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Summary

The aerospace and aviation industry experiences the trend of the transition back to propeller propulsion as a
result of climate goals to battle global warming. Propeller propulsion beats jet propulsion in terms of propul-
sion efficiency, making propeller relevant for sustainable aircraft design. The slipstream of propellers inter-
acts with the aircraft airframe. The aircraft Longitudinal Static Stability (LSS) and control can be drastically
affected when the slipstream interacts with the horizontal stabilizer. Modeling the interaction effects of the
propeller slipstream on the horizontal stabilizer is an important aspect of the aircraft design process, which
requires a timely and accurate prediction of an aircraft geometry’s LSS that constantly changes with design
iterations. Vortex Lattice Methods (VLMs) fit these requirements and are often utilized during the beginning
stages of aircraft design. However, VLMs have resulted in overpredictions for wing lift in the case where a wing
is engulfed in a jet of higher velocity compared to the free stream, such as a propeller slipstream. Rethorst de-
rived a correction to correct for this overprediction in lift under certain assumptions. Applying the so-called
Rethorst correction in VLMs results in a great improvement in wing lift predictions for the described scenario,
that show great agreement with experimental measurements and Computational Fluid Dynamics (CFD) sim-
ulations. The Rethorst correction thus has the potential to accurately predicting the stabilizer lift contribution
and improve VLM LSS predictions, when applying the Rethorst correction to a slipstream engulfed horizontal
stabilizer. This thesis investigates the applicability of the Rethorst correction at the horizontal stabilizer.

The Rethorst correction application at the horizontal stabilizer requires the derivation assumptions to
apply and the stabilizer lift needs to be predicted accurately as a result of applying the correction. The most
questionable assumption being the stabilizer symmetrically extending through the propeller slipstream. The
slipstream position relative to the stabilizer is dictated by the slipstream deflection, which rarely causes the
slipstream center line to line up with the horizontal stabilizer. The Rethorst correction has been assumed to
be applicable in situations where the vertical distance between the slipstream center line and wing to pro-
peller radius ratio is low. The scope of this thesis is reduced to conventional high wing, low stabilizer and dual
Inboard (IB) propeller configuration aircraft in the cruise condition and configuration, in an effort to make
the propeller slipstreams engulf the stabilizer and minimize the vertical distance of the slipstream center line
to the stabilizer. The accurate prediction of the stabilizer lift as a result of the Rethorst correction is tested
in this thesis by considering the average dynamic pressure and downwash angle at the stabilizer, since an
accurate prediction of these quantities mainly dictate the stabilizer lift contribution.

A VLM code is used to tackle the research questions by means of an aircraft case study on the Fokker F-27
aircraft. A slipstream tube model is used to model the induced velocities of the propeller slipstream on the
wing and the stabilizer. The exact propeller geometry used for the F-27 and its performance is not available
in literature, resulting in a replacement model being created. This inherited code is expanded with the ability
to model the horizontal stabilizer and to apply the Rethorst correction to it. With these implementations, the
code is renamed to the Aircraft Longitudinal Interaction and Moment Evaluator (ALIME).

The F-27 case study consisted of a propellers off and propellers on analysis. The propellers off analysis
serves to validate the implemented geometry of the F-27 and the LSS prediction capability of ALIME. Close
predictions for the LSS of the F-27 are obtained by ALIME during the propellers off analysis, as a result of close
stabilizer lift and LSS contribution predictions. However, when the propeller is introduced in the propellers
on analysis, the change in LSS prediction by ALIME with respect to the propellers off analysis opposes the
trend of wind tunnel measurements by existing wind tunnel data. ALIME predicts an increase in LSS with
respect to the propeller off analysis, while the wind tunnel experiments show a decrease in LSS. The main
reason for the opposite trend in LSS prediction with respect to wind tunnel data is caused by an opposite
trend in the predicted average downwash angle at the stabilizer. ALIME predicts the average downwash at
the stabilizer to decrease with the introduction of the propeller, increasing the stabilizer’s lift contribution
and thus the LSS. However the propeller slipstream should increase the average downwash experienced by
the stabilizer and decrease its lift and LSS contribution. The average dynamic pressure at the stabilizer is pre-
dicted to be overestimated when referencing flight test data on the Fokker 50. Providing another reason why
the stabilizer lift contribution is not correctly predicted by ALIME during the propellers on analysis.
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vi 0. Summary

This thesis has failed to accurately predict the stabilizer lift contribution using the Rethorst correction and
can therefore not draw a conclusion on the applicability of the Rethorst correction at the stabilizer. However,
the thesis contributes to the knowledge and research necessary to be able to draw a conclusion.

Applying the jet correction to the wing is found to be beneficial to minimize the distance between the
slipstream center line and the stabilizer and thus contributes to the applicability of the Rethorst correction at
the stabilizer. Despite this finding, no knowledge is available in literature that supports that the Rethorst cor-
rection results in accurate lift predictions in VLMs outside its assumption scope, including when the vertical
distance from the slipstream center line is larger than zero. An extra study is thus necessary on the applica-
bility of the Rethorst correction outside is assumption scope, with emphasis on the wing not symmetrically
extending symmetrically through the propeller slipstream.

The uncertainty in the propeller geometry and performance largely contributes to the over estimation of
the slipstream induced velocity predictions, because the induced velocities are a function of the predicted
propeller blade loading. A first step to improve the slipstream induced velocity predictions requires a more
representative F-27 propeller model. The used propeller geometry and performance data need to be obtained
from the original source. However, effects which are not captured by the slipstream tube model will likely still
cause the induced velocities to not match wind tunnel data, such as the nacelle wake inside the slipstream. A
deeper analysis on the potential of the slipstream tube model to predict the slipstream induced velocities at
the stabilizer is thus required.

Lastly, the wrong trend of a decreasing average downwash at the stabilizer with the introduction of the
propeller results from a wrong trend in the vertical induced velocities by the wing and stabilizer surfaces.
The propeller slipstream interaction with the wing should increase the wing circulation and thus increase the
vertical induced velocities instead of decreasing them. Hinting possible modeling issues in ALIME, which
require more research on ALIME.
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1
Introduction

Global warming is accounting for increasing the earth’s average temperature compared to pre-industrialization
levels. It will result in permanent and irreversible effects on climate change if the average temperature is al-
lowed to rise above 1.5◦C. Decarbonization lies at the heart of battling global warning. Goals set for decar-
bonization by the European Commission state to reduce CO2, NOx and noise emissions by 75%, 90% and
65% respectively by the year 2050 relative to 2000 [14].

The climate goals have resulted in a trend within the field of aerospace and aviation that demand more
efficient and sustainable aircraft designs and means of propulsion. One current trend involves the transition
back to propeller propulsion. Propellers have higher propulsive efficiency compared to jet propulsion [31],
which is achieved by the small acceleration of a larger amount of air in the propeller slipstream, compared to
a large acceleration of a small amount of air inside a jet. The propeller slipstream however, interacts with the
airframe of the aircraft. The interaction effects are caused mainly by the induced velocities of the propeller
slipstream. When interacting with the aircraft’s stabilizing surfaces, propeller slipstream effects can drasti-
cally affect the static stability and control characteristics of conventional aircraft [45, 38, 39]. Static stability,
or LSS specifically, is a main subject of interest during the aircraft certification and design process. In fact,
certification requirements state that an aircraft should be longitudinally stable in all conditions normally en-
countered in service [2].

LSS is mainly determined by the lift contribution of the horizontal stabilizer when considering conventional
configuration aircraft. Conventional meaning a main wing with IB mounted propellers near the middle of
the fuselage and a horizontal stabilizer at the rear. The horizontal stabilizer generates a corrective lift contri-
bution when the aircraft encounters a disturbance in its pitch. If an aircraft is longitudinally statically stable,
a pitch disturbance results in a stabilizer lift contribution that then creates a pitch change opposing the dis-
turbance.

Understanding how the stabilizer generates lift requires an understanding of the flow field at and behind
the wing in the presence of the propeller slipstream. The flow field at the wing, between the wing and the
stabilizer and the final flow field encountered by the horizontal stabilizer are now individually discussed for
conventional configuration aircraft featuring tractor IB propellers.

The flow field at the wing is defined by the wing, propeller slipstream and fuselage interaction. The pro-
peller slipstream interacts with the main wing after the slipstream is generated by the propeller. The propeller
slipstream has an axial and tangential flow component, which both interact with the main wing. The axial
flow component locally increases the dynamic pressure over the wing, locally increasing the lift. The tangen-
tial flow component of the slipstream locally increases and decreases the wing AoA at the side of the up and
down going propeller blade respectively. The local AoA increase and decrease lead to a local increase and
decrease in lift on the side of the up and down going blades respectively [50, 54].

The main wing also directly interacts with the propeller slipstream. The wing recovers some of the swirl
in the propeller slipstream as it moves over the wing. Swirl recovery occurs when some of the tangential flow
in the slipstream is straightened out by the presence of the main wing, resulting in a suction force at the wing
LE that acts as additional thrust [54]. Furthermore, propeller installation height also affects the wing lift in
two ways. Firstly, the relative position of the contracting slipstream directly behind the propeller disk and the
main wing influences the local AoA experienced by the wing. Secondly, the installation height of the propeller
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with respect to the main wing determines how much of the slipstream passes over and under the wing, which
affects the wing lift depending on what fraction of the slipstream passes over and under the wing [54]. Also,
the slipstream partially passing over and under the wing effectively dissects the slipstream. This dissection of
the propeller slipstream affects the slipstream shape by means of slipstream shearing. Cross flows present on
the upper and lower wing surface cause the two half of the propeller slipstream to move along the wing axis,
changing the sectional slipstream properties [50]. Additionally, the propeller slipstream is deflected vertically
by the induced velocities as a result of the presence of other aircraft components. The circulation generated
by the main wing as a result of its lift creates in an upwash in front and a downwash behind the wing. This
up- and downwash vertically deflects the propeller slipstream up in front of the wing and down behind the
wing. In return, the downwash field of the wing is also affected by the presence of the propeller slipstream.
The local lift increase on the wing due to the axial flow component of the slipstream results in an increased
downwash behind the wing [50, 23]. The presence of the fuselage also effects the wing lift distribution, thus
also affecting the wing downwash, further affecting the slipstream deflection. This interaction mainly occurs
in the IB area of the wing that is closest to the fuselage [22, 54, 32].

The flow field between the wing and horizontal stabilizer is mainly determined by the downwash field
created by the wing as a result of the interaction with the fuselage and propeller slipstream. The vertical de-
flection of the propeller slipstream in this flow field is dictated by the downwash field as a result of the wing,
fuselage and propeller slipstream interactions. The slipstream properties change as the slipstream travels
downstream. On its way to the horizontal stabilizer, the propeller slipstream tangential and axial flow mo-
mentum diffuses [50]. When seeing the propeller slipstream as a turbulent jet, the slipstream momentum
and sectional flow properties get spread out as a function of travel distance of the slipstream [18, 37].

Once the flow reaches the horizontal stabilizer, its effective AoA is lowered as a result of the wing down-
wash field. How much downwash the horizontal stabilizer locally receives is a function of the wing lift distri-
bution. Lowering the effective AoA lowers the lift contribution of the horizontal stabilizer, decreasing the LSS.
Although diffused, the increased dynamic pressure in the propeller slipstream increases the lift contribution
of the horizontal stabilizer, increasing its LSS contribution, provided that the propeller slipstream hits the
horizontal stabilizer at least partially. The downwash field behind the wing and the dynamic pressure in the
propeller slipstream are both a function of the propeller power setting. The LSS is therefore also a function of
propeller power setting. [39, 17].

With regards to representing the mentioned aerodynamic interaction effects for propeller slipstream interac-
tions, one can look at models of increasing fidelity. The lowest fidelity modeling involves preliminary calcu-
lations, which are based on large data sets of aircraft performance of already existing aircraft, making these
calculations of an empirical nature. The input for these calculations is the basic aircraft geometry. A general
limitation of empirical calculation is the accuracy of their predictions, limiting to preliminary design stage
in aircraft design. Empirical calculations to predict the performance of an aircraft design are described in
sources such as Roskam and Torenbeek [43, 52], covering calculations concerning the prediction of aircraft
aerodynamic performance, structural weight and more.

Obert presents an empirical method to estimate the effects of slipstream on the LSS of multi-propeller
aircraft. The goal is to obtain a first estimate of the increase in lift due to the propeller slipstream, change in
tail-off pitching moment and the average dynamic pressure and downwash at the stabilizer. The method is
found to yield predictions that are adequate for the primary design phase within aircraft design [38]. Bouquet
has implemented the method by Obert with minor implementations for the purpose of integration into a con-
ceptual aircraft design framework. Efforts are made to reduce the amount of assumptions used. Assumptions
for a non-changing slipstream tube shape and diffusion into the surrounding flow remain, leading to some
incorrect results [13].

A first step in improving modeling fidelity from empirical calculations is achieved with Lifting Line (LL)
and VLMs. LL models used to represent a wing consisting of a superposition of horseshoe vortex elements
along the span at one chordwise location of the wing, yield good lift predictions for high Aspect Ratio (AR)
finite wings. Lower AR finite wings and their lift can be modeled more accurately using VLMs, with the horse-
shoe elements also placed chordwise along the wing, resulting in a finite wing represented as a lifting surface
by a lattice of horseshoe vortex elements. Each vortex element has an unknown circulation strength that can
be determined by imposing the boundary condition of the flow being parallel at each vortex elements, i.e.
the normal component of the flow of every horseshoe vortex is equal to zero. The lift of the lifting surfaces
is determined using the obtained circulation and the Kutta-Joukowski theorum. VLM models are based on
incompressible, irrotational, inviscid flow, making the Laplace equation the main equation to describe the
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flow. Irrotational flows are also referred to as potential flows. Classical VLM methods simplify the wing geom-
etry by ignore thickness of the wing, placing the lifting surface in a single plane and imposing the boundary
conditions in this plane [7, 22]. Increasing the fidelity of a VLM can involve the addition of the compressibility
correction or a combination with a slipstream tube model in order to predict the effect of slipstream effects
on the wing.

Predictions for the lift distribution made using VLM-slipstream tube model have revealed overprediction
of the wing lift as a results of the slipstream swirl or tangential velocity component [54, 4, 16]. Veldhuis noticed
that accounting for only 50% of the propeller swirl matches experimental results for the wing lift distribution
[54]. This factor of 0.5 is referred to as the Swirl Recovery Factor (SRF), a non-physical correction to the
propeller swirl to match experimental data. Alba attempted to find a SRF by integrating the kinetic rotational
energy in the disks of the propeller slipstream tube. The square root of the averaged kinetic rotation energy
fraction from the propeller hub and the wing TE is taken to be the SRF [4]. Epema also applies a SRF to the
propeller tangential velocities in order to match experimental data [16]. The problem with the SRF is that it is
not based on real flow phenomena and is merely a multiplication factor to more closely match experimental
data.

Prediction for wing lift for a wing encountering a constant velocity jet without a swirl component also
result in an over estimations in VLM methods [24, 19]. Rethorst identified that accounting for the extra down-
wash created by the jet boundary is important for the problem of a wing in a jet. A correction for wing in
circular jet based on the jet boundary is derived by Rethorst. The implemention of this Rethorst correction in
VLM models has proven to closely match experimental results [42, 41]. Nederlof corrected for the finite height
of a propeller slipstream in a LL model using a method that is entirely based on the Rethorst correction, which
resulted in close predictions to CFD [35]. A weakness of the correction by Rethorst are the idealizations on
which the correction derivation is based. Rethorst warns for the application of the correction in design out-
side of the considered idealizations of the correction derivation [41].

Panel methods are an extension of VLM methods, which allow for the consideration of more complex
geometries, but are based on the same principles as VLM methods. The vortex elements and boundary con-
ditions are imposed on the actual body surfaces of an aircraft wing rather than a flat surface and thus include
geometry volume and thickness. Just like VLM methods, panel methods consider potential flow. Panel meth-
ods can be further expanded to increase their fidelity. A compressibility correction can be included to allow
panel methods to be used at higher mach numbers. The panel singularity distributions on the panel elements
can no longer be limited to being constant and the panels themselves can also not be limited to being planar.
Resulting in so-called advanced panel methods [29, 22]. Despite the increased fidelity in geometry modeling,
panels methods can be unreliable when it comes to predicting lift and LSS characteristics, even without the
incorporation of propulsion effects. Lednicer investigated various aircraft configurations using the commer-
cial panel method solver VSAERO. Different paneling configurations for the same aircraft geometry can result
in completely different aircraft lift and stability predictions [25, 26].

CFD methods are one of the highest fidelity methods available in the field of aircraft design and aerospace
in general. CFD considers virtually no simplifications in geometry and is capable of handling the full non-
linear Navier-Stokes equations that deal with the continuity, momentum and energy of a flow. CFD is thus
not limited to including viscous effects. The geometry is also not limited to incorporating propulsors and
investigating propulsion effects [6, 7]. Propeller propulsion effects have also been studied extensively using
CFD. An example being research done on WingTip Mounted Propellers (WTMPs) using CFD [20]. The meth-
ods of CFD involve dividing the flow field around a particular geometry in a discrete number of grid points,
also known as the mesh. The flow field parameters velocity, temperature, density and pressure are evaluated
at these grid points using the Navier-Stokes equations. CFD can therefore determine the flow in the whole
discretized flow field and is not limited to only determining the flow properties on the surface of the geometry
like for VLM and panel methods. CFD is therefore specifically useful to study complex flow fields on and away
from the geometry surface. The main disadvantage of CFD therefore is the long computational time neces-
sary to solve for the flow properties in all grid points. This computational time quickly increases as a function
of the amount of discrete points in the mesh. The validity of the results of CFD methods is also dependent on
the quality of the specified mesh. [6, 7].

The aircraft design process is what ultimately determines the aircraft configuration and the degree to which
the propeller slipstream interacts with the other aircraft components. The aircraft design process itself is
composed of three phases: the conceptual, preliminary and detailed design phases. The conceptual design
phase aims to set the fundamental aspects of an aircraft design, think of wing shape and location, horizontal
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stabilizer location and configuration of the propulsion system. The main question during this design phase is
if the design can meet the design requirements. The preliminary design phase deals with only minor changes
to the aircraft configuration and lay-out and ends with a go/no go decision to continue with the design and
commit to the manufacturing of it. The aerodynamic performance of the design is determined during this
preliminary phase. If it it decided to manufacture the aircraft, the detailed design phase is entered where
exact location of nuts and bolts and the shape of all structural elements is determined [5].

During the conceptual and preliminary design phase, the design geometry and propulsion system ar-
rangement is still subjected to change. The aircraft design is optimized by means of design iterations. The
aircraft design of each iteration needs to be evaluated in a timely manner to determine the degree to which
it meets the design requirements. This in turn, determines what changes are made to the aircraft design in
the next design iteration [5]. One of those design requirement being LSS [2]. This is where the modeling of
slipstream effects on the stabilizer and LSS comes into play for the field aircraft design.

VLM methods are well suited for obtaining LSS predictions by predicting lift at the horizontal stabilizer
and doing so in a quick manner. However, literature has pointed out problems in terms of the overestimation
of lift due to the presence of the propeller slipstream. Corrections exist for VLM methods to counter this
overestimation of lift. The Rethorst correction from literature has proven to yield accurately lift prediction for
wings encountering a circular jet for VLM methods, provided that the assumptions for the derivation of the
correction hold. The Rethorst correction therefore has potential to improve VLM lift predictions of a stabilizer
encountering a propeller slipstream and improve VLM LSS predictions with the involvement of slipstream
effects.

This thesis investigates the application of the Rethorst correction to a horizontal stabilizer that encounters
a propeller slipstream. For the Rethorst correction to be applicable to the horizontal stabilizer, two conditions
need to be met. The first one being the application of the assumptions of the Rethorst correction at the
stabilizer. The assumptions of the Rethorst correction at the stabilizer are only valid for a specific range of
situations. The Rethorst correction assumptions at the stabilizer thus define the scope of the thesis. Secondly,
applying the Rethorst correction at the stabilizer that encounters a propeller slipstream, should result in an
accurate prediction of its lift. The lift at the horizontal stabilizer is mainly dependant on the downwash and
dynamic pressure experienced by the horizontal stabilizer. This aspect leads to the main and sub research
questions of this project.

Scope
For the Rethorst correction for a wing in a jet, the following assumptions have to apply [42, 41]:

1. The jet extends symmetrically through the wing,
i.e. the same amount of the jet thus passes above and below the wing.

2. The jet center line is located in the middle of the wing,
i.e. the same wing length extends to the left and right of the jet center line

3. The velocity distribution in the jet is constant.
4. The jet is circular.
5. The flow is incompressible, ideal and inviscid.

Each assumption is now individually analyzed to evaluate if the assumption holds at the horizontal stabilizer.
Within the VLM methods to which the Rethorst correction is applied, assumption 5 automatically applies

by definition.
Assumption 4 requires the propeller slipstream to be circular when reaching the horizontal stabilizer.

The propeller slipstream is known to deform because of interacting with the wing in the form of shearing,
contract as a result of increased slipstream velocity in combination with continuity and diffuse as a function
of distance [50]. However, wind tunnel experiments by Katzoff have pointed out that the slipstream diameter
at the horizontal stabilizer is almost the same as the propeller diameter for various aircraft configurations
[23]. Assumption 4 is therefore said to be applicable to the horizontal stabilizer.

The velocity inside a propeller slipstream is not constant, making assumption 3 not applicable for the
wing nor the horizontal stabilizer in the case of the basic Rethorst correction. However, an extension to the
Rethorst correction by Prabhu enables the correction to be determined for an arbitrary smooth velocity distri-
bution inside the jet. The velocity distribution in the slipstream is discretized in elements of constant velocity,
for each of which the Rethorst is determined and summed to obtain the complete correction [40]. This com-
bination of Rethorst correction and the extension by Prabhu is referred to as the jet correction in this thesis.
With the jet correction, assumption 3 can be adhered to for both the wing and horizontal stabilizer.
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In reality, assumption 2 is far from realistic. Conventional aircraft designs never feature propellers mounted
exactly in the middle of the wing. However, a sensitivity analysis by Nederlof has pointed out that the magni-
tude of the Rethorst correction quickly goes to zero when moving away from the jet boundary [35], indicating
that the Rethorst correction can also be determined accurately when the jet is not located in the middle of the
wing. Willemsen and van der Leer have made use of this fact in the modeling of their wing-propeller systems,
which includes the jet correction to correct the lift inside the confines of the propeller boundary [56, 27].

Lastly, the first assumption is hardly realistic for the wing and stabilizer for many reasons. Firstly, con-
ventional aircraft hardly feature propeller positioning with the propeller center line at the same height as the
main wing. Secondly, the propeller slipstream vertical position changes with distance due to the interaction
with the wing. The wing upwash in front of the wing moves up the propeller slipstream, while it is moved
down in the trailing downwash flow field behind the wing. Willemsen also encountered this issue with the jet
correction. Willemsen assumes that the jet correction is not substantially influenced in the case of low ratios
of vertical distances between the wing and slipstream center line relative to propeller radius [56]. This as-
sumption does not imply that the slipstream center line can now be located far away from the the horizontal
stabilizer plane. The jet correction will still be the most accurate when the slipstream center line and hori-
zontal stabilizer are not far apart. Because of the nature of the slipstream deflection, the slipstream center
line will hardly be aligned with the horizontal stabilizer. To add to the problem, the slipstream deflection is
a function of AoA because of its dependence on wing lift. The slipstream vertical location at the horizontal
stabilizer therefore also differs with AoA. Making the problem of the vertical distance between the propeller
center line and stabilizer even larger.

In an effort to minimize the distance between the slipstream center line and the horizontal stabilizer plane,
the scope of considered aircraft configurations to which the jet correction can be applied at the horizontal
stabilizer is restricted to:

• Conventional high wing, low horizontal stabilizer configuration:
The horizontal stabilizer needs to be mounted as close a possible to the propeller center line to make
assumption 1 somewhat applicable. Since the aircraft propellers are mounted on the wing for con-
ventional configuration aircraft, the wing and stabilizer vertical positions are required to be as closely
together as possible. Meaning that a high wing and low mounted horizontal stabilizers is most ideal.
No T-tail or mid-tail stabilizer configurations and no mid or low wing configurations are considered for
this thesis.

• Tractor IB propeller configuration:
Furthermore, in light of assumption 2, the considered aircraft configuration needs to feature two trac-
tor propellers mounted close to the mid span position of the wing. Only in this situation will the slip-
stream spanwise position line up with the horizontal stabilizer. Without the constraint of IB mounted
propellers, the propeller slipstream would hardly interact with the horizontal stabilizer in the first place.

• Cruise condition and configuration:
In addition, only the cruise condition of aircraft is considered. Characterized by low AoA and high flight
speed, the propeller slipstream should encounter a low amount of deflection, because of the low cruise
lift coefficient and thus experience a low downwash. The aircraft configuration is also limited to cruise
condition, this means no deployment of high lift devices. The deployment of flaps for example, in the
flight phases other than cruise, will increase the wing lift, increase the downwash behind the wing and
deflect the propeller slipstream away from the horizontal stabilizer.

Despite the narrowing of the scope to limit the vertical distance between the stabilizer and the slipstream
center line, an effort needs to be made to quantify this vertical distance to draw a conclusion on the validity
of the Rethorst correction assumptions applying at the stabilizer.

Research Questions and Purpose Statement
The following main research question of this thesis project is to investigate:

How applicable is the Rethorst correction to the horizontal stabilizer of a conventional high wing,
lower mounted stabilizer, IB propeller configuration aircraft?

The purpose of the research question is to evaluate the prediction of the stabilizer’s lift and thus its LSS con-
tribution. To investigate the stabilizer lift and check the validity of the application of the jet correction at the
stabilizer, the following sub-questions are identified:
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• What is the average downwash at the horizontal stabilizer with the application of the jet correction?
• What is the average dynamic pressure at the horizontal stabilizer with the application of the jet correc-

tion?
• What is the vertical distance between the slipstream center line and the horizontal stabilizer?

The plan to tackle the research questions for this thesis is to perform a case study on a reference aircraft using
a VLM code that contains an implementation for the jet correction. For this reason, the code by Willemsen
and van der Leer is inherited for this thesis project. This code contains the ability to model a wing-propeller
system as a lifting surface and higher fidelity slipstream tube model combination, where the contraction
and deflection of the slipstream tube can be evaluated [56, 27]. Modifications to this code are required to
model the horizontal stabilizer and apply the jet correction. The reference aircraft that is chosen and fits
in the scope of this project is the Fokker F-27. A conventional high wing, low stabilizer and dual tractor IB
propeller configuration aircraft. At the end of the case study, the assumption of the vertical distance between
the propeller center line and the horizontal stabilizer as a result of the slipstream deflection is quantified to
verify if the application involving assumption 1 of the Rethorst correction is valid.

The purpose of this thesis project can be summarized to be to:

Investigate the applicability of the Rethorst correction at the horizontal stabilizer for the Fokker F-
27, by evaluating the average downwash and dynamic pressure at the horizontal stabilizer using a
VLM to model the aircraft airframe, a BEM to model the propeller and a potential flow slipstream
model for the slipstream induced velocities and a comparison to wind tunnel and flight test data.

Simplifications
To make the problem of the case study more manageable and reduce its complexity, simplifications for the
Fokker F-27 model and the moment coefficient are considered.

Aircraft Model
The following simplifications are considered in this thesis project for the model of the F-27, while still keeping
enough model fidelity to answer the research questions:

• No wing and stabilizer dihedral:
The F-27 has a 2.5◦ dihedral on the OB span side of the wing starting at the propeller center line. The IB
wing section between the propeller section and the wing mid point does not feature any dihedral [53].
This 2.5◦ dihedral on the OB wing can be neglected, since it not positioned in front of the horizontal
stabilizer and therefore does not influence the downwash experienced by the stabilizer.
The horizontal stabilizer itself features a 6◦ dihedral angle [53]. The main consequence of neglecting
the dihedral is the fact that the horizontal stabilizer position of the section other than the root changes
with respect to the propeller slipstream. In fact, ignoring the dihedral will bring the stabilizer close to
the propeller center line, which is good for the applicability of the jet correction. However, the simplifi-
cation changes the geometry of the F-27 model with respect to the real life aircraft.

• No fuselage and propeller nacelles:
The fuselage and nacelle bodies affect the aircraft moment coefficient in three ways. Firstly, they them-
selves create a moment that contributes to the total moment of the aircraft. Secondly, by affecting the
lift on the wing and horizontal stabilizer due to their presence. Thirdly, they change the aircraft aero-
dynamic center (a.c.). The first two effects are discussed respectively.
Modeling the fuselage and nacelles to take into account their moment contributions can be done in
various ways. The fuselage and nacelle shape can be represented by means of VLM panels. However,
literature has indicated that this method can be unreliable [25, 26]. Another option is to represent the
fuselage and nacelles moment contribution by means of the slender body theory. This would enable
the determination of a moment contribution of the fuselage and nacelles. However, the fuselage width
to length ratio of the F-27 does not fit the requirement of being much less than 1 for slender body
theory [22]. Instead, it is chosen to account for the fuselage and nacelle moment contributions using
a correction that is already available for the F-27 specifically [53]. This correction is described in more
detail in the F-27 case study.
The fuselage and the propeller nacelles interact with the main wing and stabilizer and affect their lift
and their contributions to the moment of the aircraft. The wing lift distribution is altered due to the
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presence of the fuselage and nacelles, often resulting in a decrease in lift close to the fuselage and na-
celle positions. This interaction is often referred to as the carry-over effect of the fuselage and nacelles
on the wing. The carry-over effect also results in a different lift coefficient, lift slope compared to the
isolated wing. This effect on the wing lift slope however is quite small [44, 32, 21]. The carry-over ef-
fect therefore barely affects the LSS, as it is a function of the lift slope, and is therefore not taken into
account during the F-27 case study.

• Linear wing twist distribution:
The twist on the real life F-27 is only applied to the OB wing section beyond the propeller center line
position, with the IB wing section section thus not having any twist. The wing twist in the F-27 model
in this thesis is applied as a linear change from the root to the tip. A consequence being that the twist
impacts the lift of the IB wing section and thus its generated downwash, which is investigated in the
verification stage of this thesis.

• No vertical stabilizer:
In symmetric flight, the vertical stabilizer only contributes to the longitudinal moment of the aircraft
by means of its drag created by viscous flow phenomena. The vertical stabilizer does not generate lift
during symmetric flight (when it is symmetrically positioned), meaning no generation of induced drag.
However, classical VLM methods cannot model the viscous drag component without addition imple-
mented features. Also, the moment contribution due to the vertical tail viscous drag is very small since
the magnitude of the viscous drag is small. The viscous drag component contribution can therefore be
neglected in the total moment coefficient. In fact, in this case there is no use for the vertical stabilizer
to be modeled to begin with. The vertical stabilizer is therefore not included in the F-27 model for this
thesis project.

Moment coefficient
The moment of an aircraft is always determined around a so-called moment reference point. The moment
around this reference point is equal to the sum of all aircraft forces multiplied with their moment arm relative
to the reference point. This includes the lift and drag forces. The calculated moment is unique to the chosen
reference point.

The lift force in known to be much larger compared to the drag force during cruise, a factor of 17 larger is
not uncommon [51]. In addition, the drag force contribution to the aircraft moment becomes even smaller
compared to the lift contribution for cases where the vertical reference point position is close to the applica-
tion point of the aircraft aerodynamic forces. This applies for the F-27 [53]. The drag force contributions to
the aircraft moment are thus neglected in this thesis. The effect of neglecting the drag force contribution to
the moment is discussed in the verification part of this thesis.

Thesis Outline
The inherited code by Willemsen and van der Leer used for this thesis project is described in Chapter 2. The
implementation required to make it useful for this thesis project are also discussed. In Chapter 3, the inher-
ited code verification and validation is covered. In addition, a sensitivity analysis is performed to investigate
the effect of the added implementations. The research questions are tackled in the Fokker F-27 case study in
Chapter 4. The conclusions to the research questions and recommendations are discussed in Chapter 5 and
6 respectively. Appendix A and Appendix B contains the geometrical data of the Fokker F-27 aircraft models
and the propeller model used in this thesis. Appendix C covers implementations and results of the inherited
code that became obsolete for this thesis project that might be useful for future use and or reference. Lastly,
a derivation for the LSS of the F-27 is presented in Appendix D.





2
The Aircraft Longitudinal Interaction and

Moment Evaluator

This chapter focuses on the Python based tool that is used during this thesis project. Nederlof first used the
the tool for his thesis project to investigate the effect of finite slipstream height to improve the modeling of
wing-propeller interaction, using a correction derived by Rethorst [35]. The tool is passed down to other
students for their master thesis projects. Willemsen performed a sensitivity analysis on WTMP-wing systems
[56]. Van der Leer used the tool in combination with an aircraft structures module to investigate the effect of
WTMPs on the structural weight and overall weight of an aircraft [27]. In this thesis, the tool is used to evaluate
the moment coefficient of a wing-horizontal stabilizer-propeller slipstream system. Implementations are
required to meet this goal. In section 2.1 a description of the most relevant elements of the tool for this
thesis project is given. The new implementations necessary to evaluate the aircraft moment are discussed in
section 2.2.

2.1. Description
A complete description of the tool and its features is given by Willemsen and van der Leer [56, 27]. This section
described components of this tool that are relevant to this thesis. Some more detail is provided on modules
to create a more complete picture of the described tool, which is necessary for some of the discussion later in
the report.

The tool works by iterating between a VLM module to determine the lifting surface properties and a BEM
module that determines the propeller performance and the slipstream properties. The wing and propeller
slipstream interact with each other. The wing induces an induced velocity on the propeller slipstream and
vise versa. This interaction of slipstream on wing creates changes in the wing lift and drag. The induced veloc-
ities of the wing create a non-uniform inflow to the propeller, resulting in changes to the propeller thrust and
torque and deforms the propeller slipstream. Iterations between the VLM and BEM modules are performed
until the change per iteration in CL , CD , CT and CQ is smaller than the thresholds of 1e−3, 1e−4, 1e−3 and
1e−3 respectively. The system is said to be converged [56].

The VLM module consists of a VLM formulation and a jet correction, which are described in subsec-
tion 2.1.1 and 2.1.2 respectively. The BEM module consists of a BEM to calculate the isolated propeller per-
formance map, a non-uniform inflow propeller analysis and a slipstream model. The non-uniform inflow
analysis of the propeller is described in subsection 2.1.3. The slipstream model is covered in subsection 2.1.4.
The computation of the total aerodynamic forces is discussed in subsection 2.1.5.

2.1.1. VLM Formulation
The VLM is modified from an exciting VLM formulation in Python1. It is a VLM formulation that is able to take
induced velocities in x and z (Vxi and Vzi ) into account in its computations. Allowing it to take into account
induced velocities resulting from the presence of other aircraft components, such as a propeller slipstream.
The wing is modeled in the z = 0 plane, this greatly simplified the calculation, but also introduces a slight error

1PyVLM, AeroPython Team, https://github.com/aqreed/PyVLM [Accessed 13/6/2023]
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in the induced velocities at high AoA when using cambered airfoils [30]. The camber of the wing is taken into
account with the normal velocities. The wing wake is shed in the z = 0 plane, leading to a non-force free wake
[22].

The circulation vectorΓw of an isolated wing is determined using the system of the general form described
by Equation 2.1.

Cw wΓw = Vnw (2.1)

Where Cw w are the AICs of the wing-on-wing panel induced velocities calculated using the Biot-Savart law
and Vnw are the normal flow velocities of each panel on the wing [22]. The normal velocities of the VLM
panels are given by Equation 2.2. The normal velocities take the camber line slope of the airfoil camber g (x,
z) into account, as well as the induced velocities Vi nd x and Vi nd z [56].

Vnw =V∞
(
∂g

∂x
−α

)
+Vi ndx

∂g

∂x
−Vi ndz (2.2)

AIC Calculation
To determine the AIC matrix, the vertical downwash induced by every horseshoe vortex needs to be calculated
in every panel CP. Each horseshoe vortex consists of three elements that each contribute to the downwash
induced by the complete horseshoe vortex. First, a bounded vortex filament between the points e and f , that
forms the LE of the horseshoe vortex, induces a downwash at an artibrary point P according to Equation 2.3
[22], where r1 is the distance between P and the first end of the bounded vortex filament and r2 is the distance
between P and the second end of the bounded vortex filament. Lastly, r0 is the distance between both end
of the vortex filament. The bounded vortex filaments are modeled with a viscous core, meaning that the
downwash is set to zero when the distance to the bounded vortex filament becomes smaller than a threshold
distance of 1e −12m.

Vi nd (x, y, z) = Γ

4π

r1 × r2

|r1 × r2|2
r0

(
r1

|r|1
− r2

|r|2

)
(2.3)

The second and third component of the horseshoe vortex are semi-infinite vortex filaments, referred to as
the trailing horseshoe vortex elements, that extend from e and f to +∞ respectively. Each trailing vortex
filament induces a downwash at P according to Equation 2.4 [7], where r is the minimum distance from the
semi-infinite vortex filament and point P .

Vi nd (x, y, z) = Γ

4πr
(2.4)

Willemsen and van der Leer’s version of the VLM formulation calculates the total induced velocity in P
for a horse vortex as the sum of the downwash by the bounded vortex element and the two trailing vortex
filaments in the z = 0 plane alone. The two trailing vortex filaments extend to +∞, meaning that the total
downwash is equal to the sum of Equation 2.3 with two contributions of Equation 2.4, one of the latter having
an opposite sign. In this report, determining the AICs in this manner is referred to as the farfield method,
since the trailing vortices extend into the farfield of +∞.

2.1.2. Jet Correction
The presence of the propeller slipstream affects the lift experienced by the wing. It turns out that accounting
for the slipstream height is important when it comes to modeling the lift of a wing engulfed in a circular jet
[35]. Rethorst developed a method to calculate the downwash due to the presence of a circular jet boundary
for a wing symmetrically extending through the jet [42, 41]. Prabhu extended the method by Rethorst by
removing one of its main limitations, being the constant jet velocity distribution. It is the combination of the
method by Prabhu and Rethorst that is called the jet correction, which is used to correct the AIC matrix of the
wing by means of the jet correction matrix G as shown by Equation 2.5. Effectively correcting the circulation
strength of the wing panels to account for the finite propeller slipstream height.

(Cw w +Gw )Γw = Vnw (2.5)

Propellers can be located at a z-position which is different from the wing. As a simplification, the jet correc-
tion is determined as if the propeller center line and wing vertical location are both positioned in the same
z-plane: zp = zw [56]. The Rethorst correction and the extension by Prabhu to account for a non-uniform jet
velocity distribution are now discussed respectively.
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Rethorst Correction
The downwash as a result of the jet boundary is derived by Rethorst under the condition where the wing sym-
metrically extends through a circular jet with a constant jet velocity V j profile. The derivation is performed for
a circular jet and a wing with their symmetry axes located along the same line. For the derivation, a potential
flow assumption is used, with the fluid being ideal, incompressible and inviscid.

Consider a single horseshoe vortex located either inside or outside the jet. The derivation by Rethorst is
based on splitting this system up into an even and odd part, where the sum of both the even and odd systems
results in the original system, see Equation 2.6. For both the even and the odd system, the downwash induced
by the jet boundary is derived for a horseshoe vortex located inside and outside the jet.

G = Geven +Godd (2.6)

The even part of the correction Geven is purely a function of the left, right corner positions (e and f re-
spectively) and the CP y-positions of the horseshoe vortices ζ, which are normalized with the propeller ra-
dius Rp . Equation 2.7 describes the result of the derivation for the even part Geven by Rethorst, where the
first subscript index represents a horseshoe vortex CP position and the second index presents the original
position of the imaged horseshoe vortex. The index can either be j , meaning inside the jet (−1 < ζ < 1). Or
o, meaning outside the jet (|ζ| > 1). When inspecting Equation 2.7, it can be noted that: G j oeven = Go j even and
Gooeven =−G j j even .

G j jeven (ζ) = 1

Rp

1−µ2

1+µ2

[
1

(1/ f )−ζ −
1

(1/c)−ζ +
1

(1/d)+ζ −
1

(1/c)+ζ
]

Go jeven (ζ) =− 1

Rp

(1−µ)2

1+µ2

[
1

ζ−e
− 1

ζ− f
+ 1

ζ+ f
− 1

ζ+e

]
G j oeven (ζ) =− 1

Rp

(1−µ)2

1+µ2

[
1

ζ−e
− 1

ζ− f
+ 1

ζ+ f
− 1

ζ+e

]
Gooeven (ζ) =− 1

Rp

1−µ2

1+µ2

[
1

(1/ f )−ζ −
1

(1/c)−ζ +
1

(1/d)+ζ −
1

(1/c)+ζ
]

Geven (ζ) =
[

G j jeven G j oeven

Go jeven Gooeven

]

(2.7)

The odd part of the correction Godd follows from determining the perturbation velocities created by the
horseshoe vortex and the jet boundary by means of the boundary conditions of the jet boundary. This deriva-
tion leads to the introduction of the modified Bessel functions of the first and second kind I , K and their
derivatives I ′ and K ′. The complete derivation of the off part is covered by Rethorst. The final form of the odd
part is displayed by Equation 2.8 [41, 42].

G j jodd (ξ,ζ) = 8

Rpπζ

∞∑
p=0

(
2p +1

)2
∫ ∞

0

K K ′I (ζλ)sin(ξλ)dλ[
1/{(1/µ2)−1}

]−λI K ′

∫ f λ

eλ

I (λβ)

(λβ)
d(λβ)

Go jodd (ξ,ζ) = 8

Rpπζ

∞∑
p=0

(
2p +1

)2
∫ ∞

0

[
1

µ−λ{(1/µ)−µ}I K ′ −1

]
K (ζI )sin(ξλ)dλ

λ

∫ f λ

eλ

I (λβ)

d
(λβ)

G j oodd (ξ,ζ) = 8

Rpπζ

∞∑
p=0

(
2p +1

)2
∫ ∞

0

[
1

µ−λ{(1/µ)−µ}I K ′ −1

]
I (ζI )sin(ξλ)dλ

λ

∫ f λ

eλ

K (λβ)

d
(λβ)

Gooodd (ξ,ζ) = 8

Rpπζ

∞∑
p=0

(
2p +1

)2
∫ ∞

0

I I ′K (ζλ)sin(ξλ)dλ[
1/{(1/µ2)−1}

]−λI K ′

∫ f λ

eλ

K (λβ)

(λβ)
d(λβ)

Godd (ξ,ζ) =
[

G j jodd G j oodd

Go jodd Gooodd

]

(2.8)

Non-Uniform Jet Velocity
The correction derived by Rethorst is limited to jets with a constant jet velocity. In reality, a propeller slip-
stream will have a non-uniform velocity distribution. To apply the Rethorst correction is these circum-
stances, Prabhu proposes to discretize a smooth velocity distribution into sections of constant jet velocity.
The Rethorst correction of a wing is determined for each discretized section and summed to obtain the com-
plete jet correction Gw due to the propeller slipstream for the isolated wing [40], as expressed by Equation 2.9.
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The discretization of the smooth slipstream velocity distribution takes place at the location of every horse-
shoe vortex in the jet. So the number of discretized elements of the jet velocity distribution, indicated with the
subscript i , is equal to the amount of spanwise panels in the jet m j , as shown in Figure 2.1. As is explained
in detail later in this chapter, the jet correction is only calculated on one side of the jet due to symmetry.
The obtained jet correction is copied to the other side of the jet to obtain the correction at every discretized
section.

Gw =
m j∑
i=1

Gi (2.9)

The wing paneling also consists of chordwise panels, while the jet correction is determined as if there is only
one row of chordwise panels. The elements of Gw that belong to a specific panel at location y are copied to
all the chordwise panels at that location y .

Figure 2.1: A schematic of the velocity discretization as defined for the Rethorst correction adaption by Prabhu [40] for an arbitrary
smooth velocity distribution.

2.1.3. Non-Uniform Propeller Inflow Analysis
The performance of a propeller change when a propeller disk experiences a non-uniform inflow velocity
profile. An example situation being a non-zero AoA inflow at the propeller disk [59]. To capture this change in
propeller performance, the method by van Arnhem [8] is implemented in the BEM formulation. This method
adapts the propeller performance as a result of velocity disturbance that result in a local change in advance
ratio ∆J in the propeller load distribution, which is descretized as shown by Figure 2.2 [9]. The non-uniform
inflow analysis is given by a quasi-steady model, where a correction can be added to account for unsteady
effects. Both the quasi-steady and unsteady models are individually discussed.

Quasi-Steady Model
The effective advance ratio Je f f as a result of a ∆J is the axial (subscript a) and tangential (subscript t ) direc-
tion is determined with Equation 2.10.

Je f fa =∆Ja + J = ∆Va(r,φ)

nDp
+ V∞

nDp

Je f ft =∆Jt + J = V∞
[n + (∆Vt /2πr )]Dp

− V∞
nDp

∆Vt =−∆Vy cos(φ)−∆Vz sin(φ)

(2.10)

From the known propeller performance map resulting from the BEM analysis, the change in thrust and torque
distribution T

′
and Q

′
, is obtained at the location Je f f , as is expressed by Equation 2.11and 2.12 respectively.

∆T
′
a(r,φ) =

[
C

′
T (Je f fa )

ρ

ρ∞
−C

′
T (J∞)

]
ρ∞n2D4

p

∆T
′
t (r,φ) =

[
C

′
CT (Je f fa )

(
n + ∆Vt

2πr

)2 ρ

ρ∞
−C

′
T (J∞)

]
ρ∞D4

p

(2.11)
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Figure 2.2: A schematic of the propeller load discretization used in the non-uniform inflow analysis method by van Arnhem [8].

∆Q
′
a(r,φ) =

[
C

′
Q (Je f fa )

ρ

ρ∞
−C

′
Q (J∞)

]
ρ∞n2D5

p

∆Q
′
t (r,φ) =

[
C

′
Q (Je f fa )

(
n + ∆Vt

2πr

)2 ρ

ρ∞
−C

′
Q (J∞)

]
ρ∞D5

p

(2.12)

The total change in thrust and torque load distribution due to ∆J , C
′
T and C

′
Q , is the sum of the axial and

tangential component, summarized with Equation 2.13.

∆C
′
T (r,φ) = ∆T

′
a +∆T

′
t

ρ∞n2D4
p

∆C
′
Q (r,φ) = ∆Q

′
a +∆Q

′
t

ρ∞n2D5
p

(2.13)

The new propeller thrust force, normal and side force contributions are obtained by integrating the newly ob-
tained propeller load distributions over the propeller radius and azimuth angle φ as shown by Equation 2.14.

∆CT = 1

2π

∫ 2π

0

∫ Rp

Rhub

∆C
′
T (r,φ)dr dφ

∆CQ = 1

2π

∫ 2π

0

∫ Rp

Rhub

∆C
′
Q (r,φ)dr dφ

∆CN =− 1

2π

∫ 2π

0

∫ Rp

Rhub

∆C
′
Q (r,φ)

r
sin(φ)dr dφ

∆CY =− 1

2π

∫ 2π

0

∫ Rp

Rhub

∆C
′
Q (r,φ)

r
cos(φ)dr dφ

(2.14)

Unsteady Model
Changes to the propeller performance due to a disturbance are not instantaneous. The unsteady motion of
the disturbance creates a phase angle between the disturbance itself and its effect [46]. The unsteady effects
effects are taken into account by means of multiplying the Sears function S with the quasi-steady thrust and
torque distributions, see Equation 2.15 [9]. Where σ is the reduced frequency.

T
′
us (r,σ) = T

′
qs (r,σ)S(r,σ)

Q
′
us (r,σ)

r
= Q

′
us (r,σ)

r
S(r,σ)

(2.15)
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2.1.4. Slipstream Model
The slipstream tube model is modified from the standard slipstream tube model to increase its fidelity. The
slipstream tube features contraction of its radius in the x-direction, deflection of the center line as a result of
the induced velocities and a circulation strength varies with azimuth in order to take into account an non-
uniform inflow for the propeller [56]. The standard slipstream model, the contraction and deflection are
discussed respectively.

Slipstream Tube
The slipstream tube model consists of tubes of vorticity distributions γ that are shed in the slipstream to
be able to calculate the induced velocities by the presence of the slipstream at any arbitrary point in space.
The slipstream tube contains circulation on the propeller disk γp , in the axial direction γa and the tangential
direction γt . The vorticity distributions are directly derived from the circulation distribution on the propeller
blade Γp that follows from the non-uniform inflow analysis of the propeller. The vorticity distribution is
obtained from the propeller circulation distribution as described by Equation 2.16.

γp = B

2πRp
Γp γa = B

2πRp

dΓp

dr
γt = nB

V∞

dΓp

dr
(2.16)

The induced velocities follow from the vorticity distributions by multiplying the vorticity distributions with
the functions f ′, which are directly derived from the Biot-Savart law, and integrating over each of the slip-
stream tube’s dimensions as shown by Equation 2.17 [30, 54].

Vxi nds
(x,φ,r ) =

∫ R

Rhub

∫ 2π

0

∫ ∞

0
γt f ′

t ,x d xdφdr +
∫ R

Rhub

∫ 2π

0
γp fp,x dφdR

Vyi nd s (x,φ,r ) =
∫ R

Rhub

∫ 2π

0

∫ ∞

0

(
γa f ′

a,y +γt f ′
t ,y

)
d xdφdr +

∫ R

Rhub

∫ 2π

0
γp fp,x dφdr

Vyi nds
(x,φ,r ) =

∫ R

Rhub

∫ 2π

0

∫ ∞

0

(
γa f ′

a,z +γt f ′
t ,z

)
d xdφdr +

∫ R

Rhub

∫ 2π

0
γp fp,x dφdr

(2.17)

All integrals are solved by means of the integral solution γ
[

f
]x+d x

x for integrals in the form of
∫
γ f ′d x [56],

where the functions f for the x, y and z-direction are given by Equation 2.18 to 2.21.

ft ,x = r

4π

bsin(φ)− ccos(φ))(x −xp )

a
√

(x −xp )2 +a
fp,x = r

4π

yp sin(φ)+ zp cos(φ)(
x2

p +a
)3/2

(2.18)

fa,y = r

4π

c(x −xp )

a
√

(x −xp )2 +a
ft ,y = r

4π

−cos(φ)

a
√

(x −xp )2 +a
fp,y =− r

4π

xp cos(φ)(
x2

p +a
)3/2

(2.19)

fa,z =− r

4π

b(x −xp )

a
√

(x −xp )2 +a
ft ,z = r

4π

−cos(φ)

a
√

(x −xp )2 +a
fp,z =− r

4π

xp sin(φ)(
x2

p +a
)3/2

(2.20)

a = b2 + c2 b = r sin(φ)− yp c =−r cos(φ)− zp (2.21)

Slipstream Contraction
The radius of the propeller slipstream is determined based on the law of conservation of momentum includ-
ing the axial velocities inside the slipstream Vas , as given by Equation 2.22 [56].

r

Rp |xp=0
=

√
V∞+Vas |xp=0

V∞+Vas

(2.22)

Evaluating Vas at every point in the slipstream to determine the slipstream contraction is computationally
expensive. The axial velocity distribution in the slipstream is therefore approximated by means of a sum of
polynomial functions of the order ν as given by Equation 2.23. Where the constant Cν is found by considering
the least square of an arbitrary propeller axial velocity distribution [15].

Vas =
Nν∑
ν=1

Cν

(
1− Rp

Rp |xp=0

)ν
(2.23)



2.2. Implementations 15

Slipstream Deflection
The deflection of the slipstream is determined by the local vertical induced velocity at the center line of the
slipstream tube. A local center line deflection angle is obtained by dividing the local vertical induced velocity
with the free stream velocity. The local axial slipstream velocity is not taken as the denominator to prevent
different radial stations of the slipstream tube to experience a different deflection and make the entire slip-
stream tube deflect as a whole [56]. With the small angle approximation, the vertical displacement of the
slipstream becomes the local axial distance of a slipstream tube element ∆xs times the deflection angle as
given by Equation 2.24.

∆zs =∆xs
Vi ndz

V∞
(2.24)

2.1.5. Aerodynamic Forces
With the relevant parts of the VLM and BEM modules covered, now it can be explained how the aerody-
namic forces are determined. The aerodynamic forces are determined for every panel individually and then
summed to obtain the total aerodynamic force of the wing.

The normal and axial panel forces N and A are calculated using the Kutta-Joukowski theorem [22]. These
panel forces are then used to calculate the aerodynamic forces are given by Equation 2.25. The velocity here
is the total velocity. The total lift is obtained by summing the lift contribution of each panel. The total ve-
locities are used to calculate the effective velocity Ve f f and the effective AoA αe f f of every panel as given by
Equation 2.26.

A =−VzρΓ∆y

N =VxρΓ∆y

L = N cos(α)− Asin(α)

M = N
[
xr e f −xC P

]− A
[
zr e f − zC P

] (2.25)
Ve f f =

√
V 2

x +V 2
y +V 2

z

αe f f = tan−1
(

Vz

Vx

) (2.26)

The total velocities Vx , Vy and Vz in Equation 2.25 contain three components: the free stream velocity V∞,
the induced velocities by the slipstream Vi nd s and the wing panels Vi nd w as expressed by Equation 2.27.

Vx =V∞cos(α)+Vxi nds

Vy =Vyi nds

Vz =V∞sin(α)+Vzi nds
+Vzi ndw

(2.27)

2.2. Implementations
To be able to evaluate the longitudinal moment coefficient of an aircraft using the described tool, the horizon-
tal stabilizer needs to be modeled. Implementing the horizontal stabilizer requires various other implemen-
tations. First, the horizontal stabilizer required implementation to the VLM formulation. Limitations set on
the position of these additional stabilizer VLM panels are controlled using mesh matching between the main
wing and stabilizer. The moment and moment coefficient contributions of the wing and stabilizer need to
be evaluated. Secondly, the jet correction needs to be implemented for the horizontal stabilizer. The second
set of implementations concerns the reference aircraft, the Fokker F-27, in an effort to increase the fidelity
F-27 model. Where the wing model is expanded with the ability to model multiple airfoils, wing twist and
an incidence angle. Lastly, the forces determined by the VLM and BEM module separately are combined to
determine the total aircraft forces and moment. With these implementations in place, the tool is now referred
to as ALIME.

The wing modeling implementation are covered in subsection 2.2.1. The implementations on the sta-
bilizer in the VLM formulation are discussed in subsection 2.2.2. The jet correction implementation for the
horizontal stabilizer is discussed in subsection 2.2.3. The total aerodynamic forces including the stabilizer
are covered in subsection 2.2.4.

2.2.1. Wing Airfoil Slope, Twist and Incidence Angle
To increase the fidelity of the F-27 reference aircraft model in ALIME, the ability to model multiple airfoils,
wing twist ε and incidence angle i are implemented. It is chosen to simplify these implementations by only
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considering the effect of the multiple airfoils, wing twist and incidence angle on the normal velocities in the
VLM system. The VLM panels of the wing will remain in the z = 0 plane, resulting in the AICs being unaffected
by the airfoil, twist and incidence angle implementation. This leads to a small error in terms of the panel
circulation. However, this error is expected to be negligible since the position of the panels would barely
change when the wing twist and incidence angle would determine the VLM panel positions. The definition of
the normal velocities Vn on the right hand side of the VLM system changes from Equation 2.2 to Equation 2.28,
which already contain the mentioned implementations that are discussed individually.

Vn =V∞
(
∂g

∂x
(y)−α−ε(y)

)
+Vx

∂g

∂x
−Vz (2.28)

Multiple Airfoils
The normal velocity of each of the VLM panels is a function of the camber line slope. Considering multiple
airfoils means that the camber line slope changes with y . The F-27 features a different wing root and tip
airfoil. The airfoils are implemented in ALIME to be specified by the user at the wing root and tip section.
The change in camber line slope from root to tip is modeled as a linear change in root and tip airfoil camber

line function (gr and g t ) slope, as expressed by Equation 2.29. The local airfoil slope ∂g
∂x therefore becomes a

function of the spanwise coordinate y .

∂g

∂x
(y) =

( ∂g t
∂x − ∂gr

∂x

b/2

)
y + ∂gr

∂x
= ∂g t

∂x

y

b/2
+

(
1− y

b/2

) ∂gr

∂x
(2.29)

Wing Twist
The wing twist angle will tilt the airfoil camber line with respect to the incoming flow, affecting the normal
velocities experienced by the VLM panel as a result of the twist. The wing twist is defined as zero at the
wing root and equal to εt at the tip. The wing twist is therefore a function of y . The local wing twist ε(y) is
implemented as a linear change from the wing root to the tip, as given by Equation 2.30.

ε(y) = εt
y

b/2
(2.30)

Incidence Angle
The incidence angle iw of a wing affects the normal velocities of the VLM panel system in the same way as
the wing twist. The incidence angle of a wing is the angle between the aircraft longitudinal body axis and the
wing root chord line [44]. The AoA is the angle between the wing root chord line and the free stream velocity
vector. The AoA of a wing is thus the sum of the incidence angle and the angle between the free stream velocity
and the aircraft longitudinal axis. This aircraft longitudinal axis is taken to be the middle line of the aircraft
fuselage, meaning that the latter of the mentioned angles effectively becomes the AoA of the fuselage α f . For
a wing, the AoA α can thus be expressed as a function of its incidence angle by means of Equation 2.31.

α=α f + iw (2.31)

2.2.2. VLM Formulation for the Stabilizer
The addition of the horizontal stabilizer surface expands the old VLM system from Equation 2.1 to Equa-
tion 2.32. [

Cw w Cwh

Chw Chh

][
Γw

Γh

]
=

[
Vnw

Vnh

]
(2.32)

Where the addition of the horizontal stabilizer panels results in three extra interactions that are captured with
the AICs: the horizontal tail-on-horizontal tail interaction AICs Chh , the horizontal tail-on-wing interaction
AICs Chw and vise versa Cwh .

One of the main goals of the horizontal stabilizer implementations is to not restrict the horizontal stabi-
lizer to the z = 0 plane, requiring a change to the AIC computation formulation. In addition, restriction of the
mesh on the horizontal stabilizer are imposed by means of mesh matching to keep ALIME more user friendly.
The AIC formulation and mesh matching implementation for the stabilizer are discussed respectively.
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AIC Formulation
The VLM formulation used for the horizontal stabilizer takes each element of the horseshoe vortex to be a
bounded vortex, since its AIC calculation procedure (Equation 2.3) takes into account the z-position of the
vortex filaments compared to the farfield method described in subsection 2.1.1. This is the most time effi-
cient means of taking into account the z-position of the horizontal stabilizer because the procedure for de-
termining Equation 2.3 numerically (described in section 10.4.5 by Katz and Plotkin [22]) is already present in
PyVLM1 by default. This decision to work with bounded horseshoe vortex elements has some consequences
for the convergence behaviour of the VLM as is discussed later in subsection 3.2.1. The vortex filament at the
horseshoe vortex LE is a bounded vortex located between e and f , just like in the farfield method. The two
trailing vortex filaments now no longer extend to +∞, but extend from e and f to y = 1000c. The total down-
wash by a horseshoe vortex again consists of the sum of three contributions of the bounded horseshoe vortex
elements. The z-coordinate of each horseshoe vortex is now taken into account towards the computation of
the AIC. This method of determining the AICs is referred to as the 3D method in this thesis, because of the
extension of the AIC computation outside of the z = 0 plane.

Mesh Matching
The induced velocity of a vortex filament increases asymptotically as a function of the distance to the filament
core. When the distance to a vortex filament core goes to zero, the induced velocity created by that vortex
filament will go to infinity. Even with an implemented viscous core, that sets the induced velocity to zero
when the distance to the filament becomes smaller than 1e−12, the induced velocity can become very large
when approaching this threshold distance of 1e−12.

A potential numerical problem arises when the mesh of the horizontal stabilizer and the wing is not con-
trolled. If the trailing vortex filaments of the wing and stabilizer get positioned very close together (close to,
but still larger than the threshold distance of 1e−12), the resulting AIC will become very large. Resulting in a
large increase in the Γ.

To prevent this problem, the mesh of the horizontal stabilizer and the part of the wing directly in front of
the stabilizer is aligned. This leads to the situation depicted in Figure 2.3. Flexibility of mesh usage between
the wing and stabilizer is traded off against a more user friendly experience in ALIME.

Figure 2.3: A visualization of the mesh matching implementation for the wing and horizontal stabilizer [58].

2.2.3. Jet Correction for the Stabilizer
With the addition of the horizontal stabilizer, the jet correction matrix is applied to the wing and stabilizer
panels as shown by Equation 2.33.([

Cw w Cwh

Chw Chh

]
+

[
Gw 0

0 Gh

])[
Γw

Γh

]
=

[
Vnw

Vnh

]
, (2.33)

Where Gw and Gh are the jet correction matrices for the wing and stabilizer respectively. Despite the wing
and horizontal stabilizer having the same y-positions for the horseshoe vortex CPs due to the the mesh align-
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ment implementation described in subsection 2.2.2. The jet correction is calculated separately for the hor-
izontal stabilizer, since the odd part of the jet correction is not only dependent on the horseshoe vortex CP
y-positions, but also on the lifting surface chord length. However, the even part of the jet correction will be
the same for the wing and stabilizer Gevenw = Gevenh .

The main assumption for this implementation is that the radius of the propeller slipstream at the horizon-
tal stabilizer is the same uncontracted radius of the slipstream at the propeller disk. The jet center line is also
taken to lie at the same vertical position as the horizontal stabilizer for the purpose of the calculation of the
jet correction at the stabilizer, zp = zh , regardless of the determined vertical slipstream center line position
by the slipstream deflection.

The complete implementation of the jet correction for the stabilizer conists of the implementation of co-
rotating propellers and the jet correction itself for counter and co-rotating propellers. All three of which are
discussed respectively.

Co-rotating Propellers
The F-27 features two IB co-rotating propellers that rotate CCW when looking from the front which slipstream
will interact with both the wing and the stabilizer and thus requires ALIME to have the ability to model co-
rotating propeller.

ALIME performs calculations for the right wing propeller performance map and slipstream tube with a
user specified rotation direction. The results of the right side propeller disk and slipstream tube are copied
to the left wing and given the opposite rotation direction when dealing with IB Up (IU) and IB Down (ID)
rotating propeller configurations. It is assumed that the right and left wing propellers do not affect each other
[27]. To allow for the co-rotating propellers, the initial rotation direction is not switched sign when copying
the right wing propeller performance and slipstream tube to the left wing, allowing ALIME to handle CW or
CCW rotating propellers.

IU and ID Jet Correction
The jet correction for IB propellers (implemented by van der Leer) is calculated between the wing tip an
propeller center line on the wing. The jet correction coefficients are then mirrored and copied to the wing
section between the propeller center line and the wing root because of symmetry around the propeller center
line position. The jet correction coefficients that go beyond the wing root are ignored, see Figure 2.4. Deter-
mining the jet correction in this fashion is possible because the induced downwash coefficients magnitudes
G decrease quickly away from the propeller jet boundary and the symmetry of the correction around the pro-
peller jet center line [41, 35]. With the assumption that the panels of each wing half do not interact with each
other, the jet correction of one wing half is mirrored to the other wing half to complete Gw , see Figure 2.5. The
mirroring of segments of the jet correction can be done since the correction is mostly prominent near the jet
and the jet boundary [27].

A problem arises for a horizontal stabilizer since the section between the stabilizer tip and propeller cen-
ter line is shorter than the section between the stabilizer root and propeller center line. There is not enough
length available to calculate the jet correction beyond the propeller center line and then mirror it to the sta-
bilizer section between the root and jet center line. To solve this issue, the jet correction calculation is per-
formed between the stabilizer root and propeller center line and then mirrored to the shorter stabilizer sec-
tion beyond the propeller center line. This new implementation does not just apply to a horizontal stabilizer,
but to any lifting surface where the section between the stabilizer tip and propeller center line is shorter than
the section between the root and propeller center line.

To determine whether the jet correction needs to be calculated in between the root and propeller center
line or beyond the propeller center line for a particular lifting surface, ALIME first determines if the propeller
center position is located at yp ≤ b/4 like for an IB propeller, or yp > b/4 for an OB propeller. In the case
of an IB propeller, the jet correction is calculated between the lifting surface root and propeller center line,
then mirrored to the section beyond the propeller center and ignoring all the correction coefficient beyond
the span of the lifting surface. This process is also depicted in Figure 2.4 for the horizontal stabilizer. The
opposite is also true. Lastly, the jet correction coefficients are mirrored to the other wing half, as shown in
Figure 2.5.

The jet correction procedure introduces limitations for the mesh that can be selected. The mesh within
the propeller jet has to have an uneven number of spanwise panels to ensure that the middle panel CP inter-
sects with the propeller center line. The number of spanwise panels on the wing must therefor be uneven. To
allow the mirroring during the first step shown in Figure 2.4 of the jet correction to function, the mesh in the
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wing sections on both sides of the propeller jet must has the same amount and distribution of spanwise and
chordwise panels [27].

Figure 2.4: A schematic showing the first step of the jet correction calculation procedure for the wing by van der Leer and the newly
implemented variant for the horizontal stabilizer (imaged inspired by and adapted from [27]).

Figure 2.5: A schematic showing the second step of the jet correction calculation procedure for the wing and horizontal stabilizer (imaged
inspired by and adapted from [27]).

Co-Rotating Propeller Jet Correction
In the case of co-rotating propellers, the velocity ratio distribution µ created by the propeller slipstream be-
comes asymmetric between both wing halves. Meaning that the jet correction calculated on the right wing
would be different from the one calculated on the left wing, since the jet correction is a function of µ. The jet
correction is no longer only calculated on the right wing and copied to the left wing when the right and left
wing have an asymmetrical µ-distribution. The procedure for the jet correction calculation on the right wing
for counter rotating propellers is performed on both the left and right wing for the co-rotating propellers.
The Figure 2.6 illustrates the procedure of the jet correction calculation in the case of co-rotating propellers.
This implementation doubles the computational time for the jet correction since it is calculated twice. The
computational time of the jet correction is discussed in subsection 3.2.2. For the horizontal stabilizer, the
procedure of determining the jet correction is again exactly opposite compared to the wing.
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Figure 2.6: A schematic showing the jey correction calculation procedure for the wing and horizontal stabilizer in the case of co-rotating
(CW or CCW) propellers.

2.2.4. Total Lift and Moment Coefficient
With the implementation of the horizontal stabilizer in ALIME, the total lift and moment of the wing-horizontal
stabilizer-propeller system can be evaluated. This section discusses how VLM and BEM module results are
combined to obtain the total lift and moment coefficients in ALIME. The total lift and moment coefficient are
discussed separately.

Total Lift Coefficient
The lift coefficient of the wing and stabilizer surfaces are calculated in the VLM module in ALIME. The pro-
peller force contributions, determined by the non-uniform inflow analysis of the propeller in the BEM mod-
ule, are added to the lift to obtain the total lift coefficient. This is done according to Equation 2.34, which uses
the aerodynamic reference system aligned with the free stream velocity. The thrust and normal force of the
propeller disk are taken from the non-uniform inflow quasi-steady model. The unsteady correction in the
non-uniform inflow analysis does not affect these quantities [9].

Ltot = Lw +Lh +∆Tp sin(αp )+∆Np cos(αp ), CL = Ltot

q∞Sw
(2.34)

The propeller can also be mounted with a specific incidence angle ip relative to the aircraft body axis. The to-
tal AoA of the propeller disk αp is then expressed as Equation 2.35, which is very similar to the AoA definition
of a wing.

αp =α f + ip (2.35)

Total Moment Coefficient
The distances that define the moment arms to the reference point are determined in the body-axis of the
aircraft, which lies parallel to the z = 0 plane in ALIME. The normal and axial forces of the wing and stabi-
lizer VLM panels, N and A, as well as the propeller thrust and normal forces resulting from the non-uniform
inflow analysis, ∆Tp and ∆Np all contribute to the moment of the modeled aircraft. Note that ∆Tp and ∆Np

are the total thrust and normal force contributions of all present propellers. The complete aircraft moment
coefficient is implemented in ALIME according to Equation 2.36

Mtot =
∑

nw mw

[
Nw

(
xr e f −xC Pw

)− Aw (zr e f − zC Pw )
]− ∑

nh mh

[
Nh

(
xr e f −xC Ph

)− Ah
(
zr e f − zC Pw

)]
+∆Tp sin(ip )

(
xr e f −xp

)+∆Tp cos(ip )
(
zr e f − zp

)+∆Np cos(α)
(
xr e f −xp

)−∆Np sin(α)
(
zr e f − zp

)
CM = Mtot

q∞Sw c̄w

(2.36)
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The contributions of each wing and stabilizer panel normal and axial force are counted towards to mo-
ment individually. The moment arm distance for the normal and axial force of a single panel is equal to the
distance between the panel CP and the reference point. The sum of all the panel contributions to the moment
cover the contribution of the wing and stabilizer. For the wing and stabilizer, the total number of panels is
equal to the product of the number of chordwise and spanwise panels respectively: nw mw and nhmh . The
panel moment contributions would represent the entire aircraft moment in the case where no propellers are
present. In the presence of a propeller, the slipstream induced velocities will affect the panel forces and there-
fore their contribution to the aircraft moment. For the propeller force contributions, the ip is used to align
the propeller force contributions with the aircraft body axis.





3
Verification, Validation and Sensitivity

Analysis

This chapter is about the testing of the abilities and limitations of ALIME. The implementations made to
ALIME, described in section 2.2, are verified in section 3.1. A sensitivity analysis of ALIME is presented in
section 3.2. Lastly, the validation discussed in section 3.3 compares predictions of ALIME to wind tunnel
data. Some of the assumptions/simplifications mentioned in chapter 1 are tested in this chapter.

3.1. Verification
The implementations to ALIME are verified in this section. First the implementations to the VLM module,
namely the implementations to the wing and the horizontal stabilizer, are covered in subsection 3.1.1 and
3.1.2 respectively. A comparison is performed between ALIME and the open source VLM XFLR5 [58]. The
implementation verification for the jet correction for the horizontal stabilizer is discussed in subsection 3.1.3.

3.1.1. Wing Implementations
This section focuses on the verification of the implementations to the wing model in ALIME, namely the mul-
tiple airfoils and wing twist as described in subsection 2.2.1. The F-27 reference aircraft geometry for the TU
Delft model, as described in Appendix A, is utilized for the verification. The multiple airfoil implementation
and wing twist implementation verification are discussed respectively.

Multiple Airfoils
Figure 3.1 shows a comparison of the lift distribution of the TU Delft F-27 model in ALIME and XFLR5 at
α = 3.46◦. The wing twist is set to zero to isolate the effect adding the extra airfoil. To see the effect of the
airfoil implementation, the F-27 wing lift distribution with the root airfoil at both the root and wing tip and
the root and tip airfoil at their respective wing section is computed for both ALIME and XFLR5.

Good agreement is observed between ALIME and XFLR5. Especially for the case where the F-27 wing is
fitted with just the root airfoil. In the case of different root and tip airfoil, the sectional lift coefficient Cl w

increases in the mid-wig region for both ALIME and XFLR5. A possible explanation for the slightly higher
Cl w by XFLR5 for the root and tip airfoil wing is a different implementation for the interpolation of the airfoil
camber line between the wing root and tip section. However, this cannot be confirmed when inspecting the
XFLR5 user manual [58].

Twist
To verify the wing twist implementation, a comparison is set up between ALIME and XFLR5 for the same F-27
isolated wing geometry that is used for the multiple airfoil implementation. The root and tip section of the
wing feature their respective airfoil sections as mentioned in Appendix A. Note that the incidence angle of
the wing is set to iw = 3.27◦, to allow for a more fair comparison with the F-27 lift distribution by Veldhuis.
Although similar, the geometry of Veldhuis’ F-27 model is slightly different compared to the F-27 geometry of
the TU Delft model [54]. The main differences are a slightly larger wing span of 30m and the wing incidence
angle. First the wing lift distribution of the F-27 wing is computed by ALIME and XFLR5 without any twist

23



24 3. Verification, Validation and Sensitivity Analysis

ε= 0◦. Next, the lift distribution is determined with a linear wing twist of ε=−2◦ for both ALIME and XFLR5.
Figure 3.2 shows the comparison of these two cases.

The lift distribution of both ALIME and XFLR5 agree well for the case where ε= 0◦, but a clear difference
in sectional lift is observed when the ε = −2◦ is introduced. The difference in wing lift can be explained by
the different implementation of wing twist in ALIME and XFLR5. In ALIME, the wing twist is implemented as
a linear change in VLM panel normal velocities only, leaving the panel orientations and thus the AIC matrix
unaffected as described in subsection 2.2.1. In XFLR5 wing twist is implemented in both the VLM panel
orientation and the normal velocities, affecting the AIC matrix and the normal velocity vector, resulting in a
different circulation vector solution [58].

The lift distribution by ALIME is closer to the one by the VLM model by Veldhuis compared to the one by
XFLR5. The implementation for the linear wing twist in ALIME is therefore deemed to be more acceptable
for this thesis project compared to the one in XFLR5 in the case of the F-27. Veldhuis’ implemented the wing
twist to start at the propeller center line position, as is te case for the real F-27. The consequence of the linear
implementation of the wing twist from root to tip in ALIME is a slightly lower Cl w in the mid-wing regions,
resulting in a slightly lower wing lift coefficient CLw compared to Veldhuis for the same wing incidence angle.
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Figure 3.1: A comparison between the TU Delft F-27 model iso-
lated wing lift distribution with root and tip airfoil and root air-
foil only of ALIME and XFLR5, at α = 3.46◦, zero twist ε = 0◦ and
iw = 3.46◦.
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Figure 3.2: A comparison between the TU Delft F-27 model iso-
lated wing lift distribution of ALIME, XFLR5 and the VLM by Veld-
huis [54], at α= 3.27◦, iw = 3.27◦ for ε=−2◦ and 0◦.

3.1.2. Horizontal Stabilizer Implementation
To verify the VLM formulation and mesh matching implementation of the horizontal stabilizer as described in
subsection 2.2.2, and the lift and moment coefficient as described in subsection 2.2.4 without the propellers.
the TU Delft F-27 model with stabilizer is analyzed on the AoA range of -1.54◦ to 8.46◦ using ALIME and XFLR5
for the root and tip airfoil, iw = 3.46◦ and ε=−2◦. The initial assumption of the axial panel force contribution
to CM is also tested in this section.

VLM Formulation and Mesh Matching
Figure 3.3 shows the lift distribution of the wing and stabilizer of the F-27 at an AoA of α = 3.46◦. Good
agreement is observed for the lift distribution of ALIME and XFLR5, although XFLR5 yields a slightly higher
Cl w on the OB side of the wing. A kink in the XFLR5 Cl w distribution is also observed at y = ±bh/bw . This
kink is a result of the process to ensure an identical mesh for both ALIME and XFLR5 in this analysis, which
requires a wing section to be manually specified in XFLR5 at y = ±bh/bw . The interpolated airfoil and wing
twist angle therefore have to be specified at y =±bh/bw in XFLR5, while ALIME determines the wing twist and
airfoil camber line slope according to the linear change, as described in subsection 2.2.1. When inspecting
the stabilizer Cl h

, very good agreement between XFLR5 and ALIME is observed.

Total Lift and Moment Coefficient Without Propellers
The comparison in lift and moment coefficient for ALIME and XFLR5 of the F-27 model without propellers is
presented in Figure 3.4 and 3.5 respectively.
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Figure 3.3: The lift distribution of the TU Delft F-27 model for the wing and stabilizer as predicted by ALIME and XFLR5 at α= 3.46◦ and
ε=−2◦

The lift coefficient curve by XFLR5 is slightly higher compared to ALIME. This is a direct result of the
slightly higher Cl w of XFLR5 compared to ALIME shown in Figure 3.3.

The moment curves of ALIME and XFLR5 have a slightly different slope. This different is not a result of
the wrong panel force application point. A test is performed where the panel forces are applied at c/2 in
each panel instead of at the CP at 3

4 c, the resulting moment coefficient magnitude and slope is completely
different. The difference between the CMα of ALIME and XFLR5 is therefore thought to originate from the
small errors in panel normal and axial force predictions adding up because of the sum terms in Equation 2.36
used to determine CM .

The effect of not taken into account the axial force contributions to CM is also checked to verify the initial
assumption on the axial force contribution to CM . The CMα is barely affected, resulting in only a small change
in CM at high AoA. Not taking into account the contribution of the axial panel forces to CM is concluded to be
acceptable simplification for the F-27, especially for low AoA.
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Figure 3.4: A comparison between the lift coefficient curve of the
TU Delft F-27 wing and stabilizer combination as predicted by
ALIME and XFLR5.
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Figure 3.5: A comparison between the moment coefficient curve
of the TU Delft F-27 wing and stabilizer combination as predicted
by ALIME and XFLR5.

3.1.3. IB vs OB Propeller Jet Correction
This section aims to verify the implementation of the jet correction for an OB propeller, where the propeller
center line is located on the OB section of a wing bw /2 < yp ≤ bw . The implementation of which is discussed
in subsection 2.2.3. It is mentioned that the jet correction can be determined on the IB or OB section of a
wing depending on the position of the propeller center line position. The jet correction should yield the same
result, regardless of the jet correction being determined on the IB or OB because of symmetry in horseshoe
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vortex lay-out around the propeller center line when considering one wing half.
A verification case is therefore set-up to confirm that the implementation results in the same jet correction

solution for an OB and IB located propeller. Two bw = 100m and c = 1m wings, featuring a symmetric airfoil
section, with ID rotating propellers located a distance d y = ±0.001m from the halfway point yp = bw /4 of a
wing half respectively are considered. Making the propeller located at yp = bw /4−d y an IB propeller and
the propeller at yp = bw /4+d y an OB propeller. Figure 3.6 shows the described situation situation. The
PROWIM propeller model, which is introduced in section 3.3, is used for this verification case. The propeller
is set to operate at J = 0.85 with β= 25◦ at 75% Rp . The jet correction is meant to correct the AIC matric in the
VLM system and will thus have a direct effect of the circulation solution and therefore on the lift and the lift
distribution. If the jet correction is implemented correctly for both the IB and OB propeller situation, their
lift distributions are exactly the same, but displaced by a y-distance equal to 2d y = 0.002m. Figure 3.7 shows
the lift distribution for both the IB and OB propeller. To show that that the jet correction works as intended,
the lift distributions is shown for the case where the jet correction is and is not applied.

Figure 3.6: A schematic of the case used to verify the OB pro-
peller jet correction implementation where bw = 100m and d y =
0.001m.
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Figure 3.7: A comparison of the lift distribution for the IB and OB
propeller case at α= 1◦ with J = 0.85 with β= 25◦ at 75%Rp .

3.2. Sensitivity Study
Willemsen performed an extensive sensitivity study of his version of ALIME in the context of WTMPs [56].
With the implementation to ALIME necessary for this thesis project, it is expected that some of the properties
of the tool might have changed. Some of the sensitivity studies performed by Willemsen are therefore revis-
ited. A sensitivity study on the mesh resolution in the ALIME VLM module is discussed in subsection 3.2.1.
The integration variables for the jet correction in the VLM module are covered in subsection 3.2.2.

3.2.1. Mesh Resolution
A mesh resolution sensitivity study is especially of interest because of the many changes made to the VLM
module of ALIME. An extra lifting surface, the horizontal stabilizer, is added to the VLM formulation, the
wing model is extended with multiple airfoils, twist and an incidence angle. Furhtermore, the computational
method for the AIC matrix is changed with respect to Willemsen’s version of ALIME.

To see how these implementation possibly might have affected the convergence behaviour of the ALIME
VLM, a sensitivity study is performed. This section further serves to select the mesh to be used for the analysis
of the F-27 isolated wing and wing-horizontal stabilizer combination without propellers. The mesh resolution
sensitivity study for the isolated wing is first discussed, followed by the wing-stabilizer combination.

Isolated Wing
As is explained in subsection 2.1.1, the VLM formulation before the implementations for this thesis project
used the farfield method to determine the AICs. For the purpose of considering the z-position of the hori-
zontal stabilizer in the AIC calculation process, the VLM formulation is changed to the 3D method as stated
in subsection 2.2.2. The first goal of this section is to discover the differences in the convergence behaviour
of the farfield and 3D methods for the AIC determination. Furthermore, a mesh is selected for the analysis of
the isolated wing of the F-27.
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The mesh sensitivity analysis is performed by running ALIME with the isolated wing of the F-27 TU Delft
model for 1, 5, 10, 20, 30, 40, 50 and 60 n chordwise and m spanwise panels with an uniform spanwise and
cosine chordwise mesh distribution, at an AoA of 5.46◦. The CLw and CM w are determined both using the
farfield and 3D method to determine the AICs. To obtain CLw and CM w at every integer value combination of
n and m, a cubicly interpolation is applied prevent running ALIME for every possible integer combination of
n and m. This creates a Two-Dimensional (2D) convergence space.

The difference between the convergence behaviour of the CLw and CM w , determined using the farfield
and 3D AIC calculation, is presented in Figure 3.8 and 3.9, where the convergence along the lines n = 60,
m = 60 and n = m are shown. The farfield and 3D methods both converge similarly for CLw until about n = 20
and m = 31, from where the 3D method starts to converge to a different CLw at n = m = 60 compared to the
farfield method. A similar observation is made for CM w , although the difference between the farfield and 3D
method convergence becomes apparent at higher n and m compared to the lift coefficient and the farfield
and 3D methods both converge to only sightly different CM w values. Remember that the main difference
between the farfield and 3D method is the formulation of the trailing horseshoe vortex elements. The farfield
trailing vortex elements extend to +∞ compared to 1000c for the 3D method, which are determined using
slightly different formulations of the Biot-Savart law. The only difference between the two methods being
the 3D dimension being taken into account for the 3D method, while the farfield method works in a 2D
plane only. This difference between the method only becomes apparent for CLw and CM w at higher mesh
resolutions. Willemsen has performed an extensive validation of the lift coefficient prediction by his version
of ALIME, which used the farfield method, and showed good agreement with wind tunnel data [56]. The
farfield method results are thus considered to be correct for all panel resolutions, while the 3D method results
at high panel resolutions are distrusted.
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Figure 3.8: The convergence space of the F-27 TU Delft model
CLw as determined with the farfield and 3D method along the
lines n = 60, m = 60 and n = m at α= 5.46◦.
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Figure 3.9: The convergence space of the F-27 TU Delft model
CM w as determined with the farfield and 3D method along the
lines n = 60, m = 60 and n = m at α= 5.46◦.

The investigation between the convergence of the farfield and 3D method AIC formulations leads to the
conclusion that the 3D method results can only be trusted until a certain mesh resolution. This is problem-
atic since the current ALIME VLM formulation uses the 3D method. An upper mesh resolution boundary
is determined until what mesh resolutions the results determined with the farfield and 3D method can be
considered the same. The upper boundary indicates where the farfield and 3D method lift and moment co-

efficient start to differ more then a particular threshold: ∆C∗
Lw

= |C f ar
Lw

−C 3D
Lw

| and ∆C∗
M w

= |C f ar
M w

−C 3D
M w

|, as
shown in Figure 3.10 and 3.11. For the purpose of this thesis, this threshold is set to ∆C∗

Lw
= 1e−3. This upper

boundary needs to be considered during the mesh selection procedure for the F-27 wing. For any mesh reso-
lution above this boundary one now knows that CLw and CM w determined using the 3D method are different
compared to the farfield method based on the observed convergence behaviour for both AIC formulations.

Lower boundaries for the convergence in the n and m-direction specifically are also determined. Con-
vergence in the n and m-direction (superscript n and m) is determined by observing at what panel reso-

lution the change in CLw and CM w is less or equal then a particular threshold: ∆C n
Lw

=
∣∣∣C f ar

Lw
|n −C f ar

Lw
|n−1

∣∣∣,
∆C n

M w
=

∣∣∣C f ar
M w

|n −C f ar
M w

|n−1

∣∣∣. This threshold is set to 1e −4 in the m-direction and 1e −3 in the n-direction

for both the lift and moment coefficient, because the rate of convergence differs in each direction. The con-
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Figure 3.10: The difference field of the F-27 TU Delft model CLw ,
as determined with the farfield and 3D method at α= 5.46◦, with
the difference threshold boundary contour ∆C∗
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of 1e −3.
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Figure 3.11: The difference field of the F-27 TU Delft model CM w ,
as determined with the farfield and 3D method at α= 5.46◦, with
the difference threshold boundary contour ∆C∗

M w
of 1e −3.

vergence threshold of 1e −4 for the n-direction is not even reached within the evaluated space of panel reso-
lutions. Reaching this convergence threshold of 1e −4 in the n-direction would have required an increase in
the considered panel resolution space beyond n = 60, which is deemed not to be useful for this project due
to very slight increase in solution accuracy and a very large increase in computational time which is experi-
enced above the mesh resolutions of n,m > 60. Figure 3.12 and 3.13 show the convergence space of the lift
and moment coefficients respectively. The lower convergence boundaries are given by:

∆CLw =

∣∣∣C 3D
Lw

−C r e f
Lw

∣∣∣
max

(∣∣∣C 3D
Lw

−C r e f
Lw

∣∣∣) , ∆CMw =

∣∣∣C 3D
Mw

−C r e f
Mw

∣∣∣
max

(∣∣∣C 3D
Mw

−C r e f
Mw

∣∣∣) ,

where the reference values are C r e f
Lw

=C f ar
Lw

|n,m=60 and C r e f
M w

=C f ar
M w

|n,m=60. Figure 3.12 and 3.13 indicate that
m = 28 and n = 23 would be the lowest satisfactory mesh resolution for the isolated wing of the F-27.
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Figure 3.12: The convergence space of the F-27 TU Delft model
isolated wing CLw as determined with the 3D method at α =
5.46◦, with the lower and upper n and m-direction convergence
boundaries.
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Figure 3.13: The convergence space of the F-27 TU Delft model
isolated wing CM w as determined with the 3D method at α =
5.46◦, with the lower and upper n and m-direction convergence
boundaries.

Wing and Stabilizer
A suitable mesh for the analysis of the F-27 wing-stabilizer combination is sought in this section. The same
conditions apply as for the isolated wing mesh sensitivity analysis, but the evaluated mesh resolutions are
compared differently to the isolated wing. The mesh matching implementation of the horizontal stabilizer
limits the mesh that can be selected for the wing-stabilizer combination as explained in subsection 2.2.2. The
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main wing is split into two sections at the location of the stabilizer span y-coordinate, an IB and OB section.
The ratio of the span of the IB and OB wing sections relative to the wing span is about 1

3 for the wing IB section
that is directly in front of the stabilizer and 2

3 for the OB wing section. In an effort to keep the AR of the mesh
panels about the same between this IB and OB sections of the wing, one third of the total spanwise panels
( 1

3 m) is positioned in the IB section, while the other two-thirds of the spanwise panels ( 2
3 m) is positioned on

the OB wing section. The evaluated mesh resolution combinations are therefore all taken as factors of three:
3, 9, 18, 27, 36, 45 and 54.

Compared to the isolated wing analysis, the lift and moment coefficient can only be determined using
the 3D method as described because of the presence of the horizontal stabilizer located at a different z-
coordinate compared to the wing. The convergence field is determined by:

∆CL =

∣∣∣C 3D
L −C r e f

L

∣∣∣
max

(∣∣∣C 3D
L −C r e f

L

∣∣∣) , ∆CM =

∣∣∣C 3D
M −C r e f

M

∣∣∣
max

(∣∣∣C 3D
M −C r e f

M

∣∣∣) .

The reference values for the convergence fields are taken to be the lift and moment coefficient at the highest

evaluated mesh resolution: C r e f
L = C 3D

Lw
|n,m=54 and C r e f

M = C 3D
M w

|n,m=54. Even though it is known that the lift
and moment coefficient converge to a different value for high mesh resolutions as compared to the farfield
method. The n and m-direction convergence criteria identify the mesh resolutions from which the change
in lift and moment coefficient will again exceed the set threshold, automatically creating an upper boundary
for the mesh resolutions in addition to the lower boundary as shown in Figure 3.14 and 3.15.

The cubic interpolation between the evaluation mesh resolution points does not result in a constant de-
creasing rate of the function in both the n and m-direction. The cubic interpolation creates a 2D surface
through all evaluated points using a third degree polynomial basis functions. The cubicly sometimes switches
its slope quickly in a short distance to fit through all data points, locally triggering the lower boundary criteria
to detect changes that exceed the threshold. For both the CL and CM this occurs multiple times in both the
n and m-direction. For example, a circle shaped boundary is created for CL at around m,n = 31,38 for the
convergence boundary in the m-direction. This circle shapes convergence boundary is ignored, because it is
purely a result of the cubic interpolation. Multiple vertically positioned convergence boundaries are created
for CM at the lower m values. In this case, the right most vertical convergence boundary at around m = 18
is accepted as the lower convergence boundary for CM . The circle shaped convergence boundary for CM

in the top right corner is also ignored. Keeping the consequences of the cubic interpolation in mind, the
mesh m = 30 and n = 25 is observed to be the lowest satisfactory mesh resolution for the analysis of the F-27
wing-stabilizer combination.
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Figure 3.14: The convergence field of the F-27 TU Delft model
wing-stabilizer combination CL =CLw +CLh

as determined with
the 3D method at α = 5.46◦, with the n and m-direction conver-
gence boundaries.

3 9 18 27 36 45 54
m [-]

3

9

18

27

36

45

54

n 
[-]

Cm
M  0.0001

Cn
M  0.001

Evaluation points

0.0

0.2

0.4

0.6

0.8

1.0

||
C M

|| 
[-]

Figure 3.15: The convergence field of the F-27 TU Delft model
wing-stabilizer combination CM = CM w +CMh

as determined
with the 3D method atα= 5.46◦, with the n and m-direction con-
vergence boundaries.

3.2.2. Intergration Variables
The odd part of the Rethorst correction contains integral terms, which are solved numerically using the inte-
gration variables p, λ and

(
λβ

)
. Choosing the appropriate values for these integration variables is a trade-off
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between computational accuracy and computational time. Each integration variables has an associated step
size and maximum value, both of which influence the computational accuracy. The computational accu-
racy and computational time is investigated as a function of dλ, λmax , d

(
λβ

)
and

(
λβ

)
max by considering

the wing in jet geometry experimental case (without swirl) by Stüper [50], which is used by Rethorst for the
verification of the Rethorst correction procedure [41]. The system used, is a Lenovo Y50-100 UHD, with 16
Gigabites of RAM and an Intel I7-4710HQ 2.5GHz processor. Willemsen also performed a sensitivity study
on the integration variables for Godd . The sensitivity study is performed again but more elaborately to in-
vestigate if the new implementations to the ALIME lead to unexpected changes and to optimize the Godd

evaluation for the specific system used for this thesis project, since the jet correction implementation for co-
rotating propellers requires the jet correction to be computed on both the left and right wing. Doubling the
required jet correction determination computational time.

Nederlof has investigated the sensitivity of the order of the Bessel functions p for the relative error of the
Rethorst correction [35]. The relative error is observed to quickly converge below 0.5% at the Bessel function
order of p = 3. The relative error can also be observed to converge with an increase in the upper limit of Bessel
function integration pmax . At pmax = 10, the relative error becomes less than 0.5%. The pmax is therefore set
to 10 for this analysis.

The odd part of the Rethorst correction, or the odd part of the induced downwash as a result of the jet
boundary Godd , is computed for various values of the integration variables dλ and d

(
λβ

)
. The considered

range of the integration variables dλ and d
(
λβ

) = 0.5,0.1,0.05,0.01,0.005,0.001. The Godd and computa-
tional time are obtained for each of the mentioned evaluation point. The maximum error εmax is defined as
the maximum absolute difference between the computed Godd at a particular dλ, d

(
λβ

)
, normalized with

the maximum value in Godd computed at the lowest tested step size dλ,d
(
λβ

)= 0.001.

Figure 3.16 and 3.17 show εmax as function of dλ and d
(
λβ

)
and the associated computational time t in

seconds as a function of dλ and d
(
λβ

)
respectively. Note the exponential scale of the computational time in

Figure 3.17. It is observed that εmax decreases more quickly when refining dλ compared to d
(
λβ

)
, while the

computational time increases about the same amount for both dλ and d
(
λβ

)
.

The chosen settings to get below an error of 0.5% by Willemsen for dλ and d
(
λβ

)
were 0.1 and 0.005

respectively [56]. In the case of this analysis, these settings result in an εmax = 0.0141 with an approximate
computation time of 4.3 seconds. The jet correction in ALIME is evaluated multiple times in a single iteration
of the VLM module. In the interest of ALIME, the computational time is required to stay low. The conver-
gence space is inspected to see if the integration variable settings by Willemsen can be further optimized. In
the area where dλ and d

(
λβ

)
is the most refined (dλ,d

(
λβ

) ≤ 5e −2), the computational time lies between
about 500 to 2900 seconds. This computational time is considered not to be worth the very slight increase
in computational accuracy compared to Willemsen’s settings. Instead, a dλ, d

(
λβ

)
combination is sought

with the same order computation time as Willemsen. For the combination of dλ = 0.05 and d
(
λβ

) = 0.01,
εmax decreases by about a 33% compared to the error at Willemsen’s settings and the computational time
goes down to about 3.6 seconds. No other dλ and d

(
λβ

)
combination in the evaluated convergence space

yields the same or better decrease in both the maximum error and computation time. The point dλ = 0.05
and d

(
λβ

)= 0.01 is selected for the jet correction integration variables settings in this thesis.

The maximum error and computation time is evaluated for λmax and
(
λβ

)
max . It is discovered that the

Godd diverges for any
(
λβ

)
max > 1,

(
λβ

)
max is therefore always kept at 1. The εmax and computational time

is computed for every integer value between 1 ≤ λmax ≤ 25. Figure 3.18 and 3.19 present the εmax and com-
putational time respectively, at

(
λβ

)
max = 1. The εmax converges almost completely at λmax = 15. The com-

putation time increases roughly linearly with λmax . The λmax is set to 15 for this thesis.

3.3. Validation
This section focuses on comparing the ALIME predictions of the lift distribution, lift coefficient and propul-
sion effects with data from wind tunnel experiments. This is done using wind tunnel data PROWIM wing-
propeller geometry and flight test data for the Fokker 50 [12].

The PROWIM wing-propeller combination is used as the reference case in this section. PROWIM is used
for various studies on wing-propeller interaction effects. Veldhuis used PROWIM to validate the VLM model
used in his Doctoral thesis [54]. Sinnige conducted wind tunnel experiments to investigate and compare the
conventional IBpropeller and WTMP configuration of PROWIM [47]. Veldhuis and Sinige used different wing
geometries and different PROWIM propeller operation settings, but both studies are used for the validation
of ALIME in this section.
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Figure 3.16: The maximum error εmax in the odd part of the
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Figure 3.17: The computation time t of the Rethorst correction G
as a function of the integration variables step sizes dλ and d
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Figure 3.18: The maximum error εmax in the odd part of the
Rethorst correction Godd as a function of the maximum inte-
gration variables values dλmax , for
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)
max = 1, dλ = 0.05 and
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Figure 3.19: The computation time t of the Rethorst correction
G as a function of the maximum integration variables values
dλmax , for

(
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)
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Section 3.3.1 deals with the validation of the PROWIM propeller model in ALIME. The wing lift distribution
of the PROWIM wing-propeller combination is discussed in subsection 3.3.3, followed by the lift curve in
subsection 3.3.4. Lastly, the F-27 lift distributions are covered in subsection 3.3.5.

3.3.1. PROWIM Isolated Propeller
This section aims to verify the PROWIM isolated propeller performance, the geometry of which is completely
described by Sinnige [47]. Experimental data from both Velduis and Sinnige is used in this validation sec-
tion, therefore both propeller operating points used by Veldhuis and Sinnige are validation for the isolated
propeller.

Veldhuis operates the PROWIM propeller between 0.8 < J < 1.2, with a propeller pitch setting of βp = 25◦
at 75% Rp and with an IU rotation direction. Only thrust coefficient data, defined as:

Tc = T

ρV 2∞D2
p

,

is available for the validation of the propeller operating point by Veldhuis. The thrust coefficients Tc are
presented in Figure 3.20. The Tc agrees quite well with the validation data, but ALIME slightly underestimates
the thrust coefficients around 0.8 < J < 1.0. Veldhuis does not provide data on the torque coefficients and
propeller efficiency.

Sinnige considers the PROWIM propeller at the operating point 0.6 < J < 1.1, with a propeller pitch setting
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of βp = 23.9◦ at 75% Rp and an IU rotation direction. Willemsen also used this data to validate the isolated
propeller calculations for his version of the ALIME. Willemsen’s PROWIM propeller model is unfortunately
not passed down with ALIME, so a new PROWIM propeller model is to be created for this thesis. The current
PROWIM propeller model performance is validated against the PROWIM propeller performance curves by
Willemsen and the experimental data by Sinnige. Figure 3.21 shows the thrust coefficients CT , defined as:

CT = T

ρ∞n2D4
p

,

of the PROWIM propeller. Just like for Willemsen’s PROWIM model, the ALIME BEM model overestimates the
CT and CP at βp = 23.9◦. Willemsen adapted the propeller pitch to obtain a model performance closer to the
experimental data. The same thing is done for the ALIME BEM PROWIM model. The overall agreement of
the ALIME PROWIM CT is not bad, but Willemsen’s model for PROWIM obtains slightly closer results for CT

relative to the experimental data. In terms of the power coefficients CP , defined as:

CP = P

ρ∞n3D5
p

,

shown in Figure 3.22, ALIME obtains more accurate results compared to Willemsen. The propeller efficiency,
displayed in Figure 3.23 η is predicted better by Willemsen’s model. The propeller efficiency η is a function of
CT and CP , prediction for CT and CP that more closely match experimentation data will thus result in η results
that more closely match experimental data. For the validation cases which considered the propeller operating
point by Sinnige, the advance ratio of J = 0.7 is used. The PROWIM propeller model by ALIME predicts the
propeller model accurately at J = 0.7. In conclusion, Willemsen’s PROWIM model is more suitable for the
higher tested advance ratio range, while the ALIME BEM model is more suitable for the lower tested range of
advance ratios.
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Figure 3.20: The PROWIM propeller thrust coefficient Tc perfor-
mance as predicted by ALIME compared to the experimental data
by Veldhuis [54] at αp = 0◦ and βp = 25◦.
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Figure 3.21: The PROWIM propeller thrust coefficient CT perfor-
mance as predicted by ALIME compared to the model by Willem-
sen [56] and the experimental data by Sinnige [47, 48] at αp =
−0.2◦ and βp = 23.9◦

3.3.2. Isolated Propeller at an AoA
A non-uniform inflow to the propeller disk changes the propeller’s performance. The propeller disk expe-
riencing a non-zero AoA is a form of non-uniform inflow [59]. ALIME models this change in propeller per-
formance by means of the non-uniform propeller inflow developed by van Arnhem as discussed in subsec-
tion 2.1.3. This sections aims to compare the performance of the ALIME PROWIM propeller model to the
model by Willemsen at a non-zero AoA in an effort to discover how the changes observed in PROWIM pro-
peller model performance in subsection 3.3.1 affected the propeller performance at a non-zero propeller disk
AoA αp .

The isolated PROWIM propeller is tested in the wind tunnel by Sinnige for the propeller AoA range of
−0.2◦ <αp < 19.8◦ at various J operating points [47, 48]. Willemsen considered the operating points at J = 0.7
and 1.0 for the validation analysis. The same operating points are obtained for the pitch correction (β−1.1◦)
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Figure 3.22: The PROWIM propeller power coefficient CP perfor-
mance as predicted by ALIME compared to the model by Willem-
sen [56] and the experimental data by Sinnige [47, 48] at αp =
−0.2◦ and βp = 23.9◦
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Figure 3.23: The PROWIM propeller thrust coefficient CT perfor-
mance as predicted by ALIME compared to the model by Willem-
sen [56] and the experimental data by Sinnige [47, 48] at αp =
−0.2◦ and βp = 23.9◦.
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Figure 3.24: A comparison on the effect of AoA on the isolated PROWIM propeller thrust coefficient CT for between ALIME, Willemsen
and experimental data by Sinnige [47].

PROWIM propeller model in ALIME, with the settings described in subsection 3.3.1. The thrust coefficient,
obtained from the quasi-steady model, are plotted for the mentionedαp range in Figure 3.24. Both the quasi-
steady and unsteady non-uniform inflow analysis result in the same thrust and torque coefficient results
[9]. For the operating point of J = 0.7, the CT result by ALIME agree well with the results by Willemsen.
Indicating that the non-uniform inflow propeller analysis still works as intended. At the operating point of
J = 1.0, the thrust coefficient curve by ALIME is vertically shifted from the results by Willemsen. This veritical
shift is present as a result of the difference in PROWIM propeller model CT that is observed in Figure 3.21 at
αp =−0.2◦.

3.3.3. PROWIM Lift Distribution
The PROWIM wing-propeller combination is modeled with ALIME and the lift distribution with and without
the jet correction applied is determined at an AoA ofα= 0◦,4◦ and 8◦. The results of ALIME are compared with
wind tunnel measuremnts by Veldhuis, where the propeller operates under the same experimental conditions
as described in subsection 3.3.1. The PROWIM wing-propeller model by van Wonderen is also included for
comparison since data by van Wonderen is used later to validate the F-27 model lift distribution. The goal is
to investigate the effect of the jet correction on the wing lift distribution of a wing-propeller system at various
AoAs. The lift distribution at each of the mentioned three AoAs is first discussed. Afterwards, explanations
to the results are given. Figure 3.25 shows the lift distribution of the PROWIM wing-propeller at α = 0◦. The
ALIME overestimates the magnitude of the sectional lift coefficients Cl of the wind tunnel experiment. The jet
correction can also be observed to barely affect the Cl atα= 0◦. To verify that the jet correction is functioning
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correctly, the same PROWIM wing-propeller configuration is ran with the latest version of the tool by van
der Leer, with and without applying the jet correction. The results of van der Leer’s version of the tool and
ALIME are identical. The jet correction barely affects the lift distribution at α = 0◦. Figure 3.26 presents
the Cl distribution of the PROWIM wing-propeller system at α = 4◦. The IB part of the Cl distribution of
ALIME and the VLM by Veldhuis agree well with the wind tunnel data, while the model of van Wonderen
underestimates the Cl . The peaks in lift distribution as a result of the up and down going propeller blades are
again overestimated by ALIME when applying the jet correction. This was again confirmed by checking the
lift distribution as predicted with the version of the tool by van der Leer. The results for van der Leer’s version
and ALIME are again identical. Van Wonderen and Veldhuis predict the lift distribution more closely to the
wind tunnel data within the confines of the propeller diameter with respect to ALIME with the jet correction.
Both van Wonderen and ALIME underestimate the lift on the OB section of the wing, while Veldhuis’ VLM
predictions are close to the wind tunnel data. For the lift distribution atα= 8◦ in Figure 3.27, the observations
are very similar compared to the other considered AoAs.
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Figure 3.25: Validation of the PROWIM wing-propeller combina-
tion configuration with and without the application of the jet cor-
rection as compared to the model by van Wonderen [57], the VLM
model and wind tunnel data by Veldhuis [54] at α = 0◦, J = 0.85,
βp = 25◦ and ip = 0◦.
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Figure 3.26: Validation of the PROWIM wing-propeller combina-
tion configuration with and without the application of the jet cor-
rection as compared to the model by van Wonderen [57], the VLM
model and wind tunnel data by Veldhuis [54] at α = 4◦, J = 0.85,
βp = 25◦ and ip = 0◦.
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Figure 3.27: Validation of the PROWIM wing-propeller combination configuration with and without the application of the jet correction
as compared to the model by van Wonderen [57], the VLM model and wind tunnel data by Veldhuis [54] at α= 8◦, J = 0.85, βp = 25◦ and
ip = 0◦.

The overestimation of the lift distribution peaks due to the propellers has two explanations. The first and
main explanation is the jet correction not correcting for the swirl component in the flow of the propeller slip-
stream and no SRF is used in ALIME. Nederlof found that not taking into account this swirl flow component
in the jet correction results in an overestimation of the sectional lift coefficient peaks as a result of the up and
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down going propeller blades [35]. The lift distributions peaks due to the propellers are thus always overesti-
mated as long as a swirl component is present in the jet, the jet correction by Rethorst and Prabhu is applied
and no SRF is included. The possible second explanation for the overestimation of the lift distribution peaks
are the torque coefficient of the propeller. The torque coefficients in the propeller directly influence the local
AoA which the propeller slipstream swirl component induces onto the wing, which influences the peaks in
the lift distribution [39]. The PROWIM propeller operates in the operating point of Veldhuis, for which no
validation of the troque or power coefficient of the propeller could be performed because of the absence of
validation data. Uncertainty in the correct modeling of the propeller torque coefficient at J = 0.85 this results
in uncertainly in the modeling of the lift distribution component due to the propeller swirl.

The average percentile difference between the section lift coefficient by ALIME with and without the jet
correction applied is determined. At α = 0◦, the percentile change in lift distribution as a result of the jet
correction is about half a percent, while atα= 4◦ and 8◦ it is about 6%. The jet correction affects the sectional
lift coefficient as a function of AoA.

3.3.4. PROWIM Lift Curve
The contribution of the jet correction to the lift coefficient CL and its slope CLα is quantified in this section.
The PROWIM wing-propeller system is analyzed by ALIME over the AoA range of −4◦ ≤ α ≤ 6◦ and the pro-
peller operates at J = 0.7.

Figure 3.28 presents the lift curve of the PROWIM wing-propeller combination as predicted by ALIME,
including the propeller forces contributions, and the wind tunnel test results of the wing-propeller-nacelle
PROWIM model by Sinnige. The lift curves for propellers off and propellers on with and without the applica-
tion of the jet correction are presented. To ease the comparison, the lift curve slopes CLα of each lift curve are
determined and presented in Table 3.1. The CLα for ALIME are taken as the slope of the linear line between
the CL at and AoA of -4◦ and 6◦. The wind tunnel lift curve slopes are obtained by fitting a first degree polyno-
mial through the data. The error ε is determined by subtracting the ALIME CLα from the wind tunnel results
and dividing by the wind tunnel result.

The propellers off CLα is predicted with an error in the order of a few percent, although the CL is over-
estimated by a constant ∆CL , which shifts all the ALIME results up vertically compared to the wind tunnel
data. The ∆CL is thought to originate from the absense of the modeling of the propeller nacelle in ALIME.
Willemsen performed a validation for the WTMP variant of the PROWIM wing-propeller combination, where
the effect of the nacelle on the props off lift is modeled by means of slightly expending the wing span, which
is not possible for the IB propeller case in this section.

The propellers on lift curve by ALIME is shifted up vertically with respect to the propellers off curve, be-
cause of the extra dynamics pressure of the propeller blowing over the wing. With the propellers on and
without the jet correction, ALIME predicts the CLα to increase, but still underestimates it with about 4%. In
the case where the jet correction is applied, the lift curve slope is about 8% lower compared to the jet cor-
rection not being applied. This makes sense, since the jet correction is found to increasingly lower the CL

magnitude with AoA when investigating the lift distribution in subsection 3.3.3.
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Figure 3.28: The lift curve of the PROWIM wing-propeller system as predicted by ALIME at J = 0.7, compared to wind tunnel data by
Sinnige et al. [48]
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Table 3.1: The CLα and ε of the PROWIM wing-propeller model as predicted by ALIME with and without the propeller jet correction at
J = 0.7, compared to wind tunnel data by Sinnige et al. [48].

Wind tunnel
With propeller
jet correction

Without propeller
jet correction

CLα [1/◦] CLα [1/◦] ε [%] CLα [1/◦] ε [%]
Props off 0.07308 0.07482 2.4 0.07482 2.4
Props on 0.08303 0.07309 -12.0 0.07958 -4.2

3.3.5. F-27 Lift Distribution
This section deals with the validation of the lift distributions of the F-27 NLL model, the geometry of which is
described in Appendix A. The aim is to investigate the consequences of not modeling the fuselage and nacelle
carry over effect on the wing lift. This is done by means of a comparison to other F-27 models that do model
this carry over effect for the F-27. In addition, the implementation for the co-rotating propellers is verified in
this section, by considering the wing lift distribution of the F-27 with propellers. The propeller model used
for the F-27 in this thesis is described in Appendix B.

The lift distributions for the F-27 by ALIME are compared to flight test data in this section. The flight test
by van den Borne and van Hengst is obtained by measurement taken in two flight conditions, a LTC and HTC.
Table 3.2 contains the details on the two conditions. The thrust coefficient used by van den Borne and van
Hengst T

′
c uses the propeller disk area Sp to normalize the thrust:

T
′
c =

T

q∞Sp
= T

q∞ π
4 D2

p
.

The pitch βp of the propeller model described in Appendix B is adapted to 36.560◦ and 32.186◦ to match the

T
′
c of the LTC and HTC conditions respectively.

Table 3.2: The details of the LTC and HTC test cases for the F-27 NLL model lift distribution validation.

Condition α [◦] T
′
c [-] J [-]

LTC -0.2 0.11 1.63
HTC 6.1 0.63 1.0

First, the lift distribution without propellers is discussed. Then, the propeller is introduced and the result-
ing lift distributions are covered.

Propellers Off
The wing lift distribution Cl w of the F-27 NLL model by ALIME for the LTC and HTC without the propellers
are presented in Figure 3.29 and 3.30, together with the flight test data by van den Borne and van Hengst
[12] and the two other VLM models. These are the VLM models by Veldhuis [54] and van Wonderen [57].
Both Veldhuis and van Wonderen model the fuselage and nacelle carry over effect, while ALIME does not as
explained in chapter 1.

The carry over effect does affect the lift distribution. The flight test data does agrees more with the lift
distributions of the models that include the carry over effect of the fuselage and nacelles. The downwash of
the horizontal stabilizer in ALIME should therefore be different compared to the other two VLM models. The
effect of not modeling the carry over effect on the wing lift coefficient cannot be investigated in this section.
The analysis on the F-27 without propellers is presented in Chapter 4 will point out how much this effects
the lift coefficient. Do note that the main goals of this thesis is not to obtain close predictions for the lift and
moment coefficient of the main wing, but the information in this section is an important building block for
the discussion on the downwash experienced by the horizontal stabilizer.

Propellers On
To verify the implementation of the co-rotating propellers, the Cl w distribution with propellers for the LTC
and HTC are considered. Figure 3.31 and 3.32 show Cl w for LTC and HTC respectively.

The lift peaks directions predicted by ALIME corresponding to the up and down going blades of the F-27’s
CCW rotating propellers (as seen from the front) agree with the propeller lift peaks of Veldhuis’ VLM model,
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Figure 3.29: The F-27 NLL lift distribution as predicted by the AL-
IME at the LTC without propellers, compared to van Wonderen
[57], Veldhuis [54] and flight test data [12].
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Figure 3.30: The F-27 NLL lift distribution as predicted by the AL-
IME at the HTC without propellers, compared to van Wonderen
[57], Veldhuis [54] and flight test data [12].

showing that the propeller CCW rotation direction is implemented correctly. Just like for the PROWIM lift dis-
tributions, the propeller lift peaks overestimate the local sectional lift. This is because no SRF is implemented.
Similarly for the PROWIM case, uncertainty in the torque performance of the F-27 BEM model, as mentioned
as well in Appendix B, might too contribute to the overestimation of the sectional propeller lift peaks for the
F-27. However, this overestimation should not affect the wing lift coefficient and average downwash at the
stabilizer much, since the overestimated lift peaks of the up and down going propeller blade cancel each other
out.

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
y/b/2 [-]

0.2

0.3

0.4

0.5

0.6

C l
w
 [-

]

VLM, Veldhuis 2005
Model, van Wonderen 2017

ALIME
Flight Test, v.d.Borne & v.Hengst 1990

Figure 3.31: The F-27 NLL lift distribution Cl w as predicted by
the ALIME with the application of the jet correction at the LTC
with propellers, compared to van Wonderen [57], Veldhuis [54]
and flight test data [12].
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Figure 3.32: The F-27 NLL lift distribution Cl w as predicted by
the ALIME with the application of the jet correction at the HTC
with propellers, compared to van Wonderen [57], Veldhuis [54]
and flight test data [12].





4
Fokker F-27 Case Study

This chapter describes the case study performed on the Fokker F-27 using ALIME, with the ultimate goal
of answering the research questions. The analysis is split up in a propellers off and on analysis. With the
propellers off analysis serving as the foundation for the propellers on analysis. Both the F-27 models by TU
Delft and NLL are considered for these analyses, which are described in Appendix A. It is specified in every
section what F-27 model is utilized. The propeller model used during the propellers on analysis is described
in Appendix B.

Before the propellers off and on analyses are covered, the fuselage and nacelle correction for the F-27 is
described in section 4.1. The propeller off analysis is covered in section 4.2 and the propellers on analysis is
presented in section 4.3.

4.1. Fuselage and Nacelle Correction
As the name of the model in this thesis project suggests, ALIME, the fuselage and nacelle are not modeled.
However, the fuselage and nacelles do affect the moment coefficient and thus the LSS of an aircraft [44, 32,
21]. The fuselage and nacelle contributions are added as a correction to the results by ALIME, to be able to
take these into account of the moment coefficient without actually modeling them. This section explains how
this is done.

The method for determining the fuselage and nacelles contribution to the aircraft moment coefficient is
based on the work by Munk [33] and Multhopp [32] and is fully described by sources such as Roskam and
Nelson [43, 36]. The method involves a semi-empirical calculation including geometry sections of the fuse-
lage and nacelle bodies. The method has been applied many times in literature and successfully represents
the contributions of the fuselage and nacelles [36]. Van der Vaart and Muhammad performed simple hand-
book method calculations on the F-27 to predict the moment coefficient of the WFN combination, isolated
horizontal stabilizer and complete airplane, which agree well with wind tunnel data [53].

For the purpose of this thesis, the fuselage and nacelle correction for the F-27 by van der Vaart and
Muhammad is directly applied to the ALIME results of the isolated wing and wing-stabilizer combination
without propellers, to obtain predictions for the WFN combination configuration and complete aircraft. It is
assumed that the fuselage and nacelles do not influence the moment contribution of the horizontal stabilizer
and that the fuselage and nacelle lift is negligible compared to the wing lift: CLw f n ≈CLw [53].

A derivation shows how the fuselage and nacelle correction by van der Vaart and Muhammad is applied to
the F-27 results by ALIME for the isolated wing and wing-stabilizer configurations. The moment coefficient
contribution for a WFN combination of an aircraft without propellers can be expressed as [53, 39]:

CMw f n =CMa.c.w f n
+CLw

xr e f −xa.c.w f n

c̄
.

The fuselage and nacelle correction used by van der Vaart and Muhammad states that the fuselage and nacelle
contribute to the a.c. moment of the aircraft and the overall a.c. position of the aircraft. The WFN a.c. moment
contribution can be taken to be a sum of the isolated wing and fuselage-nacelle components: CM a.c.w f n

=
CM a.c.w

+∆CM a.c. f n
. The same is true for the a.c. position: xa.c.w f n = xa.c.w +∆xa.c. f n [53]. This ∆CM a.c. f n

39
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and ∆xa.c. f n are calculated using the semi-empirical calculation [53]. Substituting these expressions in to the
WFN moment contribution yields:

CMw f n =
(
CMa.c.w

+∆CMa.c. f n

)
+CLw

xr e f −
(
xa.c.w +∆xa.c. f n

)
c̄

.

When rearranging the terms:

CMw f n =∆CMa.c. f n
+CMa.c.w

+CLw

xr e f −xa.c.w

c̄
−CLw

∆xa.c. f n

c̄
.

The terms that contain the ∆ are part of the fuselage and nacelle correction by van der Vaart and Muham-
mad. To indicate what entries are calculated using semi-empirical method, they are given the superscript
calc. The left over terms are what the ALIME numerically calculates when analyzing an isolated wing using
Equation 2.36. These terms are therefore combined into C num

M w
, where the superscript num indicates that this

quantify is determined with ALIME. Equation 4.1 shows that fuselage and nacelle contributions in CM w f n can
be added to the isolated wing results by ALIME by means of adding two terms, one representing the contri-
bution of the Fuselage-Nacelle (FN) to a.c. moment and the a.c. position.

CMw f n =∆C calc
Ma.c. f n

+C num
Mw

−C calc
Lw

∆xcalc
a.c. f n

c̄
(4.1)

A similar analysis can be done for the complete aircraft without propellers, which moment contribution
can be expressed as [53, 39]:

CMw f nh =CMa.c.w f n
+CLw

xr e f −xa.c.w f n

c̄
+CLhα

(α−ε+ ih)
qhSh

qw Sw

lh

c̄
.

Where lh = xr e f − xa.c.h . When substituting CM a.c.w f n
= CM a.c.w

+∆CM a.c. f n
and xa.c.w f n = xa.c.w +∆xa.c. f n ,

rearranging the terms and realizing that all terms apart from the ∆ terms are determined numerically by
ALIME, one finds Equation 4.2 for the fuselage and nacelle moment correction for the complete airplane,
which is very similar to the FN correction for the WFN configuration.

CMw f nh =∆C calc
Ma.c. f n

+C num
Mwh

−C calc
Lw

∆xcalc
a.c. f n

c̄
(4.2)

The lift of the wing as calculated by van der Vaart and Muhammad, C calc
Lw

, is calculated using:

C calc
Lw

=C calc
Lwα

(
α−αcalc

CLw =0

)
,

where C calc
Lwα

and αcalc
C Lw =0 are calculated to be 0.1001 1/◦ and -2◦ for the F-27 TU Delft model respectively. The

∆C calc
M a.c. f n

and ∆xcalc
a.c. f n

are calculated to be equal to -0.079 and -0.139 respectively [53].

4.2. Propeller Off Analysis
This section has four goals. Firstly, to verify the geometry of the F-27 models as well as their moment reference
point. Secondly, to verify the fuselage and nacelle correction, which is described in section 4.1, applied to
the F-27 results by ALIME. Thirdly, to compare the F-27 results of the F-27 TU Delft model results to the
calculations by van der Vaart and Muhammad. Lastly, to compare the ALIME results to wind tunnel data and
assess ALIME’s ability to model the F-27 moment coefficient and LSS without propellers and see the influence
of neglecting the fuselage and nacelle carry over effect on the lift and moment coefficients. These results are
used as a basis for when the propellers are added later in this chapter. The results for the F-27 TU Delft model
and the NLL model are covered in subsection 4.2.1 and 4.2.2 respectively.

4.2.1. F-27 TU Delft Model
The F-27 TU Delft model is ran for the AoA range of −1.54◦ ≤ α ≤ 8.46◦, in intervals of 1◦. The moment ref-
erence point is set at xr e f = 0.346c̄. Van der Vaart and Muhammad provide a schematic showing the exact
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location of the reference point with respect to the wing LE, allowing for an exact determination of the mo-
ment reference point position [53]. Note that for the calculation of the moment coefficient, the axial panel
forces are not taken into account. These contributions are neglected as a result of the discussion in subsec-
tion 3.1.2. This means that the zr e f does not have to be considered. The geometry of the F-27 model by TU
Delft is described in Appendix A. The aircraft moment coefficient is split into two contributions, the WFN
combination and horizontal stabilizer. These contributions are covered in their respective section before the
complete aircraft lift and moment are covered. For each considered configuration of the model, the lift and
moment coefficient curves are presented.

WFN Contribution
The F-27 isolated wing lift coefficient CLw is shown in Figure 4.1. The lift curve by ALIME lies in between the
calculated lift curve by van der Vaart and Muhammad and the wind tunnel data by Spigt and de Gelder. The
lift curve by ALIME agrees very well with the wind tunnel data in the upper range of the considered AoAs.
The overall slope of the ALIME lift curve appears to be lower when compared to the calculated and the wind
tunnel data.

Figure 4.2 contains the moment coefficient CLw curve of the isolated F-27 TU Delft model wing. The slope
of the moment coefficient curve is higher compared to the calculated and wind tunnel data. The underes-
timated lift coefficient slope is to blame for this, since the moment coefficient slope is a function of the lift
coefficient slope.

Now the WFN combination is considered, Figure 4.3 contains the WFN moment coefficient CLw f n curve.
The CLw f n contain the fuselage and nacelle correction on to of the isolated wing results by ALIME. Now, the
calculated moment coefficient curve underestimated the slope of the wind tunnel data, while the fuselage
and nacelle corrected ALIME result slightly overestimate it. Overall, the calculated data seems to predict the
isolated wing and WFN moment slightly better compared to ALIME.
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Figure 4.1: The isolated wing lift coefficient CLw curve of the F-
27 TU Delft model by ALIME, compared to the calculated data by
van der Vaart and Muhammad [53] and the wind tunnel data by
Spigt and de Gelder [49].
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Figure 4.2: The isolated wing moment coefficient CM w curve of
the F-27 TU Delft model by ALIME, compared to the calculated
data by van der Vaart and Muhammad [53] and the wind tunnel
data by Spigt and de Gelder [49].

Stabilizer Contribution
The lift contribution of the horizontal stabilizer CLh is presented in Figure 4.4. Wind tunnel data is obtained
for the horizontal stabilizer lift contribution by taking the lift coefficient data of the complete aircraft and sub-
tracting the lift coefficient data of the aircraft without the stabilizing surfaces by Binkhorst and Spoon [11].
This yields the moment coefficient contribution of the horizontal and vertical stabilizer, where the longitu-
dinal moment contribution of the vertical stabilizer is assumed to be negligible compared to the horizontal
stabilizer contribution. The interactions between the fuselage and the stabilizing surfaces is neglected. AL-
IME predicts the lift of the horizontal stabilizer well, meaning that the downwash angle experienced by the
horizontal stabilizer is captured well. The calculated data underestimates the lift generated by the horizontal
stabilizer.

The moment coefficient curve of the horizontal stabilizer CM h is presented in Figure 4.5. ALIME seems
to slightly overestimate the stabilizing moment curve slope contribution of the horizontal stabilizer. The



42 4. Fokker F-27 Case Study

2 0 2 4 6 8
 [°]

0.15

0.10

0.05

0.00

0.05

0.10

C M
w

fn
 [-

]

Wind tunnel, Spigt and de Gelder 1959
Calculated, v.d. Vaart and Muhammad 1983

ALIME

Figure 4.3: The WFN moment coefficient CM w f n
curve of the F-27 TU Delft model, including the fuselage and nacelle correction, com-

pared to the calculated data by van der Vaart and Muhammad [53] and the wind tunnel data by Spigt and de Gelder [49].

calculated moment curve appears to have a very similar slope compared to the wind tunnel data, but its
curve is vertically shifted. Indicating that the calculated method underdetermined the CM a.c.h .
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Figure 4.4: The lift coefficient of the F-27 TU Delft model sta-
bilizer CLh

, compared to the calculated data by van der Vaart
and Muhammad [53] and the wind tunnel data by Binkhorst and
Spoon [11].

2 0 2 4 6 8 10
 [°]

0.1

0.0

0.1

0.2

0.3

0.4

C M
h
 [-

]
Wind tunnel, Spigt and de Gelder 1959
Calculated, v.d. Vaart and Muhammad 1983

ALIME

Figure 4.5: The moment coefficient contribution of the F-27 TU
Delft model stabilizer CMh

, compared to the calculated data by
van der Vaart and Muhammad [53] and the wind tunnel data by
Spigt and de Gelder [49].

Complete Aircraft
Figure 4.6 shows the lift coefficient CL curve of the complete aircraft. The ALIME lift results are essentially the
sum of the isolated wing and stabilizer contributions CLwh , since the fuselage and nacelles are not assumed
to contribute to the lift coefficient as stated before [53]. Just like for the isolated wing, ALIME’s lift curve
prediction lies in between the calculated and the wind tunnel curve and features a lower lift coefficient slope.

The moment coefficient CM curve of the entire aircraft in presented in Figure 4.7. For ALIME, the wing-
stabilizer moment without the fuselage and nacelle correction CM wh as well as the corrected moment CM w f nh

are presented to show the effect of the fuselage and nacelle correction on the entire moment curve. The under
and overestimation of the moment curve slope of the isolated wing and horizontal stabilizer respectively
seems to have evened out, as the slope of the moment curve (or the LSS) seems to be very close to the wind
tunnel data. The CM wh slope is nowhere near close to the wind tunnel data, showing the importance of taking
into account the fuselage and nacelle moment coefficient contributions. The calculated LSS also appears to
be close to the wind tunnel data. Both ALIME and the calculated results show a vertical shift in terms of
the moment curve compared to the wind tunnel curve. ALIME overestimates the aircraft CM a.c. , while the
calculations underestimate it.
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Figure 4.6: The complete lift of the F-27 TU Delft model as com-
pared to the calculated data by van der Vaart and Muhammad [53]
and the wind tunnel data by Spigt and de Gelder [49].
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Figure 4.7: The complete moment contribution of the F-27 TU
Delft model, with and without the fuselage and nacelle correc-
tion, as compared to the calculated data by van der Vaart and
Muhammad [53] and the wind tunnel data by Spigt and de Gelder
[49].

4.2.2. F-27 NLL Model
The unfortunate thing about the F-27 TU Delft model is the absence of wind tunnel data including propellers
on results. The F-27 TU Delft thus merely served as a case to investigate ALIME’s ability to predict the lift and
moment of a wing-stabilizer combination when a fuselage and nacelle correction is included. However, the
main goal of this thesis is to investigate the propulsion effects on the aircraft moment coefficient, this where
a second model, the F-27 NLL model, comes in. Various tests are performed in the wind tunnel by NLL with
and without the propellers. The F-27 NLL model has a different scale with respect to the TU Delft model
and it has some differences in geometry that are important to take note of. These differences in geometry
between the TU Delft and NLL F-27 model are highlighted in Appendix A. The propellers off version of the
F-27 NLL model is validated against the wind tunnel data by NLL [55] in this subsection in order to confirm
the correct implementation of its geometry and moment reference points, before introducing the propellers
to the ALIME model later in this chapter.

The NLL uses two locations as the moment reference point, the 30% and 40% chord line on the main wing.
The 40% chord line is orthogonal to the aircraft longitudinal axis, the xr e f point does therefore not vary with
y . The 30% chord line does vary with y due to the taper of the wing. The 30% chord line reference point is
used the most to determine the moment by NLL, so the 30% MAC position is taken to be the reference point
for the F-27 NLL model. The 30% MAC position is calculated to be located at xr e f = 0.07522m from the wing
root chord LE. The calculation of xr e f consisted of adding 30% of the MAC length to the LE position at the
MAC y-coordinate. Just like for the TU Delft model analysis, only the panel normal force contributions are
taken into account to determine the moment coefficients.

Visually comparing the slopes of the lift and moment curves is hard when the differences are small. So
the lift and moment curve slopes for the F-27 NLL model without propellers are calculated and presented in
Table 4.1 to ease the comparison between the ALIME and wind tunnel results. The lift and moment curves
by ALIME are linear as a result of the assumed inviscid and potential flow assumption. Making it acceptable
to determine the lift and moment slope by subtracting the lift and moment at the highest considered AoA,
subtracting the lift and moment at the lowest considered AoA and dividing by the total AoA range. The slopes
of the wind tunnel data are obtained by fitting a first degree polynomial through the data and taking the slope
of that fitted linear line.

The fuselage and nacelle correction is dependent on the geometry of the fuselage and nacelles of the
aircraft. The F-27 NLL model features a slightly longer rear fuselage compared to the TU Delft model, also
affecting the position of the horizontal stabilizer. The fuselage and nacelle correction by van der Vaart and
Muhammad is performed for the fuselage of the NLL model to investigate effect of the extra fuselage rear
length on the calculated values used in the correction. The extra fuselage rear length barely affects the values
used in the correction. The ∆xcalc

a.c. f n
changes from 0.139 for the TU Delft model to 0.140 for the NLL model.

The latter is used for the NLL fuselage and nacelle correction.
The WFNcontribution, stabilizer contribution and complete aircraft results are again discussed respec-
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tively.

WFN Contribution
The lift coefficient CLw f n curve of the F-27 NLL model is presented in Figure 4.8. The lift coefficient and the
slope CLw f nα

are both underestimated, the slope by about 9%. The wing lift is overestimated for the F-27
TU Delft model as shown in subsection 4.2.1. The underestimation in lift by ALIME in this case can perhaps
be explained by the difference in fuselage geometry between the TU Delft and the NLL F-27 models. The
longer fuselage of the F-27 NLL model possibly generated more lift compared to the F-27 TU Delft. Meaning
that the assumption of CLw ≈ CLw f n by van der Vaart and Muhammad [53] might not be applicable to the
NLL model. In addition, the underestimation of the lift is interesting in the sense that one would expect
and overestimation of the lift when not modeling the fuselage and nacelle carry over effect. This can mean
that the carry over effect is not a large for F-27 NLL wind tunnel model as the VLM models by Veldhuis and
van Wonderen predict in Table 3.3.5. However, the question of the impact on the stabilizer downwash still
remains. The stabilizer lift and moment contribution are therefore referred to.

The moment coefficient of the wing and the WFN combination is presented in Figure 4.9. Just like for the
F-27 TU Delft model, the CM w f nα

is overestimated, in this case by about 20%.
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Figure 4.8: The WFN combination lift coefficient CLw f n
curve of

the F-27 NLL model compared to the wind tunnel data by the NLL
[55].
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Figure 4.9: The WFN combination moment coefficient CM w f n
curve of the F-27 NLL model compared to the wind tunnel data
by the NLL [55].

Stabilizer Contribution
The stabilizer lift coefficient CLh curve is shown in Figure 4.10, which shows that the magnitude of the lift is
underestimated. The slope CLhα

is estimated well by ALIME, with an error of less than a percent.
The stabilizer moment coefficient CM h curve is presented in Figure 4.11. The magnitude of the moment

coefficient is also closely estimated by ALIME. The CLhα
is overestimated by about 7% according to Table 4.1.

The CLhα
is also overestimated by ALIME for the F-27 TU Delft model.

An overestimation of the stabilizer lift contribution magnitude can point to an underestimation of the
downwash at the stabilizer, while the negligence of the carry over effect should result in a lower stabilizer lift
magnitude as a results of a higher experienced downwash angle at the stabilizer. Again pointing to the carry
over effect possibly not being as large in the wind tunnel conditions. The stabilizer lift slope contribution
CLαh

is predicted within 1% as shown in Table 4.1. Regardless, the moment contribution of the stabilizer is
closely predicted. Not excluding partial coincidence as a possible explanation for overestimated stabilizer lift
prediction, since the stabilizer lift contribution prediction matched well for the F-27 TU Delft model.

Complete Aircraft
The complete aircraft lift CL curve of the F-27 NLL model predicted by ALIME is compared to wind tunnel
data is presented in Figure 4.12. It is no surprise that the lift is underestimated, since the lift of the WFN is
underestimated.

The moment coefficient CM curve of the F-27 NLL model is shown in Figure 4.13. The moment coeffi-
cients CM are well estimated for the NLL model. The slope CMα is estimated within a few percent of the wind
tunnel result.
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Figure 4.10: The stabilizer lift coefficient CLh
curve of the F-27

NLL model compared to the wind tunnel data by the NLL [55].
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Figure 4.11: The stabilizer moment coefficient CMh
curve of the

F-27 NLL model compared to the wind tunnel data by the NLL
[55].
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Figure 4.12: The lift coefficient CL curve of the F-27 NLL model
compared to the wind tunnel data by the NLL [55].
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Figure 4.13: The moment coefficient CM curve of the F-27 NLL
model compared to the wind tunnel data by the NLL [55].

Table 4.1: A comparison between the lift and moment slope contributions of the F-27 NLL model by ALIME and the wind tunnel tests by
NLL without propellers, where the error is with respect to the wind tunnel values.

Wind tunnel [1/◦] ALIME [1/◦] Error ε [%]
CLwα

0.10030 0.09123 -9.05
CLhα

0.01118 0.01111 -0.66
CLα 0.11054 0.10234 -7.42
CM w f nα

0.014135 0.017096 20.95
CM hα

-0.045133 -0.048273 6.85
CM w f nhα

-0.031127 -0.029935 -3.83

4.3. F-27 Propellers On Analysis
This section brings all individual building blocks described in this thesis together to analyze the F-27 NLL
including the propeller to attempt to answer the research question. The F-27 NLL model is analyzed by ALIME
with the propeller model, described in Appendix B, at the propeller setting of J = 0.67 with Tc = 0.4. The
considered AoA range is again taken to be −1.54◦ ≤α≤ 8.46◦, but evaluated for only five values of α because
of the longer running time of ALIME with the introduction of the propeller. Evaluating one AoA with the jet
correction applied takes roughly 1.5 hours until convergence. Convergence occurs in 2 or 3 iterations in these
cases.

The available wind tunnel data only allows for a comparison with ALIME for the aircraft lift and moment
coefficient. Contrarily to the propellers off case in section 4.2, no individual contribution comparisons are
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therefore possible with wind tunnel data of the propellers on analysis. However, the analysis of the F-27
without propellers already serves as a good basis. Note that the fuselage correction is also applied to the
moment coefficient in this section.

Section 4.3.1 evaluates the lift, moment and LSS performance of the F-27 NLL model with the propeller.
The flow field at the stabilizer, more specifically, the average downwash and dynamic pressure at the stabilizer
is discussed are subsection 4.3.3 and 4.3.2 respectively.

4.3.1. Total Lift, Moment Coefficient and LSS
The aircraft lift coefficient CL and aircraft moment coefficient CM for the F-27 NLL model are presented in
Figure 4.14 and 4.15 respectively. Where the aircraft lift can be seen to be underestimated with the application
of the jet correction on both the wing and stabilizer. The lift slope CLα is also observed to be underestimated.
However, this is not surprising as similar results were obtained in the propellers off analysis. With the appli-
cation of the jet correction, an underestimation of 4.2% is found for the CLα .

The moment coefficient and the moment coefficient slope predicted by ALIME are different compared to
the wind tunnel data. According to the wind tunnel, the LSS or CMα should decrease by about 50% relative to
the propeller off case from about 0.03 to about 0.02. ALIME determines almost exactly the opposite trend. The
CMα increases by about 50% relative to the propeller off case, from about 0.03 to about 0.04. The difference
in LSS prediction is thus caused by the introduction of the propeller, since the F-27 CMα is predicted within
an accuracy of 4% relative to the wind tunnel data in the propellers off analysis.

The lift and moment coefficient without the application of the jet correction are obtained to determine
if the jet correction is the reason for the difference in results. This is hypothesized since the jet correction is
known to change the lift coefficient as a function of AoA [41, 35]. Results from subsection 3.3.3 and 3.3.4 of
the validation phase of the thesis confirm that the jet correction obtained lift coefficient magnitude and slope
change with AoA. The CL and CM curve of the F-27 NLL model without the jet correction are also presented
in Figure 4.14 and 4.15 respectively. Without the application of the jet correction, the lift is overestimation,
but only slightly. The CLα can also be seen to have increased. Without the jet correction CLα is overestimated
by 4.0% with respect to the wind tunnel data. The vertical shift in CL when no jet correction is applied caused
a vertical shift of the F-27 moment coefficients. The CLα increase also causes CMα to decrease to -0.044 when
not applying the jet correction. Moving the predicted LSS even further away in magnitude from the wind
tunnel results without the jet correction.
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Figure 4.14: The lift coefficient CL curve of the propeller equipped
F-27 NLL model, with and without the jet correction compared to
the wind tunnel data by the NLL [55] for the propeller operating
point of J = 0.67 with Tc = 0.4.
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Figure 4.15: The moment coefficient CM curve of the propeller
equipped F-27 NLL model, with and without the jet correction
compared to the wind tunnel data by the NLL [55] for the pro-
peller operating point of J = 0.67 with Tc = 0.4.

The change in lift and moment coefficient slopes of the WFN and stabilizer contributions relative to the
propellers off analysis are considered to identify the culprit for the opposite predicted trend in LSS by ALIME.
The lift and moment coefficient slopes are determined by fitting a first degree polynomial through the lift
and moment coefficient data predicted by ALIME. The difference of the lift and moment coefficient slopes
of the WFN and stabilizer for the propellers on with respect to the propeller off analysis are computed and
expressed in a percentage by dividing this difference with the propellers off value. The results are presented in
Table 4.2. Revealing the WFN lift and moment to have only slightly increased with the introduction of the pro-
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peller, while the stabilizer contribution has experienced a larger relative chance. It is thus safe to say that the
reason for the LSS overestimation with the propellers is a result of the stabilizer lift contribution increasing,
increasing its contribution to the LSS. To explain why the lift contribution of the stabilizer increases, requires
an investigation of the flow field at the stabilizer.

Table 4.2: A comparison between the propellers on and off lift and moment slope contributions of the F-27 NLL model by ALIME.

ALIME, props on,
with jet correction
[1/◦]

Difference, relative
to props off
[%]

CLwα
0.092387 1.26

CLhα
0.013297 19.7

CM w f nα
0.017250 0.90

CM hα
-0.059183 97.7

4.3.2. Stabilizer Average Dynamic Pressure
The average dynamic pressure at the stabilizer q̄h is investigated in this section. The q̄h is calculated using
the effective velocity Ve f f calculated at each panel of the horizontal stabilizer (nhmh panels in total). The
average effective velocity for all stabilizer panels of V̄e f f is calculated, squared and divided by the square of
the free stream velocity V∞ to obtain the average dynamic pressure ratio at the stabilizer q̄h/q∞, as given by:

q̄h

q∞
=

V̄ 2
e f f

V 2∞
, V̄e f f =

1

nhmh

nh mh∑
i=1

Ve f fhi
.

Figure 4.16 displayed the q̄h/q∞ for the F-27 NLL model as calculated using ALIME. For extra reference
the q̄h/q∞ in the situation without propellers is presented. The q̄h/q∞ with propellers when applying the jet
correction is about a factor two larger compared to the propellers off case. Without the application of the jet
correction, the q̄h/q∞ is even higher compared to when the jet correction is applied.
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Figure 4.16: The average dynamic pressure ratio at the horizontal stabilizer q̄h /q∞ of the F-27 NLL model for propellers off and on at
J = 0.67 with Tc = 0.4 as calculated using ALIME, including results with and without the jet correction applied.

The V̄e f f is a function of the V̄∞ and the average induced velocities of the propeller slipstream V̄zi nd s

and the lifting surfaces panels V̄zi nd wh
as explained in subsection 2.1.5. No slipstream induced velocities are

present for the propellers off situation, resulting in a q̄h/q∞ of 1 as shown in Figure 4.16. In reality, the wake
of the main wing will create a dip in effective velocity at the stabilizer, resulting in a dip in q̄h/q∞ below 1.
However, this effect is not captures in ALIME. With the introduction of the propeller, the slipstream induces
a velocity on every lifting surface panel. For the slipstream to affect the stabilizer, the slipstream needs to be
located close to the stabilizer. So a look is taken at the location of the slipstream relative to the stabilizer.
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Slipstream Deflection
The induced velocity field by the wing mainly causes the slipstream tube to deflect, as explained in subsec-
tion 2.1.4. The slipstream deflection therefore changes with AoA. To evaluate how close the slipstream is to
the stabilizer, the total range of slipstream center line deflection of the slipstream is therefore visualized for
the considered AoA range. In addition, the slipstream tube contracts depending on the velocities present
in the slipstream tube (see subsection 2.1.4). The range of the upper and lower boundary of the slipstream
is therefore also important to investigate how the contraction affects the relative distance of the slipstream
boundaries to the stabilizer. The ranges are computed by obtaining the center line, upper and lower bound-
ary slipstream position coordinates for each evaluated AoA and finding the maximum and minimum of each
data set. With these ranges computed, the total range of slipstream vertical positions relative to the stabilizer
can be visualized. This is done in Figure 4.17 and 4.18 for the situation with and without the jet correction
applied respectively.
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Figure 4.17: A visualization of the slipstream tube position range relative to the wing and horizontal stabilizer over the considered AoA
range with the jet correction applied at the propeller operating point J = 0.67 with Tc = 0.4.
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Figure 4.18: A visualization of the slipstream tube position range relative to the wing and horizontal stabilizer over the considered AoA
range without the jet correction applied at the propeller operating point J = 0.67 with Tc = 0.4.

First and foremost, the slipstream engulfs the stabilizer with and without the application of the jet correc-
tion. Although, the slipstream tube can be observed to deflect more in the case without the application of the
jet correction as a result of the higher induced velocities from the higher wing lift. The center line, upper and
lower boundary ranges of the slipstream also become larger because of this.

Each of these slipstream visualization is used to explain the obtained results for the q̄h/q∞. First, the
situation with the jet correction. The q̄h/q∞ is pretty much doubled with respect to the propellers off case.



4.3. F-27 Propellers On Analysis 49

Also, the q̄h/q∞ remains pretty much constant with AoA and Figure 4.17 shows why. The slipstream deflects
very little over the AoA range as indicated by the small ranges of the center line, upper and lower boundary.
Leaving the stabilizer to interact with about the same radial station of the slipstream over the entire AoA
range. The stabilizer therefore encounters about the same slipstream induced velocity over the AoA range.
When the jet correction is not applied and the slipstream deflects more, the stabilizer therefore encounters
a larger range of the slipstream induced velocities inside the slipstream tube. From Figure 4.16, the q̄h/q∞
can be seen to increase and decrease over the AoA range. To see why, a look is taken at the induced velocity
distribution near the outer edge of the slipstream. The induced slipstream distribution is a directly related
to the propeller blade circulation distribution Γp as explained in subsection 2.1.4. Figure 4.19 shows the
Γp distribution on the F-27 propeller blade for J = 0.67 with Tc = 0.4. The highest circulation is present
near the tip of the propeller blade, resulting in the highest induced velocities near the outer edges of the
slipstream . This is what the stabilizer encounters when the jet correction is not applied as Figure 4.18 shows.
The slipstream moves over the stabilizer and makes it experience induced velocities corresponding to the
propeller circulation at r /Rp < 0.834 at the lower AoA range, through the peak circulation at r /Rp ≈ 0.834
in the middle AoA range and through the decreasing circulation at r /Rp > 0.834 at the higher AoA range.
Explaining the increase and subsequent decrease in q̄h/q∞ experienced with AoA.
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Figure 4.19: The F-27 NLL ALIME BEM propeller model blade circulation distribution Γp at J = 0.67 with Tc = 0.4.

Magnitude of the Average Dynamic Pressure Ratio
Even though the shape of the q̄h/q∞ curves over the AoA range can be explained, the magnitude of q̄h/q∞
is quite high. Although, q̄h/q∞ cannot be directly compared to wind tunnel data at the same power settings,
sources such as the flight test by van den Borne and van Hengst indicate that the q̄h/q∞ does not exceed 1.3
for the Fokker 50 [12]. The q̄h/q∞ is between 1.1 and 1.3 for the same AoA range considered here, but that is
for the maximum power settings. Note that the Fokker 50 has a different propeller compared to the F-27. It
features a six-bladed propeller that has a very different geometry compared to the F-27 propeller used in this
thesis and will thus result in a different circulation distribution and induced velocity distribution in the slip-
stream. Also note that the Fokker 50 used for the flight test probably has a slightly longer fuselage compared
to the F-27 NLL model for the same scale (25.25m instead of 24.1m), meaning a more rearwards positioned
stabilizer. In reality, the slipstream momentum will thus have diffused slightly more before reaching the hor-
izontal stabilizer for the Fokker 50 compared to the F-27 NLL model, although this effect will be quite small
and is not captured in ALIME. However, these facts logically still cannot explain the predicted q̄h/q∞ of about
2 by ALIME at a lower power setting.

The slipstream induced velocities determined by the slipstream tube model in ALIME can therefore be
said to be overestimated. The largest contribution of Ve f f is the slipstream induced velocity component in the
x-direction Vxi nd s

, pointing to this slipstream contribution being overestimated as a result of the described
analysis of the q̄h/q∞. The F-27 NLL model propeller circulation fundamentally determines the slipstream
induced velocities as stated before. However, the propeller model is known to match the propeller thrust of
the wind tunnel test well as shown in Appendix B. A problem with the propeller model in this thesis though,
is the fact that it is created by combining information on F-27 propellers from literature, but with no proof
that it is close to the actual propeller used during the wind tunnel tests by the NLL. The propeller geometry



50 4. Fokker F-27 Case Study

used by NLL on their F-27 model is not available in literature. The first step to obtain a better estimate for the
slipstream induced velocities requires a more accurate propeller model using the exact propeller geometry
and performance as in the wind tunnel experiments.

Vertical Slipstream-Stabilizer Separation
The vertical distance or separation between the slipstream center line and the horizontal stabilizer ∆zh is
discussed, because it is one of the main points of interest for this thesis. When inspecting Figure 4.17, the
vertical position of the slipstream center line ranges between −0.030m and −0.038m when the jet correction
is applied. The stabilizer is vertically located at zh = 0.00667m, see Appendix A. The ∆zh

Rp
for the distance

between the slipstream center line lower and upper range to the stabilizer MAC LE ranges from 0.30 to 0.37,

compared to a ratio of ∆zw
Rp

= ∆zp

Rp
= 0.27 for the wing relative to the location of the propeller disk center. In

the case where the jet correction is not applied, it is already pointed out in the previous discussion that the
slipstream deflects away further from the stabilizer. At the MAC LE of the stabilizer, the slipstream center line
range is between about −0.0487m ≤ z ≤−0.0841m, resulting in distance ratio from the stabilizer of 0.44 and
0.73. This is much larger compared to the case when the jet correction is being applied.

Despite the quantification of the vertical distance ratios between the stabilizer and the slipstream center
line, no knowledge is available in literature on what vertical distance ratio is acceptable in terms of applying
the jet correction to any lifting surface when this vertical distance ratio is not equal to zero.

4.3.3. Stabilizer Average Downwash
To determine the average downwash, a look it taken at the definition of the effective AoA of the stabilizer. The
effective AoA at the stabilizer αe f f h

at the stabilizer is given by [39]:

αe f fh
=α−εh + ih .

After rearranging the expression, one can see that the downwash at the stabilizer is obtained by subtracting
the effective AoA from the AoA. Note that the incidence angle of the stabilizer ih on the F-27 is zero, see
Appendix A. In ALIME, the average downwash ε̄h is determined by averaging the αe f f of all the panels on the
stabilizer (equal to an amount of nhmh) and subtracting this average from the AoA:

ε̄h =α− ᾱe f fh
=α− 1

nhmh

nh mh∑
i=1

αe f fhi
,

where i is the counter index.
The calculated ε̄h is presented in Figure 4.20. What becomes apparent immediately is the decrease in

downwash with the introduction of the propeller. The downwash should in fact increase with an increase
the thrust, as also observed by Obert [38]. The higher wing lift as a result of the propeller slipstream-wing
interaction should increase the circulation of the wing, increasing the downward induced velocities at the
stabilizer, increasing the downwash. This explains the opposite trend observed for the predicted LSS change
with the introduction of the propeller.

The predicted decrease in ε̄h occurs for both the propeller on case with and without the jet correction.
The ε̄h should be higher for the propeller on situation without the jet correction applied compared to with
the application of the jet correction, since the extra lift on the main wing without the jet correction applied
induces more downwash at the stabilizer compared to the lower wing lift with the jet correction applied.
Figure 4.20 does indeed show the average downwash to be higher without the application of the jet correction,
compared to the jet correction being applied.

The αe f f h
is calculated in ALIME as the angle between the vertical and horizontal total velocity compo-

nents present at the stabilizer, Vz and Vx as defined in subsection 2.1.5. The introduction of the propeller is to
blame for the wrong trend in vertical shift of ε̄h , hinting that a change in induced velocity components in the
total velocities as a result of the propeller slipstream is to blame for this wrong trend in average downwash.

The average induced velocity components in x and z at the stabilizer are therefore computed. The in-
duced velocity in the x-direction is solely made up from the slipstream induced velocities as expressed by
Equation 2.27. Figure 4.21 show the V̄xi ndh

normalized with the free stream velocity V∞ for the considered
AoA range with propellers off and on and with the jet correction applied and not applied. Without propellers,
the V̄xi nd s

are zero at the stabilizer, as expected. When the propeller is introduced, the V̄xi nd sh
looks very sim-

ilar to the results for the average dynamic pressure with propellers on. In addition, with the propeller on, the
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Figure 4.20: The average downwash at the horizontal stabilizer of the F-27 NLL model for propellers off and on at J = 0.67 with Tc = 0.4
as calculated using ALIME, including results with and without the jet correction applied.

induced velocity increases by about 50% with the propeller being introduced, explaining why the q̄h/q∞ re-
sults were doubled when introducing the propeller. These V̄xi nd w

results thus align with the discussion result
on q̄h/q∞. Where V̄xi nd is identified as its largest contribution.

The z-direction induced velocities consists of two components, the slipstream induced velocities and the
induced velocities because of the wing and stabilizer circulation. Each component is individually investi-
gated. The average vertical induced velocity component by the slipstream on the stabilizer is predicted to
equal to zero over the entire AoA range with and without the jet correction applied, the positive and nega-
tive induced velocities created by the up and down going blade cancel each other out. The average induced
z-direction velocities by the wing and stabilizer panels circulation on the stabilizer V̄zi nd wh

/V∞ are displayed
in Figure 4.22. These results show the origin of the problem where the average downwash decreases with the
introduction of the propeller. The V̄zi nd wh

magnitude should be lower when the propeller is present, regard-
less of the jet correction being applied. Extra research is required to investigate why exactly this occurs. This
might come down to a modeling error in ALIME. The V̄zi nd wh

without the application of the jet correction is
lower compared to the jet correction being applied, which is as expected.
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Figure 4.21: The average slipstream x-direction induced velocity
at the horizontal stabilizer V̄xi ndh

of the F-27 NLL model for pro-

pellers off and on at J = 0.67 with Tc = 0.4 as calculated using
ALIME, including results with and without the jet correction ap-
plied.
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5
Conclusions

The aim of this thesis project is to investigate the applicability of the correction by Rethorst at the horizontal
stabilizer in VLM methods for a conventional high wing, low stabilizer configuration aircraft featuring dual
IB propellers, like the Fokker F-27, in the cruise configuration and condition. The application of the Rethorst
correction at the stabilizer requires the assumptions used for the derivations to apply and the predicted lift
using the correction to match wind tunnel data or CFD simulations. The work performed in this thesis is not
enough to answer the main research question on the applicability of the Rethorst correction to the horizontal
stabilizer within the mentioned aircraft configuration scope, because none of the stated requirements are not
met. However, the necessary work and research left to do before being able to successfully draw a conclusion
is identified in this thesis.

The Rethorst correction assumption stating that the vertical distance between the stabilizer and the pro-
peller center line should be zero is most questionable in the case of the horizontal stabilizer. The vertical
distance between the slipstream center line and the stabilizer found in this thesis is larger compared to the
distance between the wing and propeller center line for the entire considered AoA range of 1.54◦ to 8.46◦.
The Rethorst correction is therefore less applicable to the stabilizer compared to the wing for the considered
AoA range. The vertical slipstream center line to horizontal stabilizer distance is highly dependent on the
slipstream deflection. Applying the Rethorst correction to the wing increases the applicability of the Rethorst
correction to the stabilizer by limiting the slipstream deflection at the stabilizer, as a result of the lower wing
lift.

The average dynamic pressure at the horizontal stabilizer being over estimated is one of the reasons why
no accurate stabilizer lift prediction is obtained. Within the condition of the slipstream engulfing the stabi-
lizer, the slipstream induced velocities dictate the average dynamic pressure at the stabilizer. The predicted
slipstream induced velocity magnitudes in this thesis are high compared to flight test data. The slipstream
induced velocities in the used slipstream tube model are dictated entirely by the propeller circulation dis-
tribution. Uncertainty in the F-27 propeller geometry and its BEM model performance therefore possibly
contributes to the overestimation of the slipstream induced velocities.

The average downwash at the stabilizer is predicted to decrease with the introduction of the propeller in
this thesis, which is the opposite observed trend when referencing wind tunnel data. This thesis identifies the
vertical induced velocities at the horizontal stabilizer by the wing and stabilizer VLM panels to be the culprit,
which predict a decrease in vertical induced velocity with the additional wing and stabilizer lift introduced
by the propeller slipstream. This indicates the possibility of a modeling error. The time frame of the thesis
project does not allow for an investigation to find this possible modeling error.
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6
Recommendations

To be able to draw a conclusion on the applicability of the Rethorst correction at the horizontal stabilizer
for conventional configuration high wing, low stabilizer and dual IB propellers aircraft, the three practices
described in this chapter need to be considered.

A study concerning the effectiveness and accuracy of the Rethorst correction outside the scope of its as-
sumption and or restriction is necessary, with an emphasis on the assumption on the vertical distance be-
tween the slipstream center line and the lifting surface that the correction is applied to. Knowledge on this
subject could possible widen the application scope of the Rethorst correction or indicate what assumptions
the Rethorst correction is especially sensitive to. Knowledge that is necessary before being able to consider
the Rethorst correction for the horizontal stabilizer, since that requires most of the assumptions to be more
flexible compared to the application of the Rethorst correction on the main wing.

The first step to better represent the induced velocities in the propeller slipstream requires a more repre-
sentative F-27 propeller geometry and operation settings information needs to be obtained. Since literature
does not contain this information, it needs to be requested at the original source. Ones a more representative
propeller model is obtained, the average dynamic pressure ratio is likely still not going to match flight or wind
tunnel test data because of the slipstream model not capturing all aspects of a realistic propeller slipstream.
An examples being the propeller nacelle wake in the slipstream and the interaction of the slipstream with the
wing wake, which are important for the representation of the average dynamic pressure at the stabilizer. A
deeper analysis should be performed on the potential of the slipstream tube model to predict the slipstream
induced velocities at the stabilizer in ALIME without the capture of the mentioned wake interactions effects.

Lastly, more research needs to be done with regards to the level of modeling fidelity in ALIME, which is the
airframe VLM, propeller BEM and slipstream tube combination model used in this thesis. Emphasis needs
to be put on the slipstream induced velocities and their effects on the wing and horizontal stabilizer, since
capturing this interaction is one of the main goals with which ALIME is created in this thesis. Capturing the
increase in vertical induced velocities by the wing and stabilizer VLM panels as a result of the propeller at the
location of the horizontal stabilizer is of main importance for the progress in investigating the applicability
of the Rethorst correction to the horizontal stabilizer.
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A
Fokker F-27 Model Geometries

This chapter highlights the geometry differences between the F-27 models used for wind tunnel experiments
by TU Delft and NLL.

When referencing literature, it becomes apparent that the Fokker F-27 aircraft series features various vari-
ants. The F-27 started off with the first version, the Mark 100. Fokker started to adapt the F-27 Mark 100
with en-lengthened fuselages and more powerful engines. This lead to the creation of many more F-27 Marks
including specific version for the military and other intermediate versions. From the Mark 700 onward, the
Mark 050 is introduced. From the F-27 Mark 050 onward, the aircraft is also known as the Fokker 50. The
Fokker 50 is also built in a few different versions [3]. All these variants of the F-27 and Fokker 50 featured
differences in geometry, such as fuselage length1.

One has to be aware of the variants of F-27 that exist. Wind tunnel models of the F-27 can be based on
any of the versions of the F-27 and can therefore have different geometries. The same is true for the F-27
models used by TU Delft and NLL for wind tunnel experiments, which are considered in this thesis. The NLL
and TU Delft both provide detailed sketches of the models to describe the geometry. From both sketches side
by side, one is hardly able to see the differences in geometry. When overlaying the sketches on top of each
other, disregarding the different model scales, the differences in geometry become apparent. The wing and
stabilizer geometry appears identical. The NLL and TU Delft model feature the same fuselage length in front
of the main wing, but the NLL has a longer rear fuselage length. The horizontal stabilizer is located more
rearward for the NLL compared to the TU Delft model.

The geometry of the wing and stabilizer of the TU Delft and NLL F-27 model is presented in the wind tun-
nel test series of technical reports by TU Delft [11, 49, 10] and NLL respectively [55, 1]. Table A.1 summarizes
the geometry of the TU Delft and NLL models. Where the geometry values are directly read from or calcu-
lated using the model sketches of the mentioned technical reports. The sketches of the NLL and TU Delft
F-27 models are presented on the next pages respectively [55, 10].

Table A.1: The wing and horizontal stabilizer geometry of the TU Delft and NLL F-27 models.

Wing Horizontal Stabilizer
TU Delft NLL TU Delft NLL

b [m] 1.45 1.936 0.4875 0.636
cr [m] 0.17325 0.2310 0.11875 0.15833
ct [m] 0.07 0.0933 0.0475 0.06333
i [◦] 3.46 3.42 0 0
ε [◦] -2 -2 0 0
Root airfoil,
Tip airfoil

NACA64421,
NACA64415

NACA64421,
NACA64415

NACA63-014A NACA63-014A

xLE r [m] 0 0 0.54 0.7779
xLE t [m] 0.0413 0.0551 0.05 0.06667
z [m] 0 0 0.005 0.00667

1Fokker 27 General, fokker-aircraft.info, http://www.fokker-aircraft.info/f27general.htm [Accessed 29/3/2023]
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B
Fokker F-27 Propeller Model

The propeller geometry for the BEM model for the F-27 used in this thesis report is covered in this chapter.
Very little literature is available on the propeller geometry of the propeller used on the F-27. A propeller
model is therefore created to resemble the propeller model used during the wind tunnel tests by NLL, for the
purpose of this case study.

For inspiration, literature on the propellers of the F-27 aircraft series, including the Fokker 50, is con-
sidered. Although similar to the F-27, Fokker 50 is a different aircraft and is the descendant of the F-27. The
Fokker 50 aircraft series featured various propellers, a two-blade, four-blade and six-blade propeller. The later
versions of the Fokker 50 featured the six-bladed propeller, while the earliest versions featured the two-bladed
propeller [3]. The Pilot Operating Handbook of the Fokker 50 mentions the propeller blades are manufactured
by Dowty Rotol1. The type certification documentation of the Fokker F-27 and 50 models mention various
propeller blade models used on the Fokker 50 series [3], such as the Dowty Rotol Model (c) R175/4-30-4/13E
with 4 RA.25899 blades and many more. Bouquet mentions an N250 six-bladed propeller used for the Fokker
50 in this masters thesis [13], originating from a propeller test shop report by Munniksma [34]. Van Wonderen
created an aircraft and propeller model based on a report by Manée, which is based on the Fokker 50 [57, 28].

A propeller model is created for the F-27 NLL model based on the propeller geometry by van Wonderen,
featuring an N250 propeller blade section. The propeller geometry is presented in Table B.1. The propeller
features four blades, to match the amount of propeller blades used by the wind tunnel tests by NLL [1], with
a diameter Dp of 0.244 m and the hub radius set to be located at the fist radial r /R station mentioned in
Table B.1.

Table B.1: The F27 NLL model propeller geometry, based on the propeller geometry of van Wonderen [57].

r /R [-] 0.1315 0.3036 0.4991 0.7000 0.8324 0.9495 0.9991
c/R [-] 0.099 0.190 0.221 0.229 0.221 0.190 0.004
θ [◦] 62.83 39.86 27.08 19.93 17.00 15.01 14.30

The propeller pitch setting is varied over J to calibrate the propeller performance to the propeller perfor-
mance documented by NLL. Figure B.1 shows the pitch βp settings for the considered range of propeller J
operating points.

Figure B.2 shows the propeller thrust coefficient Tc of the calibrated propeller model compared to the
propeller performance of the wind tunnel tests.

No data is available on the torque performance of the propeller used during the wind tunnel tests by the
NLL. This creates uncertainty with regards to the torque performance of the propeller model, thus creating
uncertainties in the tangential velocity component generated by the propeller model. Possibly affecting the
locally induced AoA of any lifting surface engulfed by the slipstream as a result of the tangential flow compo-
nent [39].

1Fokker 50 Systems, Smartcockpit, https://www.smartcockpit.com/plane/FOKKER/FOKKER%2050.html [Accessed 6/5/2023]
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Figure B.1: The F-27 propeller calibration pitch settings to match
the propeller performance of the wind tunnel experiment by the
NLL [55].
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C
ALIME Extras

This chapter contains extra results and descriptions of implementations that are performed for ALIME, but
are not important in the context of the thesis project or became obsolete. This concerns the induced drag co-
efficient, described in section C.1 and an implementation for a wing kink in ALIME, discussed in section C.2.

C.1. Drag Coefficient
This thesis is not concerned with the drag coefficient as explained in Chapter 1. However the verification and
sensitivity analysis also covered the drag coefficient to make sure that the implementations in ALIME also
worked for the drag coefficient.

ALIME features two implementation for the calculation of the induced drag coeffcient, from now on re-
ferred to as the drag coefficient. The first being the determination of the drag coefficient in the Trefftz plane,
as described by Willemsen [56]. The other being the projection of the panel axial and normal forces in the
aerodynamic reference frame by means of the angle α. The results in this section feature only the drag co-
efficient as determined in the Trefftz plane. However, it turns out that both methods determine the drag
coefficient very closely. Only at high AoA do both methods start to reveal differences in terms of the drag
coefficient [56].

The verification of the drag coefficient for the implementation of the stabilizer is presented in subsec-
tion C.1.1, while the sensitivity study results are presented in subsection C.1.2.

C.1.1. Verification
The implementation of the horizontal stabilizer adds another lifting surface, which generates lift and thus
induced drag. The induced drag of the complete aircraft, including the propeller force contributions, is cal-
culated in ALIME using Equation 2.34. The induced drag implementation for ALIME is again verified using
XFLR5 in Figure C.1, without the contribution of the propeller forces. The results by ALIME agree well with
XFLR5.

D tot = Dw +Dh −∆Tp cos(αp )−∆Np sin(αp ), CD = D tot

q∞Sw
(C.1)

C.1.2. Sensitivity Analysis
The sensitivity study covered in subsection 3.2.1 has also been performed for the drag coefficient of the F-
27. Note that the mesh chosen in this thesis also takes into account the drag coefficient sensitivity. The drag
coefficient turns out not to be the critical when it comes to mesh selection for the F-27. Figure C.2 and C.3
contain the mesh convergence space for the F-27 drag coefficient for the isolated wing and wing-stabilizer
combination.

C.2. Wing Kink Implementation
During the first months of the thesis project, another reference aircraft was considered. This reference aircraft
featured a kink in its wing. For this reason, the ability to model wing kinks is implemented in ALIME. Over
time, it is decided that the F-27 is a more suitable reference aircraft for this thesis project. The F-27 does
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Figure C.1: A comparison between the drag coefficient CD curve of the TU Delft F-27 wing and stabilizer combination as predicted by
ALIME and XFLR5.
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Figure C.2: The convergence space of the F-27 TU Delft model
isolated wing CDw as determined with the 3D method at α =
5.46◦, with the lower and upper n and m-direction convergence
boundaries.
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Figure C.3: The convergence field of the F-27 TU Delft model
wing-stabilizer combination CD = CDw + CDh

as determined
with the 3D method atα= 5.46◦, with the n and m-direction con-
vergence boundaries.

not feature a wink kink, making the wing kink implementation obselete for the purposes of this thesis. The
implementation is fully verified before it is decided to switch reference aircraft. The verification of this wing
kink implementation is not removed from ALIME after this fact. The verification of the wink kink is therefore
discussed in this appendix.

The ability to model LE, TE or both a LE and TE wing kink exists in ALIME. Kinks can be put on both
the main wing and the stabilizer. The implementation consists of adding another wing section to the wing,
allowing the location of the wing LE and TE to be specified by the user, effectively creating a kink in the wing.
However, the wing kink implementation is limited to one kink only per lifting surface. In addition, when
modeling any wing-IB propeller system in ALIME, the wink kink position is limited to the confines of the IB
propeller diameter. If no IB propeller is modeled, this limitation on the wing kink position does not apply.

The verification for the wink kink implementation is discussed in subsection C.2.1.

C.2.1. Verification
The verification of the wing kink implementation is done for three different low sweep wing geometries that
are based on the verification performed by Willemsen, over an AoA range of −5◦ ≤ α ≤ 15◦. One with a LE
kink, a second with a TE kink and the third one with both a LE and TE kink. The wings all feature a NACA2412
airfoil. All geometries are ran with XFLR5 at the same conditions with the same mesh. The results for the wing
geometries turn out to be very similar. So only the result for the wing with both the LE and TE are presented.

The LE and TE kink geometry wing features a span of b = 20m. The kink wing section is located at y = 2m,
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with the LE position of the kink section being located at x = 1.561m and this a chord length of 1.279m. To
form the flat TE kink in the wing, the root chord is set to cr = 1.840m. The outer part of the wing features a
constant sweep angle of 5.66◦ beyond the kink and has a tip chord of ct = 0.5m.

The lift and drag distribution at α= 5◦ and the lift and drag coefficient curves are presented for this wing
in Figure C.4 to C.7 respectively. Note, all results in this section are computed using the farfield method
of determining the AICs, since this verification is performed before the implementation of the horizontal
stabilizer. The results agree well with XFLR5. Only at high AoA, so differences between ALIME and XFLR5
become apparent. XFLR5 determines the AIC matrix in 3D while ALIME uses the 2D farfield method for these
results [58]. The lift and drag distribution magnitude between ALIME and XFLR5 seem to match well, as also
observed by Willemsen [56].
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Figure C.4: A comparison of the LE and TE swept wing lift Cl dis-
tribution by ALIME as determined with the farfield method and
XFLR5 at α= 5◦.
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Figure C.5: A comparison of the LE and TE swept wing drag Cd
distribution by ALIME as determined with the farfield method
and XFLR5 at α= 5◦.
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Figure C.6: A comparison of the LE and TE swept wing lift CL
curve by ALIME as determined with the farfield method and
XFLR5.
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Figure C.7: A comparison of the LE and TE swept wing drag
CD curve by ALIME as determined with the farfield method and
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D
Fokker F-27 LSS Derivation

The normal N and axial A force of the WFN combination and the horizontal tail as well as the propeller thrust
and normal force all contribute to the total aircraft moment around a certain reference point, as shown in
Figure D.1. The N w f n , Aw f n , N h and Ah contain the propulsion effects [39].

Figure D.1: A schematic of the wing, stabilizer and propeller forces and moments acting on the Fokker F-27.

The moment around the reference point is taken in the body/fuselage coordinate system, since all the
distances between the force application point are defined in this coordinate system. For notation simplicity,
the positions of the a.c. are denoted as: xa.c.w f n = xw f n , za.c.w f n = zw f n , xa.c.h = xh and za.c.h = zh . Taking the
CW rotation as positive results in the moment balance:

∑
M

æ
+ : M = Ma.c.w f n +Nw f ncos(iw )

(
xr e f −xw f n

)−Nw f nsin(iw )
(
zr e f − zw f n

)− Aw f ncos(iw )
(
zr e f − zw f n

)
−Aw f nsin(iw )

(
xr e f −xw f n

)+Ma.c.h +Nhcos(ih)
(
xr e f −xh

)+Nhsin(ih)
(
zr e f − zh

)
+Ahcos(ih)

(
zr e f − zh

)− Ahsin(ih)
(
xr e f −xh

)+T cos(ip )
(
zr e f − zp

)+T sin(ip )
(
xr e f −xp

)+
Np cos(ip )

(
xr e f −xp

)−Np sin(ip )
(
zr e f − zp

)
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Non-dimensionalizing the moment balance by dividing by qw Sw c̄, yields Equation D.1.

CMtot =CMa.c.w f n
+CNw f n cos(iw )

(
xr e f −xw f n

)
c̄

−CNw f n sin(iw )

(
zr e f − zw f n

)
c̄

−C Aw f n sin(iw )

(
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)
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−C Aw f n cos(iw )

(
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)
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+CMa.c.h
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qw

Sh

Sw
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Sh

Sw
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+C Ah sin(iw )
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(D.1)

The normal and tangential forces become normal and tangential force coefficients CN , C A . The terms belong-
ing to the horizontal stabilizer have the additional terms qh

qw
, Sh

Sw
. Note that the propeller thrust and normal

force coefficients Tc and CN are normalized with respect to the wing parameters in Equation D.1. When
assuming that:

• The AoA α is small:

CL =CN cos(α)−C Asin(α) ≈CN ,

CD =C Acos(α)+CN sin(α) ≈C A ,

• The drag force is much smaller than the lift force: CD <<CL ,
• The incidence angle of the wing is small: iw ≈ 0,

and when considering the following known facts on the F-27:

• The moment around the a.c. of the horizontal stabilizer is zero since the airfoil of the horizontal stabi-
lizer is symmetric: CM a.c.h

= 0,
• The incidence angle of the horizontal stabilizer is zero: ih = 0,
• The incidence angle of the propeller is zero: ip = 0,

a simplified expression, Equation D.2, can be obtained for the moment coefficient of the F-27.

CM =CMa.c.w f n
+CLαw f n

(α−α0)
xr e f −xw f n

c̄w
+CLαh

(α−ε+ ih)
xr e f −xh

c̄w

qh

qw

Sh

Sw
+Tc

zr e f + zp

c̄w
+CNp

xr e f +xp

c̄w
(D.2)

Where the WFN and horizontal stabilizer lift is substituted with CLw f n =CLαw f n
(α−α0), CLh =CLαh

(α−ε+ih)

[39]. Highlighting the importance of the lift curve slopes, the zero-lift AoA and the downwash at the horizontal
tail.

Taking the derivative of Equation D.2 with respect toα results in an equation for the LSS, see Equation D.3.
Showing that the LSS is a function of the lift slope of the WFN combination, the stabilizer and the propeller
forces.

CMα =CLαw f n

xr e f −xw f n

c̄w
+CLαh

(−ε+ ih)
xr e f −xh

c̄w

qh

qw

Sh

Sw
+Tcα

zr e f + zp

c̄w
+CNpα

xr e f +xp

c̄w
(D.3)
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