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Abstract

An experimental and computational study on improvement of
lift-drag characteristics of transonic airfoil with passive ventilation has
been conducted. Transonic airfoils with passive ventilation have been
selected in the present study. For the passive ventilation, porous wall on
the upper surface of wing or a pair of slits, which are located on the wing
surface, is used. Surface pressure distributions on the airfoil are mea-
sured in order to investigate the effect of passive ventilation to the
improvement of lift-drag characteristics of the airfoil. Lift and drag
coefficients of the airfoil are calculated by using those surface pressure
distributions. The results show the passive ventilation could improve
lift-drag characteristics of the airfoil in some cases and the optimal
selections of the shape of airfoil and location of passive ventilation are
requested.

Keywords: Supercritical wing, Passive ventilation, Wing, Transonic
flow, Lift-drag characteristics

1. Introduction

For the transonic transports, drag reduction and high speed performance are the most
required problem. The shock wave appears on the airfoil at transonic regime and the
shock-boundary layer interaction is inevitable. To relieve this interaction, some types of
ventilation mechanism have been proposed.?~®

Ventilation mechanisms are classified into two groups, one is an active ventilation
mechanism with external supplied power, and the other one is the passive ventilation.
Passive ventilation mechanism has a pair of slits connected each other by an internal channel
or porous surface with a cavity underneath it. Ventilation flow is driven by the surface
pressure difference between the slits or porous region. Some experimental and numerical
results have been reported that the passive ventilation with porous or slits located around the
shock wave can bring drag reduction and Mdd improvement at transonic speed regime.
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** Professor, Department of Aeronautics and Astronautics
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Pressure difference between two slits
enables passive ventilation.
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Fig. 1 Schematic sketch of the new concept of passive ventilation with slits.
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Fig. 2 Two types of the new concept of passive ventilation with slits.
(a) Ventilation Type-1
(b) Ventilation Type-2

In this paper, in addition to the porous wall, a new concept of passive ventilation by slits
is applied on transonic airfoils. Figure 1 shows the schematic sketch of this concept.
Pressure difference between the slits derives the ventilation flow; blowing and suction at the
slits and internal flow in a duct. Blowing from the slit at the lower pressure region near the
leading edge of the airfoil, and suction into the slit at higher pressure region near the trailing
edge. The blowing flow speed is slower than the outer flow around the airfoil, so the slower
flow layer is formed on the airfoil surface downstream of the blowing slit. It is expected that
the frictional drag reduce in this region. Furthermore the larger displacement thickness of
the boundary layer is formed, which is equivalent to the additional airfoil camber line, so it
brings more lift. This slower flow on the airfoil surface is sucked into the slit near the
trailing edge and it enables good pressure recovery at the trailing edge. Consequently, the
reduction of both frictional and pressure drag are expected by this concept of ventilation. In
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this study, two types of passive ventilation with slits are proposed, shown in Fig. 2.
2. Experiments and Numerical Methods

To investigate the effect of the passive ventilation, an experimental and computational
study was conducted. Transonic wind tunnel tests and Navier-Stokes computations were
carried out on transonic airfoils with passive ventilation.

2.1 Experimental Models and Facilities

One of the experimental investigations in this study was carried out in the 6lcm Fuji
Heavy Industries (FHI) trisonic wind tunnel.”®? The model tested was a two-dimensional
supercritical airfoil A-10, which has both front and rear loading shape and 129 thickness
ratio. The chord length of the model is 200mm and its span is the wind tunnel width.
Interchangeable inserts were equipped on the upper surface of the airfoil, one is a porous
surface, 0.Imm of diameter and 1.0mm pitch, on the mid-chord region and the other is a pair
of slits at 15%C and 75%C location, whose width is 1mm in chord wise. Surface pressure
distribution was measured at 48 positions in the mid-span plane. The lift was obtained by
integrating the surface pressure distributions, and the drag from total pressure measurements
by the wake rake. Boundary layer trip strips were placed near the leading edge on both sides.

Another experimental investigation was carried out at the NAE trisonic wind tunnel in
Canada with two-dimensional test section for higher Reynolds number conditions.? The
model used in this test was 304.8mm chord length and 381mm span width two-dimensional
supercritical airfoil UVA-1 model. Slits were located at 129%C and 70%C on the upper
surface and 12%C on the lower surface on the interchangeable inserts. The lift was obtained
by integrating the pressure distribution measured at 68 points on the surface, and drag from
total pressure measurements by the wake rake.

2.2 Numerical Procedure

In Addition to the wind tunnel test, numerical investigations were carried out to analyze
detail phenomena of the ventilation effect.'® Two-dimensional unsteady compressible
thin-layer Navier-Stokes equations were adopted in this study. The numerical procedure to
solve the governing equations is a modified form of the LU-ADI scheme.'? Chakravarty-
Osher’s upwind difference!® and space variable time step method have been incorporated. An
algebraic turbulence model developed by Baldwin and Lomax was used to calculate eddy
viscosity.'®

To simulate the effect of the ventilation numerically, an improved boundary condition
was applied to the slit and porous region on the airfoil. This is an extension of that for porous
surface used by Chen et al.*® and is based on Darcy’s Law for the perforated media.

Velocity normal to the surface through the slit is governed such that

Va=—(1/2)0(Cp— C»)
o= ¢ Un/a*

Cr and Cp are the pressure coefficients above and below the slit surface respectively. Flow
velocity is expected to be slower than outer flow, so that Cr is assumed to be constant in the
cavity. o is the porosity distribution function, which was determined by the wind tunnel test
results of channel mass flow. «* is the critical sound speed, and Us is the uniform velocity.
The mass flow through the slits must be zero,
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Q= [ pVads=0
which gives, by assuming constant channel pressure,
C—pzﬁdpcpds//s.dpds

Cr, the pressure coefficient at the slit surface, is calculated from the momentum equation of
the normal direction to the surface.

3. The Effect of Passive Ventilation

Experimental and numerical results on passive ventilation are checked by the following

points; pressure distribution, boundary layer profile, special flow pattern around the airfoil,
and lift-drag characteristics.

3.1 Pressure Distribution

Figure 3 shows the surface pressure distributions for ventilation with porous surface at
transonic speed. Pressure distribution on the porous surface becomes flat and the single
strong shock wave was divided into two weak ones.

Figure 4 shows the wind tunnel test results for the ventilation with slits. Comparison of
surface pressure distribution at M=0.60 and M=0.75 between No-Ventilation and Ventila-
tion Type-1 configuration is shown. Slower blowing from the slit near the leading edge by
the ventilation causes thicker displacement thickness of the boundary layer, and it is equiva-

lent to change of the camber line of the airfoil. So it decreases surface pressure between the
slits.

(a) (b)
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Fig. 3 Comparison of surface pressure distribution; Ventilation with porous surface and
No-Ventilation (A-10 airfoil, wind tunnel test).
(a) Wind tunnel test result
(b) NS computation result
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Fig. 4 Comparison of surface pressure distribution; Ventilation Type-1 and No-
Ventilation (A-10 airfoil, wind tunnel test result).
(a) M=0.6, «=2.0deg, Re=2.2X10°
(b) M=0.75, «=2.0deg, Re=2.6x10°%
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Fig. 5 Comparison of surface pressure distribution; Ventilation Type-1, Type-2 and
No-Ventilation (UVA-1 airfoil, wind tunnel test).
(a) M=0.6, «a=2.9deg, Re=14x10°
(b) M=0.78, « =2.7deg, Re=14x10°
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Fig. 6 Comparison of surface pressure distribution; Ventilation
No-Ventilation (UVA-1 airfoil, NS computation).
(a) M=0.6, =3.0deg, Re=14x10°
(b) M=0.74, «=1.7deg, Re=14 x1(5
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Fig. 7 Comparison of boundary layer profiles; Ventilation Type-1 and No-Ventilation
(A-10 airfoil, wind tunnel test).
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Figure 5 shows the pressure distributions for UVA-1 airfoil at higher Reynolds number
wind tunnel test. The effect of the ventilation is similar to Fig. 4 for Ventilation Type-1, but
the shock wave location moves afterward to the No-Ventilation case. Figure 6 shows the
computation results for the same conditions as wind tunnel test. The result of the ventilation
effect shows good agreement to the wind tunnel test results. Peaky compression and
expansion is clearly seen around the slit location. For the Ventilation Type-2, so much
blowing causes the bigger pressure change around the blowing slit than Ventilation Type-1.

3.2 Boundary Layer Profile

Figure 7 shows the total pressure distributions for the ventilation with slits on the upper
surface of the airfoil. It is shown that the slower flow region is formed downstream of the
blowing slit at 15%C location. This slower flow region between the slits decreases the skin
friction at this region. And this slower flow region is sucked into the slit at 75%C location,
so the good pressure recovery can be obtained at the trailing edge.

3.3 Flow Pattern around the Airfoil

Comparison between the isobars by computations of Ventilation Type-1 and No-
Ventilation configuration on A-10 airfoil are shown in Fig. 8 for M=0.75. For UVA-1 airfoil,
the results of Mach contour on Ventilation Type-1 and Type-2 are shown in Fig. 9. As for

\ No Ventilation
A}

Fig. 8 Comparison of isobars; Ventilation Type-1 and No-Ventilation (A-10 airfoil, NS
computation, M=0.75, « =2deg).
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A )

Ventilation Type-2

Fig. 9 Comparison of Mach contours; Ventilation Type-1, Type-2 and No-Ventilation

(UVA-1 airfoil, NS computation, M=0.74, « =1.7deg).
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Fig. 10 Comparison of Lift-Drag coefficient; Ventilation Type-1, Type-2 and No-
Ventilation (UVA-1 airfoil, wind tunnel test).

Ventilation Type-1, blowing from 15%C slit forms compression and expansion waves in the
supersonic region above the airfoil. This compression wave is formed by the increased
boundary layer thickness caused by the slower flow blowing, and the expansion wave is
formed by the displacement thickness change downstream region of blowing point. These
waves propagate in the supersonic region above the airfoil, and reaches to the sonic line. The
compression wave reflects as an expansion wave, and it reaches back to the airfoil surface.
This causes the decreasing of the surface pressure distribution at this region and increasing
of lift coefficient of the airfoil. While the expansion wave generated at the blowing slit
reflects as a compression wave at the sonic line, but it seems to be diffused.

For the Ventilation Type-2, blowing from the 15%C slit are stronger than Ventilation
Type-1, so the supersonic region above the airfoil are divided into two parts. This causes that
there seems to be no wave reflecting phenomena by the ventilation.

3.4 Lift-Drag Characteristics

Figure 10 shows the drag polar for UVA-1 airfoil wind tunnel test. Ventilation Type-1
reduces drag at high Mach number and high angle of attack conditions. However, drag
increases slightly at low angle of attack. As for Ventilation Type-2, drag increases at high
angle of attack because of the boundary layer separation near the trailing edge caused by too
much ventilation blowing flow and the lack of suction.

4. Mechanism of Passive Ventilation
The mechanisms of the new concept of passive ventilation presented in this paper are

summarized as follows. Slower flow blowing from the slit forms a slower boundary layer on
the airfoil, and it causes the decreasing of the frictional drag at the region between the slits.



110 Y. Tani and S. Aso

This slower flow causes increasing of the airfoil camber, so the lift can be increased. This
slower boundary layer flow is sucked into slit near the training edge for Type-1, so it dose
not have bad influence on the pressure recovery at the trailing edge. Further especially for
transonic conditions, complicated wave system is formed by the blowing in the supersonic
region, and it can decrease surface pressure distribution on the upper surface of the airfoil.

5. Concluding Remarks

An experimental and numerical analysis was carried out on the new concept passive
ventilated airfoils with slits. It is shown that the ventilation improves the lift-drag character-
istics. This benefit is derived from the frictional drag reduction, lift increament, and
suppression of boundary layer separation near the trailing edge. Complicated wave system
formed at transonic conditions increases airfoil lift. To achieve an effective passive ventila-
tion, the optimal selection of slit location for the base airfoil is required.
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