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Nomenclature

Cd = airfoil drag coefficient
Cf = skin-friction coefficient
Cl = airfoil lift coefficient
Cp = pressure coefficient
c = airfoil chord length
d = trailing-edge thickness
Re = Reynolds number
Uo = freestream velocity
x, y, z = coordinate directions
� = angle of attack
# = local surface slope angle

I. Introduction

M odifying the trailing edge of an airfoil can lead to significant
improvements in its aerodynamic performance. Divergent

trailing-edge (DTE) airfoils were first introduced to improve the lift-
to-drag ratio of supercritical airfoils at cruise conditions for com-
mercial aircraft [1]. They are a natural evolution of Gurneyflaps used
on low-speed airfoils to increase airfoil lift and reduce profile drag
[2]. DTE airfoils are characterized by upper and lower surfaces that
diverge from each other over about the aft 30% of chord forming a
blunt trailing. This DTE approach was extended to low-speed
applications such as wind turbine blades [3]. DTE profiles on wind
turbine blades can improve aerodynamic performance and structural
strength compared to profiles with sharp trailing edges. Critical to
enhancing the aerodynamic performance of these airfoils and
optimizing their geometrical configuration is the accurate character-
ization of surface flow properties as well as the precise determination
of their aerodynamic characteristics.

The profile drag of airfoils can be determined using three different
approaches: dynamic force balance, wake surveys, and direct mea-
surements of the two drag components, that is, skin friction and
pressure drag. Direct measurements of drag components along the
airfoil surface also provide useful information for characterizing the
surface flow (i.e., the boundary-layer state). However, the accuracy
of the available direct skin-friction measurement methods was
previously questioned [4]. Recently, the oil film interferometry
method that relies on local thinning of an oil film under shear stress
has been proven to accurately measure skin friction [5].

In the present study, direct measurements of both surface pressure
and skin friction are employed to 1) characterize the physics of the
surface flow around a DTE airfoil, and 2) estimate accurately the
profile drag from direct measurements and compare it with that
estimated from a survey in the airfoil far wake.

II. Experimental Setup

The DTE airfoil used in the present experiments (see Fig. 1) is
described by Thompson and Lotz [6]. The airfoil surface coordinates
were chosen to match the distribution of surface pressure, momen-
tum thickness, and shape factor over the aft 20% of the chord to those
on the DTE Douglas Long Beach Airfoil DLBA 243 in transonic
flight. The model is constructed from a conventional glass-fiber
reinforced composite sandwich based on the method described by
Rutan [7]. Both airfoil surfaceswere tripped at 5%downstreamof the
leading edge by installing surface protrusions of 2 mm in diam-
eter, 1 mm in height, and spaced 5 mm apart in the cross-stream
direction.

The experiments were conducted in the open-return circuit wind
tunnel BLWTL I at the Boundary Layer Wind Tunnel Laboratory,
located at the University of Western Ontario. The dimensions of the
rectangular test section are 1.7 m in height, 2.4 m in width, and 33 m
in length, allowing for measurements in the airfoil’s far wake region.
The airfoil model was mounted upstream of the testing section, at a
distance of 5 m downstream of tunnel inlet using two straight and
rigid flat supporting plates of 2.6 m in length and 1.5 m in height.
Velocity measurements upstream and in the far wake of the airfoil
were obtained with pitot tubes. The experiments were conducted at a
Uo of 12:8 m=s �1%, Re� 1:23 � 106 based on the airfoil chord
length, and �� 0 deg. The resultant airfoil lift coefficient estimated
from integrating the normal components of the pressure and skin-
friction coefficients along the airfoil surface was Cl � 0:486.

The mean pressure distribution around the airfoil was obtained by
using three separate spanwise rows of 79 pressure taps each, located
at z=c� 0 and�0:017. The pressure taps’diameter was 0.8 mm and
they were flush mounted to the surface. They were connected to
multichannel Pressure Systems, Inc. model ESP-16 pressure
scanners via a PVC tubing system. The frequency response of the
tubing system was flat up to 160 Hz. The pressure transducer
operating range varied from 0 to 1000 Pa. The pressure measure-
mentswere simultaneously sampled at 800Hz for 300 s and low-pass
filtered at a cutoff frequency of 160 Hz. The pressure signal was
averaged over 240,000 samples. The pressure system calibration
relative errors were less than 1%. The statistical uncertainties for
pressure coefficients Cp were not more than 0.3% based on a 95%
confidence interval. The pressure measurements gathered from the
three pressure tap rows were essentially identical, indicating a quasi-
two-dimensional flow behavior [8] (see Fig. 2a).

The oil film interferometry method is based on the concept that,
when an oil film on a surface is subjected to shear stress, its thickness
will change with time. Thus, if the oil height is measured at one or
more times, the skin-friction coefficient Cf can be determined. For
each test, oil was applied first on the Mylar film surface as a thin
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continuous line. The oil viscosity used in the tests varied from 20 cS
in low surface shear stresses to 100 cS, at which high shear stresses
were expected and strong surface curvature existed. After applying
the oil film, the wind tunnel was closed and turned on for
approximately 10 min. The tunnel was then stopped, and the camera
and light were traversed inside the tunnel (see Fig. 1) to obtain an
interferogram image. The tunnel temperature was recorded during
the tests to correct the oil viscosity for temperature variations.
Naughton et al. [5] provide a complete description for determining
Cf from the interferograms. The precision uncertainty for each skin-
friction valuewas calculated based on averagingCf across themodel
in the z direction and over infinitesimal regions in the x direction. A
typical number of averages assigned to any location was 25. Bias
uncertainties developed fromoil viscositywere significantly reduced
by precalibrating the oil viscosity variations versus the temperature.
The statistical uncertainty atmost of the locationswas approximately
4% and did not exceed 7%.

III. Results and Discussion

The measured averaged surface skin-friction and surface pressure
coefficients are illustrated in Fig. 2. The present pressure measure-
ments along the airfoil surface are generally in good agreement with
those obtained by Thompson and Lotz [6]. The skin-friction results
show that the flow is attached everywhere on the airfoil surface.

As the flow accelerates around the airfoil nose, a highly favorable
pressure gradient is created, and a laminar boundary layer develops.
The skin friction significantly increases and reaches its peak value at
x=c� 0:01 and 0.02, for the suction and pressure sides, respectively,
then steeply decreases as the favorable pressure gradient decreases or
becomes adverse.

On the airfoil suction side, downstream of the boundary-layer trip
(i.e., x=c� 0:05), the boundary layer exhibits transition to
turbulence and, as a result, a significant increase in the skin friction
takes place near x=c� 0:09. At locations farther downstream on the
suction side, an adverse pressure gradient is exhibited from x=c�
0:05 to 0.4. The adverse pressure gradient reduces the skin-friction
coefficient due to the reduction in the streamwise velocity gradient.
From x=c� 0:48 to 0.64, a favorable pressure gradient develops,
indicating acceleration in the flow and thus an increase in the skin-
friction coefficient. Therefore, a second skin-friction peak is
observed at x=c� 0:68. Because of the airfoil shape from x=c�
0:62 to the trailing edge, the streamlines in the inviscid flow diverge,
and an adverse pressure gradient develops again. As a result, the skin
friction decreases in this region.

On the airfoil pressure side surface, transition does not occur right
after the trip as on the suction side. The existence of the boundary-
layer trip on the airfoil pressure side might induce local flow
separation reattachment; however, due to the favorable pressure
gradient in this case, the overall transition is delayed compared to the
airfoil suction side. On the suction side, the boundary-layer trip along
with the adverse pressure gradient combine to promote earlier
boundary-layer transition [9]. Downstream, on the pressure side, the
flow streamlines in the inviscid flow diverge due to the airfoil shape.
As a result, an adverse pressure gradient develops, that is, x=c�
0:42–0:97; thus, the skin-friction values drop. Further downstream,

due to the favorable pressure gradient developed by the divergent
trailing-edge configuration, the skin friction increases.

It is observed from the measurements, except near transition, that
the skin friction and pressure are inversely related and that the skin
friction responds to even slight changes in the pressure gradient.
Such information is crucial for design in which the optimization of
lift and drag simultaneously requires such information.

The profile drag has been calculated from both direct measure-
ments and wake surveys. The profile drag coefficient Cd calculated
from the surface measurements along both the suction and pressure
airfoil surfaces is estimated using

Cd �
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Wake survey measurements have been conducted in the airfoil far
wake at x=c� 3:8cdownstreamof the airfoil trailing edge,where the
wake flow reaches a self-similar state [8], is quasi two dimensional
[10], and the wake static pressure is approximately similar to the
freestream static pressure [8]. The profile drag and, thus, Cd were
determined fromwakemeasurements based on themethod described
in [11].

Table 1 illustrates the airfoil drag coefficient calculated from both
direct measurements andwake survey along with uncertainty values.
The uncertainty of the skin-friction drag is developed from various
possible polynomial data fitting. The results indicate that the skin-
friction drag and pressure drag comprise approximately 40 and 60%
of the airfoil total drag, respectively, indicating that both drag
components have a comparable contribution to the airfoil total drag at
the test conditions investigated. The average airfoil base drag com-
prises 10%of the airfoil total drag. Furthermore, along the airfoil suc-
tion side, the pressure on the airfoil nose balances pressure recovery
to some extent, thus resulting in a negative drag contribution. When
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Fig. 1 Schematic diagram of the airfoil geometry and oil film
interferometry setup.
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Fig. 2 Averaged surface properties: a) pressure coefficient, and

b) skin-friction coefficient.
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the components are summed, the direct measurements of drag and
that determined from the wake survey match within 6.5%.

IV. Conclusions

The surface flow and the profile drag of an airfoil with a blunt and
divergent trailing edge was experimentally investigated. Accurate
skin-friction and pressure coefficient distributions over the entire
chord of the airfoil were obtained using oil film interferometry and
surface pressure measurements, respectively. The skin-friction mea-
surements along the airfoil suction side clearly showed the boundary-
layer transition just downstream of the boundary-layer trip, but this
scenario did not take place at the corresponding location of the airfoil
pressure side. The total profile drag coefficient determined by a direct
integration of surface skin and pressure coefficients agreed quitewell
with the drag determined using amomentum integral approachwith a
velocity profile from the airfoil far wake.
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Table 1 Drag coefficients from direct measurements of pressure and skin friction and from a far wake survey

Airfoil drag Airfoil region Cd Cd total

Direct measurements

Skin-friction drag Suction side 0:0059� 4:2%

Pressure side 0:004� 3:35% 0:0099� 3:85%

Suction side �0:00153� 1%

Pressure drag Pressure side 0:0137� 1% 0:0147� 1%

Base 0:0025� 1%

Total Cd 0:0246� 2%

Cd, wake survey at 3.8c 0:023� 1%

Variation % 6.5%
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