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Abstract

XFOIL is a fast and relatively accurate panel method to analyse 2D airfoil performance. XFOIL
has proven itself over many years to be a powerful airfoil design and analysis tool. From the
literature and through the various study cases in this report, it is clear that XFOIL has a ten-
dency to overpredict lift and underpredict drag in certain cases. This inaccuracy in predictions
becomes increasingly apparent when analysing thick airfoils and increasing Reynolds numbers,
where the effect of high and low angles of attack also need to be considered.

In this research, improvements have been made to XFOIL by incorporating an interactive
vortex panel method to predict lift and drag in better agreement with experimental results. It
should be noted that experimental data does not represent the absolute truth, but is merely
an indication of common flight predictions that might contribute to understanding actual flight
performance. The reason for inaccurate predictions lay within assumptions made to allow for
quicker converging to final answers. These assumptions were studied and are discussed in this
research. Proposed improvements to XFOIL, identified through the literature review, were then
implemented and validated against experimental data obtained from literature.

The improvements under scrutiny were developed by Ramanujam and Ozdemir (2017) and
Ramanujam, Ozdemir, and Hoeijmakers (2016) for another panel method software based on
XFOIL, called RFOIL. RFOIL is also a vortex panel method that was derived from XFOIL
but was developed to better predict the performance of wind turbine airfoils. The proposed
method focuses on the integral momentum quantities and updates the model assumptions in
the lift calculation. Ramanujam, Ozdemir, and Hoeijmakers (2016) had studied the boundary
layer quantities’ momentum and displacement thickness, as predicted by XFOIL and stated
that an underprediction of the quantities is the cause of the drag underprediction of XFOIL.
Ramanujam and Ozdemir (2017) found that XFOIL utilises the inviscid solution to obtain the
results for a viscous analysis. A new approach was developed to remedy this overprediction of
lift by updating the vorticity strengths.

These improvements showed good agreement with experimental data on RFOIL but they have
not been tested on XFOIL. The goal of this report is to implement those improvements proposed
for RFOIL, into XFOIL and to then validate them to study the improvements in both lift and
drag predictions. As with RFOIL, the proposed improvements increased the accuracy of the
predictions in accordance with experimental data, but an inaccuracy still exists with thick
airfoils as XFOIL is not suited for such analyses. This will also be shown in this report.

Keywords: Panel method, lift prediction, drag prediction, Boundary Layer Theory, Integral
Boundary Layer method, critical amplification ratio, Squire-Young model, Potential flow, Linear
Stability Theory, viscous-inviscid coupling
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1. Chapter 1: Introduction

1.1. Introduction

XFOIL (Drela, 1989) is an interactive linear vortex panel method that enables researchers to
study and analyse two-dimensional airfoil performance and which is also capable of subsonic flow
analysis. What makes XFOIL such a powerful airfoil design and analysis tool is that it is fast,
and allows for the manipulation of airfoil geometry through an interactive mixed-inverse scheme.
XFOIL is also able to predict the onset of laminar to turbulent transition through an envelope
en-critical amplification factor, with good accuracy with respect to experimental data, and is
also able to predict the separation bubble downstream of an airfoil with a significant reduction in
computational time and with good accuracy. According to Drela (1989) the analysis formulation
was embedded in an interactive driver, which allows the designer to exercise inverse solver and
a geometry-manipulation facility that improves the productivity of the designer.

The numerical accuracy of XFOIL decays when certain flight conditions or simulated conditions
are reached. At a high transitional Reynolds number the separation bubble becomes more
apparent, and the onset of flow separation increases with the increase in Reynolds number.
Under flow separation conditions the numerical flow analysis accuracy dramatically reduces
because of the collapse of the Kutta condition. This is caused by the air flowing from the
pressure side to the suction side at the trailing edge, resulting in a non-parallel flow at the
trailing edge.

Additionally, XFOIL results become less accurate when the thickness of the airfoil increases.
As mentioned earlier, XFOIL uses a vortex panel method to calculate airfoil performance.
This method is accurate at predicting flow analysis on thin airfoils with a small trailing edge
thickness. As airfoil thickness increases, the accuracy of XFOIL decreases. This is also due to
the non-parallel flow condition at the trailing edge, and the same applies to the trailing edge
thickness. These conditions are characteristic of interactive potential flow methods and they
are a fundamental problem with them.

In the following sections it becomes clear that it is possible to manipulate XFOIL’s code to
increase the accuracy of the polar predictions as proposed by Ramanujam and Ozdemir (2017),
and Ramanujam, Ozdemir, and Hoeijmakers (2016). For XFOIL to be as accurate as possible
and eliminate complex calculations, some assumptions had to be made to reduce computation
time and additional costs. The improved method focuses directly on these assumptions and
finds a different method to approach the problem and improve on the accuracy of XFOIL. These
improvements do add to the computational time, but relative to conventional CFD software,
still result in a much faster analysis and design tool.

1.2. Research Problem

Although XFOIL is a fast and powerful tool, some inaccuracies in the prediction of lift and
drag are present. The relevant literature shows that XFOIL is indeed an adequate design
and analysis tool but it can be improved upon. The problem lies within the XFOIL coding
and assumptions with boundary layer equations, more specifically in the momentum thickness
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assumptions. Another factor that plays a role is the assumption concerning the trajectory of
the wake.

The drag of an airfoil is calculated from the momentum conservation along the flow direction.
Due to the no-slip condition on the airfoil surface, the free stream velocity is reduced to zero at
the airfoil surface and becomes increasingly larger in the normal direction until the free stream
velocity is reached (0.99U∞). This layer of varying velocity is known as the boundary layer and
is an important concept when calculating drag, as this momentum deficit is directly related to
the skin friction drag of the airfoil.

XFOIL incorporates the flat plate theory to each individual panel to model viscous effects
over the panel. The flat plate theory has its own limitations that lead to inaccurate drag
predictions. These limitations include the fact that along the flat plate no adverse pressure
gradient is present, compared to an airfoil. One main difference is that for the flat plate theory
the thickness of the plate is considered to be zero. This assumption thus reduces the overall
computational time, but it is also a factor in the inaccurate prediction of drag as the edge
velocity is overpredicted. Ramanujam, Ozdemir, and Hoeijmakers (2016) outlined that the
method underpredicts the momentum thickness and in turn leads to an underprediction of the
airfoil drag. A correction is then proposed to correct this underprediction of the momentum
thickness in the wake.

The same goes for the wake trajectory, influencing lift predictions, where an inviscid wake tra-
jectory is used to calculate the lift coefficient at a specified angle of attack, which is theoretically
not correct. The inviscid wake will have less accurate predictions than a viscous wake as in gen-
eral, viscous effects will decrease the lift produced by the airfoil and reduce the downwash of the
air leaving the airfoil (Ramanujam and Ozdemir, 2017). This reduced downwash will change
the wake trajectory and include the viscous effect of the flow. This was achieved by letting the
resulting edge velocity update the vorticity strengths, as outlined in Ramanujam and Ozdemir
(2017).

1.3. Research aim and objectives

The aim of this research is to apply changes to the XFOIL code to include the viscous wake tra-
jectory and update the less accurate current boundary layer momentum thickness assumptions.
The objectives of this research are;

• Through literature and documentation, to get a fundamental understanding of the XFOIL
code as well as the applied theories and assumptions. This includes the studies done by
Drela (1989) to give an overview of what theories and mathematical models were used to
develop XFOIL.

• Complete a literature review on research aimed at improving the drag and lift predictions
of XFOIL and also on research showing specific limitations of the code.

• Obtain reliable wind tunnel performance data for specific airfoils.

• Evaluate XFOIL standard drag and lift predictions against wind tunnel data. This will
show the need for improvements, give some insight into what the possible causes for the
inaccuracies are, and also the magnitude of the improvements that have to be made.

• Obtain a suitable computer operating system environment as well as a compatible Fortran
compiler for easy modifications and compiling of the XFOIL code.

• At this stage the proposed modifications are implemented within the XFOIL code, both
improved lift and drag predictions. The final objective is then to compare the newly

Improvement of XFOIL lift and drag predictions 2



School of Mechanical Engineering

calculated XFOIL results of the selected airfoils against the obtained experimental data.

1.4. Research Method

First, the motivation for this research is shown by comparing the standard XFOIL predictions
against the experimental airfoil performance data.

This was done by using the unedited version of XFOIL to perform a test condition simulation
of the airfoils. A sensitivity test was completed beforehand to establish the correct number of
panels required to obtain the highest order of accuracy. The Ncrit value was obtained from the
experimental data and was also changed to meet the test conditions.

The proposed approaches by Ramanujam and Ozdemir (2017), and Ramanujam, Ozdemir,
and Hoeijmakers (2016) were implemented into XFOIL and validated against experimental re-
sults. For this, it was necessary to make changes to the XFOIL source code and recompile
the updated code. A Linux operating system (OS) was used to compile the XFOIL source
code as it proved to be a simpler option to compile the XFOIL source codes than on Win-
dows. A VirtualBox software program was installed which allowed one to install a separate
operating system onto a host OS. The Linux OS, openSUSE, was installed onto the Vir-
tualBox to allow for the compiling of the XFOIL source code on Windows host software.
https://www.overleaf.com/project/61164a4aeb48fa2ffa536d97/detacher To verify whether the
XFOIL on Linux was successfully installed and correctly compiled, a simple verification test
was carried out using a NACA0012 airfoil. An aerodynamic performance analysis was carried
out on the standard Windows OS XFOIL and on the non-improved version of the Linux OS
version. These different versions were then compared and it was clear that the Linux version
gave the same values as those obtained from the standard Windows OS version. Thus, from
this simple verification test it was established that XFOIL was correctly compiled and installed
on the Linux OS, when compared to the standard the Window OS XFOIL version.

After the previous stage had been accomplished, it was time to move on to the editing of the
XFOIL files. Initially, the drag improvements were implemented, as they were the first obtained
from the literature and they also seemed to be the easiest to be done. After that, the next step
was to implement the proposed lift predictions. This improvement proved to be a more complex
problem to solve; the reason for this will be explained in the following sections. As mentioned
earlier, some changes had to be brought into the XFOIL coding; this was done during the
implementation of the proposed improved lift predictions.

The next step was to validate these new lift and drag predictions against wind tunnel ex-
perimental data. The Linux OS XFOIL version was used to predict five airfoil aerodynamic
performances, to analyse their improved lift and drag predictions. This study was only focused
on the lift and drag predictions of XFOIL, therefore these values are of concern. A study was
then done to analyse the values of these new predictions against the standard XFOIL predictions
and against experimental data.
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2. Chapter 2: Literature study

The focus of the literature survey is to understand the fundamental numerical model of XFOIL.
It utilises a panel method that is derived from the potential flow theory and a stream function (ψ)
is formulated to describe the flow around the airfoil. This function is fundamental to solving the
flow conditions required to perform a flow analysis. From the literature, ways were investigated
on how to solve this stream function, to obtain useful parameters. These parameters include
the calculation of the vorticity strengths over the contour of the airfoil. To understand how the
vorticity strengths are calculated is of great importance in calculating lift, as lift is an integral
function of the vorticity strengths that are superimposed over the airfoil panels (the circulation
theory of lift). Other important aspects of potential flow, which were later used throughout the
code modification process, are discussed in this literature study.

The Drela (1989) articles proved to be of great importance as these were written to explain the
XFOIL code and mathematical modelling of inviscid and viscous flow conditions. They also
show the coupling of these two flow conditions to obtain a flow solution for an airfoil geometry.
These articles also gave some insight into the transition prediction method, which is discussed
later in this chapter.

From the literature, previous work done on vortex panel methods was identified and studied in
detail. Two important studies that were obtained are the studies done by Ramanujam, Ozdemir,
and Hoeijmakers (2016) and Ramanujam and Ozdemir (2017), who proposed an improvement
to vortex panel methods’ prediction of drag and lift. These research articles form the basis of
the current work and more detail is given in the following chapters.

To add to the study, the transition prediction model is discussed where XFOIL utilises an
envelope en-method. This transition prediction method is governed by the linear stability
theory and implemented through the Orr-Somerfeld equations. This amplification factor value,
Ncrit, is used to account for wind tunnel quality and is a function of the turbulence intensity
associated with each wind tunnel.

2.1. Potential flow

To apply potential flow to an airfoil, it is divided into a finite number of panels and placed
inside a uniform flow field. Flow elements are then superimposed over the panel distribution
of the airfoil. These flow elements are known as the source and vortex flows. A single stream
function is then formed, as a summation of the flow elements, to calculate the influence of the
uniform flow field and the source and vortex flows at an arbitrary point in the flow field around
the airfoil.

In this section some basic incompressible potential flow theory has been studied to give an
overview of how a panel method calculates different parameters, with a focus on the vorticity
strengths. For a flow analysis of a two-dimensional viscous fluid, the properties of the fluid are
solved for by the Navier - Stokes equations (Bongers, 2006).

∂u

∂x
+
∂v

∂y
= 0 (2.1)
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∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
=

1

ρ

∂p

∂x
+ v(

∂2u

∂x2
+
∂2u

∂y2
) (2.2)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
=

1

ρ

∂p

∂y
+ v(

∂2v

∂x2
+
∂2v

∂y2
) (2.3)

Eqn. (2.2) and Eqn. (2.3) are known as the ‘momentum’ equations (Anderson, 2016) in their
respective x and y direction of flow, while Eqn. (2.1) is known as the ‘mass conservation’
equation. These equations are complex to solve, but ways have been found to simplify this
solution and break it down into a simpler form. Two main assumptions are that the flow should
be irrotational and incompressible in nature.

2.1.1. Irrotational flow

The vorticity of flow is described as the curl of the velocity, defined in Eqn. (2.4),

ζ = ∇× ~V (2.4)

For flow to satisfy the assumption of being irrotational, no vorticies should be present in the
flow, thus vorticity must be zero (Anderson, 2016),

∇× ~V = 0 (2.5)

from vector identity one recalls that the curl of the gradient of a scalar (ψ) is equal to zero,

∇×∇ψ = 0 (2.6)

One can finally obtain a solution of ~V with the irrotational flow assumption and the vector
identity.

~V = ∇ψ (2.7)

with,

u =
∂ψ

∂x
, v =

∂ψ

∂y
, vn =

∂ψ

∂n
(2.8)

The above equations make it possible to calculate the velocity of the airflow in the x, y and
normal direction. XFOIL uses the normal velocity definition, that is a derivative of the stream
function in the normal direction, to calculate the vorticity strengths.

2.1.2. Incompressible flow

For flow to be considered incompressible means that throughout the process the density of the
fluid is constant and does not change with time (Anderson, 2016).

∂p

∂t
+∇ · (ρ~V ) = 0 (2.9)
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Thus, it seems that the solution to Eqn. (2.9) with a constant density, ρ. simplifies the equation
to Eqn. (2.10), the incompressible mass conservation.

∇ · ~V = 0 (2.10)

The solution to the velocity potential is obtained by Laplace’s equation, which is obtained by
substituting Eqn. (2.7) into the incompressible mass conservation equation.

∇2ψ = 0 (2.11)

With it now being possible to solve for the velocity potential, we can then calculate velocity
with Eqn. (2.7) and Eqn. (2.8). Eqn. (2.11) is also a linear equation. This means that one can
utilise the principle of superposition to account for different elementary flow solutions.

2.1.3. Uniform flow

A condition of uniform flow is set in XFOIL for the free stream and is incorporated within the
stream function to account for the effects of the free stream on the airfoil. This flow element is
represented by flow lines that are parallel to one another and can change flow direction, at an
angle α, known as the angle of attack. At each point of a two-dimensional velocity field, the
magnitude of the velocity field and the direction are constant throughout all the points of the
flow field (Anderson, 2016). One first has to derive a stream function to describe the uniform
flow mathematically for analysis purposes. This is done by writing the x and y components of
the uniform flow at an angle of attack.

Figure 2.1. Free stream velocity vector with x and y components

With Vx = V∞ cos(α) and Vy = V∞ sin (α). To obtain the uniform flow stream function, one

must integrate ~V = ∇ ψu (Anderson, 2016). After integration has been completed Eqn. (2.12)
is obtained, known as the uniform flow stream function element.

ψu = V∞cos(α)x+ V∞sin(α)y (2.12)

2.1.4. Source/Sink flow

A sink or source flow is represented as an infinitesimal small point, in a velocity flow field, from
which mass flows radiate outward in the case of a source point, and inward in the case of a sink
flow (Anderson, 2016). In XFOIL, the source flow is superimposed over the airfoil and wake
panels. The outward flow effect of the source represents the displacement effect of the boundary
layer in the flow.
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Figure 2.2. Sink/Source representation (Anderson, 2016)

To derive the sink/source flow requires the same method, only the direction of flow is different
where it is modelled as a + or − sign to indicate sink or source flow. First, it is important to
recognise that the source/sink strength is given as, Λ. The stream function for a source flow
is given in Eqn. (2.13). (The sink flow only has a negative sign as mass is subtracted from the
flow field.)

ψs =
Λ

2π
ln (rp) (2.13)

The symbol rp is important to notice as this is the distance between the source/sink position,
O(x0; y0) to an arbitrary point P (xp; yp). If we use Pythagoras’ theorem, we can then derive
an equation for the values rp.

rp = ((xp − x0)2 + (yp − y0)2)
1
2 (2.14)

It should be noted that for Vr = Λ
2πr and for Vθ = 0. To derive the velocity components one

derives Eqn. (2.13) and substitutes Eqn. (2.14) into the same equation, we obtain,

Vx =
Λ(xp − x0)

2πr2
p

(2.15)

Vy =
Λ(yp − y0)

2πr2
p

(2.16)

2.1.5. Vortex

Another panel-imposed flow element is the vortex flow element. For an airfoil to generate lift,
circulation of the flow is required. To accomplish this, XFOIL imposes vortex flows on the node
points of all the panels across the airfoil. This allows for the circulation of air around the airfoil
and lift is then virtually generated in the process. In XFOIL, the vorticity strengths differ panel
to panel in a linear way, hence the name ‘linear vortex panel’ method.

Vortex flow in a flow field is represented by a circular flow of a fluid around a infinitesimally
small point (Anderson, 2016). The vorticity strength is given as, Γ, and the potential flow of a
vortex is given as,
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Figure 2.3. Vortex representation (Anderson, 2016)

ψv = − Γ

2π
θ (2.17)

The derivation of the velocity components are complex and extensive, therefore, only a brief
description of how to obtain them is shown with the final solution given in the end. First, to
obtain the x and y components of the velocity the derivative of the potential flow of a vortex
in respect of the x and y components (Anderson, 2016), that is, ∂ψv

∂x and ∂ψv
∂y , is taken.

The angle θ is described in the following figure, that is the angle between the horizontal y axis
and the arbitrary point (xp; yp). After derivation we obtain the following equations,

Vx =
Γ(y − y0)

2πr2
(2.18)

Vy =
Γ(x− x0)

2πr2
(2.19)

2.1.6. Panelling with source and vortex flows

The mathematical model of a smooth curve that has been broken up into N number of panels
with superimposed potential flow elements is discussed. In this section the derivation of the
total source and vortex strengths over the airfoil contour is outlined at an arbitrary point in
the flow field. This part extends up to the end on how the vorticity strengths are calculated
with panel methods. It is possible to write a potential flow equation for a arbitrary point under
the influence of multiple sources and vortexes. In the case of XFOIL, multiple sources and
vorticies over the airfoil contour are superimposed upon each panel. The reason for this is that
the displacement effect, due to the boundary layer, is represented by the potential source flow
(Drela, 1989). This means that the source and vortex distribution follows a curve that can be
divided into N number of panels.

With the principle of superposition, you are able to account for all the sources and vortexes over
the airfoil contour, ds. So, for an arbitrary point P (xp; yp) at distance rpj (sj) of panel Sj under
the influence of multiple potential source and vortex flows, ψs and ψv respectively, we are able
to find the potential flow function of this velocity field. A summation of the flow elements that
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has been superimposed onto the airfoil contour, is required to account for all these influences
on the panels (Anderson, 2016).

ψs = ΣN
j=1

λj
2π

∫
j

ln rpjdsj (2.20)

ψv = ΣN
j=1

γj
2π

∫
j
θjdsj (2.21)

2.1.7. Calculation of the vorticity strengths

Consider Fig. 2.6, an airfoil divided into N number of panels, that is placed within a uniform
velocity flow field with an angle of attack of α. The stream function, ψ, can then be written as
a summation of all the flow elements present. Eqn. (2.22) shows the stream function for this
case.

ψ = V∞x+ V∞y + ΣN
j=1

λj
2π

∫
j

ln rpjdsj + ΣN
j=1

γj
2π

∫
j
θjdsj (2.22)

Important to note is that the second term, the source term, has a constant magnitude over a
panel, but varies from panel to panel. Also, in this case the vorticity strengths are constant
and do not vary from panel to panel. XFOIL assumes a linear vorticity, in which the vorticity
strengths vary from panel to panel in a linear way. The differences between these approaches
do add to the complexity, but similar matrices are used to calculate the vortex strengths.

It should be noted that the medium through which the airfoil is moving, does not pass through
the solid body, but flows over the airfoil surface. This constraint is not only realistic, but it
also enables the calculation of the vorticity strengths. To avoid the mass flowing through the
panels a constraint is required to prohibit this. In Anderson (2016) you can find Eqn. (2.23),
that explains this constraint.

~V · n̂ = Vn = 0 (2.23)

With this equation it is possible to derive an equation from the stream function to solve for the
vorticity strengths by taking the derivative of the stream function with respect to the normal
component at each panel and setting it equal to zero as in Eqn. (2.24) (as no mass flows through
the body).

Vn =
∂ψ

∂n
= 0 (2.24)

one can the rewrite Eqn. (2.22) as an expression for the normal velocity on panel i.

Vn,i = V∞xi + V∞yi + ΣN
j=1

λj
2π

∫
j

∂

∂ni
ln rijdsj + ΣN

j=1

−γ
2π

∫
j

∂θij
∂ni

dsj = 0 (2.25)

The integral terms of both the source and vortex distributions are known as the geometric
integrals and can be written as (Anderson, 2016),

Iij =

∫
j

∂

∂ni
ln rijdsj (2.26)
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Kij =

∫
j

∂θij
∂ni

dsj (2.27)

This Eqn. (2.25) with Eqn. (2.26) and Eqn. (2.27), can now be rewritten as Eqn. (2.28),

Vn,i = V∞xi + V∞yi +
λi
2

+ ΣN
j=1,j 6=1

λiIij
2π

+ ΣN
j=1,j 6=1

−γKij

2π
= 0 (2.28)

This equation can then be solved to obtain the solutions of the vorticity strengths.

The Kutta condition

The Kutta condition is fundamental to the potential flow as it prohibits the movement of the
stagnation point at the trailing edge. The Kutta condition enforces a restriction to stop the
air from moving from the pressure side to the suction side at the trailing edge. This condition
only allows for air to leave the trailing edge of an airfoil parallel to one another, avoiding the
unnatural flow of air curling over from the pressure side to the suction side at the trailing edge
(Schlichting et al., 2003).

Vt,N + Vt,1 = 0 (2.29)

The system of equations in Eqn. (2.28) and Eqn. (2.29) are solved simultaneously in a matrix
of Ax = b configuration. Matrix A in this case is known as the influence matrix and matrix b
is the effect of the uniform potential flow, V∞x+ V∞y. Matrix x will be solved for, containing
the solution to the source strengths and vorticity strengths

A =


Iij ,
Jij ,
Kij ,
Lij

 , x =

[
λj
γ

]
, b =

[
V∞xi + V∞yi

]
(2.30)

This matrix is solved with a full Newton method to obtain the vorticity strengths and source
strengths and is standard to all potential flow calculations. As mentioned, the difference between
this panel method and a linear vortex panel method is that the assumption was that the vortexes
are constant and do not vary from panel to panel.

2.2. Boundary layer theory

The flat plate theory lays the basis for some of XFOIL’s mathematical modelling. The Boundary
Layer Theory was studied to give insight into the fundamental assumptions surrounding it.
Fig. 2.4 illustrates the case of air flowing uniformly from the right and flow over the surface
of the plate. An interaction is observed between the viscous air and the surface of the plate.
This interaction arises from the shear stress present in the flow due to the presence of the wall,
described by Eqn. (2.31), (Schlichting et al., 2003).

τw = µ

(
∂u

∂y

)
w

(2.31)

This shear stress between the solid body and the fluid is caused by the “no-slip” condition on
the surface of the plate. It is because of this condition that the air at the surface of the plate
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Figure 2.4. Boundary layer over a flat plate (Schlichting et al., 2003)

and the air adjacent to the surface have a zero velocity (the no-slip condition). As one moves
upward, normal to the plate surface, the air velocity increases until it is equal to the free stream
velocity. The deficit in mass flow from y = 0 where v = 0, up to where the layer edge velocity
ve = 0.99V∞, is known as the Boundary Layer that is formed over the surface (Schlichting et al.,
2003). For the flat plate theory there is no adverse pressure gradient over the plate. This is
due to the fact that the angle of attack of the flow is zero and the plate has a thickness that
is considered to be zero with the edge velocity ve = V∞. According to Anderson (2016), the
edge velocity of the boundary layer of an object moving through a fluid, is obtained from the
inviscid flow solution.

2.2.1. Boundary layer thickness

The first property of the boundary layer under discussion, is the velocity boundary layer thick-
ness, δ, which increases at each point along the x-direction. As explained earlier, a velocity
profile is observed within the boundary layer. This profile varies from point to point in the
x-direction. The variation falls between, y = 0 at the surface of the plate up to y = δ at the
edge of the boundary layer. This veloctiy profile is defined as v = v(y), according to Anderson
(2016). This can also be seen in Fig. 2.4.

Blasius (1907) set out to simplify the Navier-Stokes equations to allow for the calculation of the
boundary layer thickness of an incompressible laminar flow over a flat plate and obtained the
following expression for the boundary layer thickness,

δ =
5x√
Rex

(2.32)

One can find this equation in Schlichting et al. (2003). This equation was derived on the
assumption that δ << c, with c being the chord length of the airfoil. Anderson (2016) also
stated that the laminar boundary layer over a flat plate grows parabolically with increasing
distance from the leading edge.

2.2.2. Displacement thickness

The displacement thickness is defined as the distance at which the air flowing parallel to the wall
is displaced outward due to the development of the boundary layer. The physical interpretation
of this property, according to Anderson (2016), is shown in Fig. 2.5. In a flow case with inviscid
flow (left-hand side of Fig. 2.5), the streamline is parallel to the flow, and no displacement of
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Figure 2.5. Displacement external flow streamline due to the presence of the boundary layer (An-
derson, 2016).

this line is observed as the flow does not interact with the wall surface. On the right-hand side
of Fig. 2.5, a viscous fluid is observed flowing over the wall surface also an interaction between
the fluid and the plate. Schlichting et al. (2003) and Anderson (2016) stated that this decrease
in velocity flow in the boundary layer acts as a obstruction to the incoming free stream flow,
thus the free stream air is displaced, as shown in Fig. 2.5. This also leads to the displacement
of the previously mentioned streamline, effectively giving rise to the concept of the effective
body.

The definition of the displacement thickness, in terms of Fig. 2.5 is given by Eqn. (2.33)(Schlicht-
ing et al., 2003 and Anderson, 2016),

δ∗ =

∫ y1

0

(
1− ρv

ρeve

)
dy (2.33)

According to Anderson (2016) the free stream does not see the surface of the body, but sees the
effective body of the surface. Therefore, in order to obtain ρe, ve, at the edge of the boundary
layer, on the actual body, one must carry out an inviscid flow solution. Anderson (2016) also
stated that to solve for δ∗ you need the profiles of v and ρ from the boundary layer flow solution,
but ρe and ve are dependent on the displacement thickness and this leads to an iterative solution.
In addition, Anderson (2016) gives an outline of the procedure on how to accurately determine
the displacement thickness. A brief description is given:

1. Evaluate the properties ρe and ve of the inviscid solution of the actual body.

2. With the above properties one must then solve the boundary layer equations at each point
on the airfoil contour.

3. Now you are able to calculate δ∗ with Eqn. (2.33). Anderson (2016) warns that this is
not an accurate estimation of the displacement thickness. The reason for this is that this
property is evaluated from the actual curve and not from the effective body’s curve. This
displacement thickness will function as an intermediate effective body, to calculate the
new effective body.

4. A new inviscid solution is carried out on this intermediate δ∗ to obtain new values of ρe
and ve.

5. Repeat steps 2 to 4 until a converged solution is obtained.

This procedure is different from how XFOIL models the boundary layer. A transpiration
model is used for inviscid/viscid modelling of the boundary layer, which is a non-physical
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boundary condition since it adds mass in the system to simulate the boundary layer Smith
et al. (2011).

2.2.3. Momentum thickness

Momentum thickness, θ, is an index that is proportional to the deficit in mass momentum due
to the presence of the boundary layer (Anderson, 2016). He continued by saying that this height
is described as a hypothetical stream which carries the deficit momentum flow at free stream
conditions. The momentum thickness, θ, is defined in Eqn. (2.34),

θ =

∫ y1

0

ρv

ρeve

(
1− v

ve

)
dy (2.34)

According to Schlichting et al. (2003) the momentum thickness, θ, is directly proportional to
the skin friction drag coefficient from the leading edge to the trailing edge, over the chord of an
airfoil and can be defined as,

θ ∝ 1

c

∫ c

0
(cf ) dx = Cf (2.35)

2.3. Linear Stability Theory

According to Bongers (2006), the linear stability theory provides a way to predict the natural
growth of disturbances in a laminar boundary layer. Tollmien (1930), Schlichting et al. (2003)
and others, were the developers of this theory that considers a laminar boundary layer under
small superimposed disturbances. In 1936 Ingram (1936) found that turbulence, present within
the free stream, played a role in the laminar to turbulent transition. The author stated this is
due to the fluctuation in the boundary layer that causes local flow separations. This is followed
by the transition from laminar to a turbulent boundary layer. Bongers (2006) also stated that
in flows where transition is dominated by the Tollmien Schlichting waves, this linear growth
plays a role in the transition of the boundary layer (Tollmien, 1930, Schlichting et al., 2003).
The basis of the linear stability theory is the Orr-Somerfeld Eqn. (2.36) equation, which has
been derived from the Navier-Stokes equations with parameters of fluctuations.

(u− c)
[
ψ′′ − α2

∗ψ
]
− u′′ = −i

α∗Reθ
[ψ′′′′ − 2α2

∗ψ
′′ + α4

∗ψ] (2.36)

With U = u
U , c = c

U and α∗ = αθ.

In terms of XFOIL, this theory is used to track the natural growth of disturbances in the
boundary layer. After XFOIL is able to track the highest growth of the disturbances, transition
is most likely to occur in this location.

2.3.1. The critical amplification ratio, eN , method

The A = A0 criterion of wave amplification was developed as a way to measure the amplification
of the disturbances, with A0 defined as the unknown initial amplitude of the wave at x0 and
with A known as the wave amplitude, as explained by Bongers (2006).

As a solution to the Orr-Somerfled equation, Eqn. (2.36), the value of spatial growth rate ,−αi,
is obtained. This value gives insight into the state of the waves and determines the amplification
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or damping of the waves. An equation for the amplification ratio can now be derived to organise
and manage the growth of decay rate of amplification. This equation is defined as,

A

A0
= eNcrit ; Ncrit =

∫ x

x0

(−αi)dx (2.37)

One can now write Eqn. (2.37) in a non-dimensionalised form, as Bongers (2006) explained,

Ncrit =
1

ν

∫ x
c

x0
c

(Tv)dx; T =
−αiθ
Reθ

(2.38)

In order to calculate the amplification rate, T , with the eNcrit , the stability diagrams for the
specific velocity profile must be known. As a final note, the Ncrit value is dependent on the free
stream flow turbulence associated with the quality of wind tunnel airflow, and not an arbitrary
number. According to Bongers (2006), it should be treated as a factor to bring experiments and
theory into agreement. In other words, the flow conditions within the potential uniform flow is
assumed to be laminar which is not the case for wind tunnels where the airflow experiences some
level of turbulence. This is reflected in the measured turbulence intensity of a wind tunnel. This
phenomenon can have effects on the boundary layer as premature transition is characterised
by an increase in the turbulence intensity. By correlating the amplification factor to the wind
tunnel turbulence intensity one can account for the effects of a turbulence level in a uniform
flow. The reason is to ensure reliability of the theoretical results.

2.4. XFOIL

In the article by Drela (1989), the developer discussed the mathematical modelling of XFOIL
and provided an extensive and detailed explanation. As mentioned previously, XFOIL is a
software that uses a linear-vorticity panel method. This means that the vorticity strength varies
from panel to panel in a linear way with a Karman-Tsien compressibility correction incorporated
(this correction breaks down when entering sonic conditions), allowing compressible predictions.
Source and vortex distributions are superimposed on each panel node of the airfoil with only a
source distribution on the wake. The source distributions on the airfoil and wake allow for the
modelling of viscous effects on the uniform potential flow. The displacement of the inviscid flow
is then used to model the boundary layer with a wall transpiration condition which couples the
viscid flow with the inviscid flow Smith et al. (2011). The boundary layer and wake effects are
described by a two-equation lagged dissipation integral with an envelope en transition criterion
to determine the transition point. The boundary layer and transition (viscous) equations are
then solved simultaneously with the potential flow (inviscid) equations and allowed to converge
to a final solution through a full Newton method.

2.4.1. Inviscid formulation

A two-dimensional inviscid flow field is constructed and together with the vortex and source
distributions that are present on the airfoil contour, the following stream function is obtained
for an arbitrary point in the flow field (Drela, 1989),

ψ(x, y) = u∞y + v∞x+
1

2π

∫
γ(s) ln r(s, x, y)ds+

1

2π

∫
σ(s)θ(s, x, y)ds (2.39)
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Figure 2.6. XFOIL panelling with superimposed source and vortex distributions (Drela, 1989)

where s is the coordinates along the vortex and source sheet, r is the magnitude of the vector
from s to the point (x,y), θ is the angle of r, with u∞ = q∞cosα and v∞ = q∞sinα as the free
stream velocity components. The airfoil and wake are then discretised into N panel nodes of
the airfoil and Nw panel node points on the wake. Each panel node on the airfoil has a linear
vorticity distribution defined as γi(1 < i < N) ) and a source distribution on the airfoil and
wake, defined as σi(1 < i < N + Nw + 1) associated with it. The source strength will then be
calculated and related to the viscous layer quantities through the source-influence matrix.

On the right-hand side of Fig. 2.6, the trailing edge source and vortex strength can be seen,
with ŝ, the unit vector, bisecting the trailing edge and t̂ the unit vector along the trailing edge.
Drela (1989) also incorporated the uniform source strength, σTE , and vortex strength, γTE , to
the trailing edge gap. He then defined these equations as,

σTE =
1

2
(γ1 − γN )|ŝ× t̂| γTE =

1

2
(γ1 − γN )|ŝ · t̂| (2.40)

From Fig. 2.6 it is clear that ŝ is bisecting trailing edge unit vector angle and unit vector t̂ is
tangential to the trailing edge surface. With this information and with Eqn. (2.39), the following
expression for the stream-function is obtained by Drela (1989),

ψ(x, y) = u∞y + v∞x+
1

4π

N+Nw+1∑
j=1

ψσj (x, y)2σj

+
1

4π

N−1∑
j=1

ψγ+
j (x, y)(γj+1 + γj) + ψγ−j (x, y)(γj+1 − γj)

+
1

4π
(ψσN (x, y)|ŝ× t̂|+ ψγ−N (x, y)|ŝ · t̂|(γ1 − γN ) (2.41)

Fig. 2.7 shows Eqn. (2.39) in terms of local panel coordinates x̄ - ȳ and from Fig. 2.7, Eqn. (2.42)
to Eqn. (2.44) can be defined,

ψγ+
j (x, y) = x̄1 ln r1 − x̄2 − x̄1 + ȳ(θ1 − θ2) (2.42)

ψγ−(x, y) = [(x̄1 + x̄2)ψγ+
j + r2

2 ln r2 − r2
1 ln r1 +

1

2
x̄1 − x̄2

2)]
1

x̄1 − x̄2
2

(2.43)

ψσj (x, y) = x̄2θ2 − x̄1θ1 + ȳ ln
r1

r2
(2.44)

The following system of equations is the result of requiring that the stream-function be equal
to some constant ψ0 at each node of the airfoil (Drela, 1989),
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Figure 2.7. Local panel coordinates (Drela, 1989)

N∑
j=1

aijγij − ψ0 = −u∞yi + v∞xi −
N+Nw+1∑

j=1

bijσij 1 6 i 6 N (2.45)

The matrices aij and bij are determined from the unit stream functions (Eqn. (2.42) to Eqn. (2.44))
if all the airfoil panel nodes xi,yi and the wake nodes are known, according to (Drela, 1989).
Eqn. (2.45), together with the Kutta condition,

γ1 + γN = 0 (2.46)

yields a linear (N+1) x (N+1) system of equations for the N node values γi and the airfoil
surface stream function, ψ0 Drela (1989). If an analysis is performed with known geometry
this system of equations from Eqn. (2.45) and the Kutta condition, Eqn. (2.46), can readily
be solved by Gaussian elimination. This then gives the solution to the airfoil surface vorticity
values as (Drela, 1989),

γi = cosαγ0i + sinαγ90i +

N+Nw−1∑
j=1

b
′
σj 1 6 i 6 N (2.47)

where γ0 and γ90 are the vortex distributions corresponding to a free-stream angle of attack of
0◦ and 90◦ and with b

′
ij =

bij
aij

as the source-influence matrix. From Eqn. (2.47) when setting

σ = 0 an inviscid solution is obtained at a specified angle of attack. With viscous calculations,
the source strength is known, so Eqn. (2.47) should be augmented with the boundary layer
equations to obtain a solvable closed system (Drela, 1989).

To avoid the problem with a sharp trailing edge, where the i = 1 and i = N coincide, Eqn. (2.45),
where i = N , is replaced with,

(γ3 − 2γ2 + γ1)− (γN−2 − 2γN−1 + γN ) = 0 (2.48)
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2.4.2. Viscous formulation

Drela (1989) implemented the standard compressible integral momentum and kinetic energy
shape parameter equation for the viscous formulation, along the streamwise direction, ζ. These
equations are defined as,

dθ

dζ
+ (2 +H −Me)

θ

ue

due
dζ

=
Cf
2

(2.49)

θ
dH∗

dζ
+ (2H∗∗ +H∗(1−H))

θ

ue

due
dζ

= 2CD −H∗
Cf
2

(2.50)

Drela (1989) included a third equation for a turbulent boundary layer, the lag equation for the
maximum shear stress coefficient, Cτ . As closure to the boundary layer equations, Drela (1989)
includes the following boundary layer closure equations,

H∗ = H∗(Hk,Me, Reθ)

H∗∗ = H∗∗(Hk,Me)

Cf = Cf (Hk,Me, Reθ)

CD = CD(Hk,Me, Reθ) (2.51)

From the above equations H∗ and Hk, the kinetic shape parameter, is defined as,

H∗ =
δ∗

θ
=

∫∞
0

u
U

(
1−

(
u
U

)2)
dy∫∞

0
u
U

(
1−

(
u
U

))
dy

(2.52)

and

Hk =
H − 0.29M2

e

1 + 0.113M2
e

(2.53)

From Eqn. (2.53) it is important to note that for incompressible flows Me = 0 this leads to
Hk = H, as can be seen from the same equation.

Laminar boundary layer closure

XFOIL employs the Falken-Skan one-parameter profile family for laminar flow to derive (Drela,
1989).

H∗ =

{
1.515 + 0.076 (4−Hk)2

Hk
, Hk < 4

1.515 + 0.4 (Hk−4)2

Hk
, Hk > 4

(2.54)

Reθ
Cf
2

=

−0.067 + 0.01977 (7.4−Hk)2

Hk−1 , Hk < 7.4

−0.067 + 0.0022
(

1− 1.4
Hk−6

)2
, Hk > 7.4

(2.55)

Reθ
2CD
H∗

=

{
0.207 + 0.00205(4−Hk)

5.5, Hk < 4

0.207− 0.003 (Hk−4)2

(1+0.02(Hk−4)2)
, Hk > 4

(2.56)
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According to Drela (1989), the density thickness shape parameter H∗∗, has a fairly small effect
at transonic flows. Thus the equation is given as,

H∗∗ =

(
0.064

Hk − 0.8
+ 0.251

)
M2
e (2.57)

Interactive boundary layer techniques are presented with some difficulties which arise in the
laminar boundary closures referred to as the “strong interaction problem”. According to Smith
et al. (2011), these interactions exist in the trailing edge and separation where neither the
viscous nor the inviscid flow is dominant locally and is referred to as the “Goldstein singularity”.
Within these regions, numerical interaction between the viscous and inviscid flow fails (Katz
and Plotkin, 2001). The laminar boundary layer closure equations reach a singularity at the
point where the value of Hk reaches its minimum value of 4, the previously mentioned Goldstein
singularity (Smith et al., 2011). XFOIL circumvents this problem by solving the boundary layer
and the inviscid flow simultaneously with a Full-Newton method.

Turbulent boundary layer closure

Drela (1989) derived the turbulent closure relations from the skin friction and velocity profile
of Swafford (1983). By doing so, he obtained the following closure equations,

Hk =


1.505 + 4

Reθ
+
(

0.165− 1.6

Re
1
2

)
(H0−Hk)1.6

Hk
, Hk < H0

1.505 + 4
Reθ

+ (HK −H0)2

[
0.004
Hk

+ 0.007 logReθ(
Hk−H0+ 4

logReθ

)2

]
, Hk > H0

(2.58)

where the values of H0 are given as follows,

H0 =

{
4, Reθ < 400

3 + 400
Reθ

, Reθ > 400
(2.59)

The dissipation coefficient and equivalent normalised wall slip velocity are determined with
Eqn. (2.60) and Eqn. (2.61), as described below,

CD =
Cf
2
Us + Cτ (1− Us) (2.60)

Us =
H∗

2

(
1− 4

3

Hk − 1

H

)
(2.61)

Where Cf is determined by the local boundary layer parameters. The turbulent boundary layer
is defined as,

δ = θ

(
3.15 +

1.72

Hk − 1

)
+ δ∗ (2.62)

The empirical G− β locus is used in the formulation and is defined as,

G = A
√

1 +Bβ (2.63)
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with A = 6.7 and B = 0.75 in the case of XFOIL, this is also one of the differences between
XFOIL and RFOIL. The wake of an airfoil under XFOIL flow analysis, is defined as only one
viscous layer, which means that only one θ and one δ∗ are present at each node point on the
wake contour. The wake momentum and wake displacement thickness is described as θwake =
θupper + θlower and δ∗wake = δ∗upper + δ∗lower + hTE , with hTE known as the trailing edge height.
With this a value for Cτ can now be determined,

Cτwake =
Cτ upperθupper + Cτ lowerθlower

θupper + θlower
(2.64)

2.4.3. XFOIL transition prediction

In the laminar region Drela (1989), replaced the shear stress lag equation with the equation
that governs the growth of the amplitude, n̂ (also referred to as the Ncrit value) of the most-
amplified Tollmien-Schlichting wave. In his article on the XFOIL mathematical model, Drela
(1989) stated that a separation bubble is characterised by steep gradients in the edge velocity
and the momentum thickness at the position of reattachment. This results in a jumping of
these values, ∆ue and θ in the small extent of the reattachment region. This phenomenon is
illustrated in Fig. 2.8.

Figure 2.8. Jumps of boundary layer properties at reattachment (Drela, 1989)

According to Drela (1989), Eqn. (2.65) is used to relate the jumps over a small extent of the
reattachment region and is derived by integrating the integral momentum equation over a small
streamwise distance and disregarding the skin friction.

∆θ

θ
= −(2 +H −M2

e )
∆ue
ue

(2.65)

From Eqn. (2.65) one can note that as H rapidly increases down stream, the momentum thick-
ness will jump inside the laminar boundary layer. This jump will also lead to an increase in
drag, thus the importance of finding the correct location of transition.
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This method of transition prediction employs a spatial-amplification theory, based on the Orr-
Sommerfled equations (Drela, 1989). As previously stated, this method makes the assumption
that transition occurs at a point where the the Tollmien-Schlichting waves are at their most
unstable state. This amplification factor is related to the boundary layer properties. The spatial
amplification rates of the Orr-Sommerfled equation have been solved for a wide range of shape
parameters and unstable flow, resulting in unstable frequencies. These integrated amplification
rates are approximated by a straight line, which can be seen in Fig. 2.9,

Figure 2.9. Envelope approximation

Bongers (2006) did extensive research on the transition model of XFOIL and implemented an
improved method of predicting the transition point, whereas Drela (1989) only included an
envelope version of the critical amplification ratio. In his study on this subject he presented
the so called “Drela” method, in the XFOIL coding, as,

∂N

∂ζ
=
AF ·DADR

θ
·RFAC (2.66)

where AF , DADR, and RFAC are calculated as shown,
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AF = −0.05 + 2.7
1

H + k − 1
− 5.5

(
1

H + k − 1

)2

+ 3

(
1

H + k − 1

)3

(2.67)

DADR = 0.028(Hk − 1)− 0.0345e
−(3.87

Hk
Hk−2

−2.52)2
(2.68)

RFAC =


0, RNORM < 0

3 ·RNORM2 − 2 ·RNORM3, 0 ≤ RNORM ≤ 1

1, RNORM ≥ 1

(2.69)

RNORM =
10 logReθ − (10logReθcrit)− 0.08

2 · 0.08
(2.70)

10 logReθcrit = 2.492

(
1

Hk − 1

)0.43

+ 0.7

(
tanh

(
14

(
1

Hk − 1

)
− 9.24

)
+ 1

)
(2.71)

These equations outline the relation between 10 logReθ and H to the so called “Drela” method
of transition prediction.

2.4.4. Viscous-inviscid coupling

Drela (1989), simply related the airfoil surface velocity, ue to the vorticity, on the top of the
airfoil, to γ and the bottom of the airfoil to −γ. He also derived a stream-function of the wake
and related it to the vorticity on the airfoil and source on the airfoil. He thus obtained the
following equations. For the vorticity distribution over the airfoil he declared,

uei = ±γi 1 ≤ i ≤ N (2.72)

uei = 5Ψ · n̂ (2.73)

= u∞n̂y − v∞n̂x + ΣN
j=1c

γ
ijγi + ΣN+Nw−1

j=1 cσijσj N + 1 ≤ i ≤ N +Nw (2.74)

As previously mentioned, the interaction of the viscous layer on the potential flow is modelled
by the wall transpiration condition if the local source strength sigma is equal to the local
gradient of the mass deficit m = Ueδ

∗. By combining eqns. 2.72, 2.73 and 2.74 with the local
source strength, σi = dm

dε = M(i+1)−M(i)
S(i+1)−S(i) , a generalised equation for the potential flow solution

over the airfoil and wake is obtained (Drela, 1989). The influence of the viscous layer on the
potential flow solution around the airfoil is modelled for the mass deficit on the airfoil and wake,
with,

uei = uinv + ΣN+Nw−1
j=1 dijmj 1 ≤ i ≤ N +Nw (2.75)

Where dij embodies the effect of the local mj near the trailing edge on the global uei (Drela,
1989). The Goldstein singularity poses a challenge when coupling the viscous flow with the
inviscid flow solution. To remedy this singularity problem, Drela (1989), applied the two-
integral method, which has proven to be an accurate method (Smith et al., 2011).
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2.4.5. Karman-Tsien compressibility correction

To allow for the analysis of transonic flow, Drela incorporated a comperssibility flow correction
derived by Karman-Tsien. This allows for the approximation of compressible flow parameters
from incompressible flow parameters, qinc, CPinc by,

CP =
CPinc

β + λ(1−β)CPinc
2

q =
qinc(1− λ)

1− λ( q
q∞

)2
inc

(2.76)

with β =
√

1−M2
∞ and λ = M2

∞
(1+β)2

2.4.6. The Newton solution procedure

The Newton solution plays a important part in the simultaneous solution to the inviscid equa-
tions together with the boundary layer formulations, and allows these equations to converge to
the final viscous answer. Drela (1989) derived a simple Newton method and wrote the nonlinear
equations, that needs to be solved, as,

F(Q) = 0 (2.77)

where F is the vector of equations and Q is the vector of variables. At some iteration level p,
this Newton solution can be written as,

Fp +

[
∂F

∂Q

]p
δQp = 0 (2.78)

Qp+1 = Qp + δQp (2.79)

This linearised Newton system, in Eqn. (2.78), is a very large and spare tri-diagonal coefficient
matrix, since the grids in this scheme are regular. The unknown vector, δQ, is grouped into
subvectors, containing the iterates of δθ, δmj and within the laminar boundary layer, δNcrit.
This Newton system is solved iteratively by a Gaussian elimination method. The Newton system
is defined as the following form,

[
Jij
]  δθj

δmj

δNcritj or δCτj

 =
[
−Ri

]
1 ≤ i ≤ N +Nw (2.80)

Drela (1989) made the choice of using δm as one of the Newton variables, due to its being less
complex to solve and able to allow for accurate predictions, since only in the case of δmj , are
the columns in Jij full. The columns of δθ, δCτ and δNcrit are near the diagonal. A custom
solver is then used to solve this system for one iteration of the global Newton solution.

2.5. The Squire-Young drag calculation model

The mathematical model utilised for predicting drag is known as the Squire-Young drag pre-
diction model. This model is used to calculate drag at a reference point in the downstream
of the wake, usually taken as one chord length downstream of the airfoil trailing edge. Coder
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and Maughmer (2013) explained that through integration of an integral kinetic-energy equa-
tion (with the use of specific families of laminar and turbulent profiles, like the Falkner-Skan
profile for the laminar regime) one can determine the value of the boundary layer shape factor,
H, and the momentum thickness, θ, at all streamwise locations in the boundary layer. The
authors also stated that momentum thickness at the trailing edge is reflective of the momen-
tum losses in the boundary layer; this condition at the trailing edge does not reflect a proper
control-volume momentum balance. Rather, one usually applies the Squire-Young formula to
the trailing edge condition on the upper and lower surfaces of the airfoil trailing edge to evalu-
ate their contributions to the drag coefficient. This model for drag calculation can be written
as,

Cd = 2

(
θTE
c

)(
UTE
U∞

) 5+HTE
2

(2.81)

for incompressible flow. Eqn. (2.81) is an extrapolation of the momentum deficit at the trailing
edge to the deficit that would exist in a wake far downstream (Coder and Maughmer, 2013).
It is further explained that the extrapolated quantities of Eqn. (2.81) are intended to represent
the drag that would be calculated with a true control-volume momentum balance such that the
calculated drag includes the skin friction drag and any total-pressure losses in the boundary
layer. From this study the authors were able to confirm that this drag prediction model is also
less sensitive to spurious drag that arise in the far downstream boundary layer.

2.6. Previous work done on linear vortex panel methods

Studies that have been previously done to improve upon lift and drag predictions of vortex panel
methods such as XFOIL, are discussed. These proposed improvements were implemented into
XFOIL, as will become clear in future sections and more detail including the proposed methods
will be discussed. These improvements were developed for another vortex panel method, RFOIL,
that was derived from XFOIL. RFOIL differs from XFOIL with some changes to the G−β locus
coefficients, including different profile families incorporated into RFOIL to allow for better wind
turbine airfoil performance analysis. Not much about the RFOIL program can be found, as it
is not an open source program, although some studies have mentioned improved velocity profile
families (Bongers, 2006). Nevertheless, both XFOIL and RFOIL utilise a vortex panel method
and thus the assumptions apply to both programs. It was concluded that the improvements
to RFOIL lead to improved drag and lift predictions. Thus, the purpose of the study is to see
if the improvements will improve upon XFOIL’s lift and drag predictions when implementing
these changes to XFOIL.

2.6.1. Improvements to drag predictions

The fundamental problem with drag calculations using interactive boundary layer methods
is that there is an inherent underprediction of boundary layer quantities which causes in-
accurate drag predictions. The edge velocities are overpredicted, which causes underpredic-
tion of the momentum and displacement thicknesses (Ramanujam, Ozdemir, and Hoeijmakers,
2016). In XFOIL, the standard method for the calculation of the drag coefficient is given in
Eqn. (2.82),

cd =
2[θ∞]x=∞

L
(2.82)
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with L being the chord length of an airfoil, but the formulation of the momentum thickness
in XFOIL is taken with reference to the edge velocity, instead of the free stream velocity.
Furthermore, the momentum thickness is in term of the streamwise coordinates ζ and η, instead
of Cartesian coordinates (Ramanujam, Ozdemir, and Hoeijmakers, 2016). These two definitions
of momentum thickness are not the same and may not be necessarily equal to the actual drag
on the airfoil. This assumption is reasonable in the far downstream location where ζ ∼ x and
η ∼ y coincide. Consider Fig. 2.10.

Figure 2.10. Streamwise and Cartensian directions (Ramanujam, Ozdemir, and Hoeijmakers,
2016)

The relation for drag follows from the momentum conservation along the incident flow direction,
the x- direction (Ramanujam, Ozdemir, and Hoeijmakers, 2016). This argument is explained
by the fact that there is a significant difference between a flat plate and an airfoil in terms of
the pressure distribution around the airfoil. This pressure gradient parallel and normal to the
airfoil surface, is caused by an airfoil being of finite thickness and the flat plate is considered
to have a thickness of zero. In addition, an important effect of angle of attack is that there is
an inflow on the airfoil, which is zero for the flat plate theory. As a consequence, according
to Ramanujam, Ozdemir, and Hoeijmakers (2016), the region outside the boundary layer has
a significant pressure gradient in the normal to streamline direction. Due to the presence of
this pressure gradient, the velocity outside the boundary layer, varies in the normal direction.
For the flat plate case, the edge velocity is equal to the free stream at every point outside the
boundary layer, this allows for neglecting the viscous effects in that region. This assumption
results in an overprediction of the edge velocity that leads to an underprediction of the integral
quantities’ displacement and momentum thickness (Ramanujam, Ozdemir, and Hoeijmakers,
2016), refer to Fig. 2.5.

In order to calculate the error in drag ∆θ, the error in momentum thickness must be calculated
at the end of the wake Ramanujam, Ozdemir, and Hoeijmakers, 2016 The error is defined as the
difference between the actual momentum loss thickness, θ∞, based on the free stream velocity,
and the predicted momentum loss thickness, θe, which is based on the velocity at the edge of
the boundary layer, Ue.

Results from drag improvement

Ramanujam, Ozdemir, and Hoeijmakers (2016), investigated these improvements against ex-
perimental data of various airfoils, including thicker airfoils for wind turbine applications. The
purpose of the current study is to reflect on thin airfoils, as XFOIL’s accuracy deteriorates
with an increase in the airfoil thickness. The flow analysis was performed at incompressible
flow conditions, thus M∞ = 0, and natural transition with a free stream turbulence intensity of
0.07% (Ncrit = 9). A noticeable improvement in drag predictions for the NACA 0012 (Fig. 2.11
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Figure 2.11. Comparison of Lift-Drag polars for thin airfoils (Ramanujam, Ozdemir, and Hoeij-
makers, 2016)

a.) and NACA 633-418 (Fig. 2.11 b.) airfoils was documented.

2.6.2. Improvements to lift predictions

Ramanujam and Ozdemir (2017) proposed a way to improve the lift predictions of an XFOIL-
based software. A new approach to improving lift predictions was discussed, with no detail on
how this was accomplished. The reason why vortex panel methods are less accurate at pre-
dicting the correct maximum lift value was the main focus. A new approach to the problem
was discussed and leaves the reader to make the changes without much detail given. Never-
theless, it is possible to edit the source code to calculate these improved lift predictions. First,
it is important to understand how XFOIL executes a simulation to better understand how
this improvement can give more accurate answers, Fig. 2.12 shows this process in a flowchart
format.

Figure 2.12. XFOIL flowchart (Ramanujam and Ozdemir, 2017)

An XFOIL flow analysis requires an airfoil geometric input, in the form of x and y coordinates.
The airfoil contours are then broken up into a finite number of panels and node points. The user
can prompt an inviscid or viscous analysis. Note that for a viscous analysis the inviscid flow
will also be calculated and converged with the viscous calculations to attain ‘viscous’ results
(Ramanujam and Ozdemir, 2017). After panel generation has been finalised, the inviscid case
is obtained by solving the potential flow equations to obtain the vorticity strengths at each
panel node on the airfoil. With the vorticity strength now known, the dividing streamline is
calculated and is used as the building block of the wake trajectory. Note, that this wake is
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based on the inviscid solution to the flow. The Integral Boundary Layer (IBL) equations are
initialised on the airfoil and wake with a source distribution superimposed on the airfoil contour
that represents the viscous layers and displacement effects of the boundary layer. The potential
flow equations and IBL are then allowed to converge through a full Newton method to acquire
the final solution (Ramanujam and Ozdemir, 2017).

According to Drela (1989) if an angle of attack, α, is specified, the wake trajectory for the
viscous solution is taken from the inviscid solution. This means that a viscous solution is
calculated form an inviscid wake. This statement is not correct, as viscous effects will influence
the vorticity distributions and change the wake trajectory and finally decrease the lift prediction
(Drela, 1989).

Figure 2.13. Proposed improvement flowchart (Ramanujam and Ozdemir, 2017)

Ramanujam and Ozdemir, 2017 then proposed a new approach to include the viscous effects
and these included a viscous wake. The new approach was to initially calculate the boundary
layer solution with the inviscid wake geometry and use the resulting edge velocity to update
the vorticity distribution. This then updated the wake trajectory to include the viscous effects.
This change in the wake trajectory is an indication of the change in the flow field as the wake
trajectory is a function of the flow field at the trailing edge of the airfoil. With the new wake
trajectory, the solution can then be repeated to obtain the full viscous solution. Fig. 2.13
illustrates the proposed improved approach to obtain results that are in better agreement with
experimental data.

Not much detail is presented on how this was achieved; the authors merely proposed a new
approach. With methodical inspection of the source codes, the way to achieve this is revealed.
Eqn. (2.47) is important as it is the system of equations that calculates the vorticity strength
distribution over the airfoil panels. This is the key point where the viscous edge velocity can
be used to update the vorticity strength distributions.
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Results from lift improvement

Ramanujam and Ozdemir (2017), completed the analysis and validation of this improved method
under incompressible flow conditions (M∞ = 0) with a natural transition condition and a free
stream turbulence intensity of 0.07%, setting Ncrit = 9. The study showed that even for thin
airfoils like the NACA 633− 418, there is a noticeable improvement in the lift predictions. The
effect of increasing the airfoil thickness led to severe overprediction of the lift coefficient. These
proposed changes significantly improved the lift predictions within the linear lift region and are
in better agreement with experimental data.

The NACA 633 − 418 case study (Fig. 2.14) showed that with the new improved method of
lift prediction, the maximum lift is underpredicted and the airfoil stalls earlier when compared
to experimental data. Ramanujam and Ozdemir (2017) noted that this observation is not
completely true, because the original RFOIL method drag prediction is almost identical to the
improved method. This indicates that the airfoil stalls at the same angle of attack in both
methods, contradicting the experimental data. This discrepancy in predicting the onset of stall,
that were present in all their study cases, is described as a problem with the closure relations
for turbulent flow, which regulate the onset of flow separation (Ramanujam and Ozdemir,
2017).

Figure 2.14. NACA 633-418 improved polar predictions (Ramanujam and Ozdemir, 2017)

This discrepancy is an existing shortcoming of the existing vortex panel methods that has been
masked by the lift overprediction problem (Ramanujam and Ozdemir, 2017). This problem was
noticed in the analysis of thicker airfoils (Fig. 2.15) as well, where the lift prediction has not
been completely resolved. For these airfoils the maximum lift is not being underpredicted as
seen in the other cases. The discrepancy seemed to relate to the trailing edge height, hTE .

Ramanujam and Ozdemir (2017) gave insight into the overprediction of lift problem, stating
that there are two aspects to this problem. First, this is due to the inviscid solution which has
been improved upon and secondly, due to the trailing edge panel method formulation, where
a source strength is associated with the trailing edge panel. The latter leads to a behaviour
where mass is ejected from the trailing edge, resulting in a reduction in base pressure, affecting
the pressure distribution on the airfoil surface as well as in the wake.

It was shown that the wake update approach made noticeable improvements, as was observed
in the study cases on thin and thick airfoils. The post-stall lift and drag predictions are still
not accurate with the improved method as this type of computational method for predicting
flow becomes inaccurate as the boundary layer becomes too thick when separation sets in
(Ramanujam and Ozdemir, 2017), leading to a general inaccuracy in the results near and post-
stall.

Improvement of XFOIL lift and drag predictions 27



School of Mechanical Engineering

Figure 2.15. AH 93-W-300 improved polar predictions (Ramanujam and Ozdemir, 2017)

2.7. Conclusion

In the first section of the literature study, a background into potential flow theory was given
which allowed for insight into basic flow calculations which lay the foundation of how these
calculations are done in XFOIL. The algorithm of XFOIL is complex and with this knowledge
a fundamental understanding of the program structure was obtained so that changes could be
implemented.

Some changes which are suggested by literature involve substantial alterations to the structure
and sequencing of the calculations. In future sections, this will be discussed in more detail. From
the literature study it is clear that it is possible to improve upon the lift and drag predictions
given by XFOIL (vortex panel methods). There were logical explanations for the original algo-
rithm strategies which led to larger deviations from experimental data as shown by Ramanujam,
Ozdemir, and Hoeijmakers (2016) and Ramanujam and Ozdemir (2017). These proposed im-
provements were implemented to the program RFOIL and validated against experimental data
showing noticeable improvements. Drela (1989) supplied open source information on XFOIL
that simplifies the process of implementing changes to the source code.
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3. Chapter 3: Standard XFOIL validation

In this chapter, an investigation has been done to study the sensitivity of XFOIL results relating
to the number of panels that are generated over the airfoil contour. XFOIL allows for the
calibration of lift and drag predictions by taking the free stream turbulence intensity into
account. This has been achieved by defining the turbulence intensity as a function of the
amplification factor. The value of the amplification factor is not a number that can be arbitrarily
selected, rather it should reflect on the wind tunnel’s quality.

Panels are generated over the airfoil contour and the operator is able to edit the panel con-
figuration by changing the total number of panels and panel density distributions. From the
literature survey it is shown that the results of XFOIL are sensitive to the number of panels that
have been specified. Therefore, an investigation is required to establish the number of panels
needed to obtain accurate lift and drag predictions, to reflect on the accuracy of XFOIL lift and
drag predictions as well as the number of panels related to the geometry of the airfoil. Thus,
if a small number of panels is used, one can obtain inaccurate predictions. The reason for this
is that the geometry of the airfoil is less captured from this small number of panels leading to
sharp edges in the geometry. By increasing the number of panels more of the airfoil geometry
is captured, thus increasing the reliability of the predictions.

This investigation includes a panel sensitivity study and a amplification factor study to calibrate
the software to provide reliable solutions. The validation cases were performed at Reynolds num-
bers ranging from 1×106 to 3×106. The airfoils that were employed for the method validation is
the NACA 0012, NACA 633-418, FX61-163, FX66-S-196 and the E603 airfoils. The FX61-163,
FX66-S-196 and E603 airfoils find their application in the sailplane industry and the NACA
633-418 airfoil, in the wind turbine industry. These airfoils are thin, with low thickness to chord
ratios, and will be validated against their respective experimental data obtained from various
sources. These sources include wind tunnel data obtained from the university of Stuttgart,
NACA LTT facility and data obtained from TU Delft experiments.

It has been mentioned previously, that wind tunnel measurements do not represent the ultimate
truth of flight characteristics of an airfoil, but they are flawed, as uncertainties arise in wind
tunnel experiments. Both the numerical and experimental data are used together to better
understand actual flight performance. Numerical methods have flaws, such as the Goldstein
singularity that arises near, at and after flow separation, which makes the prediction of the
onset of flow separation difficult.

Unfortunately, the uncertainties in wind tunnel testing are very difficult to access. The reason
relates to measurement procedures, which typically differ between tunnels. In addition, tradi-
tional error analyses cannot be applied straightforwardly because some error sources cannot be
quantified directly and even can strongly depend on the test object. For example: the spectral
distribution of the turbulence intensity can be important for transition on an airfoil with a long
laminar run, whereas a slightly different airfoil (or the same one at another angle of attack)
may be more insensitive to the same free-stream disturbance.

At high angles of attack, experimental measurements are not as accurate compared to smaller
angles due to the larger distance between the total pressure hole for flow measurements in the
wake (Fuglsang, Antoniou, and Sørensen, 1998). Also, the theoretical airfoil may differ from
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the testing airfoil, which in the case of the previous study has been manufactured to a tolerance
of 1 mm. Corrections had to be made on the downwash and streamline curvature as they result
in a change in the angle of attack due to the appearance of an induced velocity normal to the
flow direction and the airfoil section (Fuglsang, Antoniou, and Sørensen, 1998). Fuglsang and
Bove (2008) showed that minor imperfections of the bushings with taps in the walls caused a
small scattering of the results, which had to be corrected mathematically to calculate lift. Both
the numerical methods and experimental measurements have flaws in their final measurement
or predicted results. When both methods suggest similar tendencies, it might contribute to the
understanding of actual flight performances.
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3.1. NACA 0012 airfoil: Wind tunnel data vs XFOIL predictions

This is a thin, symmetrical airfoil, with a thickness of 12% relative to the chord length and
which is used in wind turbine applications due to its good lift-to-drag ratio. The experimental
data was obtained from experiments done by Miley (1982), who studied and documented airfoil
experimental data. The author’s work was published in Miley (1982) and it enabled engineers
to use the data for two-dimensional validation purposes. This particular experimental analysis
was completed at the University of Stuttgart at wind tunnel IAG #1. The experiment was
performed at a Reynolds number of 3×106 with a turbulence level of 0.03%. This performance
analysis was conducted at an angle of attack range from 0◦ up to 12◦. Within this range this
airfoil obtained a lift-to-drag ratio of 86.
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Figure 3.1. NACA 0012 airfoil
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Figure 3.2. NACA 0012: Experimental data against the panel sensitivity analysis with Ncrit = 11
and Re = 36

Note in Fig. 3.2 that the values are close in range and do not have a significant change against
the experimental data. Thus, this airfoil is not sensitive towards the number of panels, as the
following airfoils will show.

3.1.1. NACA 0012: Discussion of validation results

From the investigation it is clear that XFOIL is more than capable of analysing thin airfoils,
especially with a geometrically symmetrical shape. In Fig. 3.2 the convergence of the values with
an increase in panel numbers is observed. This increase in accuracy is within 1%, concluding
than this airfoil’s performance in predicting polar predictions is insensitive to the change in
panel numbers. It is generally known that increasing the number of panels will give higher
accuracy, as more detail of the geometrical shape is captured.

A study on the sensitivity of XFOIL towards the amplification factor, Ncrit, was completed and
is shown in Fig. 3.2. The value of the amplification factor is, as mentioned earlier, a reflection of
the wind tunnel quality. This means that a turbulence level of 0.03% is equal to a Ncrit value of
11. These values are then compared to the standard XFOIL amplification factor of 9. Fig. 3.2
clearly shows the difference in predictions with an amplification factor of 11. This results in an
under prediction of lift and drag according to the experimental data.

XFOIL was able to accurately predict the shape of the lift vs drag predictions of the experimental
data, but with a slight offset from the experimental data. This shows the need for improving
XFOIL, to ensure values are in closer proximity to the experimental data. It is also important
to note that the analysis of this airfoil was performed at 1◦ increments as no adverse changes
were observed in the shape of the curve of XFOIL’s predictions.
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3.2. NACA 633-418 airfoil: Wind tunnel data vs XFOIL predictions

This airfoil finds its application in the wind turbine industry. The current airfoil along with the
previous one, is thin in reference to other wind turbine airfoils, which are up to 40% thicker.
This particular airfoil has a thickness of 18% and a camber of 2%. The experimental data
was obtained from experiments done by Abbott and A.H. (1959). Their work was included in
their book which was first published in 1949 and republished in 1959. The experiments were
performed at a Reynolds number of 3×106 and at an angle of attack range from -6◦ up to 11◦.
Within this range the authors obtained a maximum lift-to-drag ratio of 126, remarkably higher
than the symmetrical airfoil.
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Figure 3.3. NACA 633-418 airfoil
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Figure 3.4. NACA 63,3-418: Experimental data and the panel sensitivity analysis with Ncrit = 9
at Re = 3×106

Note that an increase in the number of panels does not have adverse effects on the prediction
of lift and drag polars. At high angles of attack, significant changes can be observed, but this
might be associated with the tendency of XFOIL’s lift and drag predictions to decay at stall
conditions.
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Figure 3.5. NACA 63,3-418: Experimental data with multiple Ncrit values at Re = 3×106

3.2.1. NACA 63,3-418: Discussion of validation results

Once again, the panel sensitivity investigation shows that the analysis of the airfoil performance
and its results are insensitive to the number of panels over the airfoil contour. At high angles
of attack there is a remarkable difference in lift and drag predictions and in such situations
XFOIL is most inaccurate due to the collapse of the Kutta condition, superimposed on the
trailing edge.

In Fig. 3.4 convergence is clear with an increase in panel numbers. Also recognisable is the
offset of XFOIL predictions to the experimental data, in Fig. 3.4. This is rather similar to the
offset observed in the NACA 0012 case. From the experimental data, recorded by Abbott and
A.H. (1959), no turbulence level value was given to compare the standard XFOIL amplification
factor to, thus the effect of increasing and decreasing the amplification factor was investigated.
When increasing the Ncrit value to 10, a decrease in the accuracy of the predictions was noticed
as drag became more underpredicted. The reason for this is that transition is predicted further
downstream which leads to reduced drag at the specified angles of attack. When the Ncrit value
was decreased to a value of 8, drag is less underpredicted, but a divergence in lift predictions
from the experimental data is observed. Another observation made was that if the Ncrit value
was decreased even further, the offset of the XFOIL predictions was still present.

One can observe that once again XFOIL was able to capture the lift vs drag curve shape, in
reference to the experimental data. but it is at an offset of the experimental data. This suggests
a fundamental problem with XFOIL predictions as outlined in Chapter 2. Also, the deviation
at high angles of attack causes a divergence from the experimental data. This observation has
already been explained.
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3.3. FX61-163 airfoil: Wind tunnel data vs XFOIL predictions

The next airfoil under investigation, is a Wortmann airfoil. This airfoil is used as the root wing
of the ASW-19 Standard Class sailplane, manufactured by Alexander Scheicher Segelflugzeug-
bau. The airfoil has a maximum thickness of 16.3% with a camber of 2.6%. The wind tunnel
experiment was conducted at a Reynolds number of 1,5×106 at an angle of attack range from
-5◦ up to 11◦. The XFOIL analysis with smaller 0,5◦ increments obtained the same overall
shape in comparison with the experimental data. This airfoil was examined with the standard
XFOIL Ncrit value against the wind tunnel, corresponding to a turbulence level of 0.04% which
gives a Ncrit = 10.32.
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Figure 3.6. Wortman FX61-163 airfoil
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Figure 3.7. FX61-163: Experimental data against the panel sensitivity analysis with Ncrit = 10.32
and Ncrit = 9 at Re = 1,5×106
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3.3.1. FX61-163: Discussion of validation results

With the analysis of this airfoil the dependence of the number of panels was especially noticed
at stall conditions. A higher number of panels ensured a tendency toward the experimental
data. However, no significant difference in lift vs drag predictions was observed at the linear
lift region and at low angles of attack. This indicates that the airfoil is able to approximate the
trailing edge better at the same angle of attack, with a higher number of panels.

It is clear from this study, including the previous cases, that XFOIL can accurately predict the
over shape of the lift vs drag curve. This is once again evident from Fig. 3.7. Also, observable
is the offset that arises which was also observed in the previous cases.

The effect of the change in the amplification factor was also studied compared to the standard
XFOIL practice with the quality of the wind tunnel taken into account, as in Fig. 3.7. It
seems as if the change in the value of the amplification factor does not have a major effect
on the predictions. Nevertheless, This will be the standard practice throughout this report, to
compare the standard XFOIL amplification value against the quality correlated value of the
wind tunnel.
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3.4. FX66-S-196 airfoil: Wind tunnel data vs XFOIL predictions

This airfoil is designed by Prof. F.X. Wortmann for the University of Stuttgart (Gooden, 1979)
for the application in the sailplane industry. The experimental data was obtained from an
experiment done at the University of Stuttgart wind tunnel, the data was published by Gooden
(1979). This airfoil has a thickness of 19% and a camber of about 3%. The experiments were
conducted at a Reynolds number of 2×106 and the data at a angle of attack ranging from -5◦ up
to 8.5◦. Within this range this airfoil reached a maximum lift-to-drag ratio of 125. According to
Lasauskas and Naujokaitis (2009), the wind tunnel quality is high, resulting in a low turbulence
level of up to 0.04%.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.1

x/c [-]

y
/c

[-
]

Figure 3.8. Wortmann FX66-S-196 airfoil
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Figure 3.9. FX66-S-196: Experimental data with Ncrit = 9 and Ncrit = 10.32 at Re = 2×106
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3.4.1. FX66-S-196: discussion of validation results

Convergence to a more accurate prediction of the polar plots is clear From Fig. 3.9. Increasing
the number of panels, results in improved predictions of the lift and drag predictions at stall
conditions. This becomes clear when considering Fig. 3.9. Another tendency of XFOIL is
evident, which is yet again the presence of the offset of the predicted values to the experimental
data. By increasing the number of panels one can observe that the increase in panels has little
effect on the low angle of attack range or on the linear lift region, but at high angles of attack
the predicted values tend towards the experimental data.

The wind tunnel turbulence level was measured as 0.04%, resulting in an amplification factor
of 10.32. This value of Ncrit for the experimental condition was then compared to the standard
XFOIL amplification value. The results can be seen in Fig. 3.9. From this graph it is evident
that the increase in amplification value causes the XFOIL lift vs drag curve to tend towards the
experimental data with a widening of the predicted value in the low and high angles of attack
regions. No significant difference is observed within the linear lift region. It is noticeable that as
the amplification factor is increased, the shape of the curve of the experimental data is similar
to what is calculated by XFOIL, but with the offset of the XFOIL values to the experimental
data.
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3.5. E603 airfoil: Wind tunnel data vs XFOIL predictions

The airfoil E603 is designed by R. Eppler for the Astir sailplane (Lasauskas and Naujokaitis,
2009). This sailplane has a 15 m wing span with an aspect ratio of 18.2 m capable of carrying a
payload of 195 kg. The airfoil is designed with a thickness of 19% and a camber of 3.6%. Wind
tunnel experiments were conducted on this airfoil and were published in Althaus (1996). The
wind tunnel experiments were conducted at a Reynolds number of 1×106 at the University of
Stuttgart. In a study done by Lasauskas and Naujokaitis (2009), the wind tunnel turbulence
level of 0.04% was recorded but this was not adjusted in their investigations. Lasauskas and
Naujokaitis (2009) explained the reason for this was that the amplification factor has a different
meaning in the PROFIL05 software developed by R. Eppler, compared with XFOIL’s envelope
transition prediction method. The effect of the change in the amplification factor value was
studied in this report and is shown in Fig. 3.11.
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Figure 3.10. Eppler-603 airfoil
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Figure 3.11. E603: Experimental data against Ncrit = 9 and Ncrit = 10.32 at Re = 1×106
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3.5.1. E603: discussion of validation results

From Fig. 3.11 the effect of increasing the number of panels is clear. The most notable is
observed in Fig. 3.11, with 360 panels. The difference is quite obvious and points out the reason
why a panel sensitivity investigation is required. By increasing the number of panels a more
accurate solution is obtained. This increase in the number of panels does not have a significant
effect on the linear lift region predictions, but it has a major effect in capturing the overall shape
of the experimental data. The increase in panel numbers results in a more accurate prediction in
the high angles of attack region, at stall conditions. It also allows for more accurate prediction
at low angles of attack.

It is also observed that the XFOIL predictions and the experimental data are not quite in accor-
dance, and yet again XFOIL is predicting inaccurate predictions, as is evident from Fig. 3.11.
The offset of XFOIL predictions and experimental data is clear. Also, the effect of the ampli-
fication value, in Fig. 3.11, is evaluated. The effect is quite clear, with a tendency towards the
experimental data. This increase in XFOIL predictions is a reflection of the quality of the wind
tunnel, leading to a less accurate capture of the overall shape of the experimental data.

3.6. Conclusion

In conclusion, to ensure the highest level of accuracy, it is important to remember that an
increase in the number of panels will allow for a higher accuracy of predictions in XFOIL. Thus,
for further evaluation, the number of panels set on the analysis of an airfoil in XFOIL will be
conducted at a number of panels of at least 360, ensuring the highest order of accuracy. This
is evident from the validation study of the original XFOIL program, conducted in this section.
Additionally, there is no limit to the available resources required to perform the analysis on.
Thus, the maximum number of panels allowable on the software was used.

Each individual case will be analysed at different angle of attack increments, so as to ensure
that complex shapes of the lift vs drag curve are captured. In the case of the NACA 0012
and NACA 633 − 418 airfoils, the angle of attack increments will be at 1◦ increments. This is
because the overall lift-to-drag shape is not that complex when compared with the FX61-163,
FX66-S-196 and E603 cases, that find their application in the design of sailplanes.

In addition, the validation of these airfoils shows that XFOIL struggles to accurately predict the
performance of sailplane airfoils. This is due to the fact that sailplane airfoils are designed to
create maximum lift with low drag. The result is an airfoil with strong curvature over the top and
bottom. This is where XFOIL’s fundamental mathematical models, panel configurations and
assumptions are less efficient, as the program is less accurate at performance predictions with
strong pressure gradients over the top and bottom of the airfoil. As will be seen in later sections
and as was discussed in Section 2.6, fundamental issues with mathematical assumptions lead
to the inaccurate predictions of XFOIL.
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4. Chapter 4: Improvements made to XFOIL

From the investigations in the previous chapters it was realised that XFOIL requires some
updates to its model to allow for lift and drag predictions to be in better agreement with
experimental data. In this chapter, the proposed improvements to the XFOIL source code will
be discussed, as explained by Ramanujam, Ozdemir, and Hoeijmakers (2016) and Ramanujam
and Ozdemir (2017). An overview was given in Section 2.6. Details on what the authors
did to improve upon the less accurate assumptions will be become clear in this section for
the drag improvements. A mathematical correction was derived to allow for improved drag
predictions. It was shown that underprediction of the boundary layer quantities were the cause
of the discrepancy in the momentum thickness calculations. For the proposed improved lift
predictions it was noted that an inviscid solution is used to find the solutions to a viscous
analysis. Both methods require knowledge of potential flow, as these updates are not changes
to manipulate and randomly change values to improve XFOIL prediction, but are logical and
scientifically correct.

The proposed drag improvements are based on mathematical changes as a corrected momen-
tum thickness is calculated from a formula derived by Ramanujam, Ozdemir, and Hoeijmakers
(2016).The proposed lift improvements are presented as a recalling of the calculated edge ve-
locity. This is then used to update the vorticity strengths to include a viscous wake trajectory..
Some of the source codes had to be changed to allow for a condition to be met before continu-
ing with normal calculations. All the work done here was done meticulously as XFOIL utilises
FORTRAN to perform its calculations and it is easy to inadvertently change code that is best
left alone. A complete inspection of the source code was required to obtain the location of the
lift and drag calculations. Important aerodynamic assumptions are also necessary and to be
kept in mind. Parameters are described in various ‘.INC’ files within the source codes, to assist
the parameter hunting process. More detail on how this is obtained is given in the following
subsections.

Note that the purpose of this section is to give insight into how the implementation of these
intended improvements were done. The validation of this new improved method will follow in
later chapters of the dissertation.
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4.1. XFOIL program execution

To better understand how and where these improvements were implemented to XFOIL, an
overview of the XFOIL program execution steps is given to clarify the process. First, the
software requires some user inputs to initiate an aerodynamic flow analysis. These are standard
steps taken when performing a flow analysis in XFOIL. The user supplies the program with
airfoil coordinates as input data. Panels are then generated over the airfoil contour and can
be adjusted by the user in the ‘PPAR’ function. After this process the influence matrix is set
up. To perform a flow analysis, the user can prompt the ‘oper’ operation to initiate an inviscid
solution. An angle of attack input then establishes the stream function and the source and
vortex distributions are superimposed onto the airfoil contour. The user can then initiate the
viscous solutions by prompting ‘visc’ and adjusting the Reynolds number. With the viscous
flow analysis active, an angle of attack is required as input to the viscous solution. In Fig. 4.1 an
illustration is shown of the subroutine execution of XFOIL to perform a viscous flow analysis.
The exact subroutines in XFOIL can be found in Appendix A.

Figure 4.1. XFOIL program execution steps

If an angle of attack is specified, XFOIL then utilises subroutine ‘SPECAL’ to perform calcu-
lations. ‘SPECAL’ then calculates the values of the vorticity strength at the top of the airfoil
as well as at the bottom. If only an inviscid solution is required, vorticies with the unknown
strengths are then superimposed on each panel through GAM(I) = f (GAM(I, 1), GAM(I, 2)),
recall Eqn. (2.47). This value, GAM(I), represents and invisid solution of the vortex strengths.

If the viscous analysis is prompted, XFOIL then utilises the subroutine ‘VISCAL’ to calculate
and set the viscous parameters. First, to initiate the viscous calculation, a wake is required.
Subroutine ‘XYWAKE’ calculates the wake coordinates from the wake stream function, which
in itself is a function of the vortex strengths. The subroutine ‘QWCALC’ is then utilised to
set up the source influence matrix and calculate the viscous parameters. From Fig. 4.1, it is
clear that from the calculated inviscid matrix, the edge velocity is obtained. These parameters
are then recalled into the ‘xfoil.f’ source file to calculate the drag and lift coefficients and other
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polar parameters.

4.2. Drag improvements implementation

As mentioned by Ramanujam, Ozdemir, and Hoeijmakers (2016), there is an overall tendency of
panel methods to overpredict the boundary layer edge velocity that causes an underprediction
of the momentum thickness, θ. Therefore, the error in momentum thickness, ∆θ was proposed
to correct θ at a point (1 chord length behind the trailing edge) in the far downstream wake.
It was argued that the momentum thickness definition is different from what is calculated by
XFOIL, at that point. The definition of momentum thickness is given as the momentum loss
in the x- and y-directions and not a function of the streamwise direction, nor a function of the
boundary layer edge velocity, but a function of the freestream velocity, in the far downstream
wake. Thus, the proposal was that the error in momentum thickness prediction is the difference
between the actual momentum thickness and the predicted momentum thickness.

∆θ = θ∞ − θe (4.1)

which is then rewritten as,

∆θ =

∫ δ

0

u

U∞

(
1− u

U∞

)
dy −

∫ δ

0

u

Ue

(
1− u

Ue

)
dy (4.2)

This equation can then be simplified to,

∆θ =

(
Ue
U∞
− 1

)[
θe +

Ue
U∞

(δ∗e + θe − δ)
]

(4.3)

The authors noted that δ∗e =
∫ δ

0

(
1− u

Ue

)
dy and also that in XFOIL, H1 = δ−δ∗e

θe
. Again,

Eqn. (4.3) can be rewritten to obtain,

∆θ = θe

(
1− Ue

U∞

)[
Ue
U∞

(H1 − 1)− 1

]
(4.4)

Drela, 1989 used a simplified form of H1,

H1 = 3.15 +
1.72

Hk − 1
(4.5)

This expression is based on experiments that correlate the expression, H1 = δ−δ∗∞
θ∞

, thus, using
the edge velocity-based values will result in an overprediction of the H1 value (Ramanujam,
Ozdemir, and Hoeijmakers, 2016). From Eqn. (4.5) it is clear that the value of H1 is only
dependent on the kinetic shape parameter, Hk, which is the same as the shape factor with
incompressible flows. It has been mentioned that for the value where H1 tends to unity, the
value of H becomes significantly high, which occurs at the far downstream position where
the value of H tends to unity. A correction to the value of H1 was suggested, by introducing a
constant multiplier, g, to H1, with condition g < 1. This expression is shown in Eqn. (4.6),

∆θ = θe

(
1− Ue

U∞

)[
Ue
U∞

(gH1 − 1)− 1

]
(4.6)
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This equation can then be rewritten into its final form and then substituted into the Squire-
Young drag model.

θ∞ = θe + ∆θ = θe

(
1 +

(
1− Ue

U∞

)(
Ue
U∞

(gH1 − 1)− 1

))
(4.7)

The correction multiplier value, g, is dependent on the turbulent boundary layer method that
is used by the solver. The authors then derived an expression for this value.

g =
A2B

42.084(1 + xCτEQ)
(4.8)

with A and B the values of the G−β equilibrium locus, and xCτEQ is the equilibrium shear stress
coefficient multiplier for the wake, which in the case of XFOIL is equal to one. This results in
the value of g being equal to 0,4 for the XFOIL solver. A detailed view of the improvement can
be found in Appendix A.1, as implemented into XFOIL source codes.

4.3. Lift improvements implementation

The lift improvements were not supplied with direct code, instead the reader is given a new
approach to the perceived improved lift predictions. This method includes a viscous wake
trajectory to allow for predictions that are in better agreement with experimental results. If
angle of attack is specified, the wake trajectory is taken from an inviscid solution at the specified
angle of attack (Drela, 1989). In general, viscous effects reduce the lift produced by an airfoil
(Ramanujam and Ozdemir, 2017). The new approach that had been proposed was to initially
calculate the boundary layer solution with the inviscid wake trajectory and then use the resulting
edge velocity distribution to update the vorticity distribution and subsequently the stream
function. A detailed explanation is located in Appendix A.1.2, and it includes the XFOIL
source code and show how these changes were implemented.

To explain what changes had to be made to XFOIL to include this viscous wake trajectory,
consider Fig. 4.1. When an angle of attack is specified, XFOIL then utilises the subroutine
‘SPECAL’ to find the inviscid solution. It is clear from Fig. 4.1, that at this point the vorticity
strengths had been calculated. If the viscous solution is invoked, the program then utilises
the subroutine ‘VISCAL’ to find the viscous solution to calculate the viscous edge velocity. To
include this edge velocity, one makes use of Eqn. (2.72), to update the vorticity strengths.

The new approach also requires some editing of the normal execution of XFOIL routines. A
change had to be made on how the program executed its calculations to include the viscous
wake. This was achieved by allowing the program to prompt an angle of attack. When the
user specifies the angle of attack, XFOIL must perform its usual calculations until the quantity
QVIS(I) is calculated. This quantity, QVIS(I) is known as the viscous edge velocity and is
superimposed on each point, I, on the airfoil contour. After this step is completed, the program
then has to check if the value of QVIS(I) exists. If it does, the vorticity distribution, GAM(I),
should then be updated to the edge velocity, QINV(I), through Eqn. (2.72). To achieve this
the program has to recall the subroutine ‘SPECAL’ and update GAM(I) with the edge velocity.
From there on XFOIL can continue its normal execution steps to perform an aerodynamic
analysis. By implementing this new approach, one is able to obtain a viscous wake, because
with the new vorticity distribution a new stream function is calculated and the trajectory of the
wake is changed. A reduced downwash of the wake was expected and recorded by Ramanujam
and Ozdemir (2017).
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4.4. Method verification

To verify that the that the proposed methods have been implemented correctly, a verification
step was done to make sure this was the case. Ramanujam, Ozdemir, and Hoeijmakers (2016)
and Ramanujam and Ozdemir (2017) implemented these changes to RFOIL and validated the
method. In this study, the methods were implemented in XFOIL. The major difference between
XFOIL and RFOIL is that RFOIL can better predict the performance of thick airfoils. The
verification step was divided into two subsections, namely, the verification of drag and lift.

4.4.1. Improved drag method verification

Ramanujam, Ozdemir, and Hoeijmakers (2016) proposed a formulation to correct the underpre-
dicted momentum thickness at a point in the wake downstream (1 chord length). In XFOIL, the
drag coefficient of an airfoil is calculated by application of the Squire-Young model in the wake.
This method is referred to as far-field drag estimation because the drag is calculated in the
wake. From Le Roux and Bosman (2019), far-field methods of drag estimation are insensitive
to discrepancies in drag, as near-field methods are overly sensitive to grid definition that yield
artificial drag within the total drag estimation. From Ramanujam, Ozdemir, and Hoeijmak-
ers (2016) and Eqn. (4.7) the formulation of the corrected momentum thickness is given. By
applying the Squire-Young model of drag estimation, this new equation is obtained,

cd =
2

c
(θ)

(
ue
U∞

) 5+HTE
2

=
2

c
(θe + ∆θ)

(
ue
U∞

) 5+HTE
2

(4.9)

The parameters θ, ueU∞ and HTE are included in the equation to determine the drag coefficient.

The verification analysis was done at an angle of attack of 4◦, with Re = 3×106 and Ncrit =
9.

Airfoil NACA 0012
θ 3.181× 10−3

ue
U∞

0.993

Hk 1.046
H1 40.375

Table 4.1. XFOIL calculated parameters for Re = 3× 106 and Ncrit = 9 at 4◦

Substituting these values for each parameter, as calculated by XFOIL, into the correction equa-
tion Eqn. (4.6), the value of the delta theta is determined to be equal to 3.063 × 10−4. This
value corrects the underprediction of the momentum thickness at a distance downstream in the
wake. The obtained value of ∆θ, is then added to the XFOIL predicted momentum thickness,
θe; the Squire-Young model is then applied to calculate the corrected drag coefficient.

cd =
2

1
(3.181× 10−3 + 3.063× 10−4)(0.993)

5+1.046
2 = 0.00683 (4.10)

When running an analysis in XFOIL with the new method and the same flow conditions,
the same value is obtained as what was expected and calculated here by hand. Ramanujam,
Ozdemir, and Hoeijmakers (2016) validated the proposed drag correction method implemented
into XFOIL against experimental data but did not change the value of Ncrit to match the
turbulence intensity of the wind tunnel. The results obtained from their validation can be used
to verify whether the method had been correctly implemented in the current investigation using
the same value of Ncrit. During the verification investigation the lift improvements had not
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yet been implemented and it can be observed that the new method has no effect on the lift
predictions of XFOIL. This was to be expected as the method is only a numerical correction of
the momentum thickness at a point in the wake where the streamwise and normal coordinates
are equivalent to the x and y directions.

The new method was then verified against a range of angles of attack, corresponding to the
range of results obtained by Ramanujam, Ozdemir, and Hoeijmakers (2016). The analysis was
done from −4◦ up to 12◦ with the same flow conditions (Re = 3×106 and Ncrit = 9). The results
from the verification step can be observed in Fig. 4.2. The results show that the results from
Ramanujam, Ozdemir, and Hoeijmakers (2016) and from the current study are in agreement
with one another, suggesting that the method was successfully implemented in XFOIL.
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Figure 4.2. Verification results with Re = 3× 106 and Ncrit = 9

4.4.2. Improved lift method verification

To verify the new approach that had been implemented to XFOIL, it was necessary to verify
whether the changes in the source code perform as was expected and conform to the method
proposed in Ramanujam and Ozdemir (2017). Thus, an update to the vorticity strengths was
expected and was observed during the verification steps. The approach is to use the resulting
edge velocity to update the vorticity strength distribution. To achieve this, the value of QINV(I)
should update the GAM(I) parameter. This was achieved by allowing XFOIL to perform a
normal aerodynamic analysis, then use the resulting QINV(I) to update the vorticity strength
distribution, GAM(I). This solution seems to be simple but it required intensive study of the
XFOIL source files to obtain and implement these changes. Other lift-improving studies are
shown in Chapter 6 under the subsection Recommendations.

Referring to Appendix A.1.2, the source code of how GAM(I) is calculated by XFOIL is
shown in lines 2819 and 2820. Initially, XFOIL was allowed to perform its usual calculations.
The code from Fig. A.3, shows that XFOIL must complete the analysis a second time to allow
for the updating of the vorticity strengths. When the second loop is initiated, the program
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should then use the QINV(I) value to update the GAM(I) distribution. To verify that this is
the case one must consider the value of GAM(I) as it is updated. The following equations are
used to calculate the GAM(I);

GAM(I) = GAMU(I, 1)cos(α) +GAMU(I, 2)sin(α) (4.11)

GAM−A(I) = −GAMU(I, 1)sin(α) +GAMU(I, 2)cos(α) (4.12)

The values of GAMU(I,1) and GAMU(I,2) are calculated from the influence matrix. These
values are calculated initially. The effect of the angle of attack on the GAM(I) distribution is
then modelled by the above equations. To implement the update of the vorticity strengths, the
equations are changed at the second iteration:

GAM(I) = QINV (I)cos(α) +QINV (I)sin(α)

GAM−A(I) = −QINV (I)sin(α) +QINV (I)cos(α)

For verification purposes the airfoil HPH y n1 will be used for the analysis with Re = 1.5 ×
106, Ncrit = 9 at angle of attack = 4◦ and 14◦. The first step in calculating lift prediction
is determining the values of GAMU(I,1) and GAMU(I,2), which is calculated by XFOIL, at
an angle of 4◦. One can then calculate the expected value with the initial equations, for
example,

GAM(1) = GAMU(1, 1)cos(4◦) +GAMU(1, 2)sin(4◦)

= 0.8385cos(4◦) + (−0.0572)sin(4◦)

= 0.8324

This value is equal to the value produced by XFOIL. The full range of values for GAM(I) is
calculated using the same equations for I = 1 to 360. The following table shows the expected
value of GAM(I) against the XFOIL predicted value.

I QINVU(I,1) QINVU(I,2) Expected GAM(I) XFOIL GAM(I)

1 0,8385 -0,0572 0,8324 0,8324
60 1,3147 0,7918 1,3668 1,3668
100 1,3665 1,5049 1,4681 1,4681
160 1,0947 5,7465 1,4929 1,4929
200 -0,9939 9,6497 -0,3183 -0,3183
260 -0,9921 1,3761 -0,8937 -0,8937
300 -0,9914 0,8031 -0,9329 -0,9329
360 -0,8385 0,0572 -0,8324 -0,8324

Table 4.2. Expected GAM(I) against XFOIL calculated values with first iteration calculations at
α = 4◦

The expected value is equal to the value predicted by XFOIL. At this angle of attack and
vorticity strength distribution the lift coefficient prediction is equal to 1.061. This value is also
obtained when performing a flow analysis, with the same flow conditions, on an unedited version
of XFOIL. After the first iteration has been completed, the value of QINV(I) is obtained. With
this value now known, the updated GAM(I) can be calculated,

Improvement of XFOIL lift and drag predictions 47



School of Mechanical Engineering

GAM(1) = QINV (1)cos(α) +QINV (1)sin(α)

= 0.8324cos(4◦) + 0.8324sin(4◦)

= 0.8885

With the full range of values of I, the expected value of the new GAM(I) can be calculated
(Table 4.3). Note that XFOIL sets the value of QINV(I) = GAM(I), which gives the inviscid
solution to a viscous analysis. According to Ramanujam and Ozdemir (2017), the resulting
edge velocity distribution should be used to update the vorticity strengths. The following table
shows the expected value of the new GAM(I) distribution against the XFOIL calculated value
for the full range of I.

I QINV(I) Expected updated GAM(I) XFOIL updated GAM(I)

1 0,8324 0,88846 0,88846
60 1,3668 1,45879 1,45879
100 1,4681 1,56695 1,56695
160 1,4929 1,59341 1,59341
200 -0,3183 -0,33974 -0,33974
260 -0,8937 -0,95389 -0,95389
300 -0,9329 -0,99573 -0,99573
360 -0,8324 -0,88846 -0,88846

Table 4.3. Expected GAM(I) against XFOIL calculated value with second iteration calculations
at α = 4◦

The new values of GAM(I) produce a lift prediction of 1.061, the same value as obtained from
the first iteration of the improved XFOIL. At a lower angle of attack the effect of the new
approach is small, influencing only the lift predictions at higher angles of attack, reducing the
maximum lift predicted. Also, this step can only be repeated once, as convergence to the final
answer becomes an issue.

At an angle of 14◦ the effect of the new GAM(I) is more apparent, as can be seen from Fig. 5.25.
When the same approach is used to update the vorticity strength at an angle of 14◦, the following
results are obtained.

I QINVU(I,1) QINVU(I,2) Expected GAM(I) XFOIL GAM(I)

1 0,8385 -0,0572 0,7997 0,7997
60 1,3147 0,7918 1,4672 1,4673
100 1,3665 1,5049 1,6899 1,6899
160 1,0947 5,7465 2,4524 2,4524
200 -0,9939 9,6497 1,3701 1,3701
260 -0,9921 1,3761 -0,6298 -0,6298
300 -0,9914 0,8031 -0,7676 -0,7676
360 -0,8385 0,0572 -0,7997 -0,7997

Table 4.4. Expected GAM(I) against XFOIL calculated value with first iteration calculations at
α = 14◦

With the first iteration of calculations a lift coefficient of 1.584 is obtained, corresponding to
predictions of the unchanged version of XFOIL. With the second iteration of the calculations
the following results are obtained, shown in Table 4.5, resulting in a 2.6% reduced lift prediction
of 1.543.
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I QINV(I) Expected updated GAM(I) XFOIL updated GAM(I)

1 0,7997 0,9694 0,9694
60 1,4672 1,7786 1,7786
100 1,6899 2,0486 2,0486
160 2,4524 2,9728 2,9728
200 1,3701 1,6609 1,6609
260 -0,6298 -0,7634 -0,7634
300 -0,7676 -0,9305 -0,9305
360 -0,7997 -0,9694 -0,9694

Table 4.5. Expected GAM(I) against XFOIL calculated value with second iteration calculations
at α = 14◦

This study confirms that the changes to the XFOIL source code were correctly implemented
as proposed by Ramanujam and Ozdemir (2017) and the results show that similar tendencies
were observed. This approach was able to reduce the maximum predicted lift and was validated
against experimental data to investigate the accuracy of the new method. The change in
the vorticity strength was also made clear at each validation case, to verify that the method
performed as expected.

4.4.3. Conclusion

The verification investigation was done to verify if the methods proposed by Ramanujam,
Ozdemir, and Hoeijmakers (2016) and Ramanujam and Ozdemir (2017) were correctly im-
plemented. Experimental data was excluded to show that the methods do not force numerical
values to conform to experimental results. For the drag correction, the investigation merely
showed that XFOIL’s current definition of momentum thickness might not be equal to the ac-
tual definition of momentum thickness and provided a correction to obtain results that coincide
with the actual momentum thickness definition, in the wake (Ramanujam, Ozdemir, and Hoei-
jmakers, 2016). An investigation was done on the NACA 0012 airfoil with Re = 3 × 106 and
Ncrit = 9 and it was observed that the drag correction was implemented successfully, obtaining
results that are in agreement with the results in Ramanujam, Ozdemir, and Hoeijmakers (2016).
The implementation of the lift approach was verified and performed as was expected and pro-
posed by Ramanujam and Ozdemir (2017). An update to the vorticity strengths, with the
resulting edge velocity, was achieved as proposed. The results obtained are equivalent to what
was outlined and a decrease in the maximum lift was achieved. Neither of the methods forces the
numerical values to be in better agreement with experimental results, but addresses XFOIL’s
current lift and drag prediction methods and proposes corrections to include the viscous edge
velocity distribution and actual momentum thickness definition.

4.5. Effects of the improved method on flow parameters

A study was completed to investigate the effects of the improved method on flow parameters.
These parameters include the momentum thickness, displacement thickness, and the amplifi-
cation ratio. The NACA 2412 airfoil was selected, and a flow analysis was completed on a
standard XFOIL program, which was compared to the improved XFOIL predictions. Exper-
imental results were excluded from this investigation as the results from both methods were
compared to one another and to reflect on the effects of the improved method.
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The flow analysis was done at a Reynolds number of 2×106, the reason is that this current study
is focused on flow with high Reynolds numbers, as is the case of sailplane flight applications. The
amplification ratio was set to Ncrit = 9, which is a standard practise in XFOIL flow analysis
at an angle of attack of −7◦, 0◦, 9◦. To establish the number of panels required to obtain a
converged answer, a panel study was done. The results are shown in Table 4.6,

α = −7◦ α = 0◦ α = 12◦

N CL CD

160 -0.5350 0.00855
260 -0.5345 0.00861
300 -0.5345 0.00861
360 -0.5346 0.00860
400 -0.5345 0.00860

CL CD

0.2407 0.00548
0.2406 0.00550
0.2405 0.00549
0.2405 0.00550
0.2405 0.00550

CL CD

1.4649 0.01661
1.4647 0.01659
1.4648 0.01658
1.4646 0.01668
1.4645 0.01661

Table 4.6. Convergence study (Re = 2× 106) with Ncrit = 9

One can observe from Table 4.6, that at an angle of attack of 0◦ a converged answer was reached
from a panel number of 360 panels also, from 300 panels a converged lift prediction was reached,
but the drag prediction converged from 360 panels. At this angle of attack no flow separation
is present over the NACA 2412 airfoil and the lift predictions of XFOIL is stable. This is not
the case at flow separation, as the results of XFOIL decay at flow separation (see Chapter 2,
Goldstein Singularity). This resulted in an oscillation of lift and drag predictions (α = −7◦

case) and also effects the convergence of the values (α = 12◦ case).

To circumvent this oscillation and non-convergence of the values, one can change the panel
configuration by adjusting the bunching parameters of the panels. This was done by setting the
Panel bunching parameter to 2, TE/LE panel density ratio to 0.3 and adjusting the panel area
refinement at the top and bottom side to capture critical areas, in this case the trailing edge.
The results are shown in Table 4.7,

α = −7◦ α = 0◦ α = 12◦

N CL CD

160 -0.5352 0.00859
260 -0.5348 0.00859
300 -0.5345 0.00860
360 -0.5346 0.00860
400 -0.5346 0.00860

CL CD

0.2408 0.00544
0.2406 0.00548
0.2405 0.00549
0.2405 0.00550
0.2405 0.00550

CL CD

1.4665 0.01650
1.4648 0.01660
1.4646 0.01659
1.4635 0.01664
1.4635 0.01664

Table 4.7. Panel bunching study (Re = 2× 106) with Ncrit = 9

By observation of Table 4.7, a clear convergence of the lift and drag prediction is noticed. At an
angle of attack of −7◦ convergence was reached at a higher value as was predicted by Table 4.6.
This was not observed at the angle of attack of −12◦ as the predicted lift coefficient was lower
than was predicted previously. For the angle of attack 0◦, the values converged to the same
values as in the previously case, supporting the case that XFOIL’s lift and drag predictions are
less stable near flow separation.
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Figure 4.3. Amplification ratio with Re = 2× 106 and Ncrit = 9

From Fig. 4.3, it can be observed that flow separation occurs at an angle of attack of 8.5◦. The
amplification of the wave amplitudes is characterised with a steep incline of the amplification
ratio curve. At x/c = 0.04 the amplification ratio reaches the values of Ncrit = 9 and the flow
is separated from the top surface. It can be noted that the flow on the bottom surface is still
attached to the airfoil surface. When the angle of attack was changed to −5.5◦ the flow become
separated at both the top and bottom surfaces at x/c = 0.85 (top surface) and x/c = 0.07
(bottom surface).

4.5.1. Flow parameter study

When Fig. 4.4 is considered the effects of the improved method is clear and corresponds to what
Ramanujam and Ozdemir (2017) found in their study and development of the improved XFOIL
method. A clear reduction in the maximum predicted lift is observed. Ramanujam and Ozdemir
(2017) expressed their concern that XFOIL uses the in-viscid solution to determine the viscous
solution of the airfoil lift characteristics. Their proposal was to include a viscous edge velocity
(resulting from the first flow solution) to update the vorticity strength distribution over the
airfoil panels to obtain a viscous edge velocity (more detail in Chapter 5). The change in drag
predictions are also apparent and the effects of the improved method was observed. The drag
predictions of the improved method are shifted upwards, corresponding to the delta proposed
by Ramanujam, Ozdemir, and Hoeijmakers (2016).

At 18◦ angle of attack a difference in lift and drag predictions is noticed from Fig. 4.4 and
Fig. 4.5. To better understand what is causing this difference, the change in parameters at that
point was investigated. An investigation was done to study the effects of the improved method on
the momentum and displacement thickness and additionally the effect of the proposed method
on the transition model of XFOIL.
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Figure 4.4. Standard vs Improved XFOIL method lift predictions with Re = 2 × 106, Ncrit = 9
and α = 18◦
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Figure 4.5. Standard vs Improved XFOIL method drag predictions with Re = 2× 106, Ncrit = 9
and α = 18◦
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Figure 4.6. Displacement thickness (top surface) with Re = 2× 106, Ncrit = 9 and α = 18◦

Displacement thickness is calculated using Eqn. (2.33). What was observe in Fig. 4.6 can be
explained by the reduction of the edge velocity. A reduction in the edge velocity causes an
increase in the displacement thickness, this can be explained by studying the displacement
thickness equation. A reduction of the parameter ve will cause an increased predicted of the
displacement of the air. The reduction of the edge velocity over the airfoil panels is observed in
Fig. 4.9. The reduction in the edge velocity is due to the implementation of the improved lift
method which reduces the edge velocity over the airfoil. It can also be observed that from x/c
= 0.6, both methods divergence from one another and the divergence become more significant
from this point. this is because the air has separated from the trailing edge. Ramanujam
and Ozdemir (2017) argued that the XFOIL uses the in-viscid edge velocity distribution to
calculate the lift at an angle of attack, this is further explained by Drela (1989) and was
attributed to the unnecessarily long calculation time of the influence matrices in contrast to
again in prediction accuracy. The effect of the improved drag prediction was not observed in the
calculation of the displacement thickness. The reason being that the improved prediction of the
momentum thickness was corrected in the Squire-Young drag calculation equation. The effect
of the improved method has, less than 0.16% effect on the momentum thickness calculations.
Fig. 4.7 shows the momentum thickness distribution over the airfoil panels. At around x/c =
0.6 a divergence in momentum thickness is observed, at the point where the flow has detached
from the airfoil surface. The momentum thickness convergence to the same values at x/c =
0.8, with a difference of less than 0.1%. Thus, the effect of the lift improved method has a very
small effect on the improved drag method, this was also observed in Ramanujam and Ozdemir
(2017).
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Figure 4.7. Momentum thickness (top surface) with Re = 2× 106, Ncrit = 9 and α = 18◦

Flow separation is characterised with a jump in the momentum thickness predictions (Drela,
1989). This was observed at x/c = 0.0102 for the standard method and x/c = 0.0104 for
the improved method. Also, a jump in the momentum thickness at around x/c = 0.6, in
both methods, suggesting detached flow in this region. From Fig. 4.7, the difference in the
location of detached flow is observed. Fig. 4.8 shows this occurrence in more detail. As with
the previous case studies, the improved drag method imposes no effect on the prediction of
the location of transition. This is not the case with the improved lift prediction as the edge
velocity was influenced. According to Schlichting et al. (2003), transition occurs when flow
waves in the boundary layer become unstable and flow separation is triggered (see Chapter
2). Flow velocity, flow turbulence intensity and angle of attack has a direct effect on the state
of these waves. As previously mentioned, the new lift method reduces the edge velocity of the
airfoil panels. This means that the method will also influence the separation point, which is
determined from the amplification factor. Fig. 4.8 shows the amplification ratio of the waves in
the boundary layer as predicted by the envelope eN method of transition prediction. The effect
of the reduced edge velocity results in a lagged prediction of flow separation.
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Figure 4.8. Amplification ratio (top surface) with Re = 2× 106, Ncrit = 9 and α = 18◦
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Figure 4.9. Edge Velocity with Re = 2× 106, Ncrit = 9 and α = 18◦

Improvement of XFOIL lift and drag predictions 55



School of Mechanical Engineering

5. Chapter 5: Results and discussion

After the implementation of the proposed improvement methods had been done, it was time to
put this improved XFOIL to the test. The aerodynamic performance analysis was completed at
the same calibration conditions as in Chapter 3. A panel number of 360 was used to simulate
these airfoils, to ensure the highest order of accuracy.

It is important to note that the proposed lift improvements were developed for RFOIL, and
the effects of the improvements were studied on XFOIL. Some deviation is expected as RFOIL
utilises a different profile family, as previously mentioned. Nevertheless, an improvement in
the current XFOIL predictions was expected and it will be shown to improve the maximum
lift prediction. A vorticity strength study was also completed to study the effects of the new
proposed approach.

Ramanujam and Ozdemir (2017) documented a change in the wake trajectory with the valida-
tion of the new approach that resulted in a reduced downwash of the wake. This was due to
the fact that viscous effects will in general reduce the downwash effect at the trailing edge. A
study was also completed to see if the same results were obtained regarding the improvement
implementation. The results of all these studies can be found in this section of the report.

In aircraft development, it is important to reflect on an airfoil’s lift-to-drag ratios. This gives
clear indications of the airfoil’s performance characteristics. From the experimental data a lift-
to-drag vs angle of attack, curve was drawn up to investigate the accuracy of the improved
XFOIL against experimental data.
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5.1. NACA 633-418: Improved XFOIL predictions

The most significant improvement between the lift and drag predictions will be the improvement
made to the drag predictions, as changes in the lift are within the outer potential flow regions
and the drag corrections are within the viscous boundary layer. This is evident from Fig. 5.1
that depicts the drag prediction of the improved method against experimental results.
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Figure 5.1. Improved NACA 633-418 drag predictions with Ncrit = 9 at Re = 3×106

From the figure the new method seems to shift the predictions with a 15% increase and produce
values that coincide with the experimental data, with small deviations at −9◦ and −4◦. At
angles from −10◦ up to 5◦, the new method predicts the absolute value for the drag in closer
proximity than the original method. This shift in the values of drag prediction is attributed to
the corrected momentum thickness ∆θ. Major differences are observed at angles higher than 9◦

and lower than -12◦ due to the onset of flow separation (refer to the study in Appendix D.1).
The proposed correction method leads to a major improvement in the standard XFOIL drag
predictions. This also confirms what Ramanujam, Ozdemir, and Hoeijmakers (2016) found in
their study. At an angle of attack ranging from 0◦ up to about 8◦ an overprediction of drag
was observed, diverging from the experimental data. One can note that the standard XFOIL
program was able to predict the drag prediction to between 6◦ and 7◦ in agreement with the
experimental data. The proposed improved method leads to a less accurate prediction of drag
in this range and shows that the new method is only a correction to the predicted momentum
thickness at the far point in the wake (one chord length downstream) and does not contribute to
changes in the calculation of the overall momentum thickness predictions on the airfoil.

The improved lift predictions are more subtle and less significant when compared to the standard
XFOIL. This is because lift is calculated using the resulting vorticity strength distribution from
the vortex panel flow method, which governs the outer flow region, where viscous effects are less
dominant, thus having a smaller effect than viscous effects in the boundary layer. Nonetheless,
an improvement to the lift predictions is observed in Fig. 5.2. The maximum lift is reduced
and a less overpredicted maximum lift is obtained. Although both the original and new method
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Figure 5.2. Improved NACA 633-418 lift predictions with Ncrit = 9 at Re = 3×106

show the same tendency of the slope of the lift curve, the absolute values of the methods differ
from the experimental data. The cause of this can be traced back to the flaws in the numerical
and experimental methods. Although these values do not line up exactly and absolute values
differ, the tendency of the slope is equivalent. One can see clearly that as the angle of attack
increases, so does the slope of the lift curve, which is still a problem with the panel methods to
be studied (Ramanujam and Ozdemir, 2017).
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The improvements to the lift and drag predictions of XFOIL are also noticeable when referring to
Fig. 5.3. A significant corrected prediction of the curve is observed. Although the lift prediction
is still overpredicted, the overall effect of the improved method is observed in the figure, with a
reduction in the lift prediction at 9◦ by 0.7%. The major contribution being the improvements
made to the drag prediction. Some inaccuracies are observed at a drag coefficient of 0.005 up
to 0.013 at negative lift. The same can be said at a drag coefficient of 0.012 and higher, at
positive lift.
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Figure 5.3. Improved NACA 63,3-418 CL vs CD with Ncrit = 9 at Re = 3×106

Another way to visualise the improvements is to look at the lift-to-drag ratios at different angles
of attack. This gives clear insight into how the lift and drag prediction has been improved upon
at each angle of attack, as seen in Fig. 5.4. From this figure, the improvements are much clearer.
As can be seen, XFOIL overpredicted the lift-to-drag ratios when referring to the experimental
data. At high angles of attack XFOIL overpredicted the lift-to-drag ratio and at low angles
of attack XFOIL underpredicts the lift-to-drag ratios. The improved method allows for more
accurate predictions, which in turn results in higher accuracy of flight predictions. At angles of
attack between -4◦ and 3◦ XFOIL was still inaccurately predicting the lift and drag ratio, but
produced more accurate answers than the standard XFOIL program. From an angle of attack
range of 5◦ up to 8◦, this inaccuracy is observed, but once again the improved method produced
more accurate predictions against the experimental data. From -4◦ up to -9◦ XFOIL trumps the
improved method. From there on the improved method has corresponding tendencies than the
experimental data. Also, the improved method slightly underpredicts the maximum lift-to-drag
ratio.

The effect of using the resulting edge velocity distribution to update the vorticity strengths
can be studied by investigating the vorticity distribution over the airfoil on each panel. This is
shown in Fig. 5.5.

From Fig. 5.5 it is clear that using the edge velocity to update the vorticity distribution increases
the magnitude of the vorticity distribution over the 360 panels. Conditions at the trailing edge
remain the same. The difference is most significant at the leading edge of the airfoil and over
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Figure 5.4. Lift-to-drag ratios at different angles of attack with Ncrit = 9 at Re = 3×106

the top and bottom of it. Important to note, is that Drela (1989) calculates the value of the

pressure coefficient, Cp as Cp = 1−
(
γi
U∞

)2
and Cl =

∫
Cpd~x. This means that an increase in the

vorticity distribution will cause a decrease in the pressure coefficient distribution, which in turn
will lower the value of the predicted lift coefficient, as is evident from the lift predictions from
Fig. 5.2. In addition, this change in vorticity distribution will cause a change in the trailing
edge region that calculate the wake trajectory. From Fig. 5.6 it is clear that the wake trajectory
is changed, as expected from the study concluded by Ramanujam and Ozdemir (2017). The
authors proposed that a reduced downwash of the wake trajectory will result in improved lift
predictions.
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Figure 5.5. Vorticity strengh distribution over the airfoil panels at AoA 5 [deg] with Ncrit = 9 and
Re = 3×106
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Figure 5.6. Wake trajectory of NACA 63,3-418 at AoA 5 [deg] with Ncrit = 9 and Re = 3×106
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5.2. FX61-163: Improved XFOIL predictions

In the case of this airfoil study, the improved method greatly improved upon the drag predictions
of XFOIL, predicting almost exactly what the experimental data measured from −2◦ up to 4◦.
The improved method significantly (up to 11% increase) improved the accuracy of the drag
prediction within the low angle of attack range, but still overpredicts the drag in higher angles
of attack. Consider Fig. 5.7.
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Figure 5.7. Improved FX61-163 drag predictions at Re = 1,5×106

From an angle of attack of −5◦ up to 4◦ the new method significantly improved upon XFOIL
standard predictions, with only small deviations from the experimental data. At around 0◦

and 4◦ the improved method slightly overpredicts the drag, compared with the experimental
data. At 4◦ the method starts diverging considerably from the experimental data, with major
differences noted from 8◦, where the drag is overpredicted. This is due to the inception of flow
separation at this point (refer to study in Appendix D.2). This is evident from the standard
XFOIL drag predictions and is still an issue that needs further study. Ramanujam, Ozdemir,
and Hoeijmakers (2016) stated that a common issue with panel methods is the panel formulation
that gives rise to the inaccurate predictions at higher angles of attack; the airfoil is broken up
into smaller straight panels with no curvature..

The maximum lift prediction of this airfoil has been adjusted by the proposed method, and
the overprediction has been reduced by a 2% decrease in prediction and the results are in
better agreement with the experimental data. The improved method seems to have influenced
the prediction of stall. This observation is made when considering the lift prediction at 10◦.
As can be seen from Fig. 5.8, a maximum prediction has been reached by the new method
that contradicts the original XFOIL predictions as the predicted lift has not yet reached a
maximum.

The overall improvement of the data became clearer when considering the Cl vs Cd graph
in Fig. 5.9, where within the linear lift region the new method better predicts the lift and
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Figure 5.8. Improved FX61-163 lift predictions at Re = 1,5×106

drag and is in better agreement with the experimental data. Within the linear lift region the
improved method better predicts the lift and drag and the results are in better agreement with
the experimental data. The improved method does not give exact estimation in the linear
lift region, as can be seen from Cd = 0.007 up to Cd = 0.008 but an overall improvement is
documented. From this figure it is also possible to see the drag overprediction at the inception of
stall conditions. This is characterised by the overextension of the improved method’s predictions
at around Cd = 0.015 up to Cd = 0.022. At low angles of attack the predictions have greatly
improved in comparison with the experimental data.

The new method suggested that calculating momentum thickness with reference to the coor-
dinate system along and normal to the streamwise direction and with the edge velocity as the
reference flow velocity, is not consistent with the actual definition of the term. Momentum
thickness is calculated along the x and y direction of the flow with the free-stream as the ref-
erence flow velocity. This definition originates from the flat plate theory, where the streamwise
direction ζ = x - direction and Ue = U∞, for all values in the y-direction, which is not true for
the case of an airfoil having a finite thickness. The statement can hold in the wake region where
ζ = x. As a result of having finite thickness with a curve, a pressure gradient over the airfoil
surface is produced. Using the value of Ue will result in an underprediction of the momentum
thickness, as the value of Ue is overpredicted because of the assumption that the value of the
streamwise velocity, outside the boundary layer, is Ue at all points normal to the airfoil sur-
face. Thus is why a correction was developed, to make a correction to the current momentum
thickness calculation. The actual definition of using the x- and y-coordinate system with U∞
as the reference flow velocity, will produce a larger value than the current formulation. This
is because U∞ < Ue in the wake, and from the definition of momentum thickness, θ = f( 1

U ),
thus θ∞ > θe that results in Drag∞ > Drage. So, to correct the value XFOIL predicts, one
must add the value of difference between the actual definition and the current formulation ∆θ
to obtain the new corrected momentum thickness.

To illustrate this improved lift and drag prediction, consider the lift-to-drag ratio over a range
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Figure 5.9. Improved FX61-163 lift vs drag graphs at Re = 1,5×106

of angles of attack, in Fig. 5.10. The most significant contribution to the improved lift-to-
drag prediction is the improved drag prediction. From the previous figures it is clear that
for this airfoil, the lift is overpredicted, and is only improved upon in a small range of values
including the reduction of the maximum lift predictions. However, from the drag improvement
predictions, it is clear the this method greatly improves upon the drag predictions with respect
to the experimental results. The standard XFOIL predicts higher maximum lift-to-drag ratios
at 4◦, that have been corrected to a reduction in predicted maximum lift-to-drag ratio, that
tend towards the experimental data. Both the standard XFOIL and the improved method
overpredict the lift-to-drag ratios from −5◦ up to 5◦. It can be seen that the improved method
underpredicts the maximum lift-to-drag ratio and is predicted to be at its maximum at a lower
angle of attack. It should be noted that between the angles of −5◦ up to 5◦ that the improved
method is in better agreement with experimental data.

As seen in the previous airfoil case study, to improve on the standard XFOIL lift predictions, the
proposed method is to update the vorticity distribution of the airfoil panels. This can also be
seen in the case of this airfoil. The lift improvement method causes an increase in the vorticity
distribution magnitude, that updates the stream function and changes the wake trajectory. as
evident from Fig. 5.11 and Fig. 5.12.
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Figure 5.10. Lift-to-drag ratios at different angles of attack at Re = 1,5×106
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Figure 5.11. Vorticity distribution over the FX61-163 airfoil panels at AoA 5 [deg] with Re =
1,5×106
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Figure 5.12. FX 61-163 updated wake trajectory at AoA 5 [deg] with Re = 1,5×106
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5.3. FX66-S-196: Improved XFOIL predictions

The proposed improvement method seemed to be able to increase the inaccurate standard
XFOIL predictions, as with the previous cases. For this airfoil the drag correction was able
to improve the drag prediction with respect to the experimental measurements by an 18%
increase. The improved method allowed for the shift of the offset values, showing that the
results, as predicted by XFOIL, are in better agreement with the experimental results as seen
in Fig. 5.13. From an observation of the data as predicted by the new method, a significant
increase in the accuracy of the predicted drag, especially between −5◦ and 8◦, is made, with
respect to the experimental data. A small difference between the experimental data and the
XFOIL improved method arise at 2◦ with the largest divergence from experimental data starting
from 8◦. This steep incline of the drag is characterised by separated flow. Another factor that
can influence this difference may be as a result of an inadequate capturing of the wake during
experimental measurements as it is difficult to measure the wake at a high angle of attack with
separation flow. Refer to the study by Fuglsang, Antoniou, and Sørensen (1998).
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Figure 5.13. Improved drag predictions of the FX66-S-196 airfoil at Re = 2×106

Both the standard XFOIL and improved method, underpredict the lift coefficient from −5◦ up
to 5◦, as seen in Fig. 5.14, with the improved method underpredicting the maximum lift. An
important observation can be made from the angle of attack of 8◦, which is the effect of the lift
improvement. At this angle the improved XFOIL increased the value of the maximum predicted
lift coefficient by 1%, resulting in an increase in the accuracy with better agreement with the
experimental results.
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Figure 5.14. Improved FX66-S-196 lift predictions at Re = 2×106
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Figure 5.15. Cl vs Cd predictions of the FX66-S-196 airfoil at Re = 2×106
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Figure 5.16. Lift-to-drag ratio vs angle of attack at Re = 2×106

When considering Fig. 5.15, it is clear that the improved XFOIL was better able to predict the
lift and drag coefficients and the overall predictions are more in agreement with the experimental
results with an 18% drag increase and 1% increase in maximum lift predictions. From Fig. 5.15
the improvement is clearly evident. The improved method was able to shift the predicted values
in better agreement with the experimental data, with some inaccuracies arising at high and low
angles of attack. The most accurate predictions were within the region from −5◦ up to 7◦.
This was due to the major contribution of an improved drag prediction method and the small
contribution of the improved lift prediction method. Note from Fig. 5.16 and Fig. 5.14 that
both the standard XFOIL and the improved XFOIL inaccurately predict the onset of stall, in
comparison with the experimental data. The inception of stall conditions, according to the
experimental data, is at 9◦, while the standard XFOIL and improved XFOIL stall conditions
are reached at 8◦.

The result of the improved method is also visualised when considering the lift-to-drag ratio
graph, in Fig. 5.16. Both the standard XFOIL and improved methods are less accurate at low
angles of attack, when compared to the experimental results. But the improved method is more
in agreement with the experimental data than the standard XFOIL predictions. At −1◦, the
standard method is able to better predict the lift-to-drag ratio than the improved XFOIL, and
it is more in agreement with the experimental data at that angle. The maximum lift-to-drag
ratio is much lower and has a tendency towards the experimental data, with the improved
method. To match the wind tunnel quality results an amplification factor of 10.32 results in
the predictions being in better agreement with the experimental results. Both the predicted
value of the standard XFOIL and improved XFOIL decay from 7◦, with an underprediction of
the lift-to-drag ratios from 8◦.

Once again it is clear that the improvement lift prediction method updates the vorticity strength
and delivers greater vorticity strengths than the original XFOIL vorticity strength distribution.
This correction is visualised in Fig. 5.17. The increase in the vorticity distribution affects the
wake trajectory by changing the stream function, illustrated in Fig. 5.18. A clear reduced
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Figure 5.17. FX66-S-196 vorticity distribution update at AoA 5 [deg] with Re = 1,5×106

downwash of the wake trajectory is visible, reducing the maximum lift predictions.
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Figure 5.18. FX66-S-196 updated wake at AoA 5 [deg] with Re = 1,5×106
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5.4. E603: Improved XFOIL predictions

Once again, the improved method proves to be superior to the standard XFOIL predictions and
is more in agreement with the experimental measurements. The results of the improved drag
correction are shown in Fig. 5.19. From first observation, it is clear that the improved method
was able to increase the drag predictions by 16%, resulting in an overprediction of the drag,
Although the drag is being overpredicted, the improved predictions are more in agreement with
the experimental data, resulting in values that lie closer to the experimental data. At higher
angles of attack standard XFOIL and the improved XFOIL both diverge from the experimental
results, with the standard XFOIL at first underpredicting and then overpredicting the drag
from 9.5◦. The improved method overpredicts the drag in the same region.
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Figure 5.19. E603 airfoil improved drag prediction method at Re = 1×106

A considerable improvement to XFOIL maximum lift predictions is observed from Fig. 5.20. The
improvement to the lift predictions causes a reduction of 6.5% in the maximum lift prediction.
It is important to note that no observable improvement to the lift prediction is seen in the linear
lift region. The linear lift region is overpredicted by both methods, with the exception of the
prediction of the maximum lift. These methods also predict the inception of stall at an earlier
stage (at 8.5◦ rather than at 10◦ as predicted by the original XFOIL) than the experimental
results. This does not coincide with the experimental results as the same tendency was noticed
as with the original XFOIL predictions, although the absolute lift values differ.

When considering the lift-to-drag ratio against the range of angles of attack, Fig. 5.22, the
overprediction of the lift and drag results is clear. The improved method delivers results in better
agreement with the experimental measurements, but still overpredicts the airfoil performance.
It is observed in Fig. 5.22 that both the standard XFOIL and the improved method diverge
from the experimental data at 9◦ and onwards. Maximum airfoil performance is predicted at
8◦ in all three cases, with the standard XFOIL predictions overpredicting the magnitude of the
lift-to-drag ratios.
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Figure 5.20. E603 airfoil improved lift prediction method at Re = 1×106

A correction in the wake trajectory is noticed as it is witnessed that an increase in the vorticity
distribution results in reduced maximum lift predictions. Also, the wake has been updated to
the expected reduced downwash of the wake trajectory to allow for the inclusion of the viscous
wake. This has been illustrated in Fig. 5.23 and Fig. 5.24.
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Figure 5.21. Improved Cl vs Cd of the E603 airfoil at Re = 1×106
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Figure 5.22. E603 lift-to-drag vs angle of attack at Re = 1×106
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Figure 5.23. E603 updated vorticity distribution at AoA 5 [deg] with Re = 1×106
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Figure 5.24. E603 updated wake trajectory at AoA 5 [deg] with Re = 1×106
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5.5. Complementary study case

This study case was included in this report as it clearly shows an impressive improvement to
the prediction of lift by the new method. The airfoil under investigation is the HPH yn1 type,
manufactured by the HPH company (Pátek, Cervinka, and Vrchota, 2012). This airfoil finds its
application in the sailplane industry. Wind tunnel tests were done on this airfoil at a Reynolds
number of 1,5×106 and at an AoA range from −6◦ up to 2◦. No indication of the wind tunnel
turbulent intensity was given and it was thus decided to set the amplification factor to a value of
9, to meet standard XFOIL practice. This means the data is limited to the account of the wind
tunnel turbulent intensity. The number of panels, generated over the airfoil contour, was set to
360 panels, to better capture the overall shape of the airfoil to allow XFOIL to be able to give
reliable predictions. It will become clear that this value allows for accurate drag predictions in
respect of the experimental data.

The improvement made to the XFOIL lift predictions is quite clear, when considering Fig. 5.25.
The standard XFOIL program overpredicts lift from −3◦. This overprediction of lift is observed
up to stall conditions. The improved XFOIL program shows no significant change in lift predic-
tions in the linear lift region and predicts the same values as the standard XFOIL predictions,
diverging from the standard XFOIL predictions at 6◦. The most significant improvement is to
maximum lift predictions, where the maximum lift value decreases by 3%, in better agreement
with the experimental data, though lift in the stall region is overpredicted.
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Figure 5.25. Improved lift predictions at Re = 1,5×106

Drag predictions of the standard XFOIL and the improved XFOIL are shown in comparison
with experimental data in Fig. 5.26. In this study, XFOIL was already able to accurately predict
the airfoil drag, according to the experimental data. A divergence from the experimental data
is observed from 2◦, as is the common XFOIL issue. At lower angles of attack this is also
noticed from −4◦. The improved method shows overall better predictions that are more in
agreement with the experimental data. An underprediction of drag is observed from −2◦ up
to = 6◦ and at 13◦, where divergence from the experimental data is observed. This divergence
from the experimental data at higher angles of attack, results in an underprediction of drag as
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stall conditions are reached.
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Figure 5.26. Improved drag predictions at Re = 1,5×106
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Figure 5.27. Improved Cl vs Cd prediction at Re = 1,5×106
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When considering Fig. 5.28, an overall improvement to the lift and drag predictions is observed.
Both the standard XFOIL and improved XFOIL overpredict the lift-to-drag ratio from −4◦ to
0◦, with the improved method being in better agreement with the experimental results. An
underprediction of the values is seen between 0◦ and 6◦ with XFOIL overprediction polars in
this same region. The most significant improvement to the XFOIL lift-to-drag predictions is
within the range of angles of attack from 6◦ up to near-stall conditions. The standard XFOIL
overpredicts these values from 2◦ until stall condition is reached. Also, a divergence of the
improved method from the experimental data is observed from 14◦ nearing stall conditions,
which is characterised by a divergence form the linear lift region and it is clear from Fig. 5.25
that this is the case.
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Figure 5.28. Improved Lift-to-Drag predictions at Re = 1,5×106

As mentioned previously, updating the vorticity distribution over the airfoil panels has a direct
effect on XFOIL’s lift predictions. This is evident from the study completed in this chapter.
It can be shown that an increase in the magnitude of the vorticity strength distribution will
lead to a decrease in the pressure coefficient prediction over the airfoil surface. Therefore, it
was necessary to include a study to show this effect of the updated vorticity distribution. This
airfoil was chosen the investigation showed the largest improvement to the lift predictions. At
an AoA of 5◦, there is no remarkable difference between the standard XFOIL lift predictions
and the improved method. This means that no adverse differences in the pressure coefficient
between the standard XFOIL and the improved XFOIL predictions is expected, as seen in
Fig. 5.29. This figure also shows the reason for the inaccurate XFOIL lift prediction, as a
higher pressure coefficient at the pressure side of the airfoil and a lower pressure on the suction
side, are predicted. This can be attributed to the panel formulation used by XFOIL because
the airfoil is broken up into small straight panels instead of curved panels, From Fig. 5.25 a
difference between the improved method and the standard XFOIL prediction is noticed at an
AoA of 8◦ and thus a difference in Cp predictions of the two methods is expected. This can be
shown in Fig. 5.30.
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Figure 5.29. Updated Cp distribution at AoA of 5◦ with Re = 1,5×106

Fig. 5.30 shows the difference in pressure coefficient prediction of the two methods. From this
figure an improvement is shown as a reduced prediction of the pressure is visible on the pressure
side of the airfoil. Also, on the suction side there are three things that can be noted. First,
a reduction in the pressure predictions is most notable on the suction side, as the difference
between the standard XFOIL predictions and the improved method at the leading edge differ
the most significantly at this location. This is because a lower value of cp is obtained with the
vorticity strength update method which explains what is found in the pressure side as well. For
an inviscid analysis the value of Ue is higher than the viscous Ue. By using the vorticity strength
update method, a decrease in the cp distribution is obtained, indicating a reduction in the edge
velocity that includes viscous effects. Secondly, the improved method predicts transition at a
point further downstream than the standard XFOIL. The reason for this was introduced in the
previous note on the suction side. A lower value of Ue is obtained due to viscous effect having
an influence on this value. This will cause a delay in the transition prediction method as the
value of Ue is lower and will thus cause transition at a position downstream in reference to the
original predicted position. Thirdly, the improved method causes the pressure predictions at
the trailing edge to become less accurate with reference to the standard XFOIL predictions and
it overpredicts the pressure coefficient in this location. This is due to the overall decrease of
the predicted cp value. The methods seem to decrease the value of cp that affects the predicted
value in the trailing edge and causes this overprediction of cp in this region.
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Figure 5.30. Improved Cp distribution at AoA of 8◦ with Re = 1,5×106
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5.6. Conclusion

5.6.1. Improved drag prediction conclusion

From the current study, it was found that XFOIL underpredicts drag because of the under-
predictions of the integral boundary layer quantities. This was corrected by a study done by
Ramanujam, Ozdemir, and Hoeijmakers (2016). The improvements were implemented to the
standard XFOIL and the improvement in drag predictions was significant, ranging from 11%
to 18%. The improved method was used to analyse the performance of four different airfoils,
ranging from wind turbine to sailplane applications. The improved drag method has been
shown to give results in better agreement with experimental data that was obtained from the
literature. When considering the improvement against the standard XFOIL predictions, the
improvement is quite clear. Over all four test cases, an improvement to the predictions of drag
was observed. At very high angles of attack The improved methods, like the standard XFOIL
predictions, diverge from the specific airfoil experimental data. This was observed in all cases
that were studied. The same cannot be said in lower angles of attack. The only case where
an adverse divergence from experimental data was observed was in the NACA 633 − 418 case
where absolute divergence at an angle of attack lower than −10◦ was noticed. The FX61-163
study case significantly (up to 18%) improved the drag predictions and the results lie in ex-
cellent agreement with the experimental measurements. The complementary study case shows
clearly that the improved method allows for more accurate maximum lift predictions, though
still overpredicting lift. Nevertheless, the results are in better agreement with the experimental
results.

The changes that were made to XFOIL enabled drag predictions that are in better agreement
with the experimental results. This was observed where no significant flow separation was
observed. At high and low angles of attack divergence from the data was noticed and this can
be attributed to the separated flow that originates in those regions, This is due to the collapse
of the Kutta condition at the trailing edge. The improved drag method does not cause an
increase in calculation time, as variables used in the original XFOIL programming are used
and corrected in a formula. Through the study cases, as mentioned previously, this proposed
improvement method works excellently within the post-stall region.

5.6.2. Improved lift prediction conclusion

The lift improved method was a more complicated problem as the lift calculations can mostly
be altered with the vorticity strength calculations. It can be seen in the relevant figures that to
improve upon XFOIL lift predictions, an increase the vorticity distribution over the airfoil results
in lower cp values. This influences the lift calculations by reducing the maximum predicted lift.
This was achieved by allowing the edge velocity distribution to update the vorticity strengths
to model the effects of the viscous edge velocity. The result of this is a reduced downwash of
the wake at the trailing edge. With a vorticity distribution that is greater in magnitude, results
in a lower pressure coefficient prediction, which results in a lower lift prediction. This improved
method resulted in a lower maximum lift prediction when compared to the standard XFOIL
predictions and tended to the experimental data. In all cases, a reduction in the predicted
maximum lift was observed with lower post-stall predictions, tending towards the experimental
data. This is clear when considering the lift coefficient graph of the HPH airfoil. Slight changes
in the linear lift region were noticed, but the most significant improvement is in the maximum lift
prediction where the improved method triumphed over the standard XFOIL calculations.

Within the stall region the improvement method also predicted much lower values and were in
better agreement with the experimental results. In the FX66-S-196 case study, an interesting
development occurred; both the standard XFOIL and the improved method underpredict the
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lift of this airfoil. The improved method reduced the maximum lift predictions but caused an
overall underprediction of the lift.

In the FX66-S-196 case, an increase in the maximum lift was observed, that is in better agree-
ment with the experimental data. A persistent problem with the lift predictions is the predic-
tion of the onset of stall, due to the Goldstein singularity. This requires further investigation as
panel formulation discrepancies arise (Ramanujam and Ozdemir, 2017). Although the improved
method reduced the maximum predicted lift, in some cases the improved method was not able
to capture the onset of stall in agreement with the experimental results.
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6. Chapter 6: Conclusion and
recommendations

6.1. Conclusion

At the commencement of this study, a problem was given to improve upon XFOIL’s lift and
drag predictions. The necessary research has been completed and improvements to lift and drag
predictions of vortex panel methods were identified. These improvements were implemented
into XFOIL through a VirtualBox to enable editing of the XFOIL source code in a Linux OS
environment. The standard XFOIL program was then used to calibrate the flow analysis to
allow for accurate predictions of the airfoil performance. The inaccuracy of XFOIL was studied
and documented in this report. It was clear that XFOIL underpredicts drag and has an overall
tendency to overpredict lift and overpredict the onset of stall. Through the literature study
it was realised how lift is predicted from panel methods and this knowledge was utilised to
improve upon XFOIL lift predictions. The study done by Ramanujam and Ozdemir (2017)
showed promise and the improvements were implemented to XFOIL. By first observation the
new method improved upon the maximum lift prediction.

The methods researched by Ramanujam and Ozdemir (2017) and Ramanujam, Ozdemir, and
Hoeijmakers (2016) were developed to allow for XFOIL predictions to produce values that took
into account the effect of viscous flow and updated the wake trajectory, which were required to
perform viscous calculations. The corrected momentum thickness, at the trailing edge was also
taken into account. The drag method was mathematically formulated to allow for the prediction
of the momentum thickness by using the actual definition of momentum thickness at a point
(c=1) in the wake. Equivalent tendencies in the drag prediction between the improved method
and XFOIL, were observed, with a shift of the absolute drag value towards the experimental
data. This may be a good indication of actual flight performance as the same tendencies are
observed but the new method was able to produce predictions that are in agreement with the
experimental results, which may be closer to actual flight performance properties.

If the lift-to-drag versus the angle of attack graphs of each study case are considered, an increase
in accuracy is observed at each angle. The observation shows that the improved XFOIL is better
at predicting both the lift and drag in agreement with the experimental data. This improvement
is greatly influenced by the corrected drag predictions. In addition, an improvement to the
pressure distribution over the airfoil was observed and documented,

From the lift versus drag coefficient graphs the improvements are also clear and show that the
improved XFOIL is better at predicting lift and drag in regions with no flow separation over the
airfoil. The improved drag method become negative in stall regions where the predicted value
of the velocity at the edge of the boundary layer exceeds the magnitude of the free stream,
as found by Ramanujam, Ozdemir, and Hoeijmakers (2016). Also, the proposed correction
improves the prediction of lift for airfoils with a low trailing edge thickness. This has also
been documented by Ramanujam and Ozdemir (2017). As evident from this study and the
study done by Ramanujam and Ozdemir (2017), the formulation of the trailing edge panels is
identified as the cause of the overprediction of lift in XFOIL.
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6.2. Recommendations

6.2.1. Improved XFOIL recommendations

As mentioned, this improved XFOIL produces predictions that are in better agreement for
airfoils with a low trailing edge height (hTE < 3%). Also, the improved lift and drag predictions
are in better agreement at regions between the onset of stall conditions. Keep in mind that
if the distance from the trailing edge is increased, a recalibration of the drag correction is
required as the value of H1 becomes very large as the value of H is close to unity, as recorded
by Ramanujam, Ozdemir, and Hoeijmakers (2016).

6.2.2. Critical amplification ratio improvement

A study done by Bongers (2006), showed that the XFOIL version of predicting transition was
only able to predict very limited damping of the amplification factor. Schlicting and Tollmien
developed the idea of the linear stability theory. In some cases the developers saw that some
disturbances in the boundary layer are able to be damped out within the boundary layer. Also,
to reduce drag over an airfoil requires that the transition of the boundary layer be delayed.
This has been achieved by means of boundary layer suction.

This is the case when considering sailplane airfoils where suction is used to reduce the drag.
This method uses a forced transition to remedy the fact that convergence was not reached. The
major advantage is that this so-called ‘improved’ eNcrit was able to account for the damping of
disturbances within the boundary layer that postpone transition.

6.2.3. Double-wake method in XFOIL

According to Vaithiyanathasamy et al. (2018), the single-wake concept leads to inefficiencies
in predictions for separated flows and stalled flows. To remedy this, the authors introduced
the concept of a double-wake model formulation in an interactive boundary layer method.
This concept models the pressure distribution in the separated region as a result of convected
vorticity due to flow separation (Vaithiyanathasamy et al., 2018). With the implementation of
this model, the authors were able to improve upon the lift predictions even further with panel
methods like XFOIL and RFOIL.
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A. Appendix A

A.1. XFOIL execution and implemented improvements

In this part of the report, a detailed view of how the improvements were implemented into
XFOIL is given. It is also important to understand the procedure as described in Fig. 4.1.
This figure gives the reader an idea of how XFOIL performs its calculations. The coding will
be explained here. Something that is not explained in Fig. 4.1, is the source files that XFOIL
uses to execute its calculations. XFOIL is created out of various source files, each with its own
specific function. The source files under inspection are the ‘xfoil.f’ and the ‘xoper.f’ files. The
‘xfoil.f’ performs all of the XFOIL calculations. Subroutines and parameters are then called
into this file to enable the calculation of polars like lift, drag and momentum coefficients. The
‘xoper.f’ file handles most of the potential flow calculations. This is the file from which the
wake trajectory is calculated. The stream functions and the viscous calculation are also carried
out in this file. Other source files, like the ‘xpanel.f’ source file, are used to perform the panel
generation and manipulations.

In the proposed drag prediction improvements method, changes have been brought into the
‘xfoil.f’ source file. As mentioned, this is where polar predictions are calculated. Drela (1989)
used the momentum thickness definition of drag, as described in Eqn. (2.82), and then applied
the Squire-Young method, as described in Eqn. (2.81), to calculate the total drag of the airfoil
at a downstream position in the wake (generally set at one chord length position behind the
airfoil trailing edge).

For the implementation of the new proposed lift prediction approach, the source file ‘xoper.f’
is edited to account for a viscous wake trajectory. This process was sufficiently described by
Fig. 4.1. Detailed descriptions will be provided here to better understand how the new approach
is implemented in XFOIL.
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A.1.1. ‘xfoil.f’ with improved drag predictions method

The ‘xfoil.f’ source file is the governing file that brings all the other files and their calculations
together. In this file, drag is calculated by recalling parameters, calculated by other source files,
into this file. These parameters include the momentum thickness in the wake and trailing edge,
described by ‘THWAKE’, the edge velocity in the wake, described by ‘UEWAKE’ and the shape
factor at the trailing edge of the airfoil.

The subroutine ‘CDCALC’ is called upon to calculate the drag coefficient. During the editing
of this file, it was noticed that FORTRAN does not allow for a long line and results in an
incomplete line when the code is too long. Thus, the equation was broken up into smaller pieces
to calculate the drag coefficient. The original drag coefficient calculation is commented out with
standard FORTRAN practise with a letter ‘c’ and the start of the line, as seen in the source
code below.

Figure A.1. XFOIL drag improvement code

The improved code is evident from line 1211 in Fig. A.1. The final equation for calculating the
corrected drag prediction is found in line 1241 of Fig. A.1. No further editing of the code was
necessary as a correction value was added to the equation. Eqn. (4.5) was also implemented
into this code as this was given a value in XFOIL; rather, it was calculated in this formula each
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time this equation was needed. It proved to be simple enough to add it into this part of the
code and then assign it to a variable to use in this code.

A.1.2. ‘xoper.f’ with improved lift predictions method

As previously mentioned, to improve upon the lift predictions of XFOIL Eqn. (2.72) was used
to update the vorticity strengths of the airfoil. The figure below illustrates what was changed
in the XFOIL to allow for this to happen.

Figure A.2. XFOIL lift improvement code

The approach followed by Ramanujam and Ozdemir (2017) was to initially determine the solu-
tion with an inviscid wake. This is accomplished by including an ‘IF’ condition into the code,
as can be seen in line 2818 in Fig. A.2. In line 2817 the existence of the viscous edge velocity is
determined with another ‘IF’ condition.This condition checks if the corresponding viscous edge
velocity exists by checking if a value greater than zero exists. If it does, it should be used to
update the vorticity strengths, as seen in lines 2819 and 2820, and lines 2822 and 2823. This
viscous edge velocity, QVIS(I), is used to determine whether the inviscid solution, QINV(I),
exists. This was done because when the condition checks for the existence of QINV(I), no con-
vergance is reached. Checking the QVIS(I) value will deliver the same result as checking for the
QVIS(I), but it seems that checking for QVIS(I) results in less complications. This then means
that the subroutine ‘SPECAL’ has to be run a second time to include the edge velocity.

This was achieved by adding code to the angle of attack declaration as illustrated by Fig. A.3
in line 464. This loop function then allows for the second recall of the subroutine ‘SPECAL’
(The same was done when a sequence of angle of attacks was specified).

From these two illustrations it becomes clear that when an angle of attack is prompted, the
code is instructed to run a normal XFOIL program execution. This is where the inviscid wake
is determined by the initial calculations. This is the first run in the ‘Do’ loop, The value of
QINV(I) does not yet exist as this value is calculated later. The ‘IF’ condition then allows
for standard XFOIL calculations. When the subroutine ‘SPECAL’ is completed, the program
then continues to the subroutine ‘VISCAL’ to determine and calculate the viscous edge velocity.
When this is completed, the ‘DO’ loop then goes into its final loop. At this point the value of
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Figure A.3. XFOIL loop addition

QINV(I) exists for the same angle of attack at each Ith position. The condition in line 2824 is
then met. XFOIL then updates the vorticity strength with the edge velocity, QINV(I).
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B. Appendix B

B.1. XFOIL validation data

B.1.1. NACA0012 data

Table B.1. NACA 0012 panel sensitivity test

Table B.2. NACA 0012: Std XFOIL Ncrit value vs test conditions
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B.1.2. NACA 633-418 data

Table B.3. NACA 63,3-418 panel sensitivity test
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Table B.4. NACA 63,3-418: Std XFOIL Ncrit value
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B.1.3. FX61-163

Table B.5. FX61-163 panel sensitivity test

Improvement of XFOIL lift and drag predictions 96



School of Mechanical Engineering

Table B.6. FX61-163: Std XFOIL Ncrit value vs test conditions
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B.1.4. FX66-S-196

Table B.7. FX66-S-196 panel sensitivity test

Table B.8. FX66-S-196: Std XFOIL Ncrit value vs test conditions
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B.1.5. E603

Table B.9. E603 panel sensitivity test
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Table B.10. E603: Std XFOIL Ncrit value vs test conditions
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C. Appendix C

C.1. Improved XFOIL prediction data

C.1.1. NACA 63,3-418

Table C.1. Improved method predictions: NACA63,3-418
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C.1.2. FX 61-163

Table C.2. Improved method predictions: FX 61-163
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C.1.3. FX66-S-196

Table C.3. Improved method predictions: FX66-S-196
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C.1.4. Eppler603 (E603)

Table C.4. Improved method predictions: E603
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D. Appendix D: Separation of flow study

As recognised from Chapter 2, the numerical method of flow prediction has limitations in
predicting flow separation. Drela (1989) stated that separation bubbles have steep gradients
in Ue and θ at reattachment that result in jumps δue and δθ. An equation to relate these
jumps is obtained by integrating the integral momentum equation over a small streamwise
distance.

∆θ

θ
= −(2 +H −M2

e )
∆ue
ue

(D.1)

This method was validated by Drela (1989) and deemed a reliable and relatively accurate method
to predict separation and transition. Separation is characterised by an initial flattening of the
Ue or cp curve before a steep declining gradient that indicates reattachment. This investigation
was done on the original version of XFOIL.

D.1. NACA 633-418

As mentioned, the NACA 633-418 airfoil has a camber of 2% at 35% of x/c and thickness of
18%. The current investigation is to check for flow separation at the trailing edge, which may
indicate where XFOIL is less robust or accurate in these flow conditions due to the collapse of
the Kutta condition and other singularities that may arise.
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Figure D.1. NACA 633-418 Cp distribution with Ncrit = 9 and Re = 3×106 at -10◦
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Fig. D.1 shows the XFOIL analysis of the pressure coefficient distribution at -10◦ with compress-
ible flow conditions and Ncrit = 9. At this angle of attack separation is more likely to occur,
considering the bottom cp distribution. One can observe that from x/c = 0.55 the curve starts
to flatten out. This is even clearer at x/c = 0.9, with reference to the top, which shows reat-
tachment at the trailing edge flow, with a steep decline in the cp curve at the trailing edge. This
suggests that the flow at the bottom of the trailing edge is nearing flow separation. This is even
more evident when considering the XFOIL rendering of the flow around the airfoil (Fig. D.3)
which shows a large displacement of the flow. Flow separation can also be identified by a skin
friction coefficient (Cf ) equal to zero. From Fig. D.2, it is clear that from -10◦ flow separation
is becoming more apparent with full flow separation at the trailing edge at -12◦. At x/c =
0.9 with α = -10◦, the skin friction coefficient is very close to zero, indicating that the airflow
at that location is nearing separation due to the slowing down of the air nearing circulation
conditions. These conditions show that the onset of flow separation is reached.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

2

4

6

8

·10−3

x/c [-]

S
k
in

fr
ic

ti
on

C
o
effi

ci
en

t
[-

]

Cf aoa = -12 (Bottom)
Cf aoa = -10 (Bottom)
Cf aoa = 8 (Top)
Cf aoa = 9.5 (Top)

Figure D.2. NACA 633-418 Cf distribution with Ncrit = 9 and Re = 3×106

When considering the case of an angle of attack of 8◦, one can observe the onset of flow separation
at the trailing edge, on the top of the airfoil. This is evident from Fig. D.4, with the flattening
of the curve occurring at this location. One can note that reattached flow has occurred at the
bottom at the trailing edge with a steep gradient.

This is even further confirmed when considering Fig. D.2. Here the onset of flow separation is
observed at −10◦, with full flow separation reached at an angle of attack of 9.5◦ where Cf = 0

Figure D.3. XFOIL rendering of the flow around the NACA 633-418 at Re = 3× 106
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Figure D.4. NACA 633-418 Cp distribution with Ncrit = 9 and Re = 3×106 at 8◦

Figure D.5. XFOIL rendering of the flow around the NACA 633-418 at Re = 3× 86

starting from x/c = 0.98.
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D.2. FX61-163

This study was completed to comment on the flow presence at the trailing edge of the current
airfoil. An XFOIL anaylsis was completed at Re = 1, 5× 106 with Ncrit = 10.32. The analysis
was done at 5 angle of attack increments, to investigate the point of onset of flow separation,
ranging from attached to separated flow conditions. Consider Fig. D.6 below for the results of
the analysis.
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Figure D.6. FX61-163 top surface Cp distribution with Ncrit = 10.32 and Re = 1.5×106

From Fig. D.6, it is evident that flow separation is present and becomes more apparent with the
increase in angle of attack. At an angle of 6◦ the flow is attached to the surface at the trailing
edge. From 9.5◦, the onset of flow separation is observed with fully-detached flow at 10◦. Also
note that at an angle of 10◦, separation occurs and can be observed from Fig. D.7, with the
value of Cf = 0 at x/c = 0.985.
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Figure D.7. FX61-163 top surface Cf distribution with Ncrit = 10.32 and Re = 1.5×106
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