/1970

_ICAS Paper No. 70-08

ON THE USE OF SLOTTED WALLS IN TWO-DIMENSIONAL
; TESTING OF LOW SPEED AIRFOILS

by
G. V. Parkinson, Professor and A.K. Lim, Graduate Student
University of British Columbia
Vancouver, Canada

The Seventh Gongress
ol the
International Council ﬂl the
Aeronautical Sciences

CONSIGLIO NAZIONALE DELLE RICERCHE, ROMA, ITALY / SEPTEMBER 14-18, 1970

Price: 400 Lire



ON THE USE OF SLOTTED WALLS IN TwWO-DIMSNSIONAL
TESTING OF LOW-SPEED AIRFOLLS

G.V, Parkinson, Professor,

and A.K. Lim, Graduate Student

Mechanical Engineering Department
University of British Columbia

Vancouver,

Abstract

Ixperiments are described in which
two-dimensional tests were made on 2
sets of 4 airfoils of the same profile
but different chord at the same Reynolds
number in a low speed wind tunnel with
two interchangeable walls, Airfoils of
one set had a fixed slot plus a slotted
flap at 45°, Lift, drag and pitching
moment were measured through a full
incidence range for several longitudi-
nally slotted wall configurations, and
for solid walls, Some of these con-
figurations were used for testing the
second airfoil set, of the same profile
without slot or slotted flap. Coumpari-
sons are made with existing theories, and
it is concluded that the theories
applicable to slotted walls are inade-
quate,

I. Introduction

The theory for corrections to wind
tunnel data for the effects of wall
constraints is well established for
conventional tunnels, with solid walls,
in which the models are small relative to
the tunnel cross-sections, and develop
only small 1lift coefficients., Current
practice is well summarized in a report

(1)

by Garner, Rogers, Acum and Maskell .
Current researcih: into the aerodynamics of
STOL and VTOL aircraft configurations,
however, requires testing at high 1lift
coefficients, and often the use of
relatively large models, If the correc-—
tions are still to be determined with
satisfactory accuracy, at least one of
the following criteria must be met - the
theory for solid tunnel walls must be
ecstablished for large models and high
lift coefficients, much larger wind
tunnels must be built, or a different
type of tunnel wall configuration that
reduces or eliminates the corrections
must be developed,

Several very large wind tunnels for
VSTOL testing have been built recently,
but these cannot handle all the testing
required, and the present investigation
is intended to examine one aspect of the
two alternatives to large tunnels men-
tioned above. When sectional character-
istics of airfoils are required, it is
usually desirable to test as large models
as possible in order to obtain high
Reynolds number NR' and profiles with

slots and flaps of current interest for

Canada

STOL aircraft will develop high values of
lift coefficient CL' Under these con-

ditions, wall corrections in the presence
of solid walls become large enough that
their accuracy as calculated by conven-
tional theory is uncertain. On the other
hand, the major corrections are of
opposite sign for tests in an open jet
wind tunnel, which raises the possibility
of using partly open, partly solid walls
to produce cancelling effects, and
perhaps negligibly small resultant
corrections.

A popular form of opening for such
walls is a set of uniformly spaced narrow
longitudinal slots, and in the present
investigation the effects of different
configurations of longitudinal slots are
measured and compared with one another
and with the effects of solid walls in
two-dimensional testing of low-speed
airfoils,

IXI. Experiments

The measurements were made in the louw
speed wind tunnel of the l!echanical
Engineering Department of the University
of British Columbia, This tunnel has a
test section of 36 in. by 27 in. over a
length of 104 in., and produces a very
uniform flow, with turbulence level less
than 0.1% over a wind speed range
0-150 fps. The airfoil models were
mounted vertically on the yaw turntable
of the 6-component wind tunnel balance,
and spanned the 27 in. height of the test
section at the tunnel center-line, except
for very small clearances from the tunnel
floor and ceiling. The gap through which
the spar attaching the models to the
balance turntable pierced the floor was
kept closed to very small clearances, and
the floor and ceiling were otherwise
solid, The tunnel test section has 6 in,
by 6 in, cormer fillets (actually tapered
downstream to compensate for boundary
layer growth), so that the section area
is 900 sq.in., and the effective tunnel
width H; for use in wall correction
theory, is the area divided by the height
(as recommended in Reference (1)), or
33.3 in. : .

Because of the presence of the corner
fillets, which contain fluorescent lights,
the side wall panels which can be given
different configurations of longitudinal
slots are only 15 in. high by 104 in.

Two frames for panels of this size were
constructed to be filled with longitudinal



Wooden strips 1 in. thick and of various
widths, so that the side walls could be

cornipletely solid or have a distribution

of longitudinal slots 1 in. deep and of

various widths., 7The slot configurations
Ffor whiclh results are presented here are
designated by their open area ratio r,

thie ratio of the total slot width in one
side panel to the 27 in, test section

eloht,. ‘i configurations were as
bm iy 1 .
follows, For r = ig = .056, the 15 in.

panel widtl consisted of three % in, wide
s5lots, one at each edge and one in the
center, with two solid sections each

I G
(&3 Lil e

) N 1
‘Lae between, For r = 3 = .111,
the thiree slots were each 1 in, wide,

=N . 185,

for r o= the three slots were

27

cach 1 2/3 in, wide., For r = g% = ,296,
the 15 in., panel width consisted of cight
1 i, wide slots alternating with seven

1l in, wide solid strips.

'wo sets of four airfoils eacl: were
constructed, mainly of wood, Chord sizes
C in each set were 9 in., 14 in,, 19 in,
and 24 in, In one sel the profile was a
Clark Y airfoil of 14% thickness, In the
othier set the same profile was given a
fixed slot at mid-chord and a slotted
flan set at 43°, identical with one of
tlie profiles tested by .Jeick and

(2)

shortal , except for the modification
of the thickness from 11.7% to 14%,
These profiles were selected because of
their simplicity and establishicd good
e ance at the noderate xeynolds
available in the tunnel used,

numbe

itreliminary tests established that
Avytiolils aunber coffects were small in the

N o -r ;¢ wsed, but in fact all subsequent

tusts were carried out at_nearly constant
approximately 3(10)2. It was also

established that in the presence of both
solid and slotted walls the loading on
the airfolls was closely two-dimensional
below tlie stall.

N

For each combination of an airfoil and
a wall configuration tested, 1lift, drag
and pitching moment about mid~chord were
measured through a full range of angle of
attack o from below zero 1lift to beyond
the stall, with increasing and decreasing
readings, Data were quite consistent
and repeatable, and averaged values were
calculated W presented as lift, drag
and gquarter-ciord moment cocfficients
S,y Coy Co , coaventionally defined.
L D gy

III. Lxperimental Results

Figs.
tion of C

1 - 7 give samples of the varia-

and C with a for the four
L Mq4

values of ¢/H for both profiles in the
presence of solid and slotted walls, No

CD values are presented because, although

they were consistent and of the right
magnitude for the profilcs at the test

Npo they were quite small (C = ,016
HMIN

for the basic Clark Y profile) c:! they

could not be measured prccisely ©..ouzl: to

permit useful conclusions to be drawn
about the effects of model size and wall
configuration,
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Basic profile, Solid walls,

r =0

Figure 1,

Fig, 1 shows that zero l1ift angle o

2
for the basic profile in the presc.uce of
solid walls is about - 6,5°, independent

of c¢/H, but that 1lift curve slope
dC
m = == increases with ¢/H., C is
¢ MAX

also seen to increase with c/H.
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Figure 2., Basic profile. Solid walls.

r=20
In iz, 2 for the same configurations as
fig, 1, the magnified scale emphasises
the scatter in the data, but the trend to
increased negative CM with increasing
<%

¢/ is clear. +

fizure 3, Slotted walls,

Basic profile.
r = ,111

fig., 5 for the basic profile in the
presence of slotted walls again shows

a, = - 5.5° independent of ¢/, and in
wddition shows m  almost independent of
¢/l below the stall, which might suggest
tnis open area ratio (r = .111) as a

coniiguration ziving lift data with
neglizible wall corrections., However,
the mean value of m is found to be
.083 per degree, whereas the correct
sectional value mO is known to be con-

siderably higher at the test N (.098

R

per degree is used in subsequent theoreti-
cal calculations).
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Figure 4, Dasic profile. Slotted walls.

r = .111

4, for the same configurations as
Fig. 3, the same trends as in Fig. 2 can
be seen, but much reduced in magnitude
below o = ke,

In Fig.,
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Profile witix slot
flap. Solid walls,

Figure 5.

Fig., 5, for the profile with slot aand
slotted flap, likc ¥ig., 1 chows m
increasing with c¢/H below the
and shows CL iacreasing with
HaX
Here, however, C

stall,
e

c/H,

L values are all much

hizher, and the negative stall is rcached

with <¢C still positive. Again o, is

L
nearly independent of ¢/H at =~ 15°.



slot and slotted
walls., r = 0O

Figure 6. Profile with
flap., 3olid

Fig. 6, .for the same configuration as Fig,
5, shows consistent data for each airfoil
of the set, but the relatively small
negative values of C\ for the 9 in.
Mcz
airfoil, and the more negative values for
he 19 in, than for the 24 in. airfoil
sugsest that sinall geometric differences
in the Four nirfoils have contributed
effects of ti:e sw:ie order as t..¢ c¢ficcts
accordingly, no attempt is made

s I

oL C/ite

Lo corrclate CI( data frow airfoils of
/4

vl
L.is pvorile with theory.
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Figure 7. Profile with slot and slotted
flap. Slotted walls, r = ,.1035

Fig. 7, for the flapped profile in the

presence of slotted walls, shows that

a. = - 15°, idadepcadent of ¢/, as in

Z .

Fiz, 53, but the dota for the four airfoils

hetween negative wad positive stall have

appiroacued collapse to a single curve,

The experimental results will now be

examined in the light of available wall
correction theory.

V. Theory

The theory of wind tunnel wall correc-
tions is based on the assumption that the
flow inside the test section, as disturbed
by the presence of the model, is inviscid
and irrotational, so that a disturbance
velocity potential @ exists., For low
speed flow, the air can be considered in-
compressible, and @ obeys Laplace's
differential equation, which is linear.
For solid tunnel walls, the boundary
condition is that the normal componeat of
disturbance velocity vanishes:

38 _
Fr;_

while for an open jet, it is assumed that
the disturbance from the model at the jet
boundary is small and causes negligible
displacement of the boundary, from which
the linearized condition of constant
pressure at the jet boundary can be ex-
pressed, using Bernoulli's ejuation, by
the vanishing of the streamwise disturb-
ance velocity there,

3¢

X

0 (1)

=0 . (2)

01

For slotted or perforated walls, a
linear combination of these Loundary
conditions is used., The following dis-
cussion is Lasged mainly on Ch., & of uof, 1,
by Rogers.

Longitudinal slots

For walls with longitudinal slots an
equivalent homogeneous boundary coadition
is used, based on a potential flow wodel
of the cross flow through the slots,

2

o¢ 8 -

=t K& = © (3)
where k=4 ln csc =X (4)

b4 2

and d is the slot spacing, with r and d

assumed small, Using suitable singulari-
ties to represent the effects of the uodel

and its wake, Laplace's equation is solved
so as to satisfy Lq. (3), and the foliow~
ing wall corrections arc dctermined,
facters

301id wilke

and 13 w
the reference tunnel spced, upon
corrected model force and moment
coefficients are based, caused by the
constricted flow past the model, It is
coavenicint to present thew as fraciions
st and S - oi’ tie corresponaing

and blocitayge

£ .

are the fractional increnw.ats to

whilcl

factors €g  and ﬁ% for closed w.lis,
where, by conventional theory for solid
walls()),



cy2
<& =‘/L46 ;’ (5)
k! Cp 4
évc‘ z(ﬁ) (6)

Equations for calculating [2

s and _fl w
g}

s
is plotted as a function of
i 1 +2%4

in Fig. 6.4 there., Thus the corrected
tunnel reference speed Uo is given by

% =U(/ +‘Qsé‘c +'Qw éwc )

where U is the measured refereiice speed,
flie theory for longitudinal slots is
applied below only to the basic profile,

for which CD is very small, so that the

term _ﬂ w éwc

are given in Ch. 6 of Ref. 1, and

(7)

is omitted,

The remaining wall corrections to be
determined are the upwash and streamline
curvature interference factors bo and 61

whicli arise from the airfoil 1ift charac-
teristics. They appear in the formula
for the correction to angle of attack,

o 2
= G (5)+ 6 (F+ G N5)

and residnal corrections due to streamline

curvature are conveniently expressed as
equivalent increments to C and C ,
L MQ/
in terwms of 61 : 4
l od
A

L

740G (z) (9
,.,=§a:q(:)

fquations for calculating 60

(10)

‘and 61 are

1 and values of

[+

given in Ch., 6 of ilef,
each are plotted as functions of
in Fig. 6.15 there.

Perforated walls

For walls with a pattern of holes
through which a cross-flow takes place,
the linearized bhoundary condition is
based on the assumption that the pressure
difference bp across the wall is
proportional to the effective normal
disturbance veloclty %t the wall,

sp = PYp °%,
where P 1is air density and P
porosity parameter, or resistance
coefficient, assumed constant for a given
wall geometry, This gives the boundary

condition
‘W M ein
P wn - (11)
dogers suggusts that F must be deter-
mined experimentally for a particular wall
g

is the

geometry, but mentions theoretical values
proposed for two~dimensional wall condi-
tions (where the porosity consists of
transverse slots), such as that of

(%)

Woods '
walls,

in which, for closely perforated

tan = r . (12)

2

The same wall correction factors _f2 >
n o, by and b,
new boundary conditions, and are used in
the same way, so that igs., (5) (10)
apply also for perforated walls, Woods,
in Ref. 4, works out the correction
factors for a finite length R of tlie
tunnel test section, as follows:

wk
n,= ]+ 4" ~ Gkrfanb—[;,@ (13)
N,= 1+ 2ka = 2 lanh 535 ”‘R (i)
J; s - L( (15)

U d

2 2,2
& =Z(1-12k77)

P =

are calculated for the

(16)

-

Vi Kl
where ‘ = = arclan P, s =2 rsz”
Rogers, on the other hand, in Ch. 6 of

Ref, 1, presents values only for infinite

R, This makes little difference to bo
and 61 for most tunnel test sections,
since & »

.98 for R » 1,5H, but it
makes a considerable difference to JZ

and sz, because of tlhie last term in
Eqs, (13) and (1i4), In fact, il &k is
made infinite in Lq. (14), for arbiuvr.:y
kK, the equation becomes

N - 2x-1 (17)
so that [} w becomes - 1 instead of

+ 1 in the limiting case of solid walls
(k = 0). These differences are shown in
Fig. 8, where JfQ _ and are plotted

-]
1/ and 60 ., In

R
for = 2
the following section, predictions from
the above theories are compared with the
experimental results of III.

against
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blockage factors for porous
walls

V, Comparisons

Lift correction theory could be con-
parcea with the above experiments by
applying the corrections of igs. (7), (8)
and (9) to the data points, and exauining
the tendency to collapse to the expected
curve {or free air conditions. Instead,
another approach was chosen for its
simplicity and ability to show trends,
Figs., 1 and 3, and to a lesser extent
Figs. 5 and 7, indicate that the varia-

tion of CL with o for a given profile

below the positive stall is characterised
satisfactorily by 2 parameters, o, and

an average value of m, and only m
varies appreciably with ¢/H or with the
wall configuration. (In applying this
argument to the airfoil with slot and
slotted flap, as in Figs. 5 and 7, it is
convenient to imagine a fictitious a,

determined by the continuation of the
C,~-a curves from above the ncgative stall

L
dawn to zero lift). aAccordingly, the lift
correction theories are compared with

experiment in the form of m/mO as a
function of <¢/H for each profile and

wall configuration.

Usinyg () ro wenote free air values

AT = O)-
(C,IL~‘\)). _ C.‘o _ Q*AQ (U)2
m ey Mo = x=oz, " ol v~y -2\,
so that, usin: suas. (7)), (3), (9), (10):

2

. <), Sirg)2)m
1em(6,(i)+ 3 () I, ( / *-ﬂs‘sg'ﬂw‘-z)

/- 25(%)°

m.

-—

m
(4

~ . m
S50lving for il
o

and retaining terms of

C
(-')2, to be consistent witih the

(5) - (10):

B= |+ (mg+n, L))+

order
derivation of kgs,

K
{”32{1"( f* 4.5 )J;*-Q_A% +ncms ui ;_: }(ﬁ)z (13)

Pitching moment correction theory is
applied directly in the form of kg. (10),
but the experimental data is adjusted to
account for the aerodynamic center aot
beinyg exactly at the quarter-chord point,
so that the theoretical and expPerimental

values of -Eg”are made to agree for the

=48 < ) .
smallest airfoil ( '-' = .27) in eacl

case.

Egqs. (10) and (18) can be applied for

solid walls by taking

b
Jl s - 12 w o L 6o =0, b, = I

For the basic profile, m = .098 per

degree = 5,6 per radian, and terms
involving CD are neglected., TFor the
flapped profile, m_ = .074 per degree =
4.2 per radian, and averaged values of
Cb are used, .22 in the prescnce of
solid walls and. L2325 din the preserce of
slotted walls, The solid blockarze shw) e

factor JMe = .28
flapped profile.

basic aad

for botu the

| /0
//
14 J
///
s
2 e
'“/m,' o
- D’,
1o} L e e a
N, @ a g e
8- N,
\Q§ v o, B} o
§:§§ ///3
6| I

‘41 THEORY r EXPT,Ng 3(0)°

(o] o o
1 056 a
2 —— 12 ]
3 185 4
4 i NONE
. K B o
(o] 2 4 6 M 8

Comparison of slotted-wall
1ift theory with data for
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figure 9.



In Fig. 9, the theory for longitudinal
slots of IV has been used to determine
el st 8, and 6, to substitute in Eq.

(18) for the basic Clark Y profile in the
presence of slotted walls with three
different open-~area ratios, as well as
for solid walls and an open jet, It is
seen that, whereas the thcory for solid
walls gives excellent agreement with the
data, the theory for slotted walls is
useless, with the curves for all values
of r «closely grouped, as though all of
Lthe wall configurations were cffectively
open. As a result, no further calcula=~
tions of this theory were made., Instead,
thhe theory of perforated walls was
applied to the configurations tested, with
values of P determined empirically so
that the theory gave as good agreement as
possible with the 1lift data.

el

14l /. /50u0 TO
s {Cihe)

OPEN
EXPT, mg 21
THEORY bp ¢ Ngr3lOP
0% o ° EXACT
2} | 22 .05 »
~—l2 201 e
3 -8 185 v
4 © | NONE
o J-2 4 é) 8 IO-
Sin

Figure 10. Comparison of porous-wall
lift theory with data for

basic profile

In Fig, 10 the perforated-wall theory
is applied to the same configurations as
in Fig. 9, and here it is seen that
values of P were found that produced
good agreement with data for the three
values of r tested, The curves for
solid walls and open jet from IFig. 9 are
reprated, and the effect of higher order
teriis in Qﬂq y known for these cases and
given in kefs., 1 and 4, is also shown,
The effect is seen to be significant,
particularly for the open jet,
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Figure 11, Comparison of porous-wall
moment theory with data

for vasic profile

In Fig, 11, the theoretical pitching
mouient corrections for the conligur itions
of Fig. 10 are calculated for same
values of P used for the lift compari=
sons, and are seen to produce uite good
agreement with the data for solid walls

and two of the slotted-wall configuratinis,
Agreement with the third slotted-w
with r = ,111, is only fair.
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In Fig. 12, the perforated-wall theory
is applied to the profile with slot and
slotted flap in the presence of longi-
tudinally slotted walls of three
different open-area ratios, Curves for
solid walls and open jet are also
presented. It is seen that the solid-
wall theory gives excellent agreement with
the data, as before, and that again values
of P were found which produced good
agreement with the data for the three
values of r, However, for the same
values of r as in Fig. 10, the appro-
priate values of P were lower for the
flapped profile than for the basic profile

Vi, Discussion

Fig., 9 shows that the theory of ideal
longsitudinally slotted walls is useless
for calculating the wall corrections for
Low-s1eed two-dimwensional airfoil tests
Ln ta2 presence of actual longitudinally
1ot walls, figs. 10, 11 and 12, on
the other haud, indicate a possibility
of wsing the theory developed for
perforated walls for thc same purpose.
However, this theory requires knowledge
of the porosity parameter P, It r
could be calculated from a specification
of the wall geometry, then the theory
would be guite attractive, since Figs.

10 and 11 show that a value of r could
be selected which would make the wall
corrections for either 1lift or moment
small, Even if P could be determined
experimentally as a constant for a given
wall geometry, independent of the model
to be tested, that might be satisfactory.
However, Fig. 13 shows that the situation
is more complex,

FLAPPED AIRFOIL
4

BASIC AIRFOIL

___—~THEORY

Fisjure 1%, VYorosity parameter as a
function or open-area

ratio

It is seen that there are two com-
pletely different variations of P with
r for the two profiles tested, and
neither of them agrees with the theoreti-
cal variation of Eg. (12), although cach
gives the same qualitative trend as the
theory, Thus, P depends not only upon
the wall geometry, but on the model under
test, an impossible situation for practi-
cal use of the theory.

Possibly the dependence of P on the
model under test is related to the need
for a non-linear boundary condition to
replace kg. (11). If 6&p across the

FY 34
wall were actually proportional to(:g)

then 1/F would be proyortionul to gﬁ ,

Cn
and this might explain the higher valucs
of 1/P needed to produce agrecement for
the flapped airfoil, which would crcate

higher values of at the wall,

Wood(s) has applied sucli a non-~linear
boundary condition in the theory for wall
correctionc to a non-lifting two-
dimensional airfoil, but further applica-
tions of this technique do not seem tfo
have been made.

Figs. 10, 11 and 12 show that the
conventional thgory of wall corrections

L3
to order N ) for solid walls fives

very good agreement with 1lift and
pitching moment data in low-speed two-
dimensional airfoil tests, even for (%)
as large as ,72, and that further
improvement can probably be obtained by
calculating higher order terms, There-~
fore, in the absence of improvements to
the theory for slotted-or perforated-
wall corrections, it seems advisable to
carry out low-speed two-dimensional
airfoil tests even tor large models,
developing high 1ift coefficients, in
conventional wind tuniels with solid
walls,
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