1 also failed to deve]op the amount of - rear 1oad\ng

. which had been predicted. - The rear loading which was ach1eved by th1sL

section was however much gréater than that reported fbr'any'known‘section.

This enabled the section to develop ﬂ.gber 1ift coefficients than had

ever been reported for such single component sections

!

The large rear load1ng*on this sect1on was found to be largely

"~ independent of Reynolds number and angle of attack, up to the stall.

The 1ift curve slopes were, over a large range, linear although they

o ~ were slightly less than .those usually observed on modern sections. The

strong viscous effects which account for this were also indicated'by'the

relatively large drag coefficients of -the section. ' The bitching moment

,~;____,fﬁwas—+afge\gzi\zose ~down and, to within exper1meqta1 accuracy. the quarter
‘ chord is the a rodynam1c centre. - C ‘

-
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The experiments have shown that large rear loadings can be
generated on single comﬁonent sections. Ha\ever the failure of the
" vistous flow analysis method to pradic} the experiments exactly implies
. . . * ) -
that future sections designedvtoihave large rear loadings canfbt be

ana]yzed~w*£h sufficient accﬁﬁy%y by this method. - The design of suth

sections cannot be ignored §s the co.ntri'bufion whiéh'they c.'maké must

be examined.  However to pfoteed with expé¥imental tests, on a trial and

_error basis, on sections whose chardcteristics cannot be accurateiy
predicted wiil be exbensive and w}11 not likely lead to optimum airfoil
@pesigns‘ It is therefore advisable to extend the capability of -the
inalysis method.toﬁhandle"sﬁch sections,

‘To develop the viscous flow analysis method’ from its present

state to its full potential will require the consideration of the thick-
ness ‘effects of the boundary layer and of the wake. This would involve
"an?aﬁa1y515'of the wake and the determination of the effect of the, wake

" onthe potential flow about the section. The transition chftefion

"would also have to be re-examined as this plays a very important role in

‘limiting the performance of sectiohs with Tong laminar roof top flows.

‘Tij'e 'sp1ut1'on to,_f;his problem rha_y ‘1ie:‘.in obtaining. detailed &xperimental
‘;Esu]ts in” the boundary ]ayer. " For ﬁhis andffi‘;testing any viscous
flow metbods this section will provide'an excellent test case..
f"UntiI suchiproblems are solved it may be more practical to

invest{gate Jther possibilities of more conventional, less highly loaded
¥ : A

-

sections. - For such sections the techniqgyes wqiph were developed here
: . LA ‘

will peride-ihe-aerodyﬁhmicist with_accurate aha]ysis of airfoil sections

. i Ty P | . ¢
which can be rapidly and eff1c1eﬁ’1y Bes1gned. Y The computer analysis
will then enable experimenta]'!esting of airfoiJ designs to-be more '

- ! I

productive.

.
N : l . . N
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APPENDIX 1
EVALUATi@N OF _THE INTEGRAL IN EQUATION 17) 1

.' "\~‘
The most stra1ght forward method of evaluating the 1ntegral

in equation- (7) i's to do so USIng K‘numer1ca] 1ntegrat1on grocedure

A et

: Th1s replaces the exact 1ntegra1 w1th the\gggkof We1ghted values -of ¢he
1ntegrand calculated at certain po1nts in the range of integration.
This is, effectively the procedure used by Wilkinson [6] 1n his method

tof analysis. The bett 1u§gons wh1ch are obta1ned by the method of

a\l~

Hess and Smith [2] can be part1y expialned by the use of exact 1ntegrat1on
\
formula over ppprox1mate,-stralght 1ine, surface e]ements. Fo]]owing

A o o M
thls approach Hess [11] has considered the exact evq]uat1on of the\1nte-,\
gral for the Hess’ and Smith method using higher order terms including
surface curvature and var1at10ns in the strength of the s1ngu]arf%y over

the e]ement The 1mprovement wh1ch Hess obtained suggests ‘that hlgher
ﬁ{der so]ut1ons for this ana]ys1s metood should be exam1ned "
The surface element is therefore chosen to be ourved and the
: ve]oc1ty d1str1put1on, or the vort1c1ty d1str1but1on, ean.’lry over the -

element. The 1nf]uence of ‘this d1s¢r1but1on~on one element.on the

confroJ pointlof another eTement_is calculated by the integral

-

¥4 .
Doint o{ the influencing element as shown in Figure 48 The

Vool control
o \Aj,,_,,1nf]ueok‘oj25ntrol po1nt 1s located at. (b a) in this co- ord1nate

bty TR e
M~ T ¢ . :

- "i‘ . system. . k\a‘;f', S + ‘ \
) - [ - . . '

: » : RS -.155 !

i - :
| W -; R “"x( Lo . | S . ) )
e ‘ ' | ?

PR . \ e .

52
o SF |
v/ . ' : ) T
;.': A coordinate system (£,n) ¥s set up with 1t or1glo‘2t the

y‘
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FIGURE 48" - GEOMETRY FOR CALCULATION OF HIGHER ORDER TERMS
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The suiﬁface element is defined by n = n (5). In the neighbourr"\ood of

the origin-a power ser1es expan% is used,
| .

m = 52. + e ? . ““ﬁ “(46)

o - . Y-S o
The integral js taken over the surface distance and it is“t&'qnvenieng
i . ! . . o A N ‘ . k ' . .
. to ,u's.e: ‘ > ‘
{ A3 | : (47)
On expandmg (47) as a series about £=0, A S é
| | | | o
ds : ' S
E = 1 +2 C2 52 + 6 ce ‘5;3 + ... . (48)
_ _ , \ |
) A ' -
) 3 |
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_the distance to the flat.surface n = 0, the remaining terms are expanded

! - 157

‘ . L ! ~.
The vortex density can also Pe written as-a series def1e9g‘by.

v(s) = "Y(P) N I A y(3)s3+ ... (49)

_ | »
Applying (48) to (49), . ‘ 1 ‘ y
B - o
| ‘ £y ' S .
' “yle) = yled eyl ey 7(2)52 + <-§- 2y i) i)y 3y
. B ‘ . '\
! | (50)
f - The distance r (ci,S) from the contro]wpoint to the surface is,
X , ‘ ‘ , ) . ‘ | ‘ :
Peps) = L)z ¢ (-0 (s
' : b e

o s o S TN L
At this point it is necessary.to employ the technique;used by Hess (nj.
{ | \ )
Instead of expanding this term d1:2ct]y a mod1f1cat1on is used wh1ch e

perm1ts the bas1c, f]at element, term to appear as the first term of the . ,}>\
. ‘ % : . k
. ggries. $y wr1t1ng. .
’3 I » Yoy '.‘bi‘\]; ‘f. L. PP ' ' \
2 W2 Y2 '
re az + (b ; %%' .o , - (52)

S B |- f

»

ré = rfz - 2ac €2 - 2ae g3 + L. 4 :'A(53)

[

Substituting (53) in the ]oéarithm termHAnd,expanding all but;the rfz

.term about & =.0 yields, : .o - ,

| o A S

‘ln r = .]_. wn (r 2) - _z_a.c_ EZ - z_a_g. 63 .Y cee g . (54)
- £ B N

‘ o . B : ' ' fq‘
The integral (45) can noy be evaluated to as high a.degree of
accuracy as is des1red In this case only the first few teFms are’

~.

reta1ned h1gherworder terms be1ng of d1m1n1sh1ng Jmportance Equatioh



" (45) then becgmesf
. . , o ,
= ]__ (o) : 2 (1) 2 - Zﬁ‘ (o) 2 4+ ,
I = I f[Y an rf_ t y zln rf £ 2,4 g + ] dg

-A ‘ L N

The first term is the fl.é't éiemeht, , constant Ve]ocity case'. the second

term introduces a linear velocity distribution and the third introduces

C | (55)

¢

. ] |
: the surface cdwvature
" : . ‘
oy o Each ﬂerm in (55) ‘can be integrated separately.
I ,l ' , oo
. I ‘ . : L
: A v . . ) SRR
e e o mlaie ool o O
~ ' : o -4 -A 1‘ T .
. |
’ . . : ® ]
\ - [(b+A)2n'(a2 +(b+a)?) - (b—A)ln(az+(b-A)2)
N L] Vo .
, . 21 T
] . - . ' + 2a Tan'(Pg—‘:‘-) -2a Tan~ ( )-4A]
. ".5" . . | : / \ | }
) ’ = [(b+A) an ry? - (b-a) &n rp2 - 43
o o v + 2 aTan ) ( .ZaF ) ] , (56)
\ : ‘ . - . a2+b2_
o C a2op2ep2. T2 2b
§ | f,.zn re gdg = s ("1)-. A
5 -4 . .
Ty % . - ’
g - | - 2ab Tan'! (——ZEA———Q-, (57)
~— \ ‘ A 2 2 !
\ f —52— d £ = (b?-a2) Tan! (_:__Eé__) + 2aa
N : -4 T¢ ' a2+b2-p2 . :
\ , o - . ! .
fo [ ' ' T2
+ab & (=) (58)
: 81 |
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added to ‘the coeff1c1ent\ﬁt’3 1
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\ amaunts of time to perform.
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. For higher order terms involving surface curvature the constant

C must be determined. In this case this was done by fitting parapolas‘

" through sets of three adjacent element end points.  The curvature thus

: o . : : \
determirfed was assumed to be the a1rfo11]surface curvature at the centre
of the three points. The curvature at the control points were then

fourd by interpolation. The values: at the e]ementsvadjacenﬁ to the

-trailingﬁedge were found by ex%rapo]ation. Having determined the

curvaturé of the element the 1oéation of the control point can be qa]-

‘ cu]ated as this point is no longer on the straight line joining the .

element end po1nts ‘ - . |

v

In emp]oy1ng variations in the s1ngu1ar1ty strepgth the term

I
'Y(l) is an unknown and must.be reJated to the Y(O). Various schemes

are ava11ab1e to do this and 'the techn1que used by Hess [11] is

|

followed here. The der1v1t1ves of the § d1str1but1on .. the J h element

[~}
are determined by assuming a parabolic d1str1but1on through the three

! ) 1) )

successive values y - J, 341

term,’ un11ke the other two terms, 1s}theref0re compr1sed of terms tha%
| :

involve the vortex den51t1es of adJacent elements. N

The linear vortex density

The app11cat1on of the h1gher order methods to the solution

£y

.in?ﬁfzes tnezca1Cu1at1on of the extra terms (57) and (58) '*ﬁe

curvature terms are simply added to the influence coefficienq Kij
ca]culated for the basit case.! The linear welocity terms must be

: Although this is‘no¢

| i;i‘ 1.j+1"

difficult to do, the extra ca]culation§ involved do take considerable
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