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Objective Generic Geometries

The primary objective is to study
and compare the aerodynamics of

various aircraft configurations and Monoplane
geometries for use by the 2007 DBF

capstone designers. Particular em-

phasis is placed on configurations

with low aspect ratios. The exper- Biplane

iments are performed with a CFD
solver. The report contains plots of
Cr, Cp,, Cr,,» Cp, and visualizations
of flowfields. The final report is in
a handbook/gallery format. Joined Biplane
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Airfoil Section:
All geometries use the NACA 00009.

-0.31

-0.25

0.2+

-0.15

-0.1H

-0.05H

i

0.05

Monoplane

0.1

0.15

02
0

I I I I ! L L I 1
0.1 0.2 0.3 0.4 05 06 07 0.8 0.9 1
Chord



Lift Summary

Lift Slope:

A subsonic wing’s Cp primarily depends on its
aspect ratio, AR. Two-dimensional theory gives
Cr, = 2n. Decreasing AR decreases the lift slope.

A biplane’'s aspect ratio is half that of the mono-
plane’s aspect ratio for the same chord and tip-
to-tip span, but the total wing area is double.
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Biplane Gap:

Decreasing a Biplane’s gap between
the wings decreases Cp, . Cp de-
creases 85% from gap 1.0 to 0.5
and 87% from gap 0.5 to 0.25. We
will see later that induced drag is
also increased. Avoid closely spaced
biplane wings.

Endplates:

Endplates significantly increase Cy, .
The box biplane is a biplane with
“connecting” endplates. The AR =
0.5 monoplane increased Cp, by 34%
by adding h/b = 0.2 endplates. Raymer
(12.10) predicts an effective AR =
0.7 or approximately an increase in
Cr,, of 30% . Notice that the Cowl’s
Cr, is equivalent to a regular bi-
plane; the Cowl’'s rounded “endplates”
do nothing for lift.

A study of endplate thickness re-
vealed a negligible 2% decrease in
Cr, by decreasing endplate thick-
ness from 9% to 2%. For further
details see the box biplane section.



Drag Summary

Lift Coefficient, CL

Drag:

This polar plot, Cf, vs. Cp;, gives mono-
plane (M), biplane (bi), box biplane (box),
and miscellaneous other geometries. Points

are shown at o 5, 10, and 15 degrees.
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A higher aspect ratio always improves
the drag polar. For a given aspect

ratio, the drag polar of a box biplane

is flatter than the biplane. For small

aspect ratios, a monoplane is equiv-

alent with a biplane of half the as-

pect ratio. A monoplane with end-

plates approaches the performance

of a equivalent box biplane.
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Drag Summary

Drag: L/D:
A subsonic wing’s induced drag Cp, pri- The L/D; ratio is:
marily depends on its aspect ratio. Theory I 1 1 1
gives ) D KCp, « o
Cp, = wAReC% = KC’,% Plotting G versus AR gives an indication of

efficiency. The efficiency order is: box, bi-
plane, monoplane. The box biplane’'s L/D

Measuring the slope of K versus 1/AR in-
d P / advantage over the monoplane is about 20%.

dicates the non-elliptical efficiency term, e.
As aspect ratio decreases the drag efficiency
order is: box, biplane, monoplane. Also,
increasing biplane gap decreases drag.
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Constrained Span

Constrained Span:

For a constrained span, planform ge-
ometry is the only degree of free-
dom (ie. specifying AR sets chord
and area.) Comparing equal AR pro-
vides a valid comparison of charac-
teristics when given a constrained
span. For an infinite biplane gap
(no mutual interaction), a biplane
has a Cp,, ratio advantage over the
monoplane of <f§i§> and half the
induced drag. Actual gaps reduce
this advantage; see Hoerner.

Equal Span and Area:

Monoplane

Biplane

( Triplane

1)

Total Lift (1/rad) with equal span (b

Total Lift vs. K:

For a constrained span, wing char-
acteristics depend only on the plan-
form geometry. For this experiment,
span is set to 1.0; aspect ratio and
surface area vary. For aspect ratios
below about 2.0, the performance
order is: box, biplane, monoplane.
Small biplane gaps are detrimental.

Warning: Wing Area is only con-
stant for equal AR!
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Monoplane
Surface Pressure Cp:

AR 4.0 AR 2.0 AR 1.0 AR 0.5

0.015 Sectional Lift:
0.01 |

0.005 -

Discussion:

The upper images show the upper surface pressure for the
monoplane at an angle of attack of 5 degrees. The lead-
ing edge suction is visible. The sectional lift distribution
shown in the lower images shows a chordwise-integrated
pressure plot along the span.

In spite of the wing's constant chord, the sectional lift
distribution strongly approaches an elliptical distribution.



Monoplane: Wake Roll-up

AR =1, a =5°

Wake Roll-up:

The trailing vortex position determines the aerodynamic aspect
ratio. Visually, the effective aspect ratio appears to be about
80% of the geometric aspect ratio (AR = 0.8 gives 25% greater
induced drag and 15% lower Cr, than AR = 1). As Hoerner
writes, “...rounded edged result in loss of effective span or aspect
ratio.” Hoerner also reports that K for an AR = 3 monoplane is
0.133 for rounded and 0.123 for square tips.



Monoplane: Velocity Cutplane, AR=1, a = 5__0-:

Leading Edge

Trailing Edge




Biplane Stagger:
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Biplane Stagger:

Staggering is common for biplanes. Other than
the classic Beech 17, positive stagger (upper wing
moved upstream) is usually seen. For AR = 4 and
a gap of 0.5, an optimal stagger of about — 0.5
chord improves L/D by about 8% at the expense
of optimal Cp,,.

The lift, drag, and L/D curves exhibit the ve-
locity characteristics of a cutline through vortex:
up-down bulges, equal asymtotes at +oo, and a
decreasing perturbation magnitude with gap dis-
tance.

L/D Coefficient, G

This stagger experiment did not consider or opti-
mize decalage.

Lift Slope (1/rad)

Gapos ® Gapi.o g

0.5 |

o+
-4 -2 0
Stagger (chords)

2.4

2,27
"
A
2 e

1.8

1.6 -
Gap1.0

1.4
1.2
Gap o.25
1
0.8

0.6

0.4 -
o) 2
Stagger (chords)

Gap 0.5



Biplane: Surface Pressure Cp at a =5

Biplane Gap Spacing:

Flowfield interactions occur between the biplane’s
wings. As the gap narrows, a lower pressure region
forms between the wing sections. A comparison of
the upper and lower pressure distributions shows
that individual wing surfaces are no longer locally
symmetric. Close inspection of the tips shows vor-
tex formation.

This inviscid solution is unable to capture possible
low Reynolds number separation bubbles caused
by the larger aft-airfoil pressure gradient.

These flowfields also occur with a monoplane in
ground effect.

Wake Roll-up (Gap=0.25, AR=1.0, o = 5°)




Box Biplane

Surface Pressure Cp Box Biplane:
’ The box biplane’'s geometry consists of the

previous biplane geometry with a NACA
0009 connecting endplate. A box biplane
version with thinner (2% rather than 9%)
endplates gave almost identical performance.

Box Biplane:

The endplate does however form an inter-
ference effect at the inside intersection of
the plate and the wing panel. Both images
(o = 0 and o = 5) display this lower Cp
(higher velocity) region. The interference
region for the thin-endplate version reduces
the inner spanwise variation in Cp to near
zero. See the AR = 0.5 images below for
the surface velocity difference between 2%
and 9% endplates.

9% Endplate 1.8% Endplate

a =5°




Box Biplane at o« = 5°

Spanwise Velocity Cutplanes at chord positions:
-20%, 0%, 20%, 40%, 60%, 80%, 100%, 120%,
140%, 160%, 180%, 200%

SR L R N, S




Biplane: Decalage

Biplane Decalage:

Decalage is common for biplanes. Positive de-
calage, the most common, increases the upper
wing's incidence angle and decreases the lower
wing’'s incidence angle.

For this AR = 2 experiment, CDi versus decalage
angle has a minimum at about +1 degree and is
not symmetric. Trailing edge and vortex spacing
likely produces the asymmetry. For a decalage
angle greater than approximately 1°, the trailing
edge tip flow is from inside around to the outside

(positive circulation on upper wing).
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Circle

The circle geometry is an elliptical wing
of equal span and chord. The follow-
ing figure gives an a = 5° sectional lift
distribution (spanwise smoothed) ver-
sus an ideal elliptical distribution of the
same magnitude.

Sectional Lift:
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Careful inspection of the surface pres-
sure distribution shows the discrete ribs
(and linear interpolation) forming the
circle’s geometry. The solution grid could
use some refinement.




Cowl

Having elliptical surface normals, the cowl
behaves as an elliptical biplane wing. Vis-
cous drag, with the ring's extra surface
area, would not be identical to an ellipti-
cal wing.

For a« = 0, the internal surface pressure’s
magnitude is larger than the external sur-
face pressure. For a = 5°, the inner pres-
sure distribution encroaches into the up-
per hemicircle further than the outside en-
croaches into the lower hemicircle.

Incidently, these inner characteristics par-
tially explain the large performance vari-
ances typically seen in certain ducted fan
designs.

Hoerner's fluid dynamics book gives an in-
teresting review of ‘Ring Foil' performance
characteristics.
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