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- Results of Iransonic wind tunnel tests on two-dimensional aerofoils are analysed with

respect to the effects of w ind tunnel wall interference. The tests were conducted on two
geometrica lly similar models of each of two aerofoil sections -—t he NA CA 00/ 2  and the
BGK- 1 sections -and covered a range of Mach numbers from 0~5 to 0~82 with model
chord to tunnel height ratios of 0 / 25 and 0 25. Results from measurements on all models
in both solid- and slotted-wall tes t sections are corrected for wind tunnel wall interference
efJ~cts by the application of classical linearized theory. For the solid wall results , these
corrections appear to produce data which are very close to being free of the effects of
interference. In the case of .slotied walls however , linear theory is found to significant ly
underestimate the magnitude of blockage interference. The introduction of an empirical
blockage correction , when combined with the linear theory representation of l~fl-interference, enables the cross-flow characteristics of the slotted walls to be determined,
and leads to a successful correction scheme for the s/oiled wall results. Extensive com-
parisons wit h data from other sources , both experimental and theoretical, provide further
i ’er:fi cation thai the corrected results are indeed closely inierfrrence free.
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NOTATION

.4 Area of aeroloil section in plane

.4 1. 1- tiect ise area of aeroloil section in plane

a W idth of slot ( see 1-ig. 3)

h Breadth of tunnel

Cuw Wake drag coefficient (drag force from wake traverse ) ~pl -

Cu [)rag coetticient (drag lorce) ~~ 
-

Ci. lift coctlicient (lilt force) 
~p( -

Normal force coefficient (normal force) ~pt ’  ~S

Pitching moment coefficient (pitching moment about e 4) hi( ~Si

Pressure coefficient

C Acroloil chord

~~~ ~
. Consta nts

J Mean periodic spacing of slats (see 1-ig . 3) :
E Universal empirical blockage factor 

•~.

F Slotted tunnel geometry factor
G Ratio ot corrected to uncorrected kinetic pressures
H Free ~irearn total pressure

h Height ot tunnel P

1.4. ‘c. Ic. It’ Integrals (see Section 12)

K1, K2 Constants

L Aerothnamic loading (pg PN).~ pL-

L’ li ft per unit span of aerofoil

1 Thick ness of s lats

M Free st ream Mach number 
, 

-

md Strength of doublet representing aerofoil displacement
m~ Strength of source representing aerofoil wake

N Etiectise number of full w idth slots

n Number of measured salues of Mach number

P Wall poros iI~ parameter

P Local sta t ic  pressure

Free stream st at ic pressure
q Dummy integration variable
R, Reynolds number based on e

-k _______________ -~~~~~
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wing area -

r l:ree stream temperature

masimuni t hickness

Free stream seIoc it~
a Strcam~~isc seloc its induced hs tunnel ~ a Ils

Verti cal seloc gts induced h~ tunnel ~ alls

Streamss se co-ordinate of tunnel , origin at mid chord
(‘hords~ ise co-ordinate , origin .it leading edge

Span~ se ordinate , origin at mid span - -

Aeroloi l t hickness co-ordinate .dso verti cal co-ordinate of tunnel
Ang le of incidence

Prandtl (ilaucri compressihit it~ parameter II (1 ~~
I ( irculatio,i

R. i i io  of specif ic heats , taken to he I -4  •

Pretiv denoting correction increment

.\ rn~-. R oot mean square des iat ion from mean curves

So L ift interference parameter .issot - uaie d vs ith stream direction

l ift interference parameter associated vs it h streamline cur’ .iture

Blockage t.icto r

transformed co-or dinate (see Section 3 2)

Chordvsise parameter (see Section 3 -~~

l)ouhlet strength

Transformed co-ordinate fsee Section 3 2 )

I- ree stream density

Perturbation velocit~ potent ial

Perturbation veloci t~ potential due to aer olo il in unconstrained flow

Perturbation velocity potenti.il induced h~ tunnel-wall constra ints

ii Ratio of ve nt i lated-vva ll to closed-wall values of blockage factors

Subsc ri pts

II Denote’. total-b lockage values
l)enotes closcd-~solid-) wa ll values

/ l)enotes free-air ~ i c corrected ) values

I l)enotes aerofoil lower-surface alucs

l)entstes solid-blockage v

a l)enotes aerofoil upper-surface values

I)enotes v - enti lated-(slotted-) wall values

w f)enotes vsake-hloc kage s .i li ics

- ~~- .-— .- - — ~~~~~~~~- - ~~~~~~~~~~~~~ - - ---



I. lNtK Ofl t ( ’UON

I he dci iv at ion ‘I isv o— d i nicnsioii,i I .ic i of ill charactetis t Ic’ ti orn vs m d  tunnel tests . espec~ill~at t ransortic speeds , is suh~ect to ~cv ~ i a ) soui ces of espe rmnte ntal erior . one o t t  he i i los i signi f icant
of ss hich is ssind tunnel v~.ill inter ference When an .t~iotot ( is placed in .i vsind tunnel . lot ce- j 

-
.ind l~~~~~l~’s measured oii i t ditfer (‘rout those vs hich vs ould be obt.iined i the model ss ere
tested un der simil.tr condit ions its ( tee  .y ii because the vs m d  tunnel vs aI ls intcrl ’ci~ vs it h the floss -

It is usu,iI io make ‘ co i ted ious ’’ to the measured quantit ies , and to ~v t.i~ Ii numbe r .ind angle
of ii iden~e . so that the ~

‘ cot ie~ t c d ’  result’, might correspond to those vs hich vs ould be obtained
if the m odel sve re tested in t ree air at the or i cctcd’ Mach numbe r and .i iimil e of incidence.
Such couections ma~ be reduced h~ usin g models vs ith chords v er~ much lCss than the tunnel -

te s t sec ti o n height. l iossese r , in .irt efh’t i to make mavm nium possible use of the ,isailahle tunnel
Re~ no lds number, models . i i c  geneiaIl~ designed vs it h l.iige chord to tunnel height ratios , giving
i t se  it~ si~~i r i f i ~~.in t c i t  ~‘i due to vs nd tunnel y s a f t  interference —

I he proble rfl s in oht .mi iii ng .icc u t a lc isv o—d i me ii si on a I t r.i nson ic .ier ot~’i I dat .t from vs i nd
tunnel t e s t s , .iii~I in atte mpting to eliminat e unce rf.i in r ies in t l d i t so i i i L ’ tvv o—ditn ensionat aerofoil
theor~ sser e T ec~’~~it ise~l h~ the I. onmnionvy eali h Ads isofl Aeronautical Research (‘ouiici l * lh.u
hotly endoi sed .m proposal by the (‘o-ord in,itors in -~eiodv i i . t t i i ids it 5 ‘ ‘ t es t .t s m all nunmbei-
of suit.i Ne .it ’t o h il s iii .is ni.in~ .is possible of ’ the transonic ssin d tunnels , t hroughout the —

( oilmnmo ,lvs ealth . in vs hit -ti tv s o- dinienstotvat research is normaIt~ done’’ 
- -\ proposal lot such a

research pit~eiam . put fo i vv .ird h~ the I. iiited F~ingdoni ( ‘AARt _ ’ t ’o-ordin.itor in -~ecodv r l . i r t1 lds , -t . -

st.ited that the tsurro”e of such a pFssgtafls sso~td be ~to add to our mutual knovs ledge and
ii nderst .i ndi i mm ~ of ’ evperrmcntal tech niqtie-~ 10 .1 st ibtect vs hich is .i I once of g e.il practical
importance and at t he same time .t1Thct~d ss oh sc i oils uncer t.im nties . both thcoret cal and
espcriment.il ‘

- r -

I vvo bas ic .mei ~fot l sfi . i pes ‘ver e selected for the co-opel .iliv e pi ogi .ini I he first, the ~~ -\f . - ~~-

(Xli 2 seclioii ss .is selected to pros ide .i “standard’’ s \ ninietrica l ‘ct ) ion, the second an aerofo it
designed by the numcric.if hodograph plane method of B.iuer . (i.irabctli.in and Korn, is an

esample of ’ a modei ii ‘ silperci i t  ic.il ‘ - sect ion. vs i th a reasonable ev ient of sh ock free supersonic
floss on the u ppt’r surface .i nd some degree of rca r loading - lb is zierofoi I (hereafter reter red to
.ts L3(i K — I)  had the added ,itlv .i nl.ige of has rig ,ilread~ been este nsis els tested at high Re~ nolds
ii u niber in the N -\ I vs i nd tunnel in ( ‘ .i rt.id,i - ‘ - “ Since both these sect tO i lS .t li ead t~srrited p.irt of
.i theoretical , i id e\ r~ ri nment~i I ins est I m~.i Ii on of ’ t ra nsonic .iciofoi Is at -‘ R t - vs ith models 0)’

each eit her corn pleted or bei imi ~ ma liii fact u red, it v s ,is decided to estend he esperimenta) ins t’ s i I -

~ ,i t iO i i  t o include the te s t program proposed i ts Reference 3 Resutt~ troni t es t s in .m slotted
vs all t unnel on two models of difle rittg chord lengths of ’ acr’ t ’f oil B( K-I — -

~ .ind of t hree models
of ’ the N \( ‘A- (k) 12 s e t  iou 0 have beets repo rted prey mousl ~ - t hese tests vs crc later repeated vs oh
the s lotted nai ls rep lact d sv Oh solid out’s

he pm -:s s to meport concentrates on t he .mna)~ ~is of t he abov e lest re su l ts  vs ith respect to
vs i nd tunnel vs .111 in te rt ’erence. I sr .i model of ’ .i i rI s tn , ii l chord i ‘ t tin rid height r .i I i  ‘, the
corrections c.iii be c,i )cu ) . i i t ’d t heoret icall~ f’s~ line.iri,ed potent t,iI floss theor~ - ~ in vs hi ch the
c hanges to the stream direct ion intl the si reamline curs att ire are referred to .is l ift interfe rence .
.ind changes in stream v eIo~- il ,ind longitudinal gradient are referi ed to .is hlo c k.ige inter fe r-
enc e I he l itt interference ,ir ises from ch.ini~es induced h~ i he tunnel vs .iII s in th e circulation or
v ~srt icits a rou nil the model .i nd is .issiinmed to be uidepcndent of the blockage etfrct . vs hic h is

.is s oc i.i ted v si t h ch.i nges in t he clot- it potent r,i I of .i doublet and sour ce representing the v oIuni~
occupied b~ the aerof ’oil and i t s  ss i  ke

‘~~ major problem to be faced vs hen app l~ ing such ti ue,ir thet sr ~ to .t pm .i~tic.tl vs ins t tunnel

S, ust ral i,i, (‘,inasht . I nslia, Ness /e.ttatvd and the I. cited Is, mnt~tom ate ,id t iv e members of
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situation is that of correctl y representing the boundary conditions at the tunnel walls. For
the case of’ solid walls , the boundary conditions are strai ghtforward and mathematically amen- -

, 
-

able, However , in transonic flows , porous or slotted (as is the case for the ARL transonic wind
tunnel) walls are often used. Such walls are usually arranged primarily for the generation of
low supersonic Mach numbers using diffuser suction, or to minimize shock reflections at high
subsonic and low supersonic Mach numbers, with little attempt being made to utilize the avail-
able reduction in mnteference made possible by the non-solid walls. In this case the wall boundary
conditions are complicated and it is usual to change the mixed boundary conditions into an
equivalent homogeneous boundary condition which produces the same solution at the centre
of the test section, but the correct representation remains open to question.’2 - ’3 As data are
available from tests in solid as well as in slotted walls , it should be possible to examine the
va lidity of the assumption of the independence of lift and blockage interference, and hence the
applicability of linear theory, separate ly from the physical and mathematical representation of
t he non-solid wall boundary condition, since the solid-wall boundary condition is straight-
forward,

The statement of the results of linear interference theory given in the standard references
has until recently included errors, originating in the early analyses and faithfully reproduced
by later authors. These errors were pointed out by Catherall.” It was therefore considered
wort hwhile to include a review of the major results of classical linear theory, and this is included
in Section 3.

‘a

2. EXPERIMENTAL DETAI lS ‘ 1

2.1 Section DefInition 
- 

-

Aerofo il section BGK- l was one of the earliest designed by Garabedian and his colleagues
using their numerical hodograph method. 4 The section was designed to produce shock-free ~~. 

-

flow on the upper surface at M - = 0 ’75 and ~ = 00, giving a CL of 0-63 (inviscid) (Fig. I). The ~
‘ -

ordinates of the aerofoil were derived from those published in Reference 5, with the exception
of those close to the trailing edge, where the presence of a cusp required some modification to f ’
simplify model manufacture. These modifications involved thickening the section in the region ~. 

-

0-95 ( x,,/c ~ 1 ‘00 and are noted in Reference 9.
The NACA-00I2 is a symmetrical section, l2° 1, thick, with ordinates given by:

I - x 1”~
- \z I~ \~= 0-6~~0-2969O - ‘ ~‘ — 0’I26O0 ---~ — 0~35t60 f~ - ’1 ±O.2g43O f~~

L I — 0- l O l5O ( --- -- I  ~C ~, c c \cJ \cJ \c J J

with a leading edge radius of 0’0158c. The basic section has a blunt base of 0’00252c. However,
to avoid confusing comparisons between models arising from base pressure variations with
Reynolds number, t he upper and lower surfaces were linearly extended to a sharp (0- I mm
thick) trailing edge. Due to this extension the actual physical chord length of the models was
slightly greater than the nominal chord. The calculated force coefficients are based on the nominal
chord (c).

2.2 Model Dimensions

The testing of two-dimensional aerofoils in transonic wind tunnels presents conflicting
requirements on model chord ; a small chord, while minimizing tunnel interference effects,
introduces difficulty in producing a model of sufficient strength, and limits the number of
pressure orifices which can be included. A larger chord also allows greater use to be made of
available tunnel Reynolds number. Model aspect ratios should also be large enough to produce
sens ibly two-dimensional flow conditions, at least over the central measuring section. Since
one of the aims of these tests was to investigate the effects of tunnel interference, models with
larger values of model chord to tunnel height ratios than would normally be tested were con-

• sidered desirable, both to increase the magnitude of any interference making it easier to measure,
and to investi gate the limits of applicability of linearized theory. On the basis of these con-
siderations, a maximum model chord of 203 2 mm was selected. The c1’h ratio of0’25 is within
the suggested limits of applicability of linearized theory (c/ h ~ 0’3),~ and the aspect ratio (2’6)2



- -_ ‘~~~~~~~~~~~~ “~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Design pressure distribution

08
-

-

P

0 6

Sonic

— — — -- 

-

I

\
\
\
\

Thickness/Chord 0,115

Design conditions M = 0,750 (1 = 0 C1 = 0 ,63

FIG. 1 SUPERCRITICAL LIFTING AEROFOIL BGK1

I.



, 
‘- -- -~~~~—~~ - 

is ‘mufficientl~ large to asoid major effects of three-dimensionalit~ . Models of ’ both secti ons
ssit h this masim num chord nere therefore tested , as vsere models svit h 101 6 mm chords
(giving C h U I 25 , aspect ratio 5 - 251 to pros ide com parat is-e results.

2.3 Wind ‘ru~~l
-\I l tests nere carried out in t he .~ R1. variable pressure transonic nind tunnel. ihe test

section fitted fo r the slotted svall test s had solid side n ails and longitudinall y slotted top and
bottom vs ,ills ho pen area ratio 16 5’’ ,, at the model location), vs ith dimensions at the model
location of h 5~3 mm . h l~ I -~ mm (I- ig 2). surrounded h~ a plenum chamber 2544 ) mm in
diameter I hese wa lls are those normall y used for two-dimensi onal testing in this tunnel, The
open area ratio . vs hich nas selected primaril~ for the generation of loss supersonic Macit nunibers
t hrough ditluscr suctio n, is known to be larger than that giving interference free subsonic test
conditions I or the slotted naIl t ests , Mach number vsas derived from measurements of the
pressure in the plenum chamber surrounding the test section , and in the entr ~ to t he contraction ,
assuming these to be the static and total pressures of the test section flow respect ivcl~ - For the
solid naI l tes ts , test section total pressure nas once again derived from the stat ic pressure in the
contraction entr ’., vs hmle test section static pressure was measured at a side naIl pressure hole. ’4

2.4 Transition Fixing

The etTect s of transition fixing on the RGK- l section have been studied prev iousI y.~ That
investig ation shun-ed the need to f ix transition if gross , shoc k induced, laminar separat ions vs-crc
to be avoided at Mac h numbers and angles of incidence above the des ign cond it ions (M 0 7 5 , ‘ 

-
~

~ 0 ). However , the use of transit ion hxing destroyed agreement betneen theory and experi- ‘~

ment at t he design condition. In spite of this problem . it nay decided to conduct the slotted ssall
t ests n u b  transit ion fixed on both surfaces to avoid both shock induced laminar separations .
and t he misleading variat ions of drag and pitching moment (and to a lesser es ,te nt lift ) caused
h~ the movement of t he chord vsi se position of transition nith Mach number and angle of
incidence. Also , the transition free behaviour of the section had already been the subject of a
deta iled mnves ti gat ion.~

Transition vsas therefore fixed on both surfaces of the BGK-I models for the slotted vs -all
te st s , For consistan c~. a similar transition f ixing nas used for the slotted naIl tests on the
NAC A-0O I 2 section ,1t’ and t hese conditions vs’ere maintained throughout t he tests in solid naIls , 1- ’
Surface oil fun oh’e rvati o ns indicated that at the maximum test Reynolds number for each
model, boundary- layer transition nas effectivel y produced.

3. SUBSONIC I.INEAR INTERFERENCE THEORY

3.1 Introduction
In subsonic linear theor~, interference is assumed to be due to three independent charac-

teristics of the model : its lift . i ts  disp lacement , and the displacement of its wake. The contri-
butions of these three characteristics are usually it est imated by representing them as a vortex ,
a doublet and a source respectivel y, and t he three corresponding modes of wall interference
referred to as lift interference, solid blockage, and vsake blockage. If the velocity potentials
are obtained for each of these singularities in the tunnel, then the interference will be represented
h~ interference potentials . w hich are the difference between the potentials in the tunnel and in
free a ir. Evaluation of these interference potentials in the neighbourhood of the model ma~then be used as estimates of the interference corrections required to be made to measured
quant ities.

3.2 Subsonic Linear Theory

The lineariied equation of motion for two-dimensional subsonic compressible flow is

~~~ ~~~
(3.1)

~‘,v- i”:-

4

_ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ _ _ _
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where ~ is the perturbation velocity potential of the flow . Baldwin e a/ iS  have derived a single
homogeneous boundary condition for ventilated wind tunnel walls in the form

(~v4 Fh ~24~

& 2 ~~~ p h 0 ( i.  I

where P is a porosity parameter , and F is slot parameter given by

2d ira
F = 

,rh 
In cosec (3.3)

w here a is the slot width and d the mean periodic slot spacing (see Fig. 3).
It should be noted that the general boundary condition (3 .2) contains the special cases
(I) solid wa il i/P . 

~~. or F • x ;
(ii) perforated wall l P  � 0, F= 0:
(iii) ideal slotted wall - — I — P  0, F � 0:
(iv) open jet- — I/ P 0, F 0

and hence results derived from this boundary condition will contain results applicable to all
possible tunnel wall conditions .

Wr iting

~c - =~1 ~~~~~~~ 
(34)  —

where ~ i is the perturbation potential about the model in free air and ~~* us the interference

potent ial, then Baldwin ci a!.’5 and Wri ght’6 have obtained solutions for ~~ by solving
Equat ions (3.1) and (3.4) w ith the boundary condition (3.2) by a Fourier transform method .
This then yields the change in stream conditions caused by the wa lls at the model position,
given by ;~

. -

U = (3.5) ~~‘ 
-

x - z - O

which is the blockage correction ,

- - : (3.6)
Z Z x z i i

which is the upwash correction , and r

- (3. 7)
~~ ~~~~ I ~

w hich is the streamline curvature correction. Each correction will now be considered in turn.

3.2.1 Solid Blockage

In free air, the potential due to a doublet of strength md is given by

~~~~~~md( x (3 8)
2ir \,x2 + fl2z2

and the stre ngth of the doublet may be related to the size oi the model with sufficient accuracy by

AU (3 9)

where A is the ci ‘ ss-sectio nal area of the model in the x-z plane. Baldwin et a!. showed that the
interference potential due to the doublet is given by

- = — ~ {~ J ,~ cosh (qi~) cos (q~) dq 4 cosh (q~) sin (q~) d~} 
(3.10)

where

6
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= 
[ i  ~q2 - (~~] [(~ ~~ (~~] 

2q 1
>‘ (3. 11)

ii (cos it q Fq sinh q 

~ 
sinh2 q J

with

‘1 h

I)ifferentiating (3 10) and setting v - = C gives

I’ ,
,r~3h2 , q dq (3 12)

- 
‘ I)

for the additional stream v elocit y at the model position due to the nal ls Alloying F
gives the solid naIl result

IT .41
U1, (3. 13)

3.2.2 Wake Blockage

a two- dimensional source of strength ni.

Pt,I In -s~ ~~~~‘~)‘ 3.14)

and the strength of the source may be related to the model wake by

ni~ = ~(- ‘eC’n (3. 15)
w here C~ us t he drag coetilcient of the model. The interference potential is then given by

= 
UeC~ {

~ j
’ 

/
1
4 [cosh (qs~) sin ~~~ sin q] 

(/q

L ~~
‘ [cosh (q~) cosh (q~

) cos q] 
d~

} 
(3. 16)

w here 1.4 and lr are as defined in (3 .11’). Differentiating and sett ing .v — - 0 yields

(‘(‘ne ~ 
- 

I
u ,~. dq (3.17)4n~2h ~‘ I) 

14

for the additional stream velocity at the model position due to wake blockage. Once again,
allowing 1-’ 0 gives the solid wall result

( “Cl)”
SI , . .  (. 18)

4,r~ 2h

It should be noted that the expressions (3.17) and (3. 18) are different from those derived
by Wright ,” which included an error. This error, which was pointed out by Catherall’7 has
been corrected in the above equations.

7
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3.2.3 LIft Interference

In free air the potential due to a two-dimensional vortes at the origin is given hs

I’
‘
~ 1T 

tan ( (3 .19)

l’he circulation. I’, about the model is related to the model lift per unit width by-

1’ p( ’ l ’  ~p( ’? ( ’ie (3 .20)
and the interference potential may be written as

sinh (qi~) cos (q~) ’1~ I sinh (qij’) sin (q~
) (321 )

YT ‘~‘ q 
~ 
‘~‘ q

w here

~ [(i hI)(sinh q . tq civsh q) (~
) cosl~ ~j ~

‘ ‘ 1
)- (3.22 )

i~ (sinii q !~ cosh q)’1 
‘ (~i 

cosli 2 q j
I)itierentiatung and vetting 0 uelds the upn-ash veloci ty . given by

I’ ~‘1 
‘ 

I (‘
~,e( ~ I

~~‘ 1’ / 
Jq 

2ITh (3. 23)

and the streamnise gradient ot’ t he upw-ash sel o c ity or the streamline curvatur e at the origin us
given by

itt ’ 2 1 ’  I,~ ( ‘i,c( - ’ I,,
,5 5  rr t4/i~ ~ 

q Sq 
yr~lh2 ~ 

q h1 (3 24)

Again a llow ing F r ’ , g ives t he solid wall result

Wr 0 (3 25)

and

( 1u)  ir (‘
~ ,c ( ’  

~~ 2t-,)
,. 24 ~ /t~

Once again the expressions (~ .23) and (3 24) are different from those derived by’ Wright due
to an error in the analysis also pointed out h~ (‘aiherall.

3.2.4 Blockage Velocity Cradients

The variation in longitudinal velocity due to both solid and wake blockage given h
Equat ions (3.12) and (3. 17) is not symmetrical forward and at’t of the aerofoil mid-chord. ‘I’his
gives rise to longitudinal velocit y gradients given ~at the origin) h~

~U1 4.4 ( ‘ 
‘ 

I ,,

‘x ,q~
4h3 F’ 1,4 

q Sq (3._ ~

for the solid blockage term, and

.“u,~ ( ‘ ( ‘ i e  
‘ 

“ q Sq (3 28)
2~ 1’h~ I i

I n

for the wake blockage term. These longitudinal velocits’ gradients give risc to longitudinal

8 
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bouyancy forces on the model which would be absent in free air. Balance measurements of model
drag would record this bouyancy force and would therefore have to be corrected in order to
correspond to free-air values. However , if model drag is obtained by wa ke traverse measure-
ments downstream of the model , no houyancy corrections need be applied. Since no balance
drag measurements were undertaken in the present tests , these terms will not be considered - -

further.

3.3 (‘orrect lo~~ o Measured QuantItIes
As shown in Section ~. 2.3 . lift interference induces an upwash velocit y iv which var ies

along the tunnel and necessitates corrections to the model incidence, loading, and lift and
pitching moment coefficients . The correction to incidence, .~x , represents t he interference upwash
at the aerofoil mid-chord, and t he remaining corrections allow for the residual upwash distributed
over t he aerofoil. Since the representative vortex must be placed at the aerol’oil’s centre of pressure ,

and the mid-chord is approximatel y at a distance e (
~ ~

“) downstream , t hen the correction

to incidence will be

w e ~~ 11 C,,,’\
I I (3.2’))

1’ ( ‘  ~s\ 4  C1. !

or 

.

~~

. ‘
~~

“ . 

~ ~ (~ 
c1. (3.30)

where r i

Iii, •
( cC1.

and (3.3 1)

~h2 ~(“( ‘ u. ~ ‘

The choice of .,\~ is such that the residual loading correction, -IL. van ishes at the aerofoil
leading edge, and the increment to be added to the measured loading is

-SI. 2 

~
‘) ,~ Cu. sin (5 (3.32 )

w here ~ is a parameter used to describe the chordwise distance aft of the leading edge of the
aerofoil,

-‘ — v u.  (I — coy 11) (3.33 )

The incremental correction to lift is obtained by integrating .~1. along the aerofoil chord.
giving

~ 

(

~ )2 

~ 
Ct . (3.34)

and the incremental correction to pitching moment is obtained by integrating

~~L(xt. I 0 25e .vH

along the aerofoil chord giving

~\C~ ~ (~
y ~

(3.35)
4
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It should be noted that the values of lil’t and pitching moment coetlicientv appearing in
Iquations (3.30), ( I  .4) and I S )  are uncorrected and based on the uncorrected kinetic pressure .

2

1 he doublet and source representing th e aerofoil displacement and thai ol i t s  w ake give
ruse to changes in longitudinal ve locity due to solid and wake blockage respectivel~ . 1’hesc Iw o
blockage components can be added together to g ive a tot itl blockage facto r

U U.,. U,

1 ‘ 4~~36)

or

U
~ ki ‘‘ ‘ ‘ Sr (~ P)

where

‘H -1’ .~t

It is usual to express the s.ilucs of .~ and ~~,. for t he general seniil ated wal l  case by Iact ou i rig —

the s~Iud-w ,iI l blockage factor s by the quantities t2~ and il , respective ly I he total blockage
factor can t hen be wri t t en

‘H tL~~, - ,, ( ) 38)

w here •,~ and .,~,- are the volid n-all sa l es of ., and and Li, and t~~ are the t ,tt ios of ’ solid wa it
to general ventilated wall blockage t’actors . Thus Li, LI,- I lot the solid wal l cas e 1-rom
Equation (3 .13),

114
I,’ - (~~39)

t~~~/i

and from Equation (3 18). 
t

4 \h  ~-

where, if drag measurements are made h~ t he wake traver se method . ( ‘ i us the uncorrected
drag coefficient based on the uncorrected kinetic pressure ~

p( ~. Garner it  a/.~ u point out that
improved agreement with experimental results is obtained i t ’ 

‘~r and • ., arc modilied on the basis
of more elaborate theories . Thus •,~ contains a factor to account for the effect of incidence .
and t he cross- sectional area is multip lied by an empir ica l factor .

~ 6~~h2 [ i  
- 
~~ (:.)][‘ ~

. I - I  (e) 
~ 
] (3 .41)

The expression for •~~ conta ins an extra compressibility factor which then give s a con~-
pressihility factor between $ and ,~ 

i, thus

1
(c) 

(I I 4t l  
C0 (3 .42)

and thus expression has been found to lead to better agreement with experiment at high sub-
sonic Mach numbers.

Because blockage changes the stream longitudinal velocity, t he static pressure, dens ity
and stat ic temperature of the stream will also change. The incremental corrections to be added
to the undisturbed stream values to allow for these changes, and the associated corrections to
flow quantities derived from them are as follows:

~~ 
‘8 (3.37)

I ’4 5 f ~i~ (3.43)
Pt’
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‘1’ %~ ~~ ( 1 44 1

(I U 2t1 ),,,

\( ~~,I - ‘ )

t 2  tF ~). . (3.41 )

It iv now p~ v siht ~ to ou ict i .iCr. ltl% nautli.,’ co~Ilici~iitv tiit’.tsUi L-d in t he tunnel . atv~’- based
on uui~ou u et’ted k m e t  i~ pu CS5UIC , t o  t ire a ir v .iiu~s I his process can be considered in tw o ~teI)s

(I ) ~ Jd u og t the inca su red t a iid ( ‘,,, 5 ,tt LICS the lift - tnt et terciice c~ ‘ i i  cciii iii .‘t( ‘u and
and

ii I m ultip ly ung the rCsullv by ii - the i .1 1 m o of uuworre~-ted to coi retied ki i ~eti c
I he Ii ~-e .m i i v .ilu~s ‘I .ueu oils ui,i Iu u u~ oct lucucui t s . fused ouu the ,,-orrei,-ted kinetic prevsurr ,ui

i) ic’il ems cii -

i (  i I (Ci i )(, t 41

~t i ’ ‘
,,, .\( ‘,,, ) •  3 4S )

i t ’ ) ( ‘ u~
(
~ (f or sta ke t r a v e i s e l  ~3 4’))

where
-‘ I

I, , ‘ ‘  . . t 1 ‘4))
- \~~ 4 , ( I . (2 (1 - i . ,~

‘
~~ hen i’uuu I’a i iuig iCsLi t t s  ii ouii t t ~s i ’  , , u i  i%% m~ • ‘u utiore i i io& t els i ’ i t i , ’ in  tes ts  in dilkuing wa il con

t i~ v m i .mi i,’ui~ - ou retied v alo es ol both \t mcli number .ind .tuigle of incidence must agi t’e tot the
- . ~Oiii~~.ii us o i u  to be s.ili&l lii ‘u .i~’ umic , i b is s esei e t y limits tlit’ uiunibei o f , , Is i ’s as .iil.ihle lou c,’ ur u

p.i r is oii ( )ne method of .‘v i ’i~~ ’ uui iu i~ this limitation us to use /ero lilt l i f t  ~~~~~ slope .is the bas is
lou c oull p .iu ison . in which .msc ilir ’ i ’ i i )y rcqiuu ierii ent us t f i . i t  Louu i ) ’ .u u  soils be niatle at the sante
oi u c~ it’d ‘sI .i~ ft  number It is the refor e useful to t-oiiihin~ tve sep.11 .tW s’ortrcttons t o tilt

ct’cttit - tent .i nil .1 iug Ic ‘I ii ic I ~fc tu i i ’ iii t o . i sun gle cot rect ion to lift cu ts e slope .‘\ ~~ti ti l t rig that , in
s iti.ill region aroun d iero lilt . t h e  l ift clii Sc is .ipprm ’xuuiia tc ls linear . i

t 
~i A~~ ‘ i~i ~ ~I)

t hen the liii curv e slope i u u .iv be sti i t ten .is

A
‘‘  ‘I

.i ui~l the lilt curv e sIt pe ci ‘ i i  cc ted to l i c e iii conditions .is

\ ( ‘ i ’~ 
( ‘ i i’

I ~k .  ( I  51)

\ ~~ I m I) ‘ ‘ ‘

N tiw

‘, ‘. I

.i iist

( u i  t t  ‘ u ‘i

Stibs t ututut ig 1il(~
) ( 1 s )~ w e obtain

I ~ ‘ i \ k( ‘m ‘ ( ‘ i i )  (- ‘ ( ‘ i .\ t i  )) t,

( i - ~ i ) - (. ‘l ’  - ‘1) 1 ’)

Now

~( 
‘ i (

~ i t
’)

it



and

~‘ 2 -~~‘i ~~ ~ i)

Theref o re

( Ci \~ (
~

‘
~ 

(‘t.i~~l t

\ ~~~ 
e~—° / p I \i ~(-~~)\I ~ 1i II I

/ ‘
From (3 tO) we have

~\2 ?m Ci

h ~im( •
i 

(h) ( (
~ )

Assuming that the pitching moment coefficient varies linearly with incidence in the region of the
zero lift point . i e

A~~ .

t hen

e e\~~m i A~ \

~ h~ °’ ’  ( h .  $ (~ 
I A .) (3 5b)

,‘\ Iso from ( 1  14)

~( \ ii ~~~ 1S~
2 (h ,~. (3,57 ) t.

Substituting ( 3  S(~) and (3 57) into (3.54 ) we obtain

I I c\~~IS i

(
~Ci. ~C1, 

- 
J [ I  2 (h $ 

(3.58)
~ 1 -o • - 0 

IS0~ , (~ 
~ i (A u A~)JJ

This ex pression takes unto account both blockage and lift interference and thus enables lift curve
slopes to be directly compared, the onl y furt her requirement being that the individual lift curve
slopes be compared at their corrected Mach num bers .

3.4 C~n~r~i Remarks

The theory of wind tunnel wall interference correction is stil l far from complete. The basic
deficiency in the app lication of subsonic theory to ventilated wall test sections us an inadequate
knowledge of the wall boundary conditions and a lack of understanding of the viscous loss
characteristics across the walls. This makes it difficult to apply classical vs-all correction theory
and expect the same accuracy that has been realized for solid walls or for open jets , if th e wall
boundary conditions for ventilated test sections could be specified as sati sfa ctoril y- as those for
solid wa lls or for open jets , vent ilated wall corrections would be subject to the same limitations
t hat have a lw ays been present in the classical correction methods. These limitations arise from the
first order linearized approach t o the problem and to the modelling of the situation by three
independent correclions. This gives rise to the implication, for examp le, t hat since there is stream-
line curvature, a warped model should be tested to simulate the uniform unbounded flow situation ,
and that the model warpage should be changed with each angle of attack. However , the wall loss
characteristic problem is more fundamental to the ventilated wall case since it precludes the
confident application of classical methods.

Consider the slot parameter . F. defined by Equation (3.3). It was pointed out by Davis and
Moore,” and later by Herndt and Sorensen,” that if the slots have finite thickness, I (see Eig. 3).
then Plc given by

12



I (3.5~) - 

-
More recentl y B.irnvsefl1° has generalized the flat slat formulation so that variations involving

s lots w ith sidewall, and separation in the plenum ~an be treated . He derived .iui expression for ~(or t he case in which the flow separated tin the plenum side of the slots as follows:

2J~~l i2  nJ\ )
F ‘

~ 
In (

IS ~~ \ 4ii- a ,J

and for t he case of slot s wi th s idewalls (see Fig . .t)

In d\
~ 

ln (2 )

It can be shown that the differences in the valu es of ’ p derived f’rom Equat ions (3.3 ) . ~3 , b&)) or
%3.~v t )  are re la ti ve ly sma ll if the slot width to slot spacing ratio a ,/ is small. However , these
di fferences , due to t he uncertainty ol ’ t he evac t nature of the wall boundary condition, can
become quite large in the case of a tunne l vs -al l with only .u few’ relatively wide slo ts

In Ret~rence 2 1 (‘hen and Mears develop a model in which the slots arc represented by
bodies w hich are generated by doublet rods of constant strength .is show n in l” igure 4 live
boundary of each bod y us the dividing streamline betwee n the outs ide flow and the flow-
associ ated w ith the doublet rod . The slot width and slot spacing arc again designated as a ~nd i/.
and t he distan ce between the doublet rods is desi gnate d as /) , Rarnvvell ~

tI t t.t ~ pointed oUt .i
mista ke in the an a lys is o( Chen and Mears in th at they equated the distan ce betwee n the rods, 1),
wit h the slot width a. These distances are ohs iously not equa l since ther e must be a small space
between the end of the rod and the dividing streumti~se as indicated in Figure 4a so t hai the ~~

‘ 

-fluid which is emitted in front of ’ t he rod by the source half of ’ each doublet can flow around the
end and into t he sink half of the doublet at the rear . This error led to an order of ’ magnitude
difference in the values of ~ for smatl values of’ a d and t o some doubt as to the v. i l idity of the
approach when compared with the classical approach leading to (3, t )

Chen antI Mears anal y Sis leads to an expression for ~ of

I T I) \  I T/ \

( 1  I)

cOs 
~ ~ 1 cosh (

~ /h ’~ ~I

w here in this case u s  the centreline thickness of the sl a t .  The rod gap Dis  unknown and must
he determined ~erattvel~ by fixing S and I and assuming a value for I), The value of a is then
obtained from the equation for the stream function describing the slat shape :

i i r  I) a\l 1) a\~ ii
sin 

~ 
(, 41 ~~ 2 (~ ~

) exp ~ (
~ ~

)
w here ~. is related to the doublet strength and iv given b y

~ cv vs(~~~) cosh (:)
vui1

(
~~~~

)

The slat shapes developed b y (‘hen and Mears ’ approach are plotted in Figure 4/t lor
several values of centre-line thickness , It i5 apparent that the effective thickness ot the s lat cannot
be reduced below’ about 1. For this reason, the usefu lness of the doublet- rod model in its present
form is limited. More contro l could be exerted over the effective thickness of the s l.i t if the
doublet strength could be varied along the length of the rod . However, the model does indicate’0
that the value of F us more sensitive to the shape of the slat than to w heth er or not the h ow
separates on the plenum side of the slat.

A more seriolus problem in the specification of the wall boundary condition arises with the

1.1
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term to t.ike .il , L~~’ Ut i i  It  S I ’ . .~~Us ~‘ t l ~’t ’ t s  iii t h e  s l o t s  I lie constant ‘‘ porosity ’’, I’, in Fquat iout
is .u u nied ii i k’ dci eu-ni i ned h~ the vs all L’e metu and the tree—st rca in ~v I ,ic Ii nu in her , a It hiough
u nl ike the slot p,ii.t ueL’i - / . the re is no method for computing i t  a / IV I I I P I  I h i s  term is .IuLtlogou- .
to the term cv pi cs ~~ I ic he ii uie.uriie~l pressure drop across a porous wai l  - I t ie basis ‘o r using - 

-

51k ii .t Lh.ui,IL R i  i s t i L  III slot t ed ss. ih l s  is how ev er , ev en more tenuous than the h,isis for using it
lol 

~~ ~ iis sv j l l s , slot ted vs .ills depart iuig even furt her from the ph~ sical basis (i.e I)arcy ‘ s law
floss throug h d~’iisc porous media). It has been suggested by ye s eral vs orkers that the

isc ~ ’ i i s loss cii,ii iL en  s i i~’ Ij s lot ted vs a i ls may be better represeitted by a quadratic term rather
tt i , iui  ,i li nc,ui ~ uic . e’~pc~i.ilIs Ill L. i ’ cs  vs here the t’i~ iss ’ t lovs vclSis ’ i t ies , i iC I,ii’L’5’

the vs hole ,irc.i of ’ slotted svall  boundary conditions is further complicated by the presence
of the st ill hound,u;~ l.i~ci s . ii . ILL ’ I’ iiii t of sshich is iaken hs rt’prest ’uu! i l i t ius such is  t 2 1  The —
total L I O s s - s C L i R ’ i i . i l  .ui e.i I t  the stall houndau y —l a y er s  may well approach or even exceed the
L I  ITss-s c t - u i , ,ii.iI .iie.i T I >  the nuodel It is therefore possible u i_ i t  to a large es icu l t  the fluid entering
the slo t s could be loss uiioiileuitunl ho uui da ry— laye r .ii r, rather than l i ce -s t re a m air. The slot floss
is then hound to he lcss ef licient in mauuit. i ini i ig .i pressure dif l’erence between t he t es t section
and the IT IL ’ilLifl i i.iiiiher I hese c, ’iisidi’i .itions also appi~ I T ’  ~fly rcj.’Ioul vs here the s lat flow
p~~~st’~ into t h e  t est sL’L t I T ’ ui I i  ‘in the plenum cham ber ss ith i t s  more or less st , ignant air. I ~r the
c isc where there is s ,iiiishiiig loia’itudin,il flux in the sh ot t cgi~~ii. the re vs ill he a neg ligible pressure
tlilt’ercncs’ and the vv .uil vs i l l appear to the test  section floss ,is .1 Iuee~j c t boundary at t he plenum —
pressurc

It is LIc.i r t hen , th at the f loss properties ,‘t s iot~~d vs , i l l s  max well be rather comp licated , ver y
lik el y moTe LT ’iii~~lIL t ied t haut ,‘ ij s i s t eiit vv i t h  the siuii p l i ts  ung assum ptions made in the homo—
ccnc , us houii,l,ii ‘ i id it ioius of L l , i ss i L , i l  uk- i tc icncc theory presented in the prey uous section.
~~‘7n c . it tc unp is t h i v e heeuu m,ide to ex ,iminc the situation vs it hi a v test to , tainiilt ! .i better
representation of t he t’,’ti i isl. it s - ,’ i id i t i , ’ us . hut these ass .iit furth e r ex per ime nt_ il ver i f ic a t ion
bet’o ie the use of the ir more ~oiiip lic,i ted fo rms ~.in he ju st i f ie d. \ IL’.\uiss bile the usc of t he Ll, issis: i I
lot nis of bouuid.ii y L-O i i d i i l ~~i1 vs ill continue. hut the aLLu i  , I L \  of the resulting co i reL’ t i t’ uis st ill he
open to  doubt and vs ill Lcri.iiilly he less than that ,icii icv cd t ,~i the solid vs . ihi or open let L’.ises

4. A l’Pl.l(’ t I ION OF l iN t ’  AR TIIF:OR~
4.1 Solid ~ all Re%ult s

I he results of t C s t s  on both models of ’ N -\ (  - \.0(f 2 and HG k - I in the solid vs all test section
have been an_ dy scsI in Is L I t  d,iuis’e 55 it ii linear unterkrcnce theory presented in the pres uI’iis 55’L’t iO u -

I i t t  curve slope ,it ;ci o lift 55 . is use d ~is a basis for comparison , the data being corr ected h~ the
app lication of ’ 1- qu it io n ~S f  I or t he so hu d—v vail s’.is e , the l i f t  uui tc rt~rence parameters 

~ I and
are gis en exp licitl y by ( I ). vs tb 

~ II go; ng t~ /e ro. The blockage factors .,- and .- are >av en
by j 4 1)  and ~ 42 ) N I 55 a ks’ tl rag measuremen ts stere undertaken for the solitl vsa lI tes t s , and
t he valu” of dr. ic coetlk’ient iii ~.42 ) vs as therefore obtained from the result s of ’ the slotted wall
tests ~it the co rrespond i a’  uncorrected \ I  ,ich numbers an~t a> l i t  t ids’s . Since stake blockage
.uccot i t i t s  t , ’ i  ls ’ ss th,in lii ,, of the t o t_ i l  blockage factor , thus should not g ive rise to  any significant
errors .

I he corrected ,ul ii es of ’ l i f t  curse slope are plotted in I’ ugure ~ for IKI K—i and in Figure (i
f’or t he N \( A-t *) l 2. R~ suits from tCsts  on the two models of each sect ion sh~pc now show’
s .it is i ,uc tT ’ r \  .igrceiuient il though scat icr is still cv dent in the resul ts for the HG K— i section ,
es peciall y at supercrut ic .I I \lach numbers. itie corrected data i!euicrall\ fall vs ut hut i 2’ ,, of t he —

common curve , compared vs aft eIitl’erences oh’ about ID” ,, fo r  the uncorrected data (see Figs.
7 and S -\ ii , iui.ul ’, s i s  of the expected errors in t he v .due of lif t curve slope (on the bas is of’ ty  pic~il
experimental errors in .iii,’lc oh itis ’ iLiciicc oh’ 0 02 and in lift coeff ic ients of . ‘ 0002. and lit ’t
curve slopes being v kri v esl f ron t  the slope of the lift curse os-er an ang le oh’ incidence of 4
indicates that the y vs oukl be oh the order 5~f 2” ,, t he value order as the sc .itt er between
corrected results

Further cv udencc of ’ tile s uccess of linear theory’ in correcting the vi ,it ,i obtained in the solid
wal l tes ts  is provided by the /ero lit ’t N ‘\( ‘A— OO I 2 res ults . I igure ‘) presents the variation of ’
pressure ratio vs uth ‘vi is - l i number for one part ict ul,ir chordvv ise pos ition (.v .‘ 0-  3~ Corrected
data front both nioshs’is of t he N -u - .‘v-001 2 arc plotted and the data are seen to define a sing le
curve  with ve r y  l i t t le sc ,ui icr

16 
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As sii gg ~ s t t ’,j iii Rs ’ le ie i ics ’ “, ibe (‘ \ i s t c t l t ’ t’ of ,i s h t ’ s i T i l  p uc ~s u uc i t i s t ;  ih’ iit ioti t , ’i the Htdk - I
vs’s ns’ti .iIss~ pios ides .i s’O u l%eutieut t i t’leicnt ’t’ po;iut t o t  the study oh ts nd tunne l sta ll uu i h t ’T t e u cut ~-e
I he cxpe i uuuental design shist uil s ution s ht asc been hound to be qiiitt ’ ss ’ul’ i i i ve  to viu .ill i i .ut igt ’sin t ( .nid s , and such a is ’ ts ’ icii~s’ poi nt vs oultt .ippe.ii to be well defined I t  t lit ’ ut ’s i i l t s  s’ould he
ili.isic t u ~ s’ oh ui% t t ’ i ts ’ ic i isc s l i t ’s is . the s’oivd~~ions at sv t i t-h the slev igul pit’s s i i i c  dust; ibution vs us
obtained l,’i ~‘,i~- li nu ide I sli on Id 1st’ t hi t ’ s ,u ii ic (v i  ike 5 i vs ’ s ‘ii ” 1’ llt ’t is si~oit Id lx’ in i lie v i i i  it’ strde,
lot both I althou g h this s’ondit i ,’ut vs stuid not lx’ cxpcs’t ed t o .i> ’i cv’ vs i t h that hound hi out nv scud
theo iv ‘\~‘plv iutg line,ir the,~~’, to f l i t ’ t~

i, uk - I h~- s i , ’~t Isis’ssu i t ’ d ist i  u hution te ss i t t s  ¶ 10111 the solid
vs _ ill tests O s ’ s ’ht ,iiii fl it’ s o i i  s’s l i t >  design point ‘‘ i l ihutio n’, .i’ t ,ih sul,itt ’sI belsiss

I is ,‘i is ’s i t s >  t~ ~‘i it ’s t s ’d
(ut lill) —

if  ( s, ( ‘~~ 
- hi - ( 

~,

101 h I) - if tt) 0 ~- i-4 0 I l ~ 0 ~~ 0 , )  
~ ~S (1 I I

201 ~ 0 ‘45 0 ~s I) ‘1 0 ‘~~s fi s~ 0 , 0 h i S
- i _ _ 

-\ e. i i it  t h e  .igk’s’Ilis’ Tlu i’t’ i v s s ’eit the Isv 0 mo hs’ is is ess c l ien t  I lie ex istence oh a single ds’si gui
cout d i t ton i dcv liii to hs ‘t hi models is h u t  lie i vii ppoi lesh by t he ci oss’ a greenveni bet vs ecu tlit’cxperumt’ it tah sfs ’s i i ’fl rus ’ss i i i , ’ ilis iribut ions , is sf t , sss ii in I glu t’ ho

(,‘ivei ’,til , the solid vs ,ull s h ,uia s , ’i I e5 ’ted l’s i iutt ’ai th t ’ou v s hoss s s t _ i s  s , it i s h~is ’t, ’i agu’ccineuit
It is t l is ’ is ’t o ic to fv5’ ~~~~~ ted thi,ut t he s , ’i i s’sls ’,l ues iul t v 5’ i i i  r t °~ i t s ’ h~iu rl s s ’ lost’ to iultt ’ rbet - t’ns’v’ hurt’dat , i

4 .2 ~loffed %~ ~lI Results

in t h e  slotted vs all ~‘.is~’, thit’ iii i iui s’l o ills u i e s’l i , u i. us t cl i,’esl by t s s  ,‘ n,’ul’duntt’its ional . -
1’at ants’ts’I s 1- which is .1 ituvtquc hun s’t io ui oh the geotnet i  s of ’ the s lots , and F’ (t l is ’ ‘ ‘ pot ,‘ s i t y
li t tou ‘‘ 1 usually s’oiistds ’ icv i is the .i t iO I’ . vv hu chl .ilvpc ,iis iii the f u l l  houltogs’utc ot is b,’iuits h ,i ;
~~~~~~~~~ .‘ ) t o  ,ill ovs lot ss ’OUs s’Ilcets sty the sl ot s I Its’ p u ,u iivcfe i / is l i i i  Is ~,isiI ~ detem inine d ,
tile only probk’nl being vs hetht ’u to take the tinitt _’ thu ~’kites~ oh’ the sl i t s  unto .Is ’s ’,’iiiii F’ oi .‘~ 1’
on ilk’ othei lland mu st be de t s ’i ii i uts ’sI &‘ultpt u ically and its  defini tion is ilk’ h_isis’ prohlt’un
t’ilcotintered iii fli t’ .ipp licat iout si t  si i l’s, ii i is ’ linear tItcor~ to s io t tc d stal l vs intl tunnels
(onsislet-ing fir stl y t f t s ’ slot geoillt’ t I %  ~~it iilit’ t t ’i F ,  t tOi l t  I sf ( Iatt on

‘I “a/ lit s ’OSt ’t
2,1

I ou the slotted t est set - l io n w ills u sed in the l5 i t’st ’T i t  t C s t s

a I 2 ‘ tllilt

1 ultIll

I, SOS m m
. iuisl

b \ ‘n I 111111 \ ‘ f

gus ing

/ 0 OS t if

It the fi nite th ickn ess of the sl a ts  (1 2 sf inill~ us taken into ,it ’s ’,’iiiil, then flout i quation
~ s’~f vse obta in F (1 I l’i

I uuiniuti ’ il ’ ’Ss to tIlt’ y st ’,’iis flow pu t .uius ’tt ’i .~ /‘, there auu ~ thiet’ s ’ l , i ss s ’ s of ’ inctllojs . all
f’,us is ’a l lv t’vpc run lt ’ml t _ I l  5% hu~’h h i s  i’ b~t’ii u sed f s ’t i t s  vIs’tt ’ rmyy liyti t ioly l I i i ’s i i i ’
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slim cci ine,usui eunent
indirect nue,usuu emitent
coiliparusomi of measurcnien Is  -

Direct measurement ct s t ls is ts  of ’ (he cali bration of ’ actua l or samp le w ind tunne l walls by- the
it is ’,usuremeni si t  the prs’s su t c  di op across the wall for sar ious cross flow velocitie s and free
stream Mach numbers I htis method is more suitable t’or use wit h perforated walls , and h as
been e~tensuse l y used t’ mr th us purpose at the Arnold Engineering l)eveloprnent Centre (“v I- l)( -

‘v metttod of uti dim s’ct m easurement , originating at the National E,uc ht—en Ruimtev aart—
lahoratoruum (NI R ),~ “ s’ons ists of ’ an aerol’ts u l drag balance method in which all uton—
unterf ’erence sti ig contributi ons are ett her measured or calculated , ansI are then compared to
the drag obtained t roin vs ike rake measurements . ‘I’he ‘‘ porov ut factor ’’ 

~ / ‘  may t hen be
oht,iint’tf for cact i \h ,us Ii numbe r and auig le of ’ at tack by subtract ion. I his method sutlers front
the th is .ids ant iges ‘I rs’quurung um t re ahuv tic a lly accurate nit’avuremneni s oh profile drag to be
oht am nesl t ’ro iii ac r o lot I s U rf ~us’s’ p is’ ss (irs’ incas u re mite itt s ~ uith t he di thicu Ity of ’ accura tel ) s’s ii muting
sk;n’I t s t  ion sIt .ug

I’he met hosly ‘ill ’ ‘vs u uig the sle er iii ui , ut ion ot ’ 1i I’ flom com parative nieasu rernents usually’
s’ou sist i l  eiths’i te sting .i sing le aero h’oif m odel in a test sectt on in whic h (he wail conditions
may be s .iried from closed , through ss’v i’ral vs all permeahulit es , to a condition comparab le to
that of ’ arm open ct , or of ’ ts’s t t u t g  tst ~ ’ or more geounet ricai ly similar m odels of the sante aerof oil
set h ion in a sing le ‘,emit ilatt ’st - v v ill tcst  sect on - Such methods , because oh’ their stra ig htf ’orss ard
,ippltc~ut ioui , ,ire by l.ur (tie most popular. —

I’he ,upproas ’h asloptes l here vs - ill also be one of cssunparat ive measurements , hut because
of t he tuttusua l ss’t of test results ,is amiable , (lie approach vs- ill he somnevs hat difl’erent f’rom that
usually fo llowed. In the prt’v ious section ii w as sl iovs ii that (lie solid wall results , corrected accord-
ing to linear interference theory , pros ide a set sif ’ measuren ients close to being free of the efiects
oh ’ interference , the approach vs ill be to accept t hese meastureme il ts as being tru ly ’ ‘‘interfere nce
t’ree ’’ a its) to use (bent to . in efIect . cult brate t he slot test vs a his in tindi up (he applicable value of ’
~ P. t he basis for s’ounparison vs ill he the v ,trt a tmon of ’ s’~srrected solist ssa li lift s’Lirve slope (at

— ‘ iero lift ) with Mat -h num ber, and then to ui(em) lp( to finst a value of d I’ vs hich ruinlmi/es the
deviations oh ’ the co ri’ected s lotted vva hl Iu f ’( curve slopes f’roni these ‘‘ interf ’ercnce t’ree ’’ measure- ~ -~
ments , I-or th is purpose ‘‘nus’an CUfSev ’’ show n on ‘1gw-es ~ and b have been draw n a.s lines
of best fit to (he corrected solist wail data. Is ’  quantif~ (lie agreement betvs’een the slotted wall
data and t hese mean curs es , vs e stelitte . root mean square deviation (“r i,.) given by-

( 

A , Y) 
~4, I)

whers’ A - ,  are the ~‘orrt’cts’d so lid vva ll lift curve shops’s tak en f’romn the meam i curse , and A, . at’ s’
t he slotted vs-all lift curse slope s , t he summation being taken over (he ii value s of ’ Mach ttumber
at which measurentents vs crc made for each model of ’ each aerof ’om l sect ion. (‘are vs as taket i to
ensure ( hat the 5 1  Ins’ of A- ,  vs as interpo lated fl’oni the m ean curs s’s to correspoust to the corrected
Mach number of the slotted wall v , i l t t e s A - I ach miiodeh of ’ cac ti aerofoil section vs as treated
separate ly to ensure that aui y trends due to either vary imig chord or ~terof ’oiI section would he
apparent.

“vs for t he solid stall results . the lift curve slopes sscre corrected by the application oh’
Equation (3.5S) . lit ( hi s case, h owever , t he in(erf ’erence parameters ~ and ~ i given by (3 ,3 I)
now become f’unct ions of I-’ and ~i 1’ and are found h~ subst ituting front (3.2 3) and (3.24 ) into
(3 .3 f I’ Similarly the blockage factor . ‘n. w hk’h determines (1 (the ratio of ’ corrected to uncorrected
kinetic pressure ) , is re lated to I and 

~ I’ via I quatiomis (3, 12 1, (3 .  IT ’ ) and ( 3.3~ ).
‘T h e  va ria t ion of ’ the root mean square dcv ’iat iom i ‘-‘r i, ’. vs it h ,~~ P is s hown in Figure II for

t he four aerof ’oi l models . l’he s ibis’s of ’ ~ P gus irm g the miuitntutn ties u,ition for each niodel are
a lso noted on the fi gure .‘\ Ithoug h there is some variation in (his value hetsseen the models ,
notab ly for the 101 ‘(i mm chord N.”v( ’ .”v- (X)l 2 m odel, t he results indicate a sing le va lue of ~ F’.
appropriate to (he slotted vs -ails used , wit h a value of about 0 4 ,  It is interesting to note the
steepe r slopes about the minima obtained for both the larger chortl models, I’his is indicative
o f the grea ter dependence of the larger chord model resulb.s on p-i P due to t he presence of increased
interference effects ,
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w/P~ &ms mfn.

1 NACA 0012 101,6 mm Chord 0.34
• NACA 0012 203,2 mm Chord 0.40 , F

-~ BGK- 1 101.6 mm Chord 0.43
£ BGK 1 203.2 mm Chord 0.42

1~ ‘1 1 1 ’
16 ,~ \

..~rmS

1 4 ’

1.2 .

1’O ‘ -

0-8 -

0-6 ‘ -

0’4 -
I.

0 - 2

0 0 2  04  06  0 8 1-0

FIG. 11 VARIATION OF ROOT MEAN SQUARE DEVIATION WIT~-I ~3/P —
CLASSICAL LINEAR THEORY



These calculations ssere repeated with the va lue of 1(0’ I i’9) taking into account the finite
thickness of the s l a t s , l’he indicated value ot’$, P differed by only a t’ew per cent fromn the original
value ((1 4) and t he value oh ’ j : w as therefore retained at 0- 0~ I for all futur e work,

( ‘orrected lift cu rve slopes were then calculated using linear theory wi th  the value of ’ ~ P
h~ls1 constant at 0 40 1 hess’ corrected values are pløtted in f igure 12 for the BGK-l section
and ~n Figure 13 for t he NA( ’ , ’v-tW ,) 12 together with the miiean curves of ’ the corrected solid wal l
results for coniparuson A part from the low Mas h number range for the ~GK-l section . the
slotted vs -all results now fail vs uthin 2 t o - t ’ ’ ,, oh’ t he corrected solid wall s’ur~es . Considering
t hat the iutcr c.u ss ’ in lift curve slope over the uncorrected results (w hich are show n in Figures
14 and I S for comparison) amounts to between 25 ’’ ,, ami d 50’’ ,, for t he 203 -2 mm chord models
and between I 5 ”,, amisl 25’’ ,, for t he 101 ‘6 mm chord models , t his zugreenlemit us remarkably- gsiod,

Once aga i i i . the zero lift N ‘v (‘A-tX) 12 results pros mute a uset ’u I s- heck on the blockage correc-
t ions in the forni of ’ pressure rat io (p I i)  var i a t ion  with Mach number at constant chordvs ise
position. If ’ we agaimi ta ke the corrected solid vs all slatzt j s beumtg interference fr ee , and prov ided
that a gis cii pressure at a Ii sed point on the model represents a gis en floss (in the model . me ,
prov ided the blockage ehl’ect produces no distortion at t he msideh and can be applied as a correc-
(ion tO longutus lmnal velocity , t hen the dutkrent ’cs , A t !. (in horizomital intercepts betvs ecn the
corrected solid ss .ilh curve and t he uncorrected siotted wall curve give the hlock.uge etI~cts on
Mach number fsir the slotted wa l ls -‘v h pucal plot , t’or s 0 0 3  is show ml iii Figure 16, I ‘tom
this plot , at a Macb number of 0- 75 st e ss’s’ that A t !  is approxmma te I~ 0 00’i, compared ss i h i

000 2 predictest by linear theory , l inear t heot ’~ clear ly unslerestiunates the blockage eflec
by a significant ,uniusunt , and (h i ts is trUe t hrsiughout the M,mch miumber range.

By plotting these . \ / s against Macis number we mitay obtain an Csf mmate of (he actual
blockage etl’ects out ‘vt ,ich number as a funct ion oh’ Mach miuniber t’ot tt ue slotted wal ls, It’ similar
s- urv e s are plotted for s urious chordwise positions a check can be miiade for the esustence of “

signif icant floss distortions , since mm i t hat case i t  would be espectes i (fiat the shape of’ t hese curves
wou ld v ar y  in j ut ordered manmier w i th  chors iwise po smtu , i i l ,  Such a series of results are plotted
in Figure I 7 , antI although sig uim l ican i scatter is present , t he scatter is largely random, t he result
of e’t perimental errors rather tha m i any trem is l due to smgt itficant floss distortion , support ing the
assumption t hat blockage can be al lowed t’or h~- a  simple correet iomi to f’ree—streant selos ’ m t y -

A lso plotted on the fi gure arc the cuu’ves predicted by linear theory f’or t he case oh a slotted vvall
with ~ P 040  and an open le t. It is evident that even the opemi jet case um~derestiniates the
bloc kage by a factor of f’our or live . l’his wo uld suggest that the present slotted vs-aIls, at least
as far as hiock.ige us concerned, are more “open” t han an open ;ct - Similar results have been
found by Pearcey el a!. and some possible reasons for this discrepancy’ will be discussed in a
later ss’ct uof l ,

Classical linea r theory suggests that the variation with Mach miuniher of the differences
‘stiovs n in Figure I? should he of the form

~~~ (I 0. 2t!
~)~~ 

(4 21

w here e is an empirical blockage factor , This empiris’aI blockage factor therefore replaces u ill
Equat ion (3. 45) and embraces t he solid blockage and wake blockage, st- here if s’\ists . both now’
factored by I ~~. A gain following classical theory, we w ill assume that u ’ is relat ed to the dinien-
siofls ot’ t he test section and mitodel h~

e 1-~ (4 ,3’)
“-

w here .4,. is the efl’ect iv- e model cross-sectional area given by (see Equation (3 ,4 1))

i. .4 
(~~ 

I ~~~~ (4 .4)

and IT should be a constant depending outl y on the properties ‘f the particular test-sect ton w al l s ,
Equat ion (4 ,21 iv plotted in Figure 17 , and the value s-sf I-.’ giving the closest agreement vsi th the
data is about I ‘2 5 . Unfortunately, t he data from the lOt ‘6 ny tw chord model ot’ the NAC A-
0012. which could have provided au independent check on the value of I- ’ h’roni a s imilar process.
contained too much esperimental scatter to alloys auiy meaningful deductions , (It should he
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notesf t hat the ‘t Us pr~tt m~ t~d t rss m I qu,IlIs ’us 4 2 1 would be a h’astot sit ’ 4 smaller thaut those of ’
the 203 -2  tu tu chord mut t ’de l I It us w or th not it ig tt s.ut s ,iliies of I- co rrespot tshint ~ to  solid wa lls
and to  slotted vs aIls w i th  .i s due F t 

~ I’ ~‘I 0 4 (s, ’~ilcuLIted h~ .issl;iiilng Use v ,uhs e of stake H ‘~

rehev ,int to .i \I,k’h number of U - I are U - 50 and 1) Il rcsp ecti ss’I’~ , .mnd I ‘i t hc case of ’ an
sipems let (vs here the vs .tke blockage iv ieto I t he alue of 1. iv (I 2i ’ It is ‘ccii t h.it the entp mrmc. ii
v ~ilue of 1’ . I - 2’ , is al l i i , ’ s t  S titi ie~ the opemi let value ,

th is  e ns t s iuis ’ ,il l’I ’~ k,iL’e ,‘i s’s’ tm o n . t i  the t , ’ rm n ~‘t I cf lLit ion 4 21 , may be combitied w i th
the noritt .ul Ii ne.ir theory I ‘r lit ’i iits ’ ife i  et ics’ to I s im s a “sem i’empm rical’’ correctisin sc heme I
the slotted vs all tesults I he resu lts oh the applis’_ it i l’n of th is sc hett ie to L, ’i rs’ct the ier~’- l i f ’t l ilt
curve sl , p s ’ s a t , ,’ sh , ’vs ii i t t  I s~iiIe I ~ vs here t he root nicami square dcv i, it t , ’t is f r o m  th~, means
of the cs ’ r tec led ‘~~‘~ i i  is il l results .t e i~loc ted j i , i i f l s t  d /‘. \ ft hough there is ist it tew hat mote
scatter it i the v ,iIu~ s of’ ,‘~ I’ gis tn~t minimum des ,it i on ,  plots ‘‘I ths’ c~~i recte d F I t  cur s e slopc s
show n in I gures ~ ,tmtsl ‘l , usut ~~ an ase r _ ige va lue oh ’

~~ I’ ‘I II ~ I , sli, ’is sit tit i _ ir sc ,itt s’r i ,  those
corrected h~ c~’tiip lc iv’ line n thet ’ r~ -

- \s  for t he s, t l it i ii ill rs ” j l t s . the e spe r im lsenta (f\  steter t is incd vIe - - ‘ i t pressure sl is i  rihutions
founsf f o r  the 13(1 Is— I sec ti on may .i~t,iiri be u sed ,i-’ .u chec k sf1 the s ,ilisl ts of ’ the corrections .
l’he desn~n point sI.i t.i . of’t ,i t icil l’m’ out Refer ence 7 have been c~ ‘rres ’ted by the sp lication of ’ the
“sent -e iispii c. s~’lieint’ deselopesi .l’ , v e . vs i th I 1 25 and d /‘ (1 SI The va lues of ’
lift i nterl’erence pa r, t eL ~, ,nid ~ ~ht. tie d iv tth such ,i schents - are t I - 16 and 1) II S

respect s ,,‘I~ .) The ectri ected si,~t 1ed svall resu l ts , t c L ’I her w i th the ~ot tec ts ’d solid ys .tII resu l ts
fo r compar lss ’ii. are tabul ated bel. ’vs

Vs all 
‘ , I ti,,’otr cc tesf ( ‘orrt’e(esl

t~ P’ I iiii ii ) F 
- 

~~~~~~~ -- - -

(1 ( ‘
~, 

( HI ‘I! 
- 

( -
‘

~Is ’ t ted 101 - 6 0’ 63 I - 4t~ (1 529 0 I i2 0- -~~~~ 0’~~ 0 53i~ 
- 0 1 1 3

$03 2 0- ”S4 - “1) 0-506 0 122 (l -~~6U 0 5 0  - 0 533 0 ’ 12 ~
)

~oIid 101 -6 0 ’ 5 ~ 0-60 
- 

0 - 544  0 0- 55 0 - t ’ O 0 53~ - 0 - 1 1 3
20, i 2 (5 45 ~ ~5 U ~o0 0 124 0 - 7 ~5 ( l - ~~6 0 - 5~~’ Q - l l ~

- \g a t i s  the .tgrs’eiiieitt between the two models is quite good , a’ is th e agreemeuit between

th e con cs - t ed res u l ts I ront both solid nd slottt ’d vs al l t e s ts . 1’h~’ ,it’F,,’l’ltl et i  bct sses’ti the pressure
distribut oils for the s’spe ritncnt.t I st es ig mi conslition of each model, plotted in I- igure 2 1 . is tisit j s
good j s that bet vs cci i  the tss , solid stall d Istr ibution” 1 id,,’iic~ of a loss of lift t rom a decre ,tse
in lswer surLice pressure i s  apparem it for the 203 - 2  mm chord model up to mid chorsl , vs it h art
increase in lift from higher upper ‘nil ,ice sUCtion apparent thereaf ter. I i t s  behas tou r i~ consis ten t

w’uth the presence ot sign fic . mt i t  streamline curs ,ituu’e for th is mostel, It is surprising that such an
eflc ct s hould be s isihI~ in t he slotted sv all results ,itid nt-st in those h’routi the sol sl s ta l ls , since t he
r~I,itivt’ magnitudes oh ’ the lift intu’rl’erence parameter 5 . vs hich chat Is t C F i , ’Cs s t t ’e. itt i line curs ature .
stould indicate tli.u the st~s’,iiii Iiite curvature in so lid Wa lls shou ld he mltors’ Ui_itt  stsiuhle that in
the slot ted wall ’ I h could he mttte rprct es l to nicams that the st re ,imlmne cli rv at ure in the slotted
vs ,ilIs is ser ious ly uu~terestt ns.ites1 by linear t heory - hut t he anioutit of d.it.t pt~ st’t~t l~ .i~ as labte
dot’s iiot a l l  ‘iv ,i n~ f irm s’ou iclusuo n to be iii,isle To ensure that th i s t’lh’ct vs ,is not limited to the
results from the 13(i K— I ec liofl , a sin s t l , i r c~’ iiip.u rtso ii ss .us soug ht I toni  the \ -\C .-\ - (X t l 2 ss’cl is ’tt
resul t s  Su ch .i csintpai iss ’ti is complicated b~ the ilecess it \  oh ’ hins litto tw o  st ’ts of results w it h the
same corr ected va lues of \ t . , h  unimher ansi tnc tdcns ’i,’. Tvt o such c,iss’s (for U 0’ “6”) , art’
plotted in I ~it ic  22 , and alt hough not to the s.ime e\(ent d v  in the 13(iIs- I ~‘.ise . evidence of’

streamline curvature i v  tt isleett pr~’~ent . tnas kest somevt h,it by the sl it’ Iitl’, higher cot rects’si tncudenc-e
and hence s l ig ht ’, highet lilt lot the s lot t ed wa l l  result , ‘T he ~se reet i ient in co i i s’c ts ’d \ ach number
h’s-sr t hese (ys 0 t , lst ’s ,ul~ ’ proS isles an opportunity for the conl ’.Ii son of the corrected s .iriation nI
lu ft c,sefl Ic,en t w i t  li nc deuce I i~ t ure 23 s l ls ’\% s s 3 tu mt e go, ’,l agreement bet vs ccii the results front
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FIG. 18 VARIATION OF ROOT MEAN SQUARE DEVIATION WITH ~3/P;
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+ )c b(~~-1 203 .2PvtiA t2HORD SLOTTED WALLS CORW CTED
M~ .760 AL~ 0.50 CN~~ 0.533 CIs~e:-0 .129 R~ 1 .646

~ A ~~~ -1 101 .GMtA CP-1OT~D SLOTTED WALLS COP~~CTED
M= .756 AL= 0 .77 C2N= 0.536 CIv~ —0 .113 P 0.791 - ‘

FIG. 21 COMPARISON OF BGK~1 DESIGN PRESSURE DISTRIBUTION;
S LOTTE D WA LL DATA

37

~~~~~~~~~~~~~ - - -“-~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --‘-~~~~~~~ ‘--



0.0 -

p
hi

0.2 -

0.4 - A

X 4

— - --- x
‘( a

0.6 -  
A

:

0.8 -

1.0 —

+ x NACA 0012 203 .2M1 Ct-CRD GLOTTEIJ WALLS CORRECTED
.767 AL= 2.19 C1-’-~~ 0,342 C~~~ 0.005 R= 1 .609
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FIG. 22 COMPARISON OF CORRECTED PRESSURE DISTRIBUTIONS —
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so lid and slotted vs .ill ls’ s i s I Its ’ uncot u ectes l curv s’s ,uis ’ JIso i t iel udesl foi s•oiiip,ii sou l St ’s era l
similar opportunities for  co t t tpa r iss ’tl ol c,’u i es ’t esl l i f t  curves .urs ’ ,uv.uik u hle l’roni t he BUK - I - -

~ 1n to rt u na ts’fy rio s’.tses s’S i s t vs Iuu’rs’ t he corres’te d “s I,ts ii mt ii ii i  hers is’ ret’ bet vs ecn tests on
nioslels of stit lerent chor ds (‘orres’tes i Iih ’t s’ur v s ’ s fo r t i ts i s t ’  ~.is~’s vs lici s’ corrected \l ,u~li uuuunbers
are clsiss’ly in agreement arc plotted in I gui- u- 24 . -\ g i  i mi the agrcs’uuieni is quite good - Fort unate lv
eac h s’ ,is s ’ pros isles s~tse pair of results I ~‘r vs his’h ths’ cs ’ rrs ’s’ted .1 iig ls’s of imicus tenc e are v cry nearl~idemiticti l (t i c pressure stistr ihuiiot is corresponding to these p.iurs ,urs ’ s’omnparcd in I igures 25 ,
21i and 2~’ I he agrecniemlt betw een t he pressure distributions v s ith .u corrs’cted \lacli number sit ’

0- ~OS ~I ig. 2~ I us s lutte retnsirkzthle , t he shape and estem it of the sh ,’t t supersonic region being
reprostuces l ver y as’cur ately - I Its’ cs ’ mt t pa rus omi oh I- cuic 2o Is in teresting, since the conditions of
t he co mnparisomi .u ‘s l.i~ fi number pus t below- t h e  esps’ rutne nta ll~ sletcrnttned design v alus- ansi
an ang le oh ’ imicustence lust abov e a te  in a region in which the shape ,if the pressure stisirihutions
‘it t’ foumt~t t o be estremel y ss’ t i s i t i s u ’ to sntall cl iam iges in \l .us Ii numbe r and ang le 01’ uuicidence ,7’~ihe agreement obtained in this s’ase sugui ih ic .iuit ly increases csiui f uij s’utce in the belief that the
correctio ns are prostus’ung trul y umtts ’ r le rencc l’ree results I’hc t it ial pail ( I  ic 2” ), f or a s igni hiea mt t lv
supercr uticat \i,ucli miumher (1) - “ I’ S) , agait i show escel ls’nt .igreem neutt (s ’ l l i is ts l t ’ritlg the small
di tie rence in angle of u nctsience). I lie f,ict that cI as~ usa  I i ills ’ I f ’t’renct’ theor y , vs It is-h us not s a lid . -

under supercrit icat conditions , sti l l product ’s s t us’li good agres’tlietl u in this c.ise i s . perhaps , sine
of ’ t he more sur pr is ut ig  results s ’I the inves t ig .uuioit

- ‘v s a him ia l ches’k on the v al id i t y of the ti i ts ’ i Is ’t e i ls ’e t’Oi’ iCs ’i IOils , the s’horstvv se positi omi of the
tippe r surf ,uce shos’k on t he \. -‘u -\-0O I 2 .i t ,‘ei o unciskt ucs’ may he used, t igu ure 2~ shows the
shock positions (arbitrari l y steh itted us the ni i d— psi int of the surface press uuu .e rise) for both
models of ’ the ~s -v. ‘\— t ~)l 2 in both solid ansi sls ~tfs ’ sl i5 , i l ls , plo tu s ’d ,uO.iiii st tiiicsirit’cted Mach
number, A lthough t here i s  s t g nu h ic a m t t  ss ’a t t s’r press’t it , theu’e arc o bvio us trends towards increasing r 

-

st ev u tit io ns s si  th uncre ,ises in both mostcl si/t ’ tins1 \I ,ucli number, lii I- igurc $~
) the shock lsi s ’at io mvs

are reploits’d tig~uin s t  M uch ttuinher corrccts’sl by the tipp lis ’.it ioii of s’I, ss is ’,uI theory to the solid
vs ,ifl rt ’ss ufts , ansi ( ‘stuations 4, 2) ansI ~4 3 )  w ith F 

- 
I ‘ 25  to  t h e  s lottt ’d ss all resu il is ‘l’hc

results arc Its’S’, scs’ui to cctIl~pse fairly ssel ) to  a s’ot rtllis ’ii cu rve ,  It tni,iy he argucst t hat it ’ the . -

s,sl us ) vs a f t  results are truly inter( ’erence free, then su us’fi a collapse is u ne v u  I able from the met hod ~. ~
‘

mis est to determ ine the alue ol’ F Nt’s e lf  heless . such .u result is a hu rt  her ind icat iou of the v , i  Iislm t~
oh the corres’t ions ,

In stun t rita ry- . t he a ppl tea Ii ott of ’ the ci’ mu plcte cI ,u s si cal Ii mica r in terh’erence t heory tO t Its’
sl,~uieil wall rt ’ s t i hs  leads to fair agreement in l i f t  s’ u i i \ s’ s lops’s , indicating ,u value of ,t~ P oh’ I)  ‘4
I near theory . howev er , hast ls undcrcst mates he milagn it tisic of t lie blockage effects ls’as tung to
s’orrect esl ‘vi ach n umn hers i mi error by tip to 0 - t ) I - the nt roduet ion oh’ a seult u —ciii pin s-al hlsickage
s i irrect ton. vs hilt’ ret ti u nu rig the Ii nt—t i r t hs’ory f~~t iii ii Ia h i on of ’ Ii h ’t t n ter l’eru’nce. leads to a similar
sc uller in t he corrected lift s t i r s  e slops’s for a v , ifuc oh’ I’ of I) - S I  . I s dent’s’ t ’roun several so urces
u mist ica tes hat such a semi—em pu rita a p1sri ‘.us ’h I s’.isl s to so r recte d d.utu vs hit’ h are v e t ‘, nearly
free lroni the ef fec ts  of ’ vs intl tunnel vs all untc rl ’crens’s’.

S. ( ‘ONIPARISON S W I’I ’ll O’l’LIFR flA I t

5,1 (‘onipar~sons with Other Nlcasur emen(%

‘v I’OlifLtCi’ahk volu m e ,‘f h est il,it ,i h i s  bs’s’siiiie ,iv , ui lahlc ru resent ‘,s’. i t s  for both the
,i~’i~’f~ ul ss ’t ’ t i , l t i s  s ’o t ts i sht ’rs’l  in the present t e s t s  i’hese data pts ’v itt ’ ,i uss’t ’t u l  s ou irs ’e of ’ v e r t f i s ’, i t u omi
for the s’s ’ r rs ’t’t i , ’mls applied to the sf , u t , i  in the press’nt t t ’ s t s  I- ,’i the fl( k — I  ss’s’tI,,n . tw o  miutor
so~ rccs of daia ire as .i i l ahle front ts ’s t s  s’I’ i islik t~’~I at the N R( ’ iii ( ,iil,isl.i ‘ ‘ “ .iiid fi ’ouii the -\ R -‘v-
t n the I ‘ f l i ts’s) Ktngsloni . t h e  N R$~ 

- t e s t s  ss t ’ t s’ s’i’t ithiis ’ted in t he N \ l  I~ (~() tss o - dims’ns on.iI
ts ’ s t  us - l i t ’ , ,  vs tth t he top ansI histtoni wa l ls of the tu nm iel hi’, iuig (i ’ ’ , pill s ’s i i~ ni the e ,i r lieu
t c s t s , ’’ ,imid 2P) 5 ’ ,, porost t\ for  t h e  t iter t e s t s . I oi hoth series ot ’ t c s t s  t h e  muo~t~’l s’hoi~l vs is 10’

gi s l u g  .i chord to height t . i t i , ’  (, /0 of 0’ f(, 7 N’  s ’ o i i s ’ s’ l iOii s hot blosk.ies’ tbehis’ve d to bt’ s i t t , i t f )
or l i f t  intel f s ’ i t ’ i i s ’ s ’ h i s s ’ been .upplued to the resul ts , I lit ’ great .i~lv , i i t f . i c s ’ oh’ th uis f , is ’ i l i t is i t s

- , - h i g h Rev miol sl s number s’ up- s .ib u l u t v  5 , uv s ’r,iu’iite 21 - 0’ tot - the hsresc uit t t ’ s t s\ , but t h is is ohs i,vtns~sl
~~~~ at the evps’nst ’ of aspect ‘ .u t lo , the ,isps’ct l i i i, ’ of f he pi’s’su’nt ,ici ‘to i l  hs’uuig only I ‘ Sids’vsal l

suct ion is applied iii P Itt’ icunit~ oh’ the n’uos ls’l i i i  ,‘t ds ’i to fluiuih.iun ivss ’ - ihu m i i t ’ uts uonat floss over
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~ ~ C~~~- 1 203 . 2M~.4 0-lORD SOL 11) WALLS CORRECTED
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FIG. 25 COMPARISON OF PRESSURE DISTRIBUTIONS — BGK- 1;
M=O .705
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FIG. 26 COMPARISON OF PRESSURE DISTRIBUTIONS — BGK’l ;
M=0.748
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FIG, 27 COMPARISON OF PRESSURE DISTRIBUTIONS — BGK 1.
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t he emitu re m odel, the ~inioumi t sit ’ .ippli esh su~ ( i ii beu mig dct e rti iumiest ~‘n t he basis oh tI -vs vj su ,u l-
i/ . it ioi i  and espenuence floni P15’’ i, ’ Lu s t e s t s . h loss s’ ss ’i t here re i iu, u u uus the i’lUt’sti~~ui oh ) , 1’, tv’ ,1 ’-
shimflefl ’sisit l,t f the fiovv actu .it ly i s . t’sps’c i.u lls in t bit’ P1( 55 ’ s e II~ s hock w as es a mid ,i ss ‘5 1 ,1 I s s h
houns tary-layer sepa ratisln.

I he ‘v R,-’v tes t s  vsc re es itiductest in i ts I ~‘- ~‘- lv ’,  ‘ -~li i i is -~i~i, -ii ,O l , uci lut y ~ t his f,i~ u l i t y  1i ,us
s lo tt cs h top ,uttsl bottom vs ,itls giving an open .11 e,i ra tio i’f -~ 2 , - ge t’t s ’cts mi t lii’, tunnel
are comisidered to bc tero hut li ft interference t ’ 1 i i  s’ci i, t i~ vs s I  C app lied in the nslr m.u I m,ututuer
vs tOt 8~ 0 - 03  and ‘\~ - I) - II, The model testes ) hasi a t ’ I io isf  i f  5 ’  inst ,u span of -~ 

‘ gtv ing
a chord to lis - ig lit ratio s t  0 2Th and ,~iu aspect i .It io oh’ I ‘6 I lit’ Rs ’s mi, ’I1ls numbe r h.ised on
ses’t i i ’ui chor d ss tis niai r t tauned at 6 - 0’’ h I t  this’ m a fs -sr it \ of ’ the Ls ’s t s , shroppiuig Is’ 4 - 0’
at ,u M R  flLiti)ber of ( 1 - S  I. Inluk e the N R( tests vs Inch vsere conducted vs iOu n,i tuur ,i h i ,u n si tu om ) ,
r.insu t ion vs as t i  ‘,s’J ott hot hi suu rLices at — 1st S’’ ,, of’ chord,

1 glInt’ “1) s ii, vs s u  corflp.inissin sO the sa riatt i ’n ~l tu f t s’u urv t’ slops’ vs ith \1,i~’It number hcivsee n
the corrected d.it ,i of t he present t e t ~ , and the results f r om this ’ N R( and \ R -\  t s ’ s t s  The agree-
ment ‘ii the vs hs’le i s  quite t’,IOd vs t b the \ R \ results fa lling getuerall y tuhov s’ thoss’ of ’ the present
t e s t s  .is vsou kf be expected from t heir hig her t e s t  Re~ nolds number. I he N R( is ’s i i l t s  vs ould he
espectest to lie f ’.urther tihos t’ .igal mt on the h.is i-s i’t t he m u c h  higher Re~ nolds number, I lie
t a ct  that the y d1’ tint ss’t’ms to ind ic , it s’ eith e r a need to ’  t h e  upp l ic, it uott oh’ h ut ’t interl’erens ’s’
t’ s ’ r rec t i l ’ns iii .u shirectis in .upp lic. ihle ts) itt open let , or .i loss of li lt due to  a lack ot~ tV , s’’
jimensi omu jhit y

I guns’ 31 s hows _ i comiupt inuson u t  t h e  slo t i s’s ) vs all sis’sigmt p rs’ssul t’ dist ribution for the
203 2 mm chord model u’ h I4( k-I vs ith tu similar pres sui c distr ibution toni the \ R,-\ t es ts  Ihis
\ R ‘v distribution vs ,us t ’ f i i ’s s ’ t t  on the ls ,us is t hat it e’shjhi ts’st the clos cst .ucls ’eltient vs LIt th is ’

design dust n ihution . The \ t . i sh t  miunibers )c u ’rret ’tes t in the s~os’ of t he pre -set u t sl ,ut , i) agree e\ .icil\ -
vs hercas the cot res ted angles of ’ incidence ,uti’,t Iih ’t s’ oehlis’ ier its urs’ some’,’, hat diff e rent - ‘v’v’hicther
these u hi t f e is ’iics’s ,ure slut’ to the dit iere tu ces in test  Reynolds uuutuuber or to ut ic u ’rrs ’ct co r rec t ions
fo r  the s O t ’ s  is of l i f t  i i i te r te re i ts - s’ (in one or both Cd s es )  is ut t h i s  ‘L.ut! C unc letur, Once t uc .u n a
ts’l,utis e loss of lift in the upstream region of the Iovver su cl ue s ’ is apparent for the pre~etit 203 - ui mt
les t i ndic , , t ing thi s’ presence v ’f ’ si git i fie ,ii il streamline curs ature , ‘J his s’tl~’t’t vs ill he tuore apparent
in thi s ease since the nt .ugnitusle Ill the ‘.ucto r ~i f o r  the -\ R \ t C s t s  is si i i i iha r to t hat ol’ the present
t e s t s  though Ill opposit e stgn .

I-on the case s ’? the N -\ (  \ .(~~i 
~ ie ru ’l s ’i I f is ’re arc r,jI her tuore recent test results .us .uit.ih le

for comparisoul Once aga in res ul t s .urt ’ j v. i i lahle h’rorn this ’ N “vI tunt ie l oh’ this ’ N R( ’,~’” 1 or t hts ’ss’
t e s t s  ~i mostcl of ~t~ l mm s’horsl ‘uS as Ust’d , ~o ru g s’htors h Rey tv ’lds nunu hers tip iii 40 - I0~.
‘v\ ith ,in ,us t e c t  ratio oh ’ only I - 2 the effect u’l the level i’t sis l s ’vv ,ill su c t ion ru the tv s o—
dimensional it of t his’ (loss vs .us quite ss’v crc. The hinal s u e t  i~’li r u ts~ w a s  c liu ’ss’ti ds that vs hiehi pro-
duced .1 straigh t se par .ut uon front rathe r than usit ig the mio rm it. it N -\ I c r i ter ion of ’ sIn l’ds’C st reim-
lint’s betng p.ir,illeh to the f reest ie ,unt u li rec i ioi l  o ’s ’i the couti plete s)\ i f l.  The Us t i f j e , i t io t t  for the
use ~‘l t itus suction rats ’ (a bout h ia tt  the rate s ,i t i s f ’y rug t heir nortut.ul c riterion ) is stated ,us being
“f i r st l y bectu u ss ’ the pressure st istrihu~ton it this suction level ,u~’ps’.u red Is ’ match press u re data
measuresl ,u t ( )\ I- R ‘v . and s e c u ’ mi s hl y l’Ce ,itise t he st r , i ig ht as u ’p~ u’ss’sl II ’ the curve h st’p.ur.ittofl
front vs ,ls felt to he important in the contest  of ’ isv s’— dtnietistonal simuiuI,it ion, ’’~ ll,~ d,ut ,u ,ure
cu ’rt si sh ere u f to he I i  se ~t hloek,ugs’ it iterh ’eneuice hut cv ’ris’cti oii s has s’ been .ulT lis ’sf for lilt ititenfer—
ence h.iscsh on hot hi theoretical I s’ ltiss ic ,i I hi near theor y ) .ins h empiric ,ul st re.u t nvs ist’ m omentum
balance) grounds. I he results 4IiI’t s’St here ire limited to  those corrects’d h~ this ’ application of ’
!tnear theory

\ ver~ useful series lIt t es ts  were conducted on the N \ ( - 
‘ v - O i l  2 ses ’t io t i  at ( .ihs pti m i itt f

I )v s ’ s t ’ tcst\ vsere conducted in the i~ alsp,u n ~ ~~
‘ t tu mid vs i t t  shot test Lu ll’ tmns t bottom w ills

giving an open area ratio of 2 2 -  i’
,,.  I he moslel had .u chord of ’ 1’ gu s ung ,u chionsi 1s height

rat io of 0 ‘(~-s3. and the results vs ouhd therefore he espected to he c lose  to imiterference t ree
alc uu lat s l I t s  vs uUt I imie.ur theor~ at I. atsput n tnsl icatcd th ,ut this ’ s’fl~’t’t s of blos ’k .1 Cs’ vs ould amount

to  less than I) - I ‘‘ ,, ansi those of ’ h uf i intt ’ r f ’s’rens ’s’ to  les s uh ,um i 2 ’’ ,,, this ’ iritert ’enemice being oh’ the
open let ts’pe , l’he model hi. u~h a span oh - 4- s inst vs ,is hit ted v~t t h end pI,t t s’s, gi s i ng  .i s’I,ii mesh

4 eff eetise aspect rat io of ~‘2 I ht is should ensure this ’ complete .ibseiicc of thrce—sIiiiieii~ ion,i l ef l’s’ct s
No conres ’t lori s were app lied to the s lti ta , .insl t bit ’ chiorsl Rey nsvlshs number vs .is maintained at

1 0’-
( - urt her results ire .isai lahle f’romii t ests at this ’ NI’( - . in their %~,

‘ ‘ t4 ’  Il ,iitsoiiic hum ine l.
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C,

These tes ts w ere  conducted with ii 10” chord model ( u  ii 0 2~ ) (II 1-4 span I asps’s- i rat in I - 4 i

The tunnel w as equipped with slotted top and bottom w a l l s  w i th  an open area rat io u,f 3 3 ’ ,,
The original report~ c lammed that the conditions Ion these icsts w ere ‘ c lust’ to those giving
blockage-free and lift-interference-free results , and no correct ions for wall constraint hav e hes’n
applied”. Lately however , C’ollyer 2° has stated t hat thu s is now believed to be incorrect , i n  that
alt hough there is substantial experimental ev ide t uc e to sugge st that the conditions are indeed
blockage-free , lift interference us si gnif icant , and gi ss’s va lues hor the standard lilt-interfe rence
parameters ~o and 8i - 0 088 and +0 068 respectivel y), The test Reynolds number varied from
1 7  . 10° at ,~~ 0 3  to 3-75  - - 10° at tu/ 0-8 5,

l’he final source of experimental data on the N-\ ( ,\- l,l i1 2 is su ’ms’ Frenc h t es ts  conducted
by ONI-RA in the S3 tunnel at Modane and in the RI tunnel at (‘halais-Meudon,3° ‘rhe te sts in
the RI tunnel , w ith working section dimensions 200 num - 70mm , were conducted wi th  porous
top and bottom stalls with the poros ity varying between 0” , (solid wal ls) and 12’ 5~~, Three
models vsere te sted w ith chords of 60, 80 and 100mm rs’s ps ’c t iv e l -v h 0 3 0 , 0-40 and 0 50),
w i t h all models spanning the 70 mm tunnel dimension (giv ing aspect ra t ios  of 1 ‘17 , O-~s7 and
0-70) , From compar isons of zero lift shock pos it iot is for the three models tested in walls of four
different poros it es . it vs as determined that the vs -a Il s with 1 2 - 5 - - ,~ pomos it\  gave blockage free
cond itions. The value of -~ I’ calcu lated from linear theory to be relevant to the condition of
zero solid hloeka~ e (~ , P I ‘ 2 8  for perforated w alls) w a s  taken as the correct value for the
12- 5 ’ ,, poros i ty  vv a lls and used to determine lift-inter l’erence parameters The S3 tunnel has
test-sect ion dimensions of 780 mm - ‘ 560 mm and w as f i t ted w ith porous top and bottom
walls of 9 ,, po ruisu t \ for these tests , The nuodel tested had a chord of ’ 1’ (1 num, giving a chord to
tunnel height ratio of ’ 0’ 27 , and comp lete ly spanned thus ’ tunnel (g i v i ng  an aspect ratio of 2 - 67 ) .
On the basis of equality of zero incidence drag on three models of ’ the \ .- \ ( ‘ -\-( l(f I 2 section of
differing chords , it had been determitied that the 91

Q poros ity give s  a condition close to icro
blockage. Determination of poro s ity factor and hence lift-interference parameters had not been
carr ied out at the time of the te s t s , The Reynolds number for the t e s t s  in the S3 tunnel varied
between 2 ‘- 10° and 10 ,- - 10° atid in the RI tunnel between 3 - - loll and 6 ~ 106 .

Figure 32 s hows a comparison of lift curve slopes between the corrected data of tt’.e A RL
tes ts  and data gathered from the various other source s , As (‘or the BGK-t results , t he overall
agreement is quite good, bitt sev eral points merit further comment , Firstl y, t he N1’L results ,
when corrected for lift interference in the manner sut ’gested by (‘olhy er ,2° fall well away from
t he main body of points , w hereas the uncorrected data are in general agreement. This suggests
that t he statement of the original report~° that the results vs ere close to being free of lift
interference may not be greatly in error . Secondl y t he large range in Rey nolds number covered
by t hese tests (from I ~ 10° to greater than 4(1 s~ 1 06) does not produce the significant di ffer-
ences in lift curve slope that might be ex pe c ts -ui Since all t he high Reynolds number re s u u lts were
obtained fron u tests at low values of aspect ratio , loss of lift due to three-dimensional eff ects is

one poss ible explan uttion. Finall y, it is noticeable that the NR(’ results suffer from a distinct
toss of lift at the higher Mach numbers. Again this can probably he put dow- n to a Luek of t vs— o-
dimens ionality especiall y in the region aft of the shoc k . Indeed, t he author of the NRC report , in
discussing those results , suggests t hat it nia~ perhaps have been better to use the higher suction
rates , correspond ing to a more two-dimens ional streamline pattern overall , in order to av o id
this problem. He comments that , in comparison v vit h i  the ONFRA data, the N -\E tilcasurements
ex hibit a quicker pressure recovery aft of the shock , lead ing to a distim uct boss of lift .

Zero lift shock positions are compared iuu Figure 33. A gain the agreement between the
present corrected resu lts and the other measurements is geti s ’ ral tv quite good. The expected effect
of increasing Reynolds number - - the shock location moving slowl y’ toward s the trailing edge -

is not general ly visible , except to some extent in the NPL results at hig her ‘s l,it’h number and in
t he opposited direction in the (‘alspuin resu lts. The s euisi t i ’ i tv ~° of s hock location to suct io n rate
in the NRC tests could he responsible for at least part of the more forward shock pos it ion , hut
like the ONERA RI tunnel t e st s , a general lack of aspect ratio iv likely to he the major (‘,Icto r,
The extremel y low aspect ratios of the Rh tunnel tests (I ‘ 17 to 0- 7ffl are strong l~ reflected in the
extreme forward shock locations .
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5•2 Comparisons with Thcory

In recent ye a rs there h a v e  been un ip re ssivc adv .uii s ’s’s iii theo retica l iiteihods I’ r pis ’d ie tit ig
the pressure distribution , lift and drag hu~r ste ,uuf~ m v  i- ,eid h o w p.ust lufu i ng .is ’ i,’f ,’ i ls lit high sub-
Sofl iC and tnansonlc speeds . This development began vs ith the proposal h\ \ isurnvan and ( u’ le~

t
of a method ton the u t e n 1 utt s e solution of the t ransonic smuall pertun h.uti un s ’quat iu~tus , the method
st-as furt her developed by Gara bediami and I-~ ’rtn ~~‘ vs ho used a cu ’nfut rmal transform ation due
to Sells33 combined with an iter ~ut is  c solution of the ex act irrotationa l. iseiitro pic equations in
manner similar to that used by Murman and (‘ole. It v s , i s  tecu’gni is’d. however , t hat in the range
of Mach numbers consish ered , and in t he range of Reynolds nuunibers in which aeroh’oits are
designed to operate, the ehl’ects of v iscos i t y  are of great umportamice , and hemtcc s t ’S erlul it tempts
have recently been made to s lcsel op theoretic a l models which net ushe these ell’ects .-~” 3 t  16 

~~ these
met hods, only those d~~e Ioped at the R,’\ I ~~ ‘~~ ‘ ma ke any .itis -t iupt to correctly take account of ’ the
effects of the thickne ss and curvature of ’ the aer *’ f ’oit vs ike . as well  as the d ispl.iceniemi t ehl’ect
of the aerofoil boundary lay ers.

The verification of’ t hese var ious theoretical met hods sti l l  . uvva u ts  the provision of experi-
mental measurements which are tru l y  two-dinuension al and free h’rom the s’ffec ts of wind-tunn el
wa ll interference, and t hus w a s  indeed one of the reasons for the in iti. i t iom l of the ( -\ -\R(’
program.3 (‘omputer programs are now rs’,idi b y , i v ,uilah le I’on c,ilcu lat ing inviscid f low s , hut
unfortunately this is not y et the case for the more recentl y developed s iseou us t l is’o rues . ( om—
par isons of these theories with experimental resu lts arc the rel ’on s’ l imited to lie r e b u t  is el~ fess

cases w hich have been reported in the literature.
Figure 34 compares corrected lift curv s’ slope s l,it,i t’rom n the present t e s t s  vs it li ins iseid -

t heory. As expected , the ins usc ish theor y s ’ re , utI~ u’v er ~est in 1atc s lift curve stopt’, being approxi-
matel y 20’ , greater than the corrected data throug hout the range of \l iehi number I, nf o r t  uinate ly
no comparable results- 

~re~ u s -.iil~1hle from v iscous theories to t  th us ses’ t io i i . b it’ t’,ise of the
NACA—OO I 2 section , hov se se r , results oh’ Iheoretie.u I v iscous s a t cu bat ions ire lts liillihlc fronu the -~

met hods of Firmin 1° (quoted by l ock i) and C ‘ol l ycn ,~ and t f i s ’ss’, ioe s ’thier w i th  an nv ~cud
solution, are compared wit h the corrected data in I igure 35 Once again, t he m v  scud solution
overestimates the lift curve slope , in this case by ,u,i as cr , ues ’ of ’ 25 ’ ,. th is ’ d i t l s ’re iice increasing
slightly w i th  Mach number. Wi th the effects of v i s e s ’ s i t ~ included, t he difference between theory
and exp eriment is reduced to about I 5 ’ ,. I lie results trou t ol Ive r ’s t f t eu ’ rv , vs hicli would be
expected to be more accurate (due to  i t s  u t ihu ia t  ion of t h e  exa ct equat i u’t t s to represent the
inv iscid part of the floss ) that i that of 1 i rmun (55 b elt uses the t r,u nsonic small pert unhation
equations) . sh ow t he greater dihleremice. I l o ss e s en. i lie resul ts showt i  in I ugune 3 are fo r a
Reyno lds number of 3’S - (1” compltred to an as eru g e Re~ no lufs number of the experimental
results of I ‘2 - 106 , The dihl’eremice in lilt curse slope due to t his cfi , inee in Rs ’y no lds number,
on t he basis of publ ished res u It s ~ from I- irmin ’s t heor~ - wu ~iuld amount to about 4 ’ ,. Iii Lus t
correct ing Coll’,er ’s resu lts in this nuanner produces quite goost agrs’cms’iut between the to  u~
t heor ies , but t here still remains a difference of ’ more that i 10’’ , ,  betvsecm’ , t hs’ ’ i  v and this ’ ~or recied
experimental results.

Figure 36 compares zero lift s f uu ’ck posit it ’ i is pred icted by ins is~ iuf thu e u ’ry for t lie N ~
( \

0012 with those of the corrected exper inuenta l result ” . ‘\ lso  iticluded is -i sing le point 1i5 1uilahle
from Colt yer ’s t heory. The agreement between theory and experiment i s  ae.uin quite gou~sh
This type of comparison is , however , not str ict l y va h i u t the gu ’vc rnin g equations used in t h e
inviscid theory (and in the viscu ’ i is  t heu’r~ 

(‘or t he nv iscid p u t t  of ’ h he h ost ) line iscni t ropic ,u id
irrotational, and hence the compression j unips ssh ichi evol ve as approx imations to s f i u ’ck vs , u v es ,
are only approx imations to the true Rankine-Hugoniot shock t u i t n ig s . 1 urt l is’nitt u’ re . shoc k vs , us e s
are smeared over several mesh spacings , and ditl’erctt cs ’s in shock posit oti s betwe en non-
conservat ive schemes (as used here) and the f ’t iIt~ consers at v t ’  rcla’,,tt ion scf ienies .u re siu,’ i iif ic ,i t it
(See for examp le Bailey or Murnuan 3M for t heir diccuss iot i of ’ t hese points I

Among the published results for the BGK-h sect ion l’rom i,’otlyer ’s th eory - there are for-
tunate ly severa l cases in which Ysl ach numbers and ang les of ins ’idenee ,ire sut l icicntly close to
t he corrected experimental values for direct comparison oh’ prs’ ssuir e distr ibutions I hree c u s s ’ s
are s hown in Figures 37 to 39. The first is the expe rime ntal l~ dete rrntned t s ’ si g n point for t h e
203 - 2 mm model. The second is f o r  the s ,unls’ \l ,u~li number , hut at higher incidence, and sh ow s
t he app earance of a t ’, u ir ly strong shock - I inally - lit an incidence lovs er th,in the slesi2n value ,
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INVIGCID Tt-€ORY ( F ALER ET .AL. - 1~~F. 32)
.760 AL 0.50 CL~ 0.757 CP~~-0. 171 CD 0.01 1

— — — — VISCOUS THEORY ( COLLYER - V~~F .29 )

~~ .760 AL= 0.50 C~~ 0.554 P~~ 6 .~~ 0

+ )( i(~€RI~~ NT 203 .2tt~*A C1-CIRD SLOTTED WALLS COR1~~CTED
~~ .760 AL= 0.50 Ctx.E 0.533 C~~ -0. 129 R= 1 .646

FIG. 37 COMPARISONS OF EXPERIMENTA L AND THEORETICAL PRESSURE
DISTRIB UTIONS — I3GK -l M= O .76  a=O .5
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— — — — - V X SCC~JG THEORY ( COLLYER - R EF .  29)
Pvt: .760 AL 1 .60 Ct~~ 0,744 R 6.000
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INV ISC ID THEORY (~~AUER ET .AL . — REF. 32)
Nt: .756 AL~ 0 .00 CL~ 0.630 05t:—0 .155 CP~ 0.004

- — — — — VISCOUS ThEORY ( COLLYER - REF . 29)
Pitt: .760 AL~ 0.00 Ctst: 0.444 R~ 6 .000

+ x E)(PEPIME]”.IT 101 ~~~~~ ChORD SLOTTED WALLS CORRECTED
&~ .756 AL~~~ —0 .~~~~ C1~~ 0 .397 CM=—0 .125 R= 0 .794

FIG. 39 COMPARISON OF EXPERIMENTAL AND THECRETI CAL PRESSURE
OISTRIBUT IONS — BGK- 1; M 0.76, a ” O o
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hut stil t at the same Ys lac h number ste see the t~picaI double shoc k s y s t e ’t ri predicted by both
univ uscu d and ‘ sCu uUs t heor’ and h’u umid to some extent in experiment. .-\ lso included on these
fi gures are invu sc id cahculation~ h ’us r the s~utiie \Luch nunubers and angles of inci demtce, In all
t ’ ,t SCs the agreement betsseen the v i scous  theors and ex perim ent in better than ihat of ’ the inv usc id
the o ry . ( ‘ onsuder ing the difference in Rcy nolds number hetvs ecu v uscouls theory and experiment .
t he overall agreement is excellent, the theory pted ieting accur ately all the major feature of the
pressure di st ru hut iu’t l  s 11 ‘ss ev er , hih ’t cocth is ’ iet it s are st i l l  ‘s s’rs’st I tn,u ted by up to (1 ’ - 

~, the closest
agreenient occurr ing ssinievs hat surpnusi n~ h~ at the experimenta l design condtiion , where t he
difference is less than S~~ .

6. DIS(’t SSIO~
1- rom the cot lipu ris u ’tls of the previous scc tu ons , i t  is eviden t that the application of correc-

tions based on classical linear interference theon~, s t u th  the addition of ’ a senui-empinical formu la-
tion of the etl’ccts oh’ blockage in the slotted—s tall c,use, produces data vv hich form .u se l f -co ns is tent  -
set , ~Is vvel h ,us being in general agreement vs uth uh , ut. u from other sources . Sever al sig t~i f~s’,u~ f
points stand out 1-ursi l’.. the cor rections continue to produce good agreement ever, st-hen the
\t,u~h number is suc h as to  produce significant ly supercritu ’,ul t loss Os er the .uerof’ou l uppe r
su rf’,tce Since t he basis from svh ichi linear theory is derived is eert,uin ly riot valid under super-
critic al conditions , this result is somevs hat surprising . I he presen t t e s t s  do indicate hu~vtevs’t ,
that .ut least up to \l.ich numbers at vshich lift coe f f i c ie n t s  begin to decrease due to shock
induced sep~ura tiotu on the upper surface ,uiid the appeai~ut uce of ’ a supersonic ione on t he lost-er
surface, the applica tion of’ linear theory st i ll produces quite good result s~, Ss’~u uiid i~ - the basic
hin can ured approach to the problem inherent in el .ussic,ul theor~. ‘~ hich a f to st s the nuodelhing of the
situation h~ t hree independent corrections ts r solid and stake hlock.uge and lift interference, ‘;
generahl > supported. The overall imp lica tions of this .upproach .ure that if corrections .ire applied
independently to the \l ,uch numbe r and ang le oh ’ incidence, t hen the pressure slisurihutions
obtained f’ui r identical corrected conditio ns should also agree. ( It pressure distribut ions are
compared in the form of pressure cu uef l ic is ’t t t s  c,uth er than p.s’ssure ra tios , then c.ure must be taken
to correct t he press ure coef f icients for the effects of hhoc k, ics ’ out dy mimic pressure. It is (‘or t his
reason that all pressure distributions cusnsidet ’ed in this report are t’’sprs’sse d in the form of ’
pressure rat i o s ’~ l’his has indeed been hound to he the c.u s t ’ in s ot l tp. i r isu ’ris betsteen sets of
corr ccted data from the present t t ’ s t s  and ,ulso in com p.urisu ’t is vs uth correctest data from other
sources This type of compar ison is of cour’e only s .uhid sO long ,ts the s’ tbec t s  of stre.umlinie
curv a ture remain smal l. ‘\s noted earlier, the pres eits’e of streanihit ie curvature leads to the
tni plicatton that a vsa rped model should be tested to simulate the unih’orm flost situation , the
degree of vs .urpage being a function of ’ ang le of ’ incidence In the present t e s t s , the maxinuum
correction to lift cu uetfie is’nt due to t he ef ie t ’ t s  oh’ streamline curv ature amounts to less than 3° u
in t he solid stal l case and about I “ ,~ 

for the s l o t t ed  stj l ls , Thus the stneamhne curvature effects
in t he present t t ’s t s  remain smal l enough not to seriousl y a f f e c t  the ~

- ,ihdit~
- of ’ t he corr ect io ns .

although some differences due to such effect s are s us iN~ in pressur e d is t  rihut ions of ’ the larger
203 2 mm choid i models of both st’ct ions I inally . it is s tor th  noting that the scatt e r in the

agreement of t he s or rs ’eteuj so lid stall results , and in the companisotu of corrected results from
bot h solid and slot ted sv,i l l  t t ’ s t s  us t t ’ ss than t iiiizht he expected. \“  stated prev iousl y the errors
in measured lift cur v e slopes ~urc ex pected to be on the order of The t ’.uct that sc ,utter
between corrected results is only slig htly gre .utcr than this lev el is indeed quite remarkable,

()espite the ‘uceess of classical linear theor~ in corre~ling the present r esu l ts , i t s  apphicatton
is not vs it how problems. The m.u or problem ,urc.i us oh ’ course the in .thtl i t of classical theory to
corre ctl y represent t he s O s ’s t of blockage in tht’ sl o tte d st ill s i iu i . i t ion It ~ predicmtons ht ,ts ’e been
seen to underestimate the required co rrections t - - \ l ch numbe r h~ up to tu ( ‘acto r of hi v e Seset ,il
possible mechanisms to e’5plain this anonu,ily h,i~e been inst’st i gu ted . l - rn ors in test section tota l
pressure measurement . sthieh tot the present test s st ,is determined from the static pressure in the
entrance to t he contraction . ,ure possihlc due to hhe f in i te veIo~it~ in the contr.iction- Hovs esc r .
the large contraction ratio of the - Ys R I  tr,insonic tunnel f2 7 I )  mintniiies th is source of error .
the error amounting to less than f i  1 ) 3  in \I,t~ h numbe r at a ‘vt, uc h numbe r of 0 ~ \ I’urt her
poss ibi l i t y is the suggestion by Read et ~I -~~ t hat the introduction oh ’ models with large (greater
than 2 ’ ~,) blockage ratios could reduce plenum cti.imber ptessun’e belo~ t he calibrated , empty-
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tunnel ‘ ..vlSI V —. at hug h sv u b s m t i i5 - \i~usli nutiibe n~ “- m i s t  (1 L i i  , i m, t um ’ u i  ~s o u u lsl  h a v e  }~ ‘ effect of ’ i n—m. r e u s  I hg  t he \ l , ~ t i  ntunths’r c ,ilsu l , t t u,’d t’rtini s (, t ( uC press s ure ru tht ~ rlenuni chianiber ,uhm my e that
wi t hout the inm v fs ’l present SIu~- li s’llLs.i’, vse i s ’ t inof by l’,un ~ ~‘i ‘ vs hen s i i i s l m i n g  t he h ost gen e t .ut uot i
prum~’me rt ies s f  ,i si_ i  oh s lo t t ed vv , u l I s  ii t h e  lm r puul~i t t  ~ i t id I Luiiilt’ l I .tculi t ~ ,it t h e  -‘, t  tumI d I ngun—
ecr ut ig l)cvelopnient ( s’n t t ~’ I is’ iiu,~~niit lus ts ’ oh t i tus L’ f f e s ’! , f t  ‘‘iii lm ,irker ’s ruis’as l i r s ’iilCnts . appeared
to ins ’ re ise  wi th \l,~~li num ber , rs ’,uchu in c ’ .u lii isist If ( i i  ui \ t , t ~~ t nuniher ,ut a \ t ,t~h num ber o fO ’9 ,
_ -\ short ins e s t i g u t  ion vs as u ndertaken un the \ R I, t i : u i t s  tin,’ tunt ui ,’t ~ disL~ 5 sr vs bet her such an
ei fss t  %5~ i’, the c,iusc of t he discrepenicy iii block age. ( e n u ns ’t~ne side-stall prs’ssures vs s’re
t t ie, i su urs ’d upstr ea m ol the niodel pos it uon (o r the en1pi~ niunt ie l sond utu o n , arid vv i t h t he
20 1 - 2  nin~ s’hord N - \(  \ - ( ( ‘ ‘ 12  nio&ls ’l nist~1ll ed in the tu mid  ii an ~n u ~le of ’ uncidence of 3 ~,

difference in t he ne l ,uti o nsft ip h’ ..s ’s’n plenum s’li,uniher st O l e pressure and it psi t s ’ .u m tcs t-
sCC t iOfl stall pressures \5 ,is evident hetstecn the empt~ rut iniel mid model inst a l led case s , During
th is  inv est igat ion a c heck vs .us also made of t he possihilit~ of ’ the plenum s haniber s t , i t I ~ pressure
.urying vs oh pos ition in the plenum chamber due t highl~ curved f lm ss s through the slotted

vs ai ls . I (use again. hosv s’s en , no ds’ t s ’s t able di ler e t i s - s’ s vv crc apparent.
It t ta s  b~en suggeste d Is ’ g . ss’c I ock ~

( th , it  ut t l ik e the preduct iot is of linear theory . t he ratio
~~ P and hence Siu and a I vs ill prohahl~ he a fut rction s f

, 
\ l  ~ H number. l’he sli ght l~ in creased

amount of sc a t ter  to vv a rds t h e  high \l,u~h number rat tgc in t ie cur recues l lift curve slope rs ’su lts
of the prs’ss’nt ls’~ ts stould ten id to s iipp nt t h i s  prop sol  li s s es er , ru tIns is Io n. vs hers’ the (lost’
is super c rit i s ’~tI , linear t hcor~ n m  longer opr lies . ,uns t ~f l , ’ vv ~ g 3 P to v an s vs rh \ l ,iefi number
seems to he sumpli an ar t if icial at tempt to  c s t s’iid t he rar t u,r c of va l id i t \  si t ’ linear theor~

.‘\s  yell as heitig suhis’ct i i’  the ef fec ts of vs m i d  tunnel vv Lu !l i i i ( e r l c r e i t 5 ’s’, t r , u ns , - m tt is ’ wind tunnel
t e s t s  ott I s’.o—slinis ’ns iot i . ut  uer imf  oi ls are also vs ’r~ sen sitive to the  magnitude of ’ test  Re~ noldsnumbers, The prs’ss’ u i t  t c s t s  prov isle :u cood opportuniti f o r  ~tudi n~ Re~ nolds number effects
bot h in the t es t s  t he ms e lv s ’s ansI in ‘it i p.Irisons vs t i l t  other s lmu ia , h~ ‘ t i l  experimental and
t heoretical. Te sts in the s lot  ts ’sl vt ,u lls on the 20 2 tri m s l iord mm ds’ls of hoth sect ions at the
R~~~~o k s  number of the (11 -o  mm chord it iods’ls unsfu ,its ’ d that  the s’O’cet of this halvin g of

it 1J5 number on lilt curs e sl~~p~’s sv Os s luite st rr: ull of t i re  ‘_ ame ors ier as the sc, utt er (about
~ 2’’ ,) in the s h ito .  Fire lovv s’ r Rc-~ nuLls tt unr her dot , i , hovs s’ v s ’r , dud sli, vs a noticea bly luster
trend , as vs ould he e’.pes’ied. Itt t he c ’rnccts ’d s lat o ,  ‘ mr both sol ist and slotted ~s ,ills , the l Ot  ‘6
mm chord results . a lthough vvtt hun the general sc .it t s r . s l,m produce noticeabir lost’er v ,dues of
lif t curve slope. ‘This is most not iccabl i  in the N \ ( ‘ \ - ( f (  12 resu l t s  t ’remtn t he s f o t t e s l  stalls shi ’ss n
in Figure 33. Vs hether thi s slies t is due to  the ditl’erence in Res ntofds nunthers , or to an inabili ty’
of linear theory- no conrect l i  accounl t for d uf ls ’ reric es in t its del si/C . can not be determined , it is
hostev- er . interest in g to ru  re that the results of l- i rmin ’s~ ’ t heory predict a change in lift curve
slope of just under I ‘5 ,, f’or t hus dtfk ’ ns’t ice In Rey maIds i i  nher. \s  no t -cd earlier , t he expected
sf i ( l ’erenices in ltft cu rve slope due r~ si iz n i f i s ’,unt s a r i . it  ions ru Re~ nolds number v’.cre not found
in comparisons of the present data vs i th other nleosuu rcmet lts , \C ,I ;n , h,iss’sf on [ ‘ m mm ’s t l tes ’ri
t he difference in lift curve slope hetvv cen t Ire lov ve st ( I - lO” ( and highest 4i 1 lO’~ Reynolds
number data stou ld amount to  I I ’ ’ ,, a t  a \1,i~ H number of ( I  - 7 Since all the available data at
Reynolds numbers gre ater than those of the present tes ts  sv ere obtained ott nitmds ’~ sx ith as pect
ratios less than I ‘6 . t he appearance of three -shumen stonal effects vs ‘uld ss’s’tfl to he a likel y
cause m l the general lack of lift It vs ouuld appear that in their quest. ( ‘or the highest possible
Reynolds number , model sls’su gire rs have erred tm m v v a rds aspect rat i os  vs hich are too ‘~tirali to
produce n ruli t vv o-dinietisiona l dat ;u -

( ~~~~~~~ su ns of v iscous t hetm rv stit h the corrected results i nsf sa n e t f iat these theories fyi’ . e
reached a stage where the y can predict the overall feat tires of the tlovv over is’ rofui l’t Ut I nansonic
speeds t o  a high degree if  aes’ti rus -\ There ren i.i tt i s . hoyt cv s’r. a gs’ns’r ;ut ten ds’ns’~ t ’m ’n ,u ll theories
t m  overest imate lift e ‘ c t l r s - i s ’ nt s ,  the error am, ’ uuui t i t ) g t m  some t O .  for the best of the theories ,
This is even true of the met hod due is’ ( ollsei xv hteh h,u’. the most s’ oiirp leue i’ep res et tna t ion of the
phi ‘~is ’ s of ’ the situ ti tt o ti , including con tri hu t ions from vs ake s lisp lacet riet it  ,und curs attire effects .

l3ef ’um re complehing t h s  dt s c t us s u o t i  o f t  he application of classical inter fe rence theor y . t he e f fect
on t he qu,i l i t y  of the data of test inn iti vs m is t tunnels equipped vs hit sm i l ls  of different open area
r , u t i o S should he co nsisl s ’rs ’d ‘ \s  shots-n prey u ,m usl \  .thc sl~ t t~d vsalls used in t he present tests , ssl rose
open are.u rat io ~l 16’ 5” ,, vs is selected primarul~ on the bas is  of us ’hies tie supersot t ic operation
t hrough diffuser suction , requ ire large co rrectuoits for  blockage, amount ing t o  about 0 0 1 5
in \f ,is Ii number if t ( ( 1 - K , lo obtai n blockage Free s’ott d,tions , it has been s uig nestes i  t h u r
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i iius ’hi st i i , i l ts ’i ,m
~ t ’ui . u u s ’ , u i , u ( u , ’s , i i i ’ i s ’s~i u u i s ’.f , i i  t h e  u .u i i i ’ s ’ ~ is ’  1 , , h’s mi s L i m e d  ss ,ull s . I l’ vseve i  , the

5 m 1~s’it  55 . i l t s  ,‘t t is ’ 1mi t’st it i t c s ts  s t ,  ‘ ha s e i lms ~ , i ,t v  . u u i t . i 1 . ’ y ’ m m f I s ’ L~1 u u 1  u u i r ’ s mti , u l l  ~r r s ’ ,i iuu f inc s i m m  s mu m i r e
m. _ sn n i ,’ m. ’ t i , ’ i i s  - \ ‘ . t h e  ~

m t m ’ m u  l i e u  i . 1 m m , ’ is  ~~ te , us y ’sl tine v .il uic oh ‘m u ( t ) ii” f r  i f m ~’ m u i ’ ss ’ n i t  i t , i h l s )
5% ill mlv ’s i s’. iss ’ t o  ‘ci o , ,ui i s f t lit ’ii I its i C us s ’ .uf ’. u ii i (5% mitt sm p ~m mm s its ’ sn’u i I h ‘us in sIs t tic s l,msetl us .i th v ,it iuc
‘ ‘I it ,- 2 ( ‘ 0 I I) I L u i l i i ( ’ ls iii v s Ins-li i tue vs i l ls l u , mv s ’ f’em,’im ,~ m m mii i i ,s ’~l i m ‘5% .ii mis ml,  ‘s k i m ’s’ f is ’s’ s ,‘ mm, l u i imm i i s

~t~m i v’v..uiup le the I S 5 \ 1k 5. m u d , vs mit t .ini m ,m ~’ m, am s ’.i t it u ‘ imi ‘m 2’ ,,) .i[l I iy’,i t i s m sui t bs ’n
f t  , unr ,u u i gem v .ittie of .‘. u . lending u~’vv m r ,fs t Int ’ t l , ’ s Cst  vs ill , uluis ’ ( (1 f I (~~i (he \ R ‘s tuu i i i ie t
If ti me ct ls’s ms oh ( ‘ I s ’s k u , ’,’ cat t he su i,,, ’s’.f mi l ls  s , u l s - uul.iit ’ sl t r , ’ r m u luums ’am r l rs ’ s m u ’ y , ,si t’ s mnmpuiis ’d b~s’ u i i p uu m s ’ ,ul i uus ’ , uu i s  vv it hi iui t he overal l  hi  .unit ’vs on k oh l r u m s ’, u t i tiesm i v is ha’. lvt’t’ii s1 , ’ii,’ tu t u c , i i , ’

,u l m s s ’ uu , , ’ ,m f m l, ’, k i t ’s’ ( u s ’s ’ ‘ r us f m t i t m i t s  st ‘ mi ld  ~,‘s’ uti I, ’ (m e .u s i t i , i l l  j m i i , ’,’ t ’  p.uv f
’,m i t h e  in tmt u m i i i u / . i tu , ’ n u

smi u in i s ’ m m i i em. ’ i .thl e s t i y ’, tu t i l u t t t ’ ins Ou t s ’ s’flem,’is I ml ’. ‘ i t t ’  t Ins .i t ’ i m u . m .is ft  t o  i t s  l,mt ’ u s ’ .uh s s ’ i is ’ lusi , ’ t t
ss oiils t m t s’s ’uuis, ’ t t ’suil i in t I m , ’ mus t ’ of si ,i t is v s i t h ,‘~‘s , ’  .i i t ’,i u at imm s i i  i.unged s uit - l i t h a t  s i icai i i tu iie
e u u m y . u fu mu s ’ ~Oy’,’is tt isl trot c \isf ( , ‘.~ (i( 

~n ‘ ,‘u i , ’ i , u l , s uit ’li vv , ul ls st s m u t t i  t o t  I m u~
m duues ’ N’ , L i u ’~’ u s ’,’

‘~m nidi t i mns , bitt tit u s is pt’ of ’ .uj spi o u t  Ii iii.us ts ’,id m u ‘t u t u  ~‘s ,‘i ill i s , i i i  is v to t  t v s m ’  d i t i ic i tsu ,m i i . u l
,u,’t~ m f ~ m u t  iest i i tg at lt uu ’ fu suu l s s ,m t tu ,,- spm.’t’ ls

(t ) ’~
( I I ~“~tt )\~”

I lit’ i ,‘‘ .u i lts  s m i tu  .uu i ’ . , ’ t uuc vs u i i th t t iu t t ts ’ l t e s t s  m m i i  t s s , m sh it t t ,’tts utm i i , ul mci tm t ’tmu l s  h i s  s’ I’t ’eut , u i t , u f s ss ’sI
s sinht n e s t - meet i , m the s i t t e r s  of ss nsf t im t i i t y ’h vs ill i i l u s ’ r t , ’ is ’ u us s ’ I li, ’~,’ t es ts  v s s ’ is ’ s ’,m ui c t u u e m s ’,f ‘n is v, ’
,‘s’,’ i r is ’ i m  u~ ,ull s sitt tul,ui i nns m d e hs of s ’ .u ~ Ii ,i  fv v s ’ . u s ’u ,m l s m ul  ses ’ i i t m i t s  t he N \ m, \ ~ )l .‘ ,nid I~ k I
ss’t’tim sItt , .u ur d ,- s ’seie, l  .u i.nigc u n \ i , i ,  ii nuuiiil ’y’u t i s s uit tO “. m , ’ (I s’ .’ ‘sl , .,I,’i lr, mt , i’ .  t l i f f, ’ it’tl f ’ s
f u s i o n  ~‘t t v s , m , u ’ uv i r e nios l,’ l ct i tmnt l  i m  ui ,t iuR’t lms ’u ’tii O R’s ,m i ’ f t  .‘“ un~l f ( I 2” It t s ’ t s f , ’ m to
cs.i tt tm n ,’ t his’ s .uh u di ts ,‘f s l. us su, ui s t i f ’ s tm t i u , ’ huur , ’, i m i , ’ s ’s l s s ,m l l  i n s t  i s ’ , ,‘ ur , s - i li,’s ’ u ‘, tv u t lu tmtmt  tI me ,,‘,m i uu
l m hi t ’ .ut u, m u us  s ’t t h it’ s l tmi i t i i nI u s’ l m n t’ss’ t i t , i t  u, m it  m 1 ii, ‘nr st m h u t f  55 .111 I’, m ui i t l,ii v ~

- , ‘ r r , f  i m i , ’ i is , t i i t ’ i c s tu l t ’ .  ,‘f It e s t s  s’ t m i i t l t i t ’ t , ’ tl in is’ s ( s s ’ s - t i , ’ t i s  h ut t s ’tl vs thu  I’ m ’ t im  solid ,in,l s l ss t i ,’ ,t sv , i h l s v%s ’ it ’ ,m i i s i s f , ’ u ed h i ts ’ I
is ’s u u l t s  h is ,’ I’s - s i r  ,- ,‘ u r ~’s t es t  m isun u ’ this ’ ‘i s ’,i I~ i t ’ l l ’ .  ~‘( ,.l ,ussi s,i t huu t , ’.ii ilis’t ’ t s  I ,‘ m t his ’ s, ’ lus i vs , i l l  Ite s t s , t his ’s,’ ‘ i is ’, i i t’ i i s  .u f ’ f ’ s ’, u m t o  pit m th i i s ’s ’ m s ’s u i l t s  vvl i i s -li i t s ’ s e t s s ’t , ’s,’ t ’ ’ ‘s i t u ’ Ii, ’,’ of ’ tim e s l i t ’s - us
,‘f ys ,ul l unt ci t , ’ u s ’ims ’e lit t hi~ c uss ’ t~l h i t ’ sl, m t t s ’s l vs.Ol is ’sts , Iu, ’ sv s ’s, ’ n , tnu s ’,n ilu ,’,’i~ si ,’ i iif r ,, un ils
mu t i ~h~’t~’s t i i r u . m t ~’,t ilt s’ sIs ’t ’ l t ’t ’ ,‘f h~it ’ 5 k u ’ s ’ s ’s i. ls ’ ui t  in lie s h , u t , u  I sui t ’ t h e  f s m t  iii ~‘f t l ts ’ sal u, u t um ’it of
I’l, m s - k , ues ’ vs iOn \ t  , i , Ir i iuuni i lsci ssu, ’ r ’ s’s ts ’,I by Ii ns ’.ii t l i s s ’ r v , .mnst j ay euusp u us ’ .tt v’oiss tamr t ~t ’ u i ’~ed Ii ,sut t
th e test th.O,i , .u s , u i i s h , is ’ ( t ’ t  ‘, i e h s i s ’ss’tii,u u r s ’ u u sm i ’ i ii’ .’ l’I~’~ L u , ’ ,’ , u i t , ’, mon 55 ,is s’f’ t ,uu i ts ’tl I m i s
ent pu i - t s ’.ih f ’l,’ck , ues ’ s ’,’u i s ’cui oi i vs ,u s ihieii s ’ r r u l’uiietl v s i t l i  the v , i t i . u i r ’ ’ u r ‘ f l i f t  r r m l s ’ u ( s ’ i ,’ rr ,  ,‘ prs’tlus ’ ts ’sI
f r o n t  hmnis ’ai t hr , ’,’r , intl t hi,’ s I ,‘‘.‘ .fI ’ vv s ’ l u , i i .us ’ us ’i I s i m Cs (d I’) oh t f t t ’ sh t m t i t ’,l vs , ut ( s v ss ’ t s ’ then t m h t .ui t i,’d
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