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(10)

Each of the yn (y) has zero circulation, and the solution is (see
Cheng and Rott8)

The singular integrals in Eqs. (10) and (11) are to be con-
sidered in the Cauchy principal value sense. Note that 70 is the
solution due to R.T. Jones for /z-oo (see Plotkin9):

(12)

Results and Discussion
Once y(y) is obtained, the jump in velocity potential across

the wing surface can be found from an integration of

<l>y(x,y,0±)=±v(y)/2 (13)

With the use of the linearized Bernoulli equation, the wing lift
is given by9

L=pU\S [<l>(c,y,0+)-<l>(c,y,0-)]dy (14)
J -s

where p is the density. The nondimensional lift coefficient is

(15)

where S is the planform area. Note that for /z-*oo we get

(16)

The lift curve slope for the slender wing in ground effect is

CLa/tQa)-. = 1 + l/S(b/2H)2 - l/32(b/2H)4

+ Q/(b/2H)6] (17)

where His h at the wing trailing edge and additional terms can
be obtained in a straightforward manner. Note that the result
is independent of aspect ratio and is expected to be an increas-
ingly accurate approximation as A^Q.

To assess the validity of the slender-wing result, a widely
used panel code10 (VSAERO) was used to compute the lift
coefficient for a delta wing in ground effect for values of
aspect ratio less than one. (For thin wings, the method is the
same as a quadrilateral vortex lattice method.) The method
models the nonplanar trailing vortex sheet and allows for
wake relaxation and rollup. Attached flow was assumed, and
the angle of attack was 1 deg. The vortex lattice is formed by
streamwise lines with cosine spacing along the span and radial
lines from the tips with equal spacing along the chord. Forty
panels along the chord and 10 panels along the semispan were
used to deal with the small aspect ratios of interest.

Results of the computation for aspect ratios 1.0, 0.6, 0.2,
and 0.05 are compared to the analytical result [Eq. (17)] in
Fig. 1. It is seen that the computational results approach the
analytical result as the aspect ratio approaches zero.

In conclusion, a closed-form solution is obtained for the in-
crease in lift coefficient on a slender wing due to ground ef-
fect. The result is valid for low aspect ratios and moderate to
large values of the ratio of trailing edge wall clearance to wing
semispan.
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Measurements of Turbulent Flow
Behind a Wing-Body Junction

O. Ozcan* and M. S. Ol^menf
Istanbul Technical University, Istanbul, Turkey

Introduction

THE fluid mechanics problem of turbulent shear flow in the
junction of a wing and aircraft fuselage is of significant

practical and academic importance. The adverse pressure
gradient caused by the wing leads to the separation of the
boundary layer on the fuselage. A horseshoe vortex is formed
in the separated flow region around the wing. Downstream of
the wing and above the longitudinal horseshoe vortex, which is
imbedded in the fuselage boundary layer, there is a shear-layer
that is formed by the two merging boundary layers on the
wing. The structure of the shear flow behind the wing is also
influenced by the tip vortex, especially if the aspect ratio of the
wing is small.

A limited amount of published experimental data exists for
the wake of a wing-body junction. Nakayama and Rahai1

report measurements in an idealized wing-body junction where
both the wing and body are represented by flat surfaces and the
wing is held at zero angle of attack. Velocity measurements in
the wake of a wedge at zero angle of attack are described by
Morrisette and Bushnell.2 The present Note reports measure-
ments in the turbulent shear flow behind a wing that is
mounted on a flat plate at 30 deg of angle of attack. Various
physical aspects of the flow are illuminated by the experimen-
tal data that include the skin-friction coefficient and pattern,
the static pressure coefficient, and two mean velocity compo-
nents. A detailed discussion of the experimental results is
given in Ozcan and Oilmen.3
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Experimental Conditions
The experiments were conducted in the 50 x 50-cm

low-speed wind tunnel at Istanbul Technical Univ. The
freestream velocity (t/oo), turbulence intensity and Reynolds
number per unit length were 10 ± 0.3 (m/s), 0.4 ± 0.2 (%) and
(6.6±0.3)105 (1/m), respectively. A symmetrical, unswept
and untwisted Joukowsky profile wing was used in the study.
Figure 1 shows a schematic of the wing whose cord length,
maximum thickness, and height were 128, 29, and 165 mm,
respectively. The undisturbed boundary layer on the flat plate
was turbulent and approximately 12mm thick at the location
of the wing leading-edge. Oil-flow visualization was made to
observe the structure of the surface flowfield. A Preston-tube of
0.85 mm outer diameter was used to measure the shear-stress
(tji on the surface of the flat plate. The static pressure (p) on
the flat plate was measured by a Furness Controls FC 001
mieromanometer with an accuracy of ±0.1 mm of water. A
DISA 55M10 constant-temperature hot-wire anemometer was
employed to measure the stream-wise and span-wise velocities
(U and V) with an accuracy of ±0.4 m/s.

Results and Conclusions
Figures 1 and 2 give the contour plots of the skin-friction

coefficient cf = 2rw/'p00U2
00 and the static pressure coefficient

cp = 2(p0,-p)/p00U2
0, on the flat plate. p* and p^ are the

freestream pressure and density, respectively. The dotted lines
show the extrapolated parts of the contours in flow regions
where data are not available. The thin broken lines denote the
separation and reattachment lines that are discussed in the next
paragraph. The contour plots reveal a characteristic W-shaped
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Fig. 1 Schematic of model and contour plot of skin-friction coefficient
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footprint of the horseshoe vortex. Sufficiently downstream of
the wing the span^wise variation of cf shows a valley, a peak,
and another valley, whereas the span-wise variation of cp
reveals a peak, a valley, and another peak. The valley between
the two peaks disappears in the span-wise variation of cp for
X < 20 cm. The distances between the Y locations of the peaks
and valleys indicate that the 7 < 0 leg of the horseshoe vortex
is smaller than the F>0 leg. The differences between the
magnitudes of the peaks and valleys are larger for the Y > 0 leg
than the Y < 0 leg. This indicates that the Y > 0 leg of the
horseshoe vortex is stronger (has more circulation) than the leg
located in the Y <0 region.

The thin broken lines in Figs. 1 and 2 denote the separation
and reattachment lines measured from the observed oil-flow
pattern. In addition to a U-shaped separation line (S}) where
the horseshoe vortex sheds, there is a secondary separation line
(S2) that originates from the wing and joins Si at point P. The
reattachment line A^ which originates from a node ahead of
the wing, also joins Sl at point P. A tornado vortex is located
at point F above the surface. The counter-clockwise rotating
tornado vortex rises vertically from the surface above the
turbulent boundary layer before it bends downstream and
becomes a longitudinal vortex. The base of the tornado vortex
coincides with the minimum pressure (maximum cp) region on
the flat plate.

The shape of the reattachment line Al indicates that the
Y > 0 leg of the horseshoe vortex is fed by the severely
decelerated fluid behind the wing. On the other hand, the Y < 0
leg of the horseshoe vortex does not encounter the minimum
pressure region behind the wing as it comes from the wing
windward side. The secondary separation line S2 is located in
the adverse pressure gradient region behind the wing. The fact
that Cf values are smaller in the Y > 0 region than in the Y < 0
region is also an indication of a more severely retarded flow in
the Y > 0 region. It appears that the Y < 0 leg of the horseshoe
vortex moves faster than the F>0 leg in the stream-wise
direction. As the horseshoe vortex transports momentum
towards the reattachment line, boundary-layer thickness
decreases and momentum transfer increases. Consequently, the
locations of maximum cf are located along the reattachment
line as revealed by Fig. i.

Figure 3 gives a postulated quasisteady streamline pattern in
the cross-flow plane at X = 29.5 cm. The dotted lines show the

Fig. 2 Contour plot of static pressure coefficient cp = ?l(p^ — p)l
' '

Fig. 3 Vertical variation of span-wise velocity F for Y = 3.5, 2, —0.5,
-2, -3.5, and -5 cm at X = 29.5 cm.
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Fig. 4 Vertical variation of normalized stream-wise velocity U/U^ for
Y = 3.5, 2, 0.5, - 2, and - 5 cm at X = 29.5 cm.

projection of the wing on the plane of the figure. The saddle
and nodal-type singular points in the streamline pattern are
denoted by letters S and JV, respectively. The horizontal line
elements attached to the Y = constant lines show both the
magnitude and direction of the span- wise velocity (V)
measured at this particular X location. The velocity data
support the validity of the hypothesized streamline pattern.
The tip vortex is located at a higher Z location than the
tornado vortex. The tip and tornado vortices are deflected in
the negative Y direction as they move downstream. This is
probably due to the inviscid turning of the freestream by the
wing in the negative Y direction. The large negative V velocities
in the Y > 0 region away from the flat plate also indicate such
an inviscid flow deflection. The span- wise velocities given in
Fig. 3 confirm that the Y > 0 leg of the horseshoe vortex is
larger and stronger than the Y < 0 leg.

Figure 4 gives the vertical variation of the normalized
stream- wise velocity U/U^ for various Y locations at
X = 29.5 cm. The origin of the plot is displaced to the right by
0.1 25 for each of the Y stations. The location of U/U^ = 1 for
each profile is denoted by dotted lines. Figure 4 shows that the
normalized stream- wise velocity U/U^ increases mono-
tonically with increasing Z in the Y > 0 region, whereas the
stream-wise velocity profiles in the Y < 0 region exhibit
S-shaped variations in the Z direction. It appears that the tip
vortex and the tornado vortex that are both located in the
Y < 0 region are responsible for the 5-shaped profiles.
Trentacosta and Sforza4 report irregularities in stream-wise
velocity profiles around the potential cores of three-
dimensional jets. They suggest that the irregularities are
generated by the induced velocities of a decaying vortex ring
surrounding the jet. It may be argued that as the longitudinal
tip and tornado vortices are deflected in the negative Y
direction, they become capable of inducing a stream- wise
velocity component in the surrounding fluid and, thus,
generate the 5 -shaped profiles. A vortical flow structure
similar to the Karman vortex street can also be responsible for
the generation of S-shaped profiles. Morrisette and Bushnell2

also observe irregular-shaped stream-wise velocity profiles in
the wake of a wedge at zero angle of attack. They report that
longitudinal vortices, which originate from the vicinity of the
wake neck, are the cause of large deficits in the streamwise
velocity. Morrisette and Bushnell2 hypothesize that the
concave curvature of the shear layer approaching the wake
neck leads to the generation of Taylor-Gortler vortices.
Further experimental work is needed to check the existence of
Taylor-Gortler- type vortices in the flow of the present study.
Conversely, one may hypothesize that the vortices observed in
Ref. 2 are a pair of tornado vortices that are fed by the flow
separated from both two sides of the wedge. Tani et al.5
observe two counter-rotating tornado vortices behind a
cylinder mounted on a plate. Any evidence of a second tornado

vortex could not be observed in the present study. This was
probably due to the attached flow conditions on the windward
side of the wing where flow separation from the trailing edge
did not lead to a sufficiently large reversed-flow region.
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Turbulent Viscous Drag Reduction
with Thin-Element Riblets
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Introduction

THE parametric studies by Walsh and Lindemann1 of
various riblet geometries established the symmetric V-

groove riblet as a practical means for turbulent viscous drag
reduction. In an effort to improve riblet performance, an ex-
perimental program was initiated to extend the riblet data base
to additional, untested riblet geometries. One achievement of
this program was the identification of the thin-element, rec-
tangular geometry with a maximum drag reduction equal to
the symmetric V-groove (8%) and drag reduction at larger
riblet spacings.

The current geometry consists of very thin ribs extending
perpendicularly from the wall and aligned in the streamwise
direction. They form an array of streamwise channels in the
near-wall region whose height and spacing may be varied in-
dependently without affecting the spanwise contour of the
region between adjacent riblets. Independent height and spac-
ing control is a particularly desirable feature for proper
parametric study. This geometry was selected for direct drag
study primarily because of turbulence intensity data obtained
for similar models in a previous study,2 which showed a
significant impact of the thin-element design on the intensity
level and distribution.

Model Construction and Apparatus
Thin-Element riblet model construction is illustrated in Fig.

la. As shown, thin metal strips were clamped between spacers
defining the channel height and width. The metal strips had
sharp, square edges and were 0.002 in. thick (approximately
1-2 viscous wall lengths). A more practical model in terms of
potential application with a similar geometry was also tested
and consisted of adjacent trapezoidal elements formed in con-
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