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Small wings at moderate Re may have unpredictable performance characteristics, such
as hysteresis loops in lift, due to the formation and movement of laminar separation bubbles.
Even when the flow is seemingly simple, the outcomes may be counter-intuitive. As an example,
the NACA 0012, a symmetric airfoil, at Re = 5 × 104 has been shown to produce negative lift
at small positive angles of attack. Natural flyers, such as birds and bats, occupy a similar Re
regime, and it is natural to enquire how they deal with such sensitivities. Feathers are flexible
and porous, and while flexibility has beenmuch studied, the effect of porosity is less well-known.
This study examines the effect of porosity on the performance of a NACA 0012 at Re= 5 × 104

and demonstrates that even small permeabilities can significantly affect wing performance.

I. Nomenclature

AR = aspect ratio Q = volume flow rate [m3/s]
b = span [m] Re = chord based Reynolds number
c = chord [m] Red = Reynolds number of pipe flow in pore
Cd = sectional drag coefficient Rex = Reynolds number as a function of x
C` = sectional lift coefficient S = planform area [m2]
C`α = lift curve slope SH = total hole planform area [m2]
Cp = pressure coefficient t = airfoil thickness [m]
d = pore diameter [m] U = freestrean velocity [m/s]
D = drag force [N] u⊥ = pore disturbance [m/s]
D′ = drag force per unit span [N/m] x = streamwise direction [m]
f = friction factor xs = top chord normal separation location
L = lift force [N] y = spanwise direction [m]
L ′ = lift force per unit span [N/m] z = cross-stream direction [m]
L/D = lift to drag ratio α = angle of attack [°]
li = pore length [m] δ = boundary layer thickness [m]
m = number of holes in spanwise direction ∆ = change in a parameter
Ma = Mach number κ = permeability [m2]
n = number of holes in chordwise direction ν = kinematic viscosity [m2/s]
p = local static pressure [N/m2] φ = porosity
p∞ = freestream static pressure [N/m2] ρ = density [kg/m3]
q = dynamic pressure [N/m2]

II. Introduction
With the increased use of unmanned air vehicles in both civilian and military applications as well as small-scale

turbines and high-altitude vehicles, there has been increasing interest in airfoils at Re between 104 and 105 [1–3]. This
moderate Re regime is strongly influenced by laminar separation and by the possible formation of Laminar Separation
Bubbles (LSB) where the separated shear layer transitions and reattaches, in the mean, as a turbulent boundary layer[4].
The presence of LSB’s modifies the streamlines outside of the boundary layer, altering the effective shape of the airfoil.
LSB’s may also lead to hysteresis loops in the C`(α) curve because the process for re-separation from the turbulent
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boundary layer state is not the same as the original transition. Careful examination of published lift-drag polars for
moderate Re airfoils show a large fraction with multi-valued, non-monotonic profiles[5–8]. The laminar separation
itself can lead to unusual phenomena. For example, the NACA 0012 at Re= 5 × 104 produces negative lift at small,
positive α, followed by a lift slope, C`α > 2π[9].

Birds and bats occupy a similar Re regime as many practical small-scale flying devices, so shapes and structures
in the natural world may point to viable designs. The comparatively rough wings of swifts, for example, have been
shown to reduce flow separation at Re<3.6 × 104[10, 11] as early promotion of turbulent transition is advantageous. It
has also been observed that bird wing feathers have a large variation of permeability depending upon the feather type
and location on the wing[12]. Force measurements made on the foremost primary feather of the White Stork (Ciconia
ciconia) with and without an air seal showed an increase in L/D when air could pass through the feather[13]. The
difference was mostly attributed to a reduction in drag, though the mechanism remained unclear.

Permeable wings at transonic Ma have successfully reduced wave drag by removing or diminishing the strength
of shockwaves[14–16]. At speeds at which a shockwave would not form, drag was greatly increased. Reductions in
drag and delay in separation are achievable by boundary layer suction through a porous wing surface, but the weight
penalty and power required halted the further development of this technology for aircraft use. Thin airfoil theory and
wind tunnel experiments suggest that permeability over large portions of the wing decreases L and C`α and increases D
[17–19]. Though cruise performance is reduced, permeable wings may still be of interest as a possible passive gust
alleviation mechanism[17, 20].

This paper tests the idea that wing porosity could be advantageous for wing performance in this sensitive flow regime.
When small holes allow communication between pressure and suction surfaces, the disturbance flows may be sufficient
to change the flow state. This will be tested through direct force measurements and corroborated with dye visualization.

III. Materials and Methods

A. Wind Tunnel Tests
The Dryden Wind Tunnel at USC is a low-speed recirculating tunnel. The octagonal test section is 1.37 m wide

with a turbulence level <0.035% for frequencies between 10 and 1000 Hz and mean speeds between 4 and 20 m/s.
The excellent flow quality is attributed to the long and gradual 8:1 contraction ratio converging section downstream
of 11 anti-turbulence screens. With flow speed set at a constant U=5 m/s, a chord-based Reynolds number was
Re= Uc/ν = 5 × 104. Based on projected areas, the model and supports projected a 3.4% blockage at highest α;
therefore, blockage effects were considered relatively small and neglected. Fig. 1 shows the model and test section
configuration.

Endplates

Shrouded Sting

Force BalanceRotary Table

z

x
y

Fig. 1 Dryden Wind Tunnel test section with experimental setup.

Two rectangular NACA 0012 profile wings of c=15 cm, and b=60 cm, were 3D printed from PLA. The solid wing
was printed in three sections on a MakerBot Replicator 2 with layer and x-y positioning resolution of 100 µm and
11 µm respectively. For the porous model, a Prusa i3 MK2 printer was used, with 50 µm layer resolution and 10 µm
x-y position resolution. Due to build volume constraints, the porous model was printed in 5 sections. Seams for both
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models were sealed with 1.3 cm wide, 0.20 mm thick, (1.1%t), duct tape. Measurements made using an Ambios XP-2
profilometer showed both printed models had comparable surface roughness. A 0.8 cm steel rod was inserted in the
models at c/4 to be used for mounting in the wind tunnel

The porous model was printed with 1 mm, 0.67%c, holes oriented perpendicular to the chord line. The holes were
arranged in a rectangular pattern starting at 10%c from the leading edge and spaced 10%c apart along the chord line.
Holes were placed starting at 10%b and evenly spaced by 10%c in the spanwise direction, as shown in Fig. 2. In total,
the porous wing had 297 holes. Estimating porosity, φ, as the ratio of the area of the holes, SH , to the total planform
area, S, φ = 0.003.

To create a quasi-2D flow, endplates were mounted on either side of the model. The endplates had dimensions of
4.74c in x by 2.37c in z and a thickness of 0.08c. The laminar boundary layer thickness is δ = 4.91x/Re1/2

x = 3.6 mm
at the leading edge of the model, where x is the distance from the leading edge of the endplate. The gap between the
model and the endplate was less than 1 mm, or 0.27δ. A slot in the lower endplate at 1.44c from the plate leading edge
and centered in the z direction allowed for the mounting rod to pass through.

Fig. 2 CAD model of porous wing with zoomed image of the leading edge.

B. Force Balance Calibration and Measurements
A shrouded sting rested upon a custom, three-component, cruciform shaped force balance[21]. The balance was

mounted to a rotary table, which set α, angle of attack. Axial and normal arms were calibrated by statically applying a
range of expected loads. A calibration was completed before each test producing a 3-by-4 calibration matrix. To reduce
random error from the calibration process, this matrix was then averaged with 2 previous matrices. This averaged matrix
was used for experimental data collection. The measurement uncertainty of the balance in axial and normal directions
were less than 5 mN and 15 mN, respectively.

Before each test, zeroing forces were recorded corresponding to the weight of the model. Each experiment consisted
of 5 forward and backward α sweeps between -5° and 12° in 0.5° increments. After α was changed, the flow was
allowed to settle for 10 s. Data was sampled at 1kHz for 10 s and averaged producing a single measurement. 10
measurements were then averaged yielding a single data point for each α. The standard deviation of these measurements
was considered the uncertainty of this data point. Once these measurements were completed, a finer sweep in 0.1°
increments was conducted at small α. The same procedure for each data point was used as above. The lift, L ′, and drag,
D′, per unit span are nondimensionalized by the dynamic pressure, q,

q =
1
2
ρU2 (1)

and the chord length, c, yielding,

C` =
L ′

qc
(2)

3

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

SO
U

T
H

E
R

N
 C

A
L

IF
. o

n 
Ja

nu
ar

y 
7,

 2
02

1 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
9-

35
84

 



and,
Cd =

D′

qc
. (3)

C. Water Channel Experiments
The water channel at USC has a rectangular test section of height 61 cm and width of 89 cm. With a maximum

achievable flow speed of 70 cm/s, the channel still maintains turbulence levels of <1%. Experiments were conducted at
a water height of 48 cm. To maintain the same Re as wind tunnel experiments, the channel was run at U=16.7 cm/s,
following sizing constraints described below.

Two arcylic wings were made with b = 45 cm and c = 30 cm. A rectangular hole pattern spaced at 0.1c was
machined into one model. Hole diameter was 2 mm, the same chord fraction as the wind tunnel model.

As seen in Fig. 3, a flat plate of dimension 2.54c in x and 2.96c in z with 0.04c thickness was mounted above the
wing to create quasi-2D flow as well as remove any free-surface effects. A hole was drilled in the center of the plate to
allow for the wing mounting hardware. The bottom of the wing was flush with the bottom of the channel. To set α, a pin
was used to align a rotor plate with a stator plate with known angles; α was also cross-checked from the images in
postprocessing. α was varied from 0° to 2° with ∆α = 0.5° and from 3° to 12° with ∆α = 1.0°. The stator plate was
exchanged to acquire images between α = 0.2° and 1.2° with ∆α = 0.2°.

Laser Sheet

Camera

α Positioning

Fig. 3 Water channel experimental setup showing camera and laser sheet placement, as well as α positioning
hardware.

Bright Dyes Fluorescent FWT Red 25 dye was diluted with water by a ratio of 40:1. The dye was injected from the
leading edge at center span. A 5.14 W, 532 nm wavelength CNI wave laser was used to create a laser sheet that would
illuminate the dye. Mounted below the channel, a Mako U-130 camera (1280×1024, 10 bit) with a Rainbow H6mm
1:1.2 lens was used to acquire flow visualization images. All images were post-processed to improve contrast, black
levels, and invert colors.

IV. Results and Discussion

A. Force Balance Lift and Drag Measurements
Time-averaged lift and drag profiles for the NACA 0012 at Re = 5 × 104 are given in Fig. 4- 7, which also show

previous reference data from the same profile shape in the same tunnel[9], which first established the phenomenon of
negative lift at positive α. The observation of the ’N’-shaped curve around α = 0 requires a very smooth geometry
and quiet flow conditions, and is very sensitive to small disturbances. The C`(α) is qualitatively similar but with local
peak amplitudes in C` of about one half the reference values at α ± 0.5. Differences in surface roughness between the
machined wing of Ref. [9] and the 3D printed article here likely account for the differences in C` , both at small α and
for α > 4. The important point is that all curves 4a- 5b are qualitatively similar, with previously remarked characteristic
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features of sensitive dependence on the appearance and fore- or aft-motion of laminar separation bubbles. Finally the
wing aspect ratio, b/c = AR = 4, and in Ref. [9], AR = 6.5 so end effects will be more influential here.

a) b)

Fig. 4 a C` and b Cd with uncertainty envelopes for a quasi-2D NACA 0012 at Re= 5 × 104 for the solid airfoil
(red) with comparison to Ref.[9] (blue).

a) b)

Fig. 5 a L/D versus α and b drag polar for comparison between the solid airfoil (red) and Ref. [9] (blue).

While making careful comparison with the reference case, there was no attempt to make a specially smooth finish
on the 3D printed wing because the main comparison is not with Ref. [9], but will be with a similar wing with porous
features. This comparison is given in Fig. 6 and Fig. 7.

Fig. 6a shows that the presence of holes in the porous wing almost completely straightens out the C`(α) curve around
α = 0, removing the characteristic local positive and negative lift peaks. At the same time, there is no difference in Cd
(Fig. 6b). There is a small decrease in C` at higher α but overall, within measurement uncertainty, L/D is equal to, or
superior to the baseline wing at all α (Fig. 7). The porous wing always performs better than the solid one.
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a) b)

Fig. 6 a C` and b Cd versus α of a solid (red) and porous (green) quasi-2D NACA 0012 wing at = 5 × 104.

a) b)

Fig. 7 a L/D versus α and b drag polar for solid (red) and porous (green) wings.

B. Dye Traces
When α = 0.0°, von Kármán vortex streets are observed in the wake of both airfoils, shown in Fig. 8. Similar

structures are observed at α = 0.2°, commensurate with the similar values of C` at small α. The fluid close to the
trailing edge of the porous airfoil at α = 0.4° begins to form small eddies, slightly disrupting the main wake eddies.
Meanwhile, the flow about the solid wing shows no equivalent destabilizing disturbances on the von Kármán vortex
street. As α increases, the regular alternating wake feature is more clearly contaminated with smaller scale features and
at α = 0.8° the amplitude of the vortex street deflections is much reduced compared with the solid wing counterpart.
The small-scale eddies that eventually disrupt the Kármán street seem to originate in the boundary layer on both upper
and lower wing surfaces.

Pixel values were averaged over 1,300 images for each α producing images such as Fig. 9. The streamwise separation
location, xs , defined as the chord location of separation normalized by c, was estimated from the time-averaged images
for each α and plotted in Fig. 10. Between 1° ≤ α < 7°, xs of the porous airfoil is further downstream than that of the
solid airfoil for a given α. The range of higher xs coincides very closely with the range of measurably-different C`(α)
between the solid and porous wings (see Fig. 6a). C` may be lower (α ≤ 2), or higher (2 < α ≤ 7). The most practical
consequence is that the lift slope, C`α , is much more uniform over the entire range. Close to α = 0°, the separation
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Fig. 8 Instantaneous dye images for α = [0.0,0.2,0.5,0.4,0.8°]. Images on the left are of the solid airfoil; those
on the right are of the porous airfoil.

locations are quite similar and both have a sharp notch, corresponding to a more forward location, at α = 0.5°. The
notch is due to a small re-circulation region that is established near the trailing edge of both solid and porous wings
at this α. There is no special feature of the C`(α) curves at this α. The airfoil-driven pressure difference itself drives
a flow disturbance that leads to small-scale features that promote later boundary-layer separation. Though the force
measurements and time-averaged dye images that lead to mean separation location measurements lend themselves to
time-averaged interpretation, the flow towards the trailing edge, and so the pressure difference that causes the small
perturbations, are never steady.

The small eddies formed in the boundary layer and wake of the porous airfoil, shown in Fig. 8, will lead to small
perturbations to the fluid flow. These perturbations, somehow, lead to the straightening of the lift curve seen in Fig. 6a
near α = 0.0°. As shown in Fig. 11, the pressure difference between the suction and pressure surfaces may be imagined
to induce a (fluctuating) fluid flow through the wing, causing a local disturbance to the boundary layer at the pore.

Some quick estimates of the magnitude of the pressure disturbance and subsequent wall-normal flow may be made,
and XFOIL[22], a panel code, was used to compute the pressure distributions on a solid NACA 0012 at Re= 5 × 104.
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Fig. 9 Three instantaneous flow fields at α = 3.0°. Below, is the time-averaged image of 1,300 frames. Solid on
left; porous on right.

Fig. 10 Streamwise separation location, estimated from time-averaged dye images for the solid and porous
NACA 0012 at Re= 5 × 104.

The pressure coefficient, Cp, is defined as,

Cp =
p − p∞

q
, (4)

where p and p∞ are the local and freestream static pressures, respectively. The change of Cp between both surfaces at
the chordwise locations of the pores, ∆Cp, was estimated. Then, the flow through a given pore may be approximated by
the Darcy-Weisbach equation,

∆p = f
li
d
ρu2
⊥

2
, (5)
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∆p

Fig. 11 Mechanism of pressure driven porous airfoil flow.

where li and d are the length and diameter of the pore, respectively. It is assumed the pore is sufficiently small, such that
∆p does not vary over the face of the pore. The friction factor, f , is defined as,

f =
64

Red
, (6)

and

Red =
u⊥d
ν

. (7)

Combining and rearranging Eqs. (5-7) produces,

u⊥ =
d2

32νliρ
∆p . (8)

Nondimensionalizing Eq. (8) by U, q, and c produces,

u⊥
U
=
(d/c)2

64(li/c)
Re∆Cp . (9)

Note, li/c is a function of the chordwise location of the pore, and d/c is a constant. Seen in Fig. 12, the pores aft of
midchord exhibit a more negative u⊥ at low α than pores closer to the leading edge. The suction at the pore will perturb
the boundary layer normal to the wall. These perturbations lead to the global lift changes observed in Fig. 6a.

For a permeable medium, the volume flow rate due to a pressure difference is determined by Darcy’s law, or,

Q =
κS
ρνt
∆p , (10)

where κ, a dimensional parameter, is the permeability. Q can also be estimated for a porous wing by multiplying Eqn. (8)
by the pore area and summing over all pores yielding,

Q = m
πd4

128νρ
∆p

n∑
i=1

1
li
. (11)

m and n are the number of holes in the spanwise and streamwise directions, respectively. Combining Eqns. (11) and
(10) and simplifying produces,

κ =
d2t
32n

φ

n∑
i=1

1
li
. (12)

Assuming li ≈ t, simplifies Eqn. (12) further to,
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0.1c

0.2c

0.3c

0.4c
0.5c

0.6c0.7c

0.8c0.9c

u⊥
U

Fig. 12 u⊥/U computed using Eqn. 9 and XFOIL Cp results at Re= 5 × 104.

κ =
d2

32
φ . (13)

κ is estimated to be 80 µm2 and 390 µm2 for the wind tunnel and water channel models, respectively. Because κ is a
dimensional quantity, it should vary with geometry changes despite Re being held constant. u⊥, however, is consistent
between both wind tunnel and water channel experiments meaning the flow physics are similar. Low values of κ are to
be expected because the majority of the airfoil is solid, yet this still has a significant effect on the airfoil performance.

V. Conclusion
This study examined a quasi-2D NACA 0012 at Re= 5 × 104 with both solid and porous surfaces. Wind tunnel

experiments measured C`(α) and Cd(α). The solid airfoil showed qualitative agreement with a previous, comparable
study. At small, positive α, negative lift is produced, a counterintuitive result. When low porosity between the pressure
and suction surfaces is introduced, the anomalous behavior is removed without a measurable drag or L/D penalty.
Dye visualization combined with XFOIL analysis show that porosity can allow a flow through the airfoil to perturb
the boundary layer, sufficient to cause significant changes in the lift profile. The intrinsic flow sensitivity can lead to
amplification of disturbances, which may be used deliberately for effective control, either passive or active.
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