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Abstract tions, it is common to accept the airfoils
in uniform—parallel free—flow. In certain
Although many problems of the airfoils cases, however, the flow exerted by the

at medium and high Reynolds numbers are airfoil cannot be considered uniform.
snlved; the number of investigations at Some examples of this type of flows are
Reynolds numbers below 10° is very atmospheric boundary layer flow for a wing
limited. In this paper, the 1lift and during the take off or landing of an
pitching moment characteristics of an agroplane; praopeller wake for some part of
airfoil in isoclated and ‘tandem case are a wing; wing wake for tail surfaces. In
investigated experimentally at a Reynolds each cases, the flow approaching to the
number of about 4.3 10® and theoretically airfeil is called shear flow, and an extra
for the potential case. In the effect of the velocity gradient in the
theoretical part, a new panel method, shear flow is expected on the airfoil
developed in the complex plane starting performances. There are some other
from the Cauchy integral theorem is examples in which the velocity gradient or
presented. The method is applicable also shear flow effect is combined with the
for the cases containing the ground effect potential effect of the body creating the

or the wind tunnel wall effects. In the wake and the body taking place in the
experimental part the l1ift and pitching wake, like a slat-wing-flap combination or

moment characteristics of a NACA airfoil a tandem combination.
model are obtained by integrating the
measured surface pressure distributions. The effect of a uniform shear flow on
The wind tunnel wall effects are corrected an airfoil was first investigated by
by using the panel method developed in the Teien®, in connection with the influence
complex plane. Experimental resulis are of atmospheric boundary layer. He consid-—
compared with the theoretical results gred a symmetrical Joukowsky airfoil in an
gbtained by the complex panel method and inviscid flow with a uniform shear (Fig.1)
with the published experimental results at and calculated the exact forces and
Reynolds number of I million. These moments on the airfoil by using the
comparisons show the viscosity and conform transformation technique. This
Reynolds number effects in isolated case. work was extended to the cambered
In the tandem case, the ‘same model is Joukowsky airfoils by Sowyrda.™ In both
installed in the wake of a similar airfoil investigations the effect of a uwuniform
model . and the effects of the angles of positive shear layer {linearly increasing
attack and the distance hetween the velocity in  the direction of the positive
airfoils are investigated. 1ift} is seen as an increase in the slope
of the 1ift and wmoment curves like an
Introduction increasing thickness effect, an overall

increase in lift like an increasing camber
The chord based Reynolds numbers below effect, and an increase in pitching moment
102 for airfoils are generally accepted as like a distortion effect in the camber
the low Reynolds numbers. This type of distribution.
flows exist for jet engine compressor and
turbine blades, gliders and sailplanes at
low speeds, remotely piloted wvehicles
(RPVs} at high altitudes, ultra light man- <:::=~
carrying/man—powersd recreational air-
crafis, wind turbines/propellers and new
generation ships with wing—sails. ays
Although many problems of the airfoils at a) Unifsrm positive ‘
medium  and high Reynolds numbers are shear flow b) Non -uniform
solved, the number of investigations at Shear flow
low Reynolds numbers is very limited. But
the current desire to imptrove the
performance of both military and civilian
systems has focused attention on this flow
ragime, in the recent years.?t

=

¢ Tandem
airfoily

For most of the aerodynamic investiga-— Figure 1 : Examples of shear fTlow
Copyright © 1990 by ICAS and AIAA. Al rights reserved.
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Several experiments were carried out by
Vidal“?, Ludwig and Erickson® and Gupta and

Sharma® on symmetrical and cambered
Joukowsky airfoils immersed in non—
uniformly sheared flows simulating &

praopellsr wake. The results of these
experiments are in the sense to agree with
the theoretical results of Tsien and
Sowyrda in  the linear parts of the shear
flow. The experiments show furthermore
the sensibility of stalling character-—
istics and maximum lift of the airfoil to
its location in the zshear flow. When the
product of the local shear and the local
derivative of shear is negative, airfoil
stall is markedly delayed. Whern this
product is positive, stall is promoted.

Vidal makes some speculations on  the
possible benefits of the destalling
phenomenon in practical applications. He
indicates that the wing maximum lift can
be augmented by properly orienting the
wing with respect to the slipstream of the
propeller, that is the wing somewhat below
the slipstream axis. He suggests also
that a fairly thin shear flow, perhaps
comparable in thickness with the airfoil
thickness, might suffice to delay stall.
This idea is interesting for the tandem
airfoil case.

Effects of an airfoil on the flap was
investigated by Moser and Shollenberger”™
Oskam, Lean and Volkers®, PButter® and
Forcheron and Thibert.2© These researchers
indicate that there is an effect of the
total head distribution in the wake of
the airfoil on the characteristics of the

flap.
Gersten and Gluck* investigated the
effect of a wing on tail plane, in two-

dimensional case. They indicate that this
effect may be important when the angls of
attack is high. They found that the tail
surfaces are exerted an additional 1ift

due to wing wake, like as in Tzien’'s case.

In the tandem case a limited number of
investigations are found in the literature
which are only the theoretical approaches.
For example, Bairstow®® and Glauert:™
treated the forces on  two airfoils with
the chords on the same line, by
representing them by two straight lines.
Sedov*?® extended the treatment to the case
that the second airfoil have an angle with
respect to the first one, like a flap. In
the recent years Watt and Farkinson!® made
a similar investigation toc calculate the
effects of angle of attack and flap angle

quickly on twp element airfolils. All
these investigations make thin airfoil
assumption and do not contain the

thickness, camber and viscosity effects.

In this paper, the
moment characteristics
investigated in isolated and tandem case,
theoretically for the potential case and
experimentally at a Reynelds number of

about &£.53 10®, In the first part, the

1ift and pitching
of an airfoil are

complex panel method is presented. Second
part is devoted to the experimental and
theoretical investigations on the airfoil
in isolated and tandem cases. Finally,
concluding remarks auve presented.

Theoretical Method
The panel methods are generally based
on Breern’'s third identity, which yields a
representation of the potential or the

stream function at any point  of a
potential flow field in terms of a
distribution of sources, doublets or
vortices along the boundary surfaces.
Application of the boundary condition

leads to a Fredholm equation of the first
or second kind. The panel methods convert
this integral equation into a set af
linear equations by dividing the boundary
surfaces into small elements (panels).
There are many panel methods in  the
literature differing from each other in
the kind of singularities used, in the
application of the boundary condition and
in numerical details.*®-37

In two—dimensional cases the treatment
of a potential problem is easier then in
the real plane. Therefore, the complex
variables were used by several researchers
in the panel method applications in recent
years.2-20 gut, there is not an essential
starting point in these applications, in
order to obtain the integral equations.
However, in some integral methods other
tharn the panel methods, the development of
the integral eqguations in the complex
plane from Cauchy integral theorem is
quite interesting.=21.=2

A panel method in the complex plane is
developed, starting From the Cauchy
integral theorem. Some details and the
early applications of the method are given
in ref.23. It is extended for calculating

wind tunnel wall effects and a wide
variety of applications are presented in
ref,.24,

Cauchy integral theorem indicates that
an analytic function can be evaluated at
any point inside a contour in its region
of analyticity, once the values of this
function are known on  the contour. I+ M
number of closed curves are considered in

z complex plane, representing a multi-
element airfoil system, the unbounded
region around these curves can be
converted into a simply—connected region

by encircling it with a circle of radius

R, and by intersecting the closed curves
on the circle with M number of barriers
{(Fig.2}. Then the Cauchy integral for an

analytic function f(z} is

i f{zo}
Zni 2o~z

rc

f{z} = fi=) + dzo (1)

Where fi{®) is the value of integral on the
circle when R goes to infinity. Zo
represents only the points on the closed
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curves, since the integrals o the

barriers mutually cancel.

Figure Z : Simply—connected region

If the complex conjugate velocity is
chosen as the analytic function, and the

following distribution is taken on  the

closed curves

w¥(zo} = —i)*{zol)*t*(zo) (2)

where Y*{z2o) is a complex singularity

Y*(zp) = 6(2o) ~ i)({zZo} ()

Then the Cauchy integral gives

wW*{z) = w* + _i_ l [U(Zo} _ ixfzo)}ds (4)
had 2 mn 2—Zo Z—Zo

Where ds 1is the arc length and t{zeo) is
the complex representation of the slope of
the curve at point zo defined respectively

ds = t*{zo)*dzo (3)
tizo) = e+% {6)
The terms in the integral represent a

source and a vortex distribution along the
curves, respectively.

Neumann type boundary condition on the
curves leads the following integral
equation

i) v'(zo)t*(zo)dzo} -
Zn P—Zo
«<

In{ —Im{wXt{p}} (7)

where p is the control point on which the
boundary conditicn is applied.

Equation (7} can be written as a sum,
by dividing each curves into Me (k=1,Z..M)
number of small panels{Fig.3). The panels

can be simply chosen as straight lines.
IT one considers a linear singularity
distribution on each element

Y*(zn) =JJ: +J‘:'(Zo—u3)t: (8}

and applies eguation (7)) for aone control
point on each element (mid-point of each
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Figure % @ Panelling

element is chosen in this work), a linear
system of equations is obtained with ZN.
equations

™ nE (k) I {C u C - I { *t }
z E m +C! wr'y = —~Im{w
kil Jmmmdi (k) 4 3 i34 = *
(i=1,2,...nf (M) (9)
where
tat —Z35-
I ;“3 ant _; *, for i#i
F¥ ) = Hi—Zs (10)
- 142 . for i=j
1
Cijz Cas(pa—party - E—Etxt:AJ

The unknown parameter M*’ in eqgs. (%) can
be expressed in terms of the unknowns on
the adjacent elements as

y}l= exiu:—l + e, Wl o+ eaJy:+1 (11)
where

e2,35=-r/qp, €=2:= (r/p-p/ri/gq, ess=p/qgr

12

p:A_‘ +AJ -1 3 F=AJ +Aj +~1a g=—{p+tr}/2 (123
Rearranging eqs.(%) one cbtain

L Ntk

= = Im{Cas¥T3 = —Im{wXts} (13)
el Jemes (k)

{(i=1,2,...nf(M})
where
gij=ﬁij+c;j—1E3J_C;JEEJ+C;J+1EIJ+1 {14)

Or, defining the real and imaginary parts

™ rif ()
E = (basos—2:483) = Im{wX*t, (15}
el dJmri (k)
(i=1,2,..nT({M})
This equation system contains nf(r)

equations for 2&nf(M) unknowns. In order
to diminish the number of unknowns, ¥ , are
taken zero for non—-lifting cases. Or, they
can be related to a single unknown vortex
strength for lifting cases like airfoils

Ya = da+¥u -

by taking & trapezoidal parabolic vortex
distribution on each closed surface(Fig.4)

(k=1,2,..M) {1&6)



d; = 0.5[85(55~1)+85+2(g35+2-1)] (17)
Where = are non—dimensional lengths
measured along the curves. Values of Y.
can be prescribed directly, or additional
equations are obtained from the HKutta
condition for airfoils.
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Figure 4 : Trapezoidal parabolic
distribution

The soclution of eqs.{(15) is obtained
easily by the Bauss elimination method.
The tangential velocities are then
abtained by the following relation

arf (k) m nt

L)
VesmRe{wltad + Z a0 + 2 (2 basds )k
am=1 kel Send (k)

(i=1,Z,..nf(M)} (18)

And the pressure coefficients are

calculated from the Bernoulli equation as
Vv 2 R

Cos = 1 — (.&i), (i=1,2,..nf(M)}} (19)

The method outlined above was tested
systematically on the Joukowsky and
Karman—Trefftz airfoils designed by the
method in ref.25. The airfoils had a wide
range of thickness and camber ratios
changing between 0.05-0.20 and 0.05-0.15
respectively. The obtained results with
30 panels on each airfoil, at 0° and 15°
angle of attack are compared with
analytical results. Maximum error of 1ift
coefficient is found asbout 2.5-3% for a
camber ratio of 0.15, 1.5-2% for a camber
ratio of ©0.10 and below 1% for a camber
ratic of 06.05 and bevond. The errors
decrease generally with increasing
thickness ratio.

Another test is carried out to see the
effect of number of elements. For a
Karman—-Trefftz airfoil having a thickness
ratioc of 0.20 and a camber ratio of ©0.15
at 13° angle of attack, the error for lift
coefficient is only about 0.7% with 100
surface elements, while this value is
about 3% with 50 surface elements.

The method was tested alsoc for the
multielement airfoil systems. The agree-—
ment with the analytical results were very
good for Williams' two—element airfoil=e
and for the four element airfoil of
Suddhoo and Hall®” as seen in Fig.5.
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The method can be used for calculating
the ground or the wind tunnel wall effects
as indicated above. For this type of
investigations the ground or wind tunnel
walls are represented by straight lines,
and divided into small panels. Only a
linear souwrce distribution is taken on
each panels. And the same calculation
procedure is carried out as in the case of
multi-element airfoil system. For these
calculations, the 1length of the tunnel
walls and the number and the distribution
of panels on the walls are important.
Therefore, a special investigation must be
realized on these parameters before any
wall correction calculation.

B
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Figure 5 : Four element airfoil

The experiments were carvried out in
the low speed, closed circuit wind tunnel
af Istarmbul Technical University. The
tunnel have a 8:1 ratic contraction cone,
and a 110 cm wide, 80 om height, 160 cm
length test section. The 44 KW D.C. motor
of the tumnnel produces velocities in the
range of 7-40 m/s in the test section.

The flow guality in the test section
was investigated before the experiments on
the airfoils. The tests indicate low
frequency fluctuations in the velocities
up to 24 of average dynamic pressure.
The deviations decrease if an integration
is made on the data. For example, if one
records the data with an integration time
of 30 & the deviation is only *0.5%. This
means that if an integration time is
chosen about Z0-30 s the uncertainties in
the experiments are below 1%.

A second investigation was made on the
flow uniformity in the test section. For
this purpose, the total and the static
pressures were measured in the horizontal
mid-section of the testing chamber. The
total pressures was found to be uniform
over the entire test section. Only small
non—uniformities in the entrance and exit



parts of the test section and a 1little
pressure gradient along the test section
was observed.

Turbulence level of the flow in the
test section was measured by using both
turbulence sphere and hot wire anemometer.
The turbulence factor was found to be
below 1.2 and the turbulence intensity was
0.25%, which corresponds to the measured
turbulence factor.

The experiments were realized on the
models based on the NACA 653, 012 airfoil
section. The models are made of
fiberglass and have a chord of 30 cm. One
model was manufactured for the pressuwre
measurements (Model-1), with 47 pressure
ports on the mid-span section. Another
model is produced for using as the leading
airfoil in  the tandem case (Model-2).
Measured coordinates of models indicate a
amall deviation from the basic NACA
section as seen in Fig.é6. Both of the
models have an undesired little camber of
about O.3% of the chord. The locations of
the pressure tabs on the pressure model
are given in Table 1.

The madels are mounted in the test
section vertically. Thus the chord/height
ratio is about 0.27, which ig an
acceptable value for the airfoil tests in
isolated case by using any classical wind
tunnel wall correction formulae.

For the pressure measurements a
multitube alcohol manometer was used. The
liguid levels in the tubes are recorded on
the sensible-—papers taking place at the
background, by using a light source. The
time necessary for the record is minimum 1
minute. Thus a natural integration during
the record of the data is realized. The
height of the columns are measured on the
papers. The reading errors are predicted
below 1% of the free-stream dynamic
pressure, since the dynamic pressure is
sufficiently high.

o — = Hoda |-

NACA 65,612

— — . Moda -2

e

Figure & : Models

The two dimensionality of the flow was
observed by using the flow visualization
technigue by tufts. These tests indicated
furthermore that there was a separation
bubble near the leading edge of the model
at the testing Reynolds number.
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Table 1 : Coordinates of the pressure
ports on the pressure model

Upper Surface Lower Surface

1 e Vit ! e it
1 0.0073 | 0.0081 ! 0.0089 ;-0.0112
2 0.0180 | 6.0137 2 0.0140 {-0.0134
2 04,0280 | 0.0175 3 0.0226 1~0.0148
3 §.0511 | 0.0280 3 0.0306 1-0.0192
3 9.9780 | 9.0301 3 0.0511 1-0.0243
b 0.1013 | 0.0343 b 0,0753 10,0295
7 G.1519 | 0.0425 7 0.1008 {-0.0343
8 0,2008 | 0.0487 g 0.1527 |-0.0420
9 0.2513 | 6.0533 9 0.2032 |-0.047
it 0.3005 | 0.0543 1 0.2538 (-0.0511
it L3527 | 0.0594 i1 0.3021 |-0.0337
iz G.4043 | 6.9600 12 6.3583 1-0,0535
i3 0.4495 | 0.0597 13 0.3011 10,0567
14 0.5065 | 0.0573 13 0.4343 [-0,0544
13 0.3548 | 0.0542 13 0.5027 1-0,0349
b 3.6056 | 0.0499 b 0.5534 1-0.0518
i7 0,4327 | 0.0449 17 0,503 1-0.0548
18 09,7043 | 0.0384 18 0.6346 {-0.0478
1§ 0.7332 | 0.031% 19 0.7040 1-0,0369
20 0.8027 | 6.0243 0 ¢.7348 }-0.0301
2 0.8340 | 6.0174 21 0.8032 1-0.0238
2 0.9065 | 0.0413 22 4.8377 1-0.0189
3 0.9438 | 0.9477 23 4.8903 |-0.0120

24 0.918% 1-0,0092

In the isolated case, the pressure

distribution around the mid-span section
of the airfoil model was measured at
several angles of attack between -12° and
+12° at a flow speed of about 32 m/s and a
Reynolds number of about 6.5 10%, At each
angles of attack the 1ift and pitching
moment coefficients were obtained by
integrating these pressure distributions.
The euperiments were repeated individually
to see the repeatability. Agreement of
the results is very good.

Experimental resulis were corrected
for the wind tunnel wall effects by using
the complex panel method. For this
purpose, the potential flow characteris-—
tics of the model was calculated separa—
tely in uwunlimited flow and in the wind
tunnel conditions. For the wind tunnel
calculations, the tunnel walls were re-—
presented by two straight lines having a
length of 40 times the chord of the model,
and 20 panels on esach wall were consid-
ered. Small panel lengths were taken near
the model, and the panel lengths were
augmented gradually far from the model.

The effectiveness of the panel method
was controlled by classical wind tunnel
wall correction methods. The calculated
lift and pitching moment coefficients in
the wind tunnel conditions were corrected
for the 1ift effect by Boldstein’s method,
and for the blockage effect by Allen,
Vincenti and Batchelor’'s approach.=7 The
corrected coefficients were found coincide
very good with the results aof the panel
method in unlimited flow conditions.



For the corrections by panel method,
the differences between the coefficients
obtained in unlimited flow a&and in wind
tunnel conditions were calculated for esach
angles of attack, and the following
relations Were obtained for the
differences versus 1lift coefficients, by
using least squares approximation

100AD,. = 0.0177 — 3.8793 Cur

{20)
1000 ACm = 0.0429 —~ 4.2711 C,
Then the corrections were made by
Co = Coy +AC{CL+)

{21}
Cm = Cr + ACm(Colv}
Where Cor and CLm are the measured

coefficients.

The corrected 1ift and pitching moment
coefficients of the NACA 65, 012 based
airfoil model at Reynolds number of 6.5
10® are presented in Fig.7. together with
the potential flow results of the complex
panel method for the same model. Both
coefficients are nearly linear between —-4°
and +4° angles of attack. Above these
angles the linearity disappears and the
airfoil stalls at about 12°. Frompted non-—
linearity in the coefficients is related
possibly to the leading edge separation
bubble, which was observed by flow
visualization. The thecretical and
sxperimental 1lift coefficients coincide
between 0° and +4° angles of attack. At
negative angles of attack the differences
between the theoretical and experimental
l1ift coefficients are larger than at
positive angles. This is possibly a

e Modeli-1 ExparimanRe=0.65 x 105)

mees Model~1 Thearetical

0.8 } ~—— NACA 65,012 Experimant({Re=3 x 108)
wmme NACA 65,012 Thearsgical

-0.05
0.4

~0.10

0.8

~12° -8 -“° o° 4° 8° o

Figure 7 : Lift and pitching moment
coefficients in isolated case
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result of the different characteristic of
the leading edge separation bubble on the
lower surface, due to camber of the model.

Theoretical results and the published
experimental resultg=e at = Million
Reynolds number of HNACA 65; 012 airfoil
are also presented in Fig.7. There is a
small difference between the theoretical
coefficients of the NACA airfoil and the
pressure model, which is a result of small
camber of the model. The difference
between the experimental results show the
effect of the Reynolds number.

After the experiments on the NACA &5,
012 based pressure meodel {(Model-1), a set
of experiments in tandem case were carried
cout by installing the same model in the
wake of a similar model (Model-2). The
experimental setup is shown schematically
in Fig.8. The pressure model is at the
center of test section and the other model
take place at the upstream. The
parameters for these experiments are the
distance 'd between the mid-chord of the
models, and the angles of attack of the
models, &, and dz. The distance d is
chanced by displacing the leading airfoil.

Yy i Lild e LLbladdd VIIIIIIIS LLL Lk

Wt fee stream
| Statie pressure
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Ueo o= 595 =395 mm

free stream
Static pressure
4

F—~*~—74—’——-450cﬂ7*‘——ﬂ————”“4

Figure 8 : Experimental setup
in Tandem case

At a flow speed of about 32 m/s and a
chord based Reynolds number of aboul 6.5
10°, the pressure distribution around the
mid—-span section of the pressure model was
measured by the same technique used in
isplated case, at several «, betwesen —-12°
and +12°, for the values of d=3295, 4953 and
59% mm and for the values of a==—-8°, —-4°,
a°, +4° gnd +8°. Lift and pitching moment
coefficients were again obtained by
integrating these pressure distributions.

During these experiments, utilization
of a pitot—-static tube for measuring the
free—stream dynamic pressure Wwas not
possible, since the testing chamber length
is not large enough. Thus the free-stream
characteristics were measured on the
tunnel walls. The total pressures are
taken from the settling chamber walls, and



the static pressure was measured from the
testing chamber side walls. Four pressure
tabs were located symmetrically on  the
side walls, near the entrance section, and
the average of the pressures taken from
these tabs were used for the free-stream
static pressure. There was an effect of
the models on the static pressure
measurements at these points. Thus a
correction was needed for these effects.

The effects of the models on the free—

stream static pressure measurements and
the wind turnnel wall effects were
calculated by the complex panel method,

and corrected by a procedure developed
specifically for the tandem case. For
these rorrections first the potential flow
was calculated around the tandem airfoils
both in unlimited flow and in the wind
tunnel . Wind tunnel walls were
represented again by two straight lines
having a length of 40 times the chord, and
40 panels were taken at each wall. The
panel lengths were chosen small near the
models and gradually augmented far from
the models.

MZL'

0.0

12 -8 -4 0 & 8 12

0.010

° -~

0.000

0,005

~0.010

A . A "
=12 -8 =4 0 & 8 12

Wall effects on Model-1
{d=493 am)

Figure 9 :

The differences between the values in
unlimited-flow and in the wind tunnel

conditions of the pressure model’'s 1ift
and pitching moment coefficients were
calculated for each values of the
parameters d, o, and d=. As an example,

the variations of ACLs and ACmi veErsus
for d=4%% mm are given in Fig.%. The
differences for the free—flow static

pressures were also galculated in each
cases. Variation of ACnh. versus as for
d=495% mm is given in Fig.190, as an
example.
-ACpn
[
2
&%
o
v
0.2 o
[
oy
40.1
-12° ) -4° 9° &® 8o 12°

@y

Figure 10 : Model effects on the free—
stream static pressure measurements
(d=495 mm)

The correction procedure in  tandem
case is somewhat difficult and different
than in isolated case. This is becauss
that the variations of the differences
AC, ., and ACn, were calculated versus the
geometrical angles of attack o, and ax
instead of C_, and Cie- At any values of
ay and 4z the 1ift coefficients are lower
than the theoretically calculated values
due to wviscous effects, then the wall
effects are also lower than the wvalues
predicted theoretically at these geometric
angles of attack. Therefore, at any
values of ¢, and o= First the effective
angles of attack were calculated at which
the theoretical 1lift coefficients are the
same of the measured coefficients{Fig.11)}.
Then the corrections are realized at these
relative angles of attack.

During the experiments, unfortunately,
the 1ift coefficients of Model-2, Ci =z were
not measured. However, the cpordinates
and so the theoretical 1ift coefficients

of Model-Z is nearly the same. Thus the
exparimental characteristics of Model-1
were used for predicting that of the

Model-2 for the wall correction purposes
only {(Fig.l1Z).

Finally the procedure used for the
wall corrections is as follows :
i} At any values of a, and a= the

theoretical 1ift coefficient of Model-2
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corresponding 1its geometrical angle of
attack = is predicted from Fig.1ii, by
using the measured 1ift coefficient of
Model-1,

ii) experimental 1ift coefficient of
Model-2 is predicted from Fig.12,

iii) effective angles of attack of
both models are found from Fig.il,

values are
using the

iv}) then the correction
obtained from Fig.%? and 10 by
effective angles of attack,

v) the corrections are made on the
measured coefficients of Model—-1 by the
following relations
Coi = CLicmennureasr (1 ACP-) +AC s

Cmr = Crmi(mmasuraa)r (1~ ACp=} + ACay

—

du495m, \

Figure 11 : Relation between
the theoretical lift coefficients of
Model-1 and Model-2 (d=495 mm}

-1.0 A—
1.5 -1.0 -0.5 0.0 0.5 CL 1.0 1.5
1The.

Figure 12 : Relation between the
theoretical and experimental 1ift
coefficients of Model-1
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moment
in tandem

Corrected 1lift and pitching
coefficients of pressuwe model
case are presented in Figs.13 a-c, for
d=32%5%, 495, 575 mm respectively. The lift
and pitching moment—angle of attack of the
model in the wake are displaced by some
amount depending on the angles of attack
of the upstream airfoil, as seen in these
figures. These shifts are such that, the
coefficients are decrease when the angles
of attack of the two airfoils are in the
same direction. The ceoefficients increase
when the angles of attack are in the
opposite directions.

The theoretical 1ift and pitching
moment coefficients of the pressure model
in tandem case obtained by the complex
panel method are presented in Figs.l1l4 a—«c,
for d=395, 4953 and 595 mm, respectively.
Similar shifts are seen in lift and
pitching moment curves of downstream
model . This similarity between the
theoretical and experimental results
points out that the shifts in  the
coefficients are sourced primarly from the
changes in the direction of the flow
approaching to the- downstream airfoil due
to angle of attack of the leading airfoil.

Theoretical and experimental results
are compared in Figs.15 a-e, for several
values of leading airfoil’'s angle of
attack. For non—zero values of &=, the
differences in the theoretical and the
experimental coefficients of thedownstream
airfoil are larger than that seen in the
isolated case. This discripancy means
that there is an extra effect other than
the upstream airfoil’'s angle of attack,
which is the effect of the wake of leading
airfoil. However it is very difficult to
asses the degree of this effect resulting
from the turbulence or from the slipstream
in the wake, by considering the existing
experimental and theoretical results.

The shifts seen on the l1ift and
pitching moment curves of the downstream
airfoil decrease as the distance between
the airfoils icreases.

The experimental and the theoretical
results show that the slopes of the 1ift-—
angle of attack curves in the tandem case
are lower than that in the isclated case.
The slopes of the pitching moment—angle of
attack curves are higher in absolute
values than that of the isclated airfoil.
These discripancies in the tandem case
alsn decrease as the distance between the
airfoils increases.

Another important effect in the tandem
case is seen an the stalling
characteristics of the downstream airfoil.
There is a tendency of delay in stall of
the downstream airfoil, when the angles of
attack of the two airfoils are in the same
direction, and a tendency to hasten, when
the angles of attack are in the opposite
directions. it is possible to say that
these tendencies in the stalling



characteristics of the airfoil in the wake
also result primarily from the changes in
the direction of the flow approaching to
the downstream airfoil. However there is
a similar tendency of delay in the stall
of the downstream airfoil when the leading
airfoil has zero angle of attack. This
shaws that there is an extra effect of the
leading eirfoil’'s wake on the stalling
characteristics of the downstream airfoil.
But, it is difficult again, to asses the
deqree of this effect resulting from the
turbulence or from the slipstream in the
wake, by considering the existing
experimental and theoretical results.

The lift and pitching moment
characteristics of a NACA 65, (012 based

airfoil model was investigated in isolated
and tandem cases experimentally at a
Reynolds number of about 4.5 10°®  and
theoretically in potentizal flow case.

For the potential flow calculations a
complex panel method was developed
starting from the Cauchy integral thecorem.
The method was tested widely in isolated
case and for multielement airfoils. This
method was used alsc for correcting the
wind tunnel wall effects both in isclated
and tandem cases.

In isplated case the lift and pitching
moment characteristics of the airfoil were
obtained by the pressure measurementsz. The
comparisons made with the complex panel
method results and with the experimental
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