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Abstract. In the context of the wing–fuselage junction ﬂow the purpose of a nose-fairing is to prevent the
oncoming boundary-layer ﬂow separation, which in turn eliminates the horseshoe vortex formation at the
junction. A simple procedure is proposed here to arrive at an asymmetric fairing shape for a non-zero wing
incidence angle. Even though it is a simple method to decide on fairing shape and size, the fairing designed by
this method for a wing at 4° incidence is shown to satisfy the purpose of the nose-fairing. The wind tunnel
experimental results clearly show that the designed fairing improves the ﬂow quality at the wing–body intersection by preventing ﬂow separation and vortex formation. Relatively lower momentum deﬁcit in the boundarylayer (behind the wing trailing edge) hints at drag-reduction for the faired conﬁguration.
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1. Introduction
When a boundary-layer ﬂow approaches an obstacle
protruding from the wall, the ﬂow separates after experiencing a steep adverse pressure gradient near the junction.
The separated ﬂow then curls up, forming a juncture vortex
[1]. Junction ﬂows are signiﬁcant contributors to interference drag in an aircraft. The contribution for the interference drag comes from the ﬂow over the wing–fuselage
junction, vertical tail–fuselage junction, horizontal tail–
fuselage junction and from the wing–nacelle interference.
In a conventional transport aircraft, the interference drag
can be as much as 5–10% of the total drag. An appropriately designed fairing at the intersection could offer a
considerable reduction in the interference drag of an aircraft [2]. The objective of a fairing is to enhance the ﬂow
relieving effect in the form of a non-zero cross-ﬂow inside
the boundary-layer. The fairing geometry also reduces the
adverse pressure gradient experienced by the on-coming
boundary-layer ﬂow. Other passive ﬂow control techniques
found in the literature are the boundary-layer fences [3]; a
cavity in front of the nose [4] is also beneﬁcial in improving
the ﬂow quality around the junction. There have been
several studies on a symmetric wing at 0° incidence with a
symmetric nose-fairing [5, 6]. However, when the wing
operates at non-zero incidence as in general engineering
applications, an asymmetric shape is preferred over the
symmetric shape for the fairing. This note discusses a
simple procedure to arrive at an asymmetric nose-fairing
*For correspondence

shape for a given wing incidence angle, which can prevent
ﬂow separation and vortex formation at the junction. Some
limited experimental data are presented in support of the
claims.

2. Asymmetric fairing shape for non-zero wing
incidence
An asymmetric nose-fairing that satisﬁes the condition of
no ﬂow separation and absence of a junction vortex is
designed for a wing (NACA0018 cross-section) at 4°
incidence. The nose-fairing is created entirely from NACA
4-digit aerofoil sections by deﬁning its maximum thickness
ratio and the maximum camber ratio distribution over the
fairing height (B).
In ﬁgure 1a, the black-coloured lines represent sections
of NACA0018 aerofoil of chord c = 400 mm. The solid
red-coloured lines represent the nose portion of NACA
4-digit aerofoil having a chord (cj) and maximum thickness
ratio (Tr) given by Eqs. (1) and (2), respectively, over the
fairing height (B). Eq. (2) achieves constant maximum
thickness at all the spanwise sections in the y-direction.
The quarter-ellipse having a semi-major axis (A) and
semi-minor axis (B) corresponds to the fairing length and
the height, respectively, as shown in ﬁgure 1a. The symmetric nose of the NACA 4-digit proﬁle of chord (cj) forms
the symmetric fairing. The equations ensure that the fairing
leading edge is on the ellipse and the maximum thickness
T = 0.18 * c = 72 mm. The aft-portion (beyond the
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Figure 1. Symmetric nose-fairing of length (A) and height (B).

maximum thickness) of the aerofoil of chord (cj) shown by
the dashed red-coloured line is discarded.



xf þ 0:3c
cj ¼
;
0:3
Tr ¼

ð0:18cÞ
:
cj

ð1Þ
ð2Þ

The symmetric fairing leading edge (elliptic proﬁle in
red colour, ﬁgure 2a) is rotated about the wing leading edge
by /° (shown as a blue-coloured line in ﬁgure 2a), and this
displaced ellipse is used to form the leading edge of the
nose-fairing by introducing the camber given by Eq. (3).
The asymmetric nose-fairing so obtained is shown in
ﬁgure 2b.
Mr ¼

ðxf  tan(UÞÞ
cj

where xf is a function of y location and (xf 9 tan (/)) is the
maximum camber magnitude, as shown in ﬁgure 3.
The effect of camber makes the displaced ellipse as the
leading edge for the asymmetric nose-fairing. At y = B, the
fairing ends and merges smoothly with the NACA0018
aerofoil proﬁle of chord c = 400 mm.

ð3Þ

3. Attachment-line ﬂow and deciding
the magnitude of /°
The attachment-line is also the dividing streamline that
separates the ﬂow going over the upper and lower side of the
wing. On one side of the attachment-line, ﬂow moves over
the upper surface (suction side) of the wing while the ﬂow
on the other side moves over the pressure surface of the
wing. Figure 4 shows a schematic representation of the
streamlines at the boundary-layer edge (shown as solid
lines) and the limiting streamlines (shown as dashed lines).

Figure 2. Asymmetric nose-fairing shape with leading edge displaced by /°.
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4. Attachment-line boundary-layer calculation

Figure 3. A schematic representation comparing symmetric and
asymmetric fairing.

If the cross-ﬂow is non-zero, the limiting streamline and the
streamline at the boundary-layer edge (shown as solid and
dashed blue-coloured lines) are not collinear. If the crossﬂow is zero on the attachment-line, the limiting streamline is
collinear with the boundary-layer edge streamline represented by a green-coloured line in ﬁgure 4. Also, if the ﬂow
conditions are such that they inhibit separation, the inviscid
ﬂow-ﬁeld calculation can provide the attachment-line.
When a wing with a symmetric fairing is positioned at a
non-zero incidence angle, the attachment-line deviates
away from the fairing leading edge as shown in ﬁgure 5a.
The leading-edge displacement angle (/°) required for 4°
wing incidence to have the attachment-line in line with the
fairing leading edge at the start of the fairing geometry, as
shown in ﬁgure 5b, is found by iteration. The streamlines
shown in ﬁgure 5 are from the potential ﬂow calculation
(using the open-source Apame three-dimensional (3D)
panel code developed by Daneil Filkovic).

The length of the fairing (A) (shown in ﬁgure 1) needs to
be determined such that ﬂow separation is prevented and
also the junction vortex eliminated. The boundary-layer
shape factor (H) value enables us to decide on the fairing
length (A). It is well known that any separation of the
entering boundary-layer starts on the attachment-line
where the cross-ﬂow wss = 0. Ensuring that there is no
ﬂow separation on the attachment-line enables a safe
assumption that there is no ﬂow separation of the oncoming boundary-layer ﬂow. The integral boundary-layer
calculation along the attachment-line involves solving
Eqs. (5) and (6), by the method outlined by Van Oudheusden et al [7]. The adverse pressure gradient prevails
in the streamwise direction on the attachment-line, and
the ﬂow decelerates in the streamwise direction. However, due to the ﬂow three-dimensionality (cross-ﬂow in
the direction normal to the streamline), low-momentum
boundary-layer ﬂow quickly moves away from the nosefairing region. Van Oudheusden et al [7] proposed that it
is reasonable to assume the wss proﬁle fuller than the uss
velocity proﬁle such that
wss
uss

 1:
Uss Wss
This can be generalized as
uss
wss
¼ r þ ð1  r Þ
;

Wss
Uss

0  r  1:

ð4Þ

There are two limiting values of r, for each of which the
following scenarios ensue.
uss
wss
For r = 0: W
ss  Uss gives a conservative estimate for the
shape factor, as it underpredicts the effect of relieving due
to the lateral ﬂow.

Figure 4. Schematic representation of the boundary-layer edge streamlines and the limiting streamlines.
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Figure 5. Streamlines from inviscid ﬂow calculation. (a) Wing with symmetric fairing at 4° incidence. (b) Wing with asymmetric
fairing at 4° incidence.
wss
For r = 1: W
ss  1 gives an optimistic estimate for the
shape factor, as it overpredicts the effect of relieving due to
the lateral ﬂow.
The actual boundary-layer properties are expected to be
somewhere between these two estimates.
Adapting the afore-mentioned cross-ﬂow model (Eq. (4))
in the streamwise momentum integral equation and the
boundary-layer entrainment equation (Eq. (5)) we get

 oUss
1 ohss Cf
1 
¼

2hss þ dss
h1 os
2 Uss h1
os
1 Wss
ðrH þ 1  r Þhss ;

h2 Uss
Wss
1 oðUss hss H1 Þ
¼ CE 
ðrH þ H1 Þhss :
Uss h1
os
h2 Uss

ð5Þ
ð6Þ

The entrainment coefﬁcient CE from Head [8] is
CE ¼ 0:0306ðH1  3Þ0:653 :

ð7Þ

H1 ¼ 1:535ðH  0:7Þ2:715 þ3:3:

ð8Þ

Form factor

From skin-friction law by White [9]
Cf 

0:3e1:33H
ðlog10 Reh Þð1:74þ0:31H Þ

:

ð9Þ

The system of ODEs (Eqs. (5) and (6)) with the closure
relation in Eqs. (8) and (9) forms a closed system of
equations. They are solved for shape-factor and momentum
thickness by the Runge–Kutta method along the attachment-line. Figure 6a, b shows the input for which ﬁgure 6c,
d presents the output as shape factor and momentum
thickness.

To initiate the integral method of boundary-layer
calculation on the attachment-line, we need to provide the
streamwise velocity Uss and the cross-ﬂow derivative
(dWss/dn) obtained from the inviscid velocity ﬁeld calculation (ﬁgure 6a, b). The initial values of shape factor
(H) and the momentum thickness (h) for the plate boundary-layer at a distance one chord upstream of the wing
leading edge are provided. In the current calculations, the
initial values used are H = 1.3 and h = 3.25 mm. While
using the conservative estimate for the cross-ﬂow distribution (r = 0), H [ 3 is prescribed as the point beyond
which ﬂow separation occurs, and for the model overestimating the cross-ﬂow (r = 1), H [ 2.5 is the corresponding
value. In ﬁgure 6b, x = -0.084 m corresponds to the start
of the fairing. At x = 0, the leading edge of the fairing
merges with the wing leading edge.
The boundary-layer ﬂow approaching the junction is
expected to have a thickness (d) of about 30 mm (estimated
from the standard equation for ﬂat-plate boundary-layer
ﬂow, for a plate length of 1.76 m). A fairing height (B) of
2d (60 mm) is therefore chosen. Following the procedure
shown in ﬁgure 7, this results in a fairing length (A) of
0.21c (84 mm) and a fairing leading-edge displacement
angle (/°) of 16° for a NACA0018 wing at 4° angle of
attack. Figure 6c shows that the predicted shape factor is
within the acceptable limit.

5. Model set-up
Experiments were conducted in the 1.5 m 9 1.5 m lowspeed wind tunnel at CSIR-National Aerospace Laboratories (N.A.L.), Bangalore. Figure 8a shows a schematic of
the experimental set-up. The 3D printed wing model
having a 400 mm constant chord and 600 mm spans (with
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Figure 6. Input and output of boundary-layer calculation. (a) Streamwise velocity Uss. (b) Cross-ﬂow velocity derivative on the
attachment-line. (c) Calculated shape factor. (d) Calculated momentum thickness.

of the plate leading edge on a model mounting
arrangement, which allows setting the required wing
incidence angle. The wing nose in the root section is
modular, such that the baseline wing nose could be
replaced with the faired wing nose. Experiments were
conducted at 31 m/s freestream velocity for the wing at 4°
incidence, corresponding to a Reynolds number based on
wing chord (Rec) of 0.7 million.

5.1 Two-dimensional (2D) particle image
velocimetry (PIV) set-up

Figure 7. Flowchart of the fairing design procedure.

a fairing) mounted in the test section is shown in ﬁgure 8b.
A boundary-layer plate of 0.95 m width and 2.5 m length
is used. The wing model was mounted 1.96 m downstream

2D-PIV measurements in the y–z plane were carried out at
x/c of 0.79. Figure 8a, c shows a schematic and photograph
of the 2D-PIV experimental set-up. PIV images were
acquired using a Phantom V641 camera of
2560(H) 9 1600(V) pixels with a Nikkor 200 mm lens.
Since the region of measurement was not in the line of sight
of the camera, a front-silvered mirror was mounted at 45° to
the freestream on a ﬂat-rail system in the test-section, at
1c downstream of the trailing edge of the wing model. The
camera was mounted outside the tunnel perpendicular to
freestream direction and facing the mirror (ﬁgure 8a).
Optical access for the laser light sheet was through a window on the tunnel ceiling.
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Figure 8. (a) Schematic representation of the experimental set-up. (b) Nose-faired wing. (c) Image of the experimental set-up.

A double-pulsed, dual cavity Nd:YAG PIV-400 laser
illuminated the ﬂow-ﬁeld with tracer particle. The laser
provides 400 mJ of energy per pulse at 532-nm wavelength.
The synchronization of the laser and the camera image
acquisition is achieved through a LaVisionÒ high-speed
controller (H.S.C.). The post-processing of the acquired
images was carried out with DaVisÒ software. Mean velocity
ﬁelds presented averages of 1200 instantaneous PIV realizations. The velocity vectors were obtained by processing
images with a 16 9 16-pixel interrogation window and 50%
overlap. A spatial resolution of 1.4 mm in both directions
(z and y) was achieved. The uncertainty of ±2% of the U? is
expected in the 2D-PIV velocity measurement (using the
method of estimation by Willert et al [10]).

6. Surface oil-ﬂow visualization
Figure 9 shows an image from the oil-ﬂow visualization
study on the surface of the boundary-layer plate. On the
plate the approaching boundary-layer ﬂow separates at

*0.5T upstream of the wing, forming a saddle point of
separation at 14° away from the wing chord line. Friction
lines emanating from the saddle point (shown in the red
colour) are the line of separation in 3D ﬂows. Friction lines
on either side of the line of separation are seen converging
on to the red-coloured line. Flow reversal is observed in a
small region just ahead of the nose. Even though no ﬂow
separation is evident downstream of the wing leading edge
the friction lines are slightly diverging away from the wing
on the suction side, downstream of the location of maximum thickness.
Figure 10 shows the effect of the designed fairing on the
skin friction lines. The asymmetric fairing for 4° wing
incidence prevents the ﬂow separation, and hence no saddle
point is seen in front of the nose. Unlike in the unfaired case
in ﬁgure 9, the convergence of friction lines on to any
particular friction line is not seen anywhere on the plate
surface. It strongly suggests the absence of a horseshoe
vortex. The friction lines are parallel to the wing surface on
either side of the wing and start diverging only near the
trailing edge.

Sådhanå (2020)45:262
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Figure 9. Oil ﬂow on the plate, for unfaired nose conﬁguration. Wing at the 4° incidence.

Figure 10. Oil-ﬂow visualization for the nose-faired wing–plate junction, for 4° wing incidence.

7. Measurement region and coordinate
transformation
The spanwise velocity v and transverse velocity w in the
directions y and z, respectively, were measured by the
2D-PIV technique in the y–z plane shown in green in
ﬁgure 11a. The vertical lines at x/c = 0.79 denote the zstations of the three-hole probe, for obtaining the freestream component of velocity u and the transverse
velocity (w) in x- and z-direction, respectively (each zstation had 16 locations in y-direction). All three
velocity components u, v and w were obtained on the y–
z plane at x/c of 0.79. At x/c of 1.04, a total of 432
point measurements were obtained using the three-hole
probe. The uncertainty in three-hole probe measurements is estimated to be less than 3% (construction and
calibration of the three-hole probe are as presented in
Katia et al [11]).

The measured (u and w) velocities were transformed to
get us and ws velocity tangential and normal to the 3D
separation line (in red), respectively. Tracing the separation
line from the oil-ﬂow image can yield the angle (W)
required for the transformation (ﬁgure 12). The attempt
here is to resolve velocities in the direction tangential and
normal to the vortex axis; the vortex line location itself is
unknown. However, the separation line is expected to be
nearly parallel to the vortex line and the velocities are
transformed to be tangential and normal to the separation
line traced from the oil-ﬂow image shown in ﬁgure 12.
us ¼ u  cosðWÞ þ w  sinðWÞ

ð10Þ

ws ¼ w  cosðWÞ u  sinðWÞ

ð11Þ

7.1 Mean velocity distribution
The velocity components are non-dimensionalized by
freestream velocity U? = 31 m/s. The linear dimensions in
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Figure 11. (a) Velocity measurement locations for 2D-PIV and 3-hole probe technique. (b) Viewing direction for plots displayed
below.

Figure 12. Three-dimensional separation line traced from oil-ﬂow. Blue-coloured arrows are normal and tangential to the
three-dimensional separation line at x/c of 0.79 shown in red. The magenta-coloured arrows correspond to velocity in x and z directions.

x, y and z directions are non-dimensionalized by aerofoil
chord c = 400 mm, reference boundary-layer thickness
d = 40 mm and the maximum thickness of the aerofoil
(T = 72 mm), respectively. The viewing direction is
downstream in the x-direction from the wing leading edge,
as shown in ﬁgure 11b.
Figure 13a, b shows mean us/U? contour and the
streamlines from the ws–v velocity for the unfaired and
faired wing, respectively. There exists a vortex for the
unfaired case and the vortex action brings out low-momentum ﬂuid away from the wall, leading to the hump
shape in us/U? contour values. Also, the vortex presence
prevents low-momentum ﬂuid into the region closer to the
wing surface. The introduction of the nose-fairing eliminates the vortex. The contours of us/U? in ﬁgure 13b show
that in the absence of a vortex, lower-momentum

boundary-layer ﬂuid ﬁnds easier access to the region closer
to the wing surface.

8. Near-wake measurement
Figure 14 shows the mean u/U? contours for the unfaired
and a faired conﬁguration obtained from the boundary-layer
probe measurements. For the unfaired wing in ﬁgure 14a,
there is signiﬁcant ﬂow asymmetry between the pressure
and suction sides of the wing. Since the wing is at a nonzero incidence of 4° the horseshoe vortex on the suction
side of the wing is subjected to a higher adverse pressure
gradient, due to which the vortex grows bigger and less
intense. The combined effect of the vortex action and the
existence of an adverse pressure gradient enhances the

Sådhanå (2020)45:262
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Figure 13. Mean us/U? contour and the streamline from v–ws velocities on the suction side of the wing at x/c of 0.79. (a) Unfaired nose
conﬁguration. (b) Nose-faired conﬁguration. Here, y/d = 0 is the boundary-layer plate and the wing surface is shown as the vertical line.

spanwise velocity (v) inside the boundary-layer. This
enhanced v velocity displaces the lower-momentum-nearwall ﬂuid into the outer boundary-layer, leading to the
hump shape in the velocity contours. Thus, lower u velocity
ﬂuid is seen further away from the boundary-layer plate in
the region between 0.6 \ z/T \ 1.5 and -1 \ z/T \ –1.5
as shown in ﬁgure 14a. On the pressure side, the adverse
pressure gradient magnitude induced by the wing is lesser
than over the suction side of the wing. Hence, a relatively
smaller hump is observed on the pressure side. Additionally, in the region close to the wing (between -1 \ z/
T \ -0.2 and 0.3 \ z/T \ 0.6), the presence of the vortex
helps in maintaining higher u velocities close to the wall as
shown in ﬁgure 14a.
The contour plot for the faired wing in ﬁgure 14b shows
the effect of the fairing. The oil-ﬂow visualization results in
ﬁgure 10 show an attached ﬂow for the nose-faired case.
From the contour plot in ﬁgure 14b we see that there is no
localized ejection of near-wall low-momentum ﬂuid away
from the plate. There is greater uniformity in the distribution of low-momentum ﬂuid in the boundary-layer, and this
suggests the absence of the horseshoe vortex for the faired
conﬁguration. The integration of the momentum deﬁcit
(Eq. (12)) in the measurement region (contour plot of ﬁgure 14) shows a 6% lower momentum deﬁcit in the near
wake of the nose-faired case as compared with the unfaired

conﬁguration. Since it is the near wake, there is no full
static pressure recovery and the actual drag beneﬁt could be
different from the 6%. However, the lower momentum
deﬁcit does indicate the existence of some drag beneﬁt for
the nose-faired case compared with the unfaired case.
ZZ
momentum deficit ¼

qðu  U1 Þu dz dy:

ð12Þ

9. Conclusions
A simple method to arrive at an asymmetric fairing shape
for the wing–body junction is presented. Inviscid ﬂow
calculations and the attachment boundary-layer calculation
are employed to decide the fairing shape and its dimensions. The asymmetric fairing shape designed for 4° wing
incidence is shown to be effective in overcoming the saddle
point separation and in preventing the formation of a
horseshoe vortex. Despite an increase in the wing surface
area (by 9.5%) in the region of the wing root due to the
fairing, we observe a reduction (*6%) in the momentum
deﬁcit of the boundary-layer. This shows that drag-reduction beneﬁt can be expected from the nose-faring. The
method described can be applied to any wing at a non-zero
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Figure 14. Mean u/U? contours behind trailing edge in the y–z plane at x/c of 1.037. (a) Unfaired case. (b) Nose-faired case for 4°
wing incidence.

incidence and could be handy in designing a nose-fairing
for sail-planes and UAV applications. However, since the
fairing geometry is designed for the cruise condition, at the
landing and take-off, the fairing operates in an off-design
state of higher incidence angle. Additional tests of the
fairing geometry at higher wing incidence angle are
required.

Acknowledgements

H
h 1, h2
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momentum thickness
metric coefﬁcient
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Upper case letters for velocities at the boundary-layer edge
U, V, W
Uss
Wss
dWss
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velocity components in x, y, z directions
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cross-ﬂow velocity derivative
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Lower case letters for velocities inside the boundary-layer

Nomenclature

dwss
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A
B
Cp
Mr
U?
T
Tr
c
a
/
d

fairing length
fairing height
pressure coefﬁcient
maximum camber ratio
freestream velocity
aerofoil maximum thickness
maximum thickness ratio
aerofoil chord
angle of attack
fairing leading-edge angle
boundary-layer thickness

u, v, w
us
ws
uss
wss

velocity components in x, y, z directions
velocity tangential to the separation line
velocity normal to the separation line
velocity tangential to the attachment-line
velocity normal to the attachment-line
cross-ﬂow velocity derivative
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