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Group project on airfoil/wing characterisation (30% of grade)

The task of the group project is to extract airfoil performance data from a

journal (or an excellent conference) paper and compare the results with your

own calculations using at least 2 out of 3 theories that we cover in the class

(potential flow theory, thin airfoil theory, Prandtl lifting line theory)

Group project

Intended learning outcomes:

Apply the theoretical concepts learned

(potential flow, thin airfoil profile, Prandtl’s

lifting line theory) in practice

Critically assess the results

Understand the limitations of the theories

learned

Transversal skills:

Project management: set objectives and design

a plan to reach those objectives

Work in group

Summarize an article or a technical report

Present your results



Find and select a paper

Select 2 out of 3: potential flow, thin airfoil, Prandtl’s lifting line theory

For each theory:

select a figure to reproduce using the chosen theory

extract the necessary data from the paper

calculate the airfoil performance data using the chosen theory

challenge one of the assumptions/choices made by testing the

sensitivity of results on the assumption/choice made

Summarise and present the results in an oral presentation at the end of
the semester

Tasks



Tasks

How to find and select a paper? �

What to pay attention to?

Does the paper include sufficient information about the airfoil geometry?
→ select non-symmetric airfoils

Does the paper include sufficient information available about the flow conditions
(Reynolds number, flow velocity, ...)?

Are multiple quantities presented in the paper?

Are the figures of good quality?

Are the experimental set-up or simulation description of good quality?

Is the journal of reliable quality?
(Stay away from predatory journals including MDPI, Frontiers)

https://go.epfl.ch/ME445_groupproject


Tasks

Select 2 out of 3

Potential flow theory
→ airfoil geometry needs to be approximated

Thin airfoil profile
→ only apply to non-symmetric airfoils, preferably select pressure data

Prandtl’s lifting line theory
→ finite wing data / 3D wing geometry required

. These theories predict pressure based forces, comparisons of frictional drag will not be feasible.



Tasks

Compare data �

For each theory:

select a figure to reproduce using the chosen theory

extract the necessary data from the paper

calculate the airfoil performance data using the chosen theory

challenge one of the assumptions/choices made by testing the sensitivity of
results on the assumption/choice made

https://go.epfl.ch/ME445_groupproject


Tasks

Compare data �

For each theory:

select a figure to reproduce using the chosen theory

extract the necessary data from the paper

calculate the airfoil performance data using the chosen theory

challenge one of the assumptions/choices made by testing the sensitivity of
results on the assumption/choice made

What do we mean by assumption/choice made?
To apply the theories seen in class to the situations described in the paper, you will have to make certain approximations and
choices. E.g. You will probably not be able to exactly replicate the airfoil geometry for the potential flow estimation of the
lift, and you might decide to match the thickness and not the camber.
- The angle of attack is not an assumption, it is a parameter.
- Incompressibility is an assumption but not one that you can challenge in the scope of the class.

https://go.epfl.ch/ME445_groupproject


Example

Multi-element airfoil

JOURNAL OF AIRCRAFT
Vol. 32, No. 6, November-December 1995

Navier-Stokes Computations and Experimental Comparisons
for Multielement Airfoil Configurations

W. Kyle Anderson,* Daryl L. Bonhaus,* Robert J. McGhee,t and Betty S. Walker*
NASA Langley Research Center, Hampton, Virginia 23681

A two-dimensional unstructured Navier-Stokes code is utilized for computing the flow around multielement
airfoil configurations. Comparisons are shown for a landing configuration with an advanced-technology flap.
Grid convergence studies are conducted to assess inaccuracies caused by inadequate grid resolution. Although
adequate resolution is obtained for determining the pressure distributions, further refinement is needed to
sufficiently resolve the velocity profiles at high angles of attack. For the advanced flap configuration, comparisons
of pressure distributions and lift are made with experimental data. Here, two flap riggings and two Reynolds
numbers are considered. In general, the trends caused by variations in these quantities are well predicted by
the computations, although the angle of attack for maximum lift is overpredicted.

Nomenclature
b = span of wind-tunnel model
C, = lift coefficient
Cp = pressure coefficient
c = reference chord taken to be the chord of the

undetected airfoil
M.,_ = freestream Mach number
q = magnitude of velocity
q.,_ = magnitude of velocity in freestream
Re — Reynolds number
u = velocity component in direction of

surface-tangent vector
jc, y, z = Cartesian coordinates
y ' = turbulent boundary-layer parameter
a = angle of attack
j] = chordwise location on airfoil (referenced to

undetected position)

Introduction

T HE goal of a high-lift system is to generate as much lift
as possible without separating the flow.1 Without exter-

nal devices such as wall suction, the most effective way to
achieve this goal is through the use of multiple elements to
manipulate the inviscid pressure distribution to reduce the
pressure rise over each element.12 However, the presence of
multiple elements seriously complicates analysis procedures
because of important and often complex interactions between
the individual elements. While inviscid analysis can be ac-
complished in minutes with panel methods or unstructured-
grid Euler solvers, it is necessary to use viscous techniques to
accurately predict the flows about these configurations. The
reason for this is that although the tailoring of the flowfield
to prevent separation is largely achieved through circulation
interactions between the elements, many viscous effects can
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Governmental purposes. All other rights are reserved by the copy-
right owner.
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have large influences on the pressure distributions. While
these include obvious effects such as displacement thickness
and separation on the surfaces, wake interactions between
forward and aft elements as well as flow reversal off the sur-
face can contribute significantly in determining the overall
performance of the high-lift system.3 5

For computations on multielement airfoils, unstructured
grid methods may offer a good alternative to more traditional
methods of analysis. This is due in part to the decreased time
required to generate grids over complicated geometries. Also,
unstructured grids offer the potential to adapt the grid to
improve the accuracy of the computation without incurring
the penalties associated with global refinement. However,
despite the advantages of unstructured grids, they are typically
much slower than structured grid solvers. Also, the ability
to obtain solutions through local adaptation that are compar-
able to those obtained through global refinement remains an
area where further work is required.6 Although further work
remains to fully realize their potential, much progress has
been reported in computing viscous flows on unstructured
grids.7"10

The purpose of this study is to present computational results
obtained with a particular unstructured grid method11 that has
been applied to several flows over multielement airfoils. Com-
parisons between computational results and experimental data
are made to assess the effectiveness of the present code, to
aid in determining future directions, and to provide useful
comparisons for other researchers working in this field.

Computational Method
The computational method used in this study is a node-

based, implicit, unstructured, upwind flow solver described
in Ref. 11. In this code, the discretization of the convective
and viscous terms is handled similarly to the method of Ref.
8. The inviscid fluxes are obtained using Roe's approximate
Riemann solver12; the viscous terms are evaluated with a Gal-
erkin-type approximation that results in a central-difference
formulation for these terms. Two different turbulence models
are presently utilized in the code. These include both the
Baldwin-Earth13 model and the Spalart-Allmaras14 model.
At each time step, the equation for the turbulent viscosity is
solved separately from the flow equations, which results in a
loosely coupled solution process that allows for a relatively
easy interchange of other turbulence models. Although both
turbulence models have been used extensively with good suc-
cess, the present study reports only results obtained with the
Spalart-Allmaras model. This is due to both space limitations
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and to the improved accuracy of this model for free-shear
flows, which are important for multielement airfoils due to
wake interactions.

Experimental Data
All of the experimental data used in the present work have

been obtained in the Low Turbulence Pressure Tunnel (LTPT)
located at the NASA Langley Research Center.15 The tunnel
is a single-return, closed-throat wind tunnel that obtains high
Reynolds numbers by operating at pressures up to 10 atm.
The test section is 3 ft wide by 7.5 ft high by 7 ft long. Side-
wall boundary-layer suction is applied to promote two-di-
mensional flow.'6

Lift and moment measurements are obtained by using both
a force balance and an integration of surface pressures; drag
is obtained from a wake survey using three five-hole probes.
The uncertainty of the lift coefficient from the balance mea-
surement is ±0.074 at Re = 9 x 106, but increases to ±0.13
at Re = 5 x 106. The pitching moment uncertainty, as mea-
sured by the balance, is ±0.03 at Re = 9 x 106, and ±0.05
at Re = 5 x 106. The lift coefficient is estimated to be within
±0.02 when obtained from pressure integration for Re = 5
and 9 x 106. The drag coefficient is estimated to be accurate
to within ±0.001 for attached flows.17 Pressure coefficient

Fig. 1 Geometry for three-element airfoil 30P-30AG.

Fig. 2 Definition of gap and overhang for flap.
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Fig. 3 Differences in flap rigging for the 30P-30W and 30P-30AG
configurations.

distributions are obtained from pressure orifices located along
the model and are accurate to within ±0.022 for Re = 9 x
10" and ±0.038 for Re = 5 x 10*.

For the calculations that follow, comparisons will be made
with experiments obtained from two different data sets and
the presentation of results is organized accordingly. A brief
description is given for each data set.

The test data is the result of a cooperative experimental
program between the Douglas Aircraft Company and the
NASA Langley Research Center and is reported in Refs. 18
and 19. Test Reynolds numbers varied between 5 x 106, 9
x 106, and 1.6 x 107. The angle of attack included a range
of approximately -4 through 23 deg. The tests have been
conducted without forced boundary-layer transition. The overall
geometry, which is shown in Fig. 1, is a three-element con-
figuration based on an 11.55% thick supercritical airfoil. The
slat and flap chord ratios are 14.48 and 30%", respectively,
based on the airfoil chord for the undeflected position.

For the current study the deflections of both the slat and
the flap are set at 30 deg and two different flap riggings are
considered. A "rigging" refers to a combination of gap and
overhang settings as defined in Fig. 2, and a specific rigging
is assigned a letter designation. For the first configuration,
denoted as 30P-30/V (slat deflection 30 deg, slat rigging P,
flap deflection 30 deg, flap rigging N), the flap overhang is
0.25% of the undeflected airfoil and the flap gap is 1.27%.
For the second configuration, which is denoted as 30P-30/1G,
both the gap and overhang are 1%. In Fig. 3, a more detailed
view of the flap riggings for the two configurations is shown.

The data for these configurations have been obtained from
two separate tunnel entries. Because the first test considered
both three- and four-element airfoils, the flap was constructed
in two pieces, which were then assembled on site. During
these tests, force and moment data were obtained for many
flap riggings, including those discussed here. From these ex-
periments, it was found that the 30P-307V configuration ex-
hibited a slightly higher C/max than did the 30P-30.4G. A
single-segment flap was then constructed and the 30P-30W
geometry was studied in more detail in a subsequent test.
During this test, more detailed data, such as velocity profiles,
were obtained and are presented in Ref. 19.

To make meaningful interpretations between computa-
tional and experiment results, an indication of the two di-
mensionality of the flowfield is necessary. Figure 4 shows
experimental pressure distributions at several angles of attack
obtained at two different spanwise locations on the model.
The zlb = 0.5 location corresponds to the centerline of the
tunnel, which has 146 pressure taps. In order to better assess
the two dimensionality of the flow, several pressure taps are
also present at zlb = 0.77, which is approximately midway
between the centerline of the model and the wind-tunnel wall.
As seen in the figure, excellent two-dimensional flow is main-
tained at an angle of attack of 16.2 deg. Slight three-dimen-
sional effects are present at 21.31 deg and three dimensionality
is clearly indicated at 22.25 deg.
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Fig. 4 Experimental pressure distributions at two spanwise locations for several angles of attack.

Potential flow theory

� challenge to approximate the airfoil shape

� high angles of attack

Thin airfoil theory

� applicable to multi-element airfoils

� airfoil thickness and gaps

� high angles of attack
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A two-dimensional unstructured Navier-Stokes code is utilized for computing the flow around multielement
airfoil configurations. Comparisons are shown for a landing configuration with an advanced-technology flap.
Grid convergence studies are conducted to assess inaccuracies caused by inadequate grid resolution. Although
adequate resolution is obtained for determining the pressure distributions, further refinement is needed to
sufficiently resolve the velocity profiles at high angles of attack. For the advanced flap configuration, comparisons
of pressure distributions and lift are made with experimental data. Here, two flap riggings and two Reynolds
numbers are considered. In general, the trends caused by variations in these quantities are well predicted by
the computations, although the angle of attack for maximum lift is overpredicted.

Nomenclature
b = span of wind-tunnel model
C, = lift coefficient
Cp = pressure coefficient
c = reference chord taken to be the chord of the

undetected airfoil
M.,_ = freestream Mach number
q = magnitude of velocity
q.,_ = magnitude of velocity in freestream
Re — Reynolds number
u = velocity component in direction of

surface-tangent vector
jc, y, z = Cartesian coordinates
y ' = turbulent boundary-layer parameter
a = angle of attack
j] = chordwise location on airfoil (referenced to

undetected position)

Introduction

T HE goal of a high-lift system is to generate as much lift
as possible without separating the flow.1 Without exter-

nal devices such as wall suction, the most effective way to
achieve this goal is through the use of multiple elements to
manipulate the inviscid pressure distribution to reduce the
pressure rise over each element.12 However, the presence of
multiple elements seriously complicates analysis procedures
because of important and often complex interactions between
the individual elements. While inviscid analysis can be ac-
complished in minutes with panel methods or unstructured-
grid Euler solvers, it is necessary to use viscous techniques to
accurately predict the flows about these configurations. The
reason for this is that although the tailoring of the flowfield
to prevent separation is largely achieved through circulation
interactions between the elements, many viscous effects can
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have large influences on the pressure distributions. While
these include obvious effects such as displacement thickness
and separation on the surfaces, wake interactions between
forward and aft elements as well as flow reversal off the sur-
face can contribute significantly in determining the overall
performance of the high-lift system.3 5

For computations on multielement airfoils, unstructured
grid methods may offer a good alternative to more traditional
methods of analysis. This is due in part to the decreased time
required to generate grids over complicated geometries. Also,
unstructured grids offer the potential to adapt the grid to
improve the accuracy of the computation without incurring
the penalties associated with global refinement. However,
despite the advantages of unstructured grids, they are typically
much slower than structured grid solvers. Also, the ability
to obtain solutions through local adaptation that are compar-
able to those obtained through global refinement remains an
area where further work is required.6 Although further work
remains to fully realize their potential, much progress has
been reported in computing viscous flows on unstructured
grids.7"10

The purpose of this study is to present computational results
obtained with a particular unstructured grid method11 that has
been applied to several flows over multielement airfoils. Com-
parisons between computational results and experimental data
are made to assess the effectiveness of the present code, to
aid in determining future directions, and to provide useful
comparisons for other researchers working in this field.

Computational Method
The computational method used in this study is a node-

based, implicit, unstructured, upwind flow solver described
in Ref. 11. In this code, the discretization of the convective
and viscous terms is handled similarly to the method of Ref.
8. The inviscid fluxes are obtained using Roe's approximate
Riemann solver12; the viscous terms are evaluated with a Gal-
erkin-type approximation that results in a central-difference
formulation for these terms. Two different turbulence models
are presently utilized in the code. These include both the
Baldwin-Earth13 model and the Spalart-Allmaras14 model.
At each time step, the equation for the turbulent viscosity is
solved separately from the flow equations, which results in a
loosely coupled solution process that allows for a relatively
easy interchange of other turbulence models. Although both
turbulence models have been used extensively with good suc-
cess, the present study reports only results obtained with the
Spalart-Allmaras model. This is due to both space limitations
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Fig. 11 Comparison of pressure distributions on grids with y+ « 1 and y+ « 10 for 30P-30W with Mx = 0.2, Re = 9 x 106, a = 22.36 deg.
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Fig. 12 Experimental and computational lift vs angle of attack for
Re = 5 x 106 and 9 x 106 for 30P-30W with Mx = 0.2.

plate estimates. In a similar fashion, another finer grid is
generated that has 87,783 nodes with 1036 points on the solid
surfaces; it is referred to here as the fine grid.

Pressure distributions on all grids are shown in Figs. 6-9
for a = -0.03 deg, a = 8.23, 16.30, and 22.36 deg, respec-
tively. As seen, the variation in the pressure distribution be-
tween the coarse grid and the other two grids is relatively
small up to a = 22.36 deg. However, at this angle of attack,
the loading on the flap is noticeably less for the coarse grid
than for the baseline and fine grids, which continue to yield
very similar results. Also, an obvious discrepancy exists in the
pressure distribution on the slat for an angle of attack of 8.23
deg. The cause of this is unknown, but could be attributable
to a number of sources including wind-tunnel wall corrections
or an inaccurate representation of the separated flow under
the cove that leads to higher circulation around this element.
Although not shown, it is interesting to note that excellent
agreement is obtained on the slat, as well as the other ele-
ments, when the point vortex correction in the far field for
the computations is removed. However, numerical studies for
the Euler equations with this same three-element airfoil in-
dicate that the presence of the point vortex significantly de-
creases the dependence of the solution on the placement of
the far-field boundary as expected. Therefore, the improved
agreement obtained without the vortex is evidently fortuitous.
Note also that the pressure distributions on both the main
element and the flap indicate slightly higher lift than the ex-
periment, which could also account for a higher circulation
on the slat.

Computed velocity profiles at several locations along the
main element and the flap are shown in Fig. 10 for an angle
of attack of 22.36 deg. Also shown is an illustration that
indicates the locations on each element where the data are
obtained. Note that these locations are referenced to the air-

foil coordinates in the undeflected position. Results are shown
for this angle of attack because they indicate the most vari-
ation between the coarse, baseline, and fine grids. As seen,
the agreement between the baseline grid and the fine grid is
reasonably good on the main element, but the coarse grid is
clearly inaccurate. Furthermore, the trend with grid refine-
ment is to decrease the boundary-layer thickness on the main
element. The increased thickness of the boundary layer with
the coarse grid is likely to be responsible for the decreased
flap loading obtained on this grid and seen in Fig. 9.

On the flap, the major difference between the baseline grid
results and the fine grid results is in the enhanced resolution
of the slat wake on the finer grid. This wake is very apparent
at the station immediately downstream of the main element
(17 = 0.72), but quickly dissipates so that its presence is barely
detectable at the location towards the back of the flap (77 =
0.92). The difference in profiles between the baseline and fine
grids indicates that further refinement is necessary to accu-
rately resolve these details. Although not shown, as the angle
of attack is reduced, the difference in the profiles decreases
so that the baseline grid and fine grid give essentially identical
results at an angle of attack of -0.03 deg.

An additional study of grid effects has been conducted and
is presented in Fig. 11. For this study, a grid very similar to
the baseline grid has been generated with the spacing of the
grid points next to the wall based on obtaining a y+ ~ 10
instead of y+ ~ 1. Note that the spacing is determined based
on estimates from a flat plate at the Reynolds number in
question (Re = 9 x 106). In order to obtain y+ ~ 1, the
required spacing at the wall is approximately 2 x 10 ~6; how-
ever, y+ ~ 10 allows spacing an order of magnitude larger.
Although not shown here, the _y4 obtained from actual com-
putations on the baseline grid at an angle of attack of 22.36
deg is approximately one over the first 20% of the airfoil and
then drops to about one-half afterwards. Values of y+ for the
second mesh are slightly above 10 for the first 20% and drop
to around 5 for most of the remainder of the element. Because
the sublayer for a turbulent boundary layer extends to a y +

of approximately 10, essentially no points exist in this region
over the first 20% of the airfoil for this mesh.

Figure 11 shows that inadequate spacing at the wall dras-
tically affects the pressure distribution on the flap; hence, the
other elements are effected as well. Inspection of the velocity
profiles (not shown) reveals that inadequate spacing near the
wall leads to an artificial thickening of the computed boundary
layer on the main element. As discussed in Ref. 3, a thick
boundary layer on the main element acts to suppress the
loading on the flap. Therefore, the effect of the artificially
thickened boundary layer is to artificially suppress the loading
on the flap.

Numerical experiments indicate that inadequate wall spac-
ing has little effect on the pressure distributions at lower an-
gles of attack, such as 8.23 deg. It is primarily at higher angles
where the wall spacing has been observed to be critical. Note

Potential flow theory (+ thin airfoil theory)

Important challenge will be to approximate the airfoil profile.

Option 1: treat as one airfoil and test the sensitivity of the results

on the different approximations of the airfoil shape

Option 2: treat as different airfoils and test the sensitivity of the

results on the gaps between the airfoil parts
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and to the improved accuracy of this model for free-shear
flows, which are important for multielement airfoils due to
wake interactions.

Experimental Data
All of the experimental data used in the present work have

been obtained in the Low Turbulence Pressure Tunnel (LTPT)
located at the NASA Langley Research Center.15 The tunnel
is a single-return, closed-throat wind tunnel that obtains high
Reynolds numbers by operating at pressures up to 10 atm.
The test section is 3 ft wide by 7.5 ft high by 7 ft long. Side-
wall boundary-layer suction is applied to promote two-di-
mensional flow.'6

Lift and moment measurements are obtained by using both
a force balance and an integration of surface pressures; drag
is obtained from a wake survey using three five-hole probes.
The uncertainty of the lift coefficient from the balance mea-
surement is ±0.074 at Re = 9 x 106, but increases to ±0.13
at Re = 5 x 106. The pitching moment uncertainty, as mea-
sured by the balance, is ±0.03 at Re = 9 x 106, and ±0.05
at Re = 5 x 106. The lift coefficient is estimated to be within
±0.02 when obtained from pressure integration for Re = 5
and 9 x 106. The drag coefficient is estimated to be accurate
to within ±0.001 for attached flows.17 Pressure coefficient

Fig. 1 Geometry for three-element airfoil 30P-30AG.

Fig. 2 Definition of gap and overhang for flap.
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Fig. 3 Differences in flap rigging for the 30P-30W and 30P-30AG
configurations.

distributions are obtained from pressure orifices located along
the model and are accurate to within ±0.022 for Re = 9 x
10" and ±0.038 for Re = 5 x 10*.

For the calculations that follow, comparisons will be made
with experiments obtained from two different data sets and
the presentation of results is organized accordingly. A brief
description is given for each data set.

The test data is the result of a cooperative experimental
program between the Douglas Aircraft Company and the
NASA Langley Research Center and is reported in Refs. 18
and 19. Test Reynolds numbers varied between 5 x 106, 9
x 106, and 1.6 x 107. The angle of attack included a range
of approximately -4 through 23 deg. The tests have been
conducted without forced boundary-layer transition. The overall
geometry, which is shown in Fig. 1, is a three-element con-
figuration based on an 11.55% thick supercritical airfoil. The
slat and flap chord ratios are 14.48 and 30%", respectively,
based on the airfoil chord for the undeflected position.

For the current study the deflections of both the slat and
the flap are set at 30 deg and two different flap riggings are
considered. A "rigging" refers to a combination of gap and
overhang settings as defined in Fig. 2, and a specific rigging
is assigned a letter designation. For the first configuration,
denoted as 30P-30/V (slat deflection 30 deg, slat rigging P,
flap deflection 30 deg, flap rigging N), the flap overhang is
0.25% of the undeflected airfoil and the flap gap is 1.27%.
For the second configuration, which is denoted as 30P-30/1G,
both the gap and overhang are 1%. In Fig. 3, a more detailed
view of the flap riggings for the two configurations is shown.

The data for these configurations have been obtained from
two separate tunnel entries. Because the first test considered
both three- and four-element airfoils, the flap was constructed
in two pieces, which were then assembled on site. During
these tests, force and moment data were obtained for many
flap riggings, including those discussed here. From these ex-
periments, it was found that the 30P-307V configuration ex-
hibited a slightly higher C/max than did the 30P-30.4G. A
single-segment flap was then constructed and the 30P-30W
geometry was studied in more detail in a subsequent test.
During this test, more detailed data, such as velocity profiles,
were obtained and are presented in Ref. 19.

To make meaningful interpretations between computa-
tional and experiment results, an indication of the two di-
mensionality of the flowfield is necessary. Figure 4 shows
experimental pressure distributions at several angles of attack
obtained at two different spanwise locations on the model.
The zlb = 0.5 location corresponds to the centerline of the
tunnel, which has 146 pressure taps. In order to better assess
the two dimensionality of the flow, several pressure taps are
also present at zlb = 0.77, which is approximately midway
between the centerline of the model and the wind-tunnel wall.
As seen in the figure, excellent two-dimensional flow is main-
tained at an angle of attack of 16.2 deg. Slight three-dimen-
sional effects are present at 21.31 deg and three dimensionality
is clearly indicated at 22.25 deg.
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Fig. 4 Experimental pressure distributions at two spanwise locations for several angles of attack.
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A two-dimensional unstructured Navier-Stokes code is utilized for computing the flow around multielement
airfoil configurations. Comparisons are shown for a landing configuration with an advanced-technology flap.
Grid convergence studies are conducted to assess inaccuracies caused by inadequate grid resolution. Although
adequate resolution is obtained for determining the pressure distributions, further refinement is needed to
sufficiently resolve the velocity profiles at high angles of attack. For the advanced flap configuration, comparisons
of pressure distributions and lift are made with experimental data. Here, two flap riggings and two Reynolds
numbers are considered. In general, the trends caused by variations in these quantities are well predicted by
the computations, although the angle of attack for maximum lift is overpredicted.

Nomenclature
b = span of wind-tunnel model
C, = lift coefficient
Cp = pressure coefficient
c = reference chord taken to be the chord of the

undetected airfoil
M.,_ = freestream Mach number
q = magnitude of velocity
q.,_ = magnitude of velocity in freestream
Re — Reynolds number
u = velocity component in direction of

surface-tangent vector
jc, y, z = Cartesian coordinates
y ' = turbulent boundary-layer parameter
a = angle of attack
j] = chordwise location on airfoil (referenced to

undetected position)

Introduction

T HE goal of a high-lift system is to generate as much lift
as possible without separating the flow.1 Without exter-

nal devices such as wall suction, the most effective way to
achieve this goal is through the use of multiple elements to
manipulate the inviscid pressure distribution to reduce the
pressure rise over each element.12 However, the presence of
multiple elements seriously complicates analysis procedures
because of important and often complex interactions between
the individual elements. While inviscid analysis can be ac-
complished in minutes with panel methods or unstructured-
grid Euler solvers, it is necessary to use viscous techniques to
accurately predict the flows about these configurations. The
reason for this is that although the tailoring of the flowfield
to prevent separation is largely achieved through circulation
interactions between the elements, many viscous effects can
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have large influences on the pressure distributions. While
these include obvious effects such as displacement thickness
and separation on the surfaces, wake interactions between
forward and aft elements as well as flow reversal off the sur-
face can contribute significantly in determining the overall
performance of the high-lift system.3 5

For computations on multielement airfoils, unstructured
grid methods may offer a good alternative to more traditional
methods of analysis. This is due in part to the decreased time
required to generate grids over complicated geometries. Also,
unstructured grids offer the potential to adapt the grid to
improve the accuracy of the computation without incurring
the penalties associated with global refinement. However,
despite the advantages of unstructured grids, they are typically
much slower than structured grid solvers. Also, the ability
to obtain solutions through local adaptation that are compar-
able to those obtained through global refinement remains an
area where further work is required.6 Although further work
remains to fully realize their potential, much progress has
been reported in computing viscous flows on unstructured
grids.7"10

The purpose of this study is to present computational results
obtained with a particular unstructured grid method11 that has
been applied to several flows over multielement airfoils. Com-
parisons between computational results and experimental data
are made to assess the effectiveness of the present code, to
aid in determining future directions, and to provide useful
comparisons for other researchers working in this field.

Computational Method
The computational method used in this study is a node-

based, implicit, unstructured, upwind flow solver described
in Ref. 11. In this code, the discretization of the convective
and viscous terms is handled similarly to the method of Ref.
8. The inviscid fluxes are obtained using Roe's approximate
Riemann solver12; the viscous terms are evaluated with a Gal-
erkin-type approximation that results in a central-difference
formulation for these terms. Two different turbulence models
are presently utilized in the code. These include both the
Baldwin-Earth13 model and the Spalart-Allmaras14 model.
At each time step, the equation for the turbulent viscosity is
solved separately from the flow equations, which results in a
loosely coupled solution process that allows for a relatively
easy interchange of other turbulence models. Although both
turbulence models have been used extensively with good suc-
cess, the present study reports only results obtained with the
Spalart-Allmaras model. This is due to both space limitations
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Fig. 11 Comparison of pressure distributions on grids with y+ « 1 and y+ « 10 for 30P-30W with Mx = 0.2, Re = 9 x 106, a = 22.36 deg.
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Fig. 12 Experimental and computational lift vs angle of attack for
Re = 5 x 106 and 9 x 106 for 30P-30W with Mx = 0.2.

plate estimates. In a similar fashion, another finer grid is
generated that has 87,783 nodes with 1036 points on the solid
surfaces; it is referred to here as the fine grid.

Pressure distributions on all grids are shown in Figs. 6-9
for a = -0.03 deg, a = 8.23, 16.30, and 22.36 deg, respec-
tively. As seen, the variation in the pressure distribution be-
tween the coarse grid and the other two grids is relatively
small up to a = 22.36 deg. However, at this angle of attack,
the loading on the flap is noticeably less for the coarse grid
than for the baseline and fine grids, which continue to yield
very similar results. Also, an obvious discrepancy exists in the
pressure distribution on the slat for an angle of attack of 8.23
deg. The cause of this is unknown, but could be attributable
to a number of sources including wind-tunnel wall corrections
or an inaccurate representation of the separated flow under
the cove that leads to higher circulation around this element.
Although not shown, it is interesting to note that excellent
agreement is obtained on the slat, as well as the other ele-
ments, when the point vortex correction in the far field for
the computations is removed. However, numerical studies for
the Euler equations with this same three-element airfoil in-
dicate that the presence of the point vortex significantly de-
creases the dependence of the solution on the placement of
the far-field boundary as expected. Therefore, the improved
agreement obtained without the vortex is evidently fortuitous.
Note also that the pressure distributions on both the main
element and the flap indicate slightly higher lift than the ex-
periment, which could also account for a higher circulation
on the slat.

Computed velocity profiles at several locations along the
main element and the flap are shown in Fig. 10 for an angle
of attack of 22.36 deg. Also shown is an illustration that
indicates the locations on each element where the data are
obtained. Note that these locations are referenced to the air-

foil coordinates in the undeflected position. Results are shown
for this angle of attack because they indicate the most vari-
ation between the coarse, baseline, and fine grids. As seen,
the agreement between the baseline grid and the fine grid is
reasonably good on the main element, but the coarse grid is
clearly inaccurate. Furthermore, the trend with grid refine-
ment is to decrease the boundary-layer thickness on the main
element. The increased thickness of the boundary layer with
the coarse grid is likely to be responsible for the decreased
flap loading obtained on this grid and seen in Fig. 9.

On the flap, the major difference between the baseline grid
results and the fine grid results is in the enhanced resolution
of the slat wake on the finer grid. This wake is very apparent
at the station immediately downstream of the main element
(17 = 0.72), but quickly dissipates so that its presence is barely
detectable at the location towards the back of the flap (77 =
0.92). The difference in profiles between the baseline and fine
grids indicates that further refinement is necessary to accu-
rately resolve these details. Although not shown, as the angle
of attack is reduced, the difference in the profiles decreases
so that the baseline grid and fine grid give essentially identical
results at an angle of attack of -0.03 deg.

An additional study of grid effects has been conducted and
is presented in Fig. 11. For this study, a grid very similar to
the baseline grid has been generated with the spacing of the
grid points next to the wall based on obtaining a y+ ~ 10
instead of y+ ~ 1. Note that the spacing is determined based
on estimates from a flat plate at the Reynolds number in
question (Re = 9 x 106). In order to obtain y+ ~ 1, the
required spacing at the wall is approximately 2 x 10 ~6; how-
ever, y+ ~ 10 allows spacing an order of magnitude larger.
Although not shown here, the _y4 obtained from actual com-
putations on the baseline grid at an angle of attack of 22.36
deg is approximately one over the first 20% of the airfoil and
then drops to about one-half afterwards. Values of y+ for the
second mesh are slightly above 10 for the first 20% and drop
to around 5 for most of the remainder of the element. Because
the sublayer for a turbulent boundary layer extends to a y +

of approximately 10, essentially no points exist in this region
over the first 20% of the airfoil for this mesh.

Figure 11 shows that inadequate spacing at the wall dras-
tically affects the pressure distribution on the flap; hence, the
other elements are effected as well. Inspection of the velocity
profiles (not shown) reveals that inadequate spacing near the
wall leads to an artificial thickening of the computed boundary
layer on the main element. As discussed in Ref. 3, a thick
boundary layer on the main element acts to suppress the
loading on the flap. Therefore, the effect of the artificially
thickened boundary layer is to artificially suppress the loading
on the flap.

Numerical experiments indicate that inadequate wall spac-
ing has little effect on the pressure distributions at lower an-
gles of attack, such as 8.23 deg. It is primarily at higher angles
where the wall spacing has been observed to be critical. Note

Thin airfoil theory

Here, we will treat the airfoil as thin with the slat and the flap rotating about a hinge, ignoring the gaps.

Option 1: vary the hinge locations for the slat and flap and test the sensitivity of the results on the different locations

Option 2: vary the slat and flap angles and test the sensitivity of the results on the different angles
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and to the improved accuracy of this model for free-shear
flows, which are important for multielement airfoils due to
wake interactions.

Experimental Data
All of the experimental data used in the present work have

been obtained in the Low Turbulence Pressure Tunnel (LTPT)
located at the NASA Langley Research Center.15 The tunnel
is a single-return, closed-throat wind tunnel that obtains high
Reynolds numbers by operating at pressures up to 10 atm.
The test section is 3 ft wide by 7.5 ft high by 7 ft long. Side-
wall boundary-layer suction is applied to promote two-di-
mensional flow.'6

Lift and moment measurements are obtained by using both
a force balance and an integration of surface pressures; drag
is obtained from a wake survey using three five-hole probes.
The uncertainty of the lift coefficient from the balance mea-
surement is ±0.074 at Re = 9 x 106, but increases to ±0.13
at Re = 5 x 106. The pitching moment uncertainty, as mea-
sured by the balance, is ±0.03 at Re = 9 x 106, and ±0.05
at Re = 5 x 106. The lift coefficient is estimated to be within
±0.02 when obtained from pressure integration for Re = 5
and 9 x 106. The drag coefficient is estimated to be accurate
to within ±0.001 for attached flows.17 Pressure coefficient

Fig. 1 Geometry for three-element airfoil 30P-30AG.

Fig. 2 Definition of gap and overhang for flap.
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Fig. 3 Differences in flap rigging for the 30P-30W and 30P-30AG
configurations.

distributions are obtained from pressure orifices located along
the model and are accurate to within ±0.022 for Re = 9 x
10" and ±0.038 for Re = 5 x 10*.

For the calculations that follow, comparisons will be made
with experiments obtained from two different data sets and
the presentation of results is organized accordingly. A brief
description is given for each data set.

The test data is the result of a cooperative experimental
program between the Douglas Aircraft Company and the
NASA Langley Research Center and is reported in Refs. 18
and 19. Test Reynolds numbers varied between 5 x 106, 9
x 106, and 1.6 x 107. The angle of attack included a range
of approximately -4 through 23 deg. The tests have been
conducted without forced boundary-layer transition. The overall
geometry, which is shown in Fig. 1, is a three-element con-
figuration based on an 11.55% thick supercritical airfoil. The
slat and flap chord ratios are 14.48 and 30%", respectively,
based on the airfoil chord for the undeflected position.

For the current study the deflections of both the slat and
the flap are set at 30 deg and two different flap riggings are
considered. A "rigging" refers to a combination of gap and
overhang settings as defined in Fig. 2, and a specific rigging
is assigned a letter designation. For the first configuration,
denoted as 30P-30/V (slat deflection 30 deg, slat rigging P,
flap deflection 30 deg, flap rigging N), the flap overhang is
0.25% of the undeflected airfoil and the flap gap is 1.27%.
For the second configuration, which is denoted as 30P-30/1G,
both the gap and overhang are 1%. In Fig. 3, a more detailed
view of the flap riggings for the two configurations is shown.

The data for these configurations have been obtained from
two separate tunnel entries. Because the first test considered
both three- and four-element airfoils, the flap was constructed
in two pieces, which were then assembled on site. During
these tests, force and moment data were obtained for many
flap riggings, including those discussed here. From these ex-
periments, it was found that the 30P-307V configuration ex-
hibited a slightly higher C/max than did the 30P-30.4G. A
single-segment flap was then constructed and the 30P-30W
geometry was studied in more detail in a subsequent test.
During this test, more detailed data, such as velocity profiles,
were obtained and are presented in Ref. 19.

To make meaningful interpretations between computa-
tional and experiment results, an indication of the two di-
mensionality of the flowfield is necessary. Figure 4 shows
experimental pressure distributions at several angles of attack
obtained at two different spanwise locations on the model.
The zlb = 0.5 location corresponds to the centerline of the
tunnel, which has 146 pressure taps. In order to better assess
the two dimensionality of the flow, several pressure taps are
also present at zlb = 0.77, which is approximately midway
between the centerline of the model and the wind-tunnel wall.
As seen in the figure, excellent two-dimensional flow is main-
tained at an angle of attack of 16.2 deg. Slight three-dimen-
sional effects are present at 21.31 deg and three dimensionality
is clearly indicated at 22.25 deg.
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Fig. 4 Experimental pressure distributions at two spanwise locations for several angles of attack.
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