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Abstract

This thesis has two objectives: First, to investigate the behavior of typical twin engine
commercial transport aircraft in ground effect under a wide range of conditions and geometry
variations at the request of an aerospace company. And secondly, to add to the body of
existing scientific knowledge on ground effect.

In order to identify the opportunities for adding scientific knowledge, first a literature study was
conducted. The conclusion of this study proved that there is insufficient research literature
available on wing-bodies in the ground effect to answer the investigation launched by the
aerospace company.

A methodology was chosen to fulfill both objectives, namely generating ground effect
performance data by means of CFD (Computational Fluid Dynamics) computations. The
results are validated using existing wind tunnel measurements.

It was determined which data points had to be calculated to cover the parameter space and it
was established that the required effort could be completed within the time frame of this thesis.
The landing high-lift configuration was the principal configuration to be investigated. Using this
baseline, the impact of the following changes on ground effect performance were determined:
a) changes to the high lift settings b) change to the engine thrust setting c) changes to landing
gear deployment d) changes to the nacelle size €) changes to the wingtip geometry.

After completing the calculation of all data points, it was also possible to develop a method
that will enable engineers to calculate the effect of incremental changes in geometry and
configuration, required for the initial stages of aircraft design.

The main conclusions in order of importance are:

I.  Forlow to moderate angle of attack «, the ground effect is beneficial. Lift is increased
by up to 3.5% of the total lift, drag is reduced by up to 33% of the total drag.

II.  However, as a > 8.0°, the ground effect becomes less beneficial and the ground effect
can even be detrimental, leading to a loss of lift of up to 5.5% while still having a drag
benefit of up to 33%.

. The agreement between windtunnel data and CFD calculations is within 0.4%
accuracy for the lift, and within 1.5% of the total drag value, except at the extreme case
at moderate to high @ and very close distance to the ground. Some of the differences
can be explained in terms of practical problems in simulating the ground boundary
conditions in the wind tunnel.

IV.  The impact from a change to high lift setting and a change to thrust setting are most
significant, with changes of up by up to 2% of total lift and up to 3.2% of total drag.

V. There is a smaller but still quantifiable impact from the gear effect and the nacelle
effect.

VI. A change to wing tip geometry has a minor impact on ground effect behavior, as lift is
changed by up to 0.26% of total lift, only between 10.0° < a < 12.0°.
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(oTo] 1o [0 =V o] o W PP PP PP OPPPPPRPPR 265
Figure 9.91 — Example polynomial surface fit of change to the incremental drag coefficient in
ground effect due to engine thrust setting for a range of h/b for the small nacelle,
conventional winglet geometry with gear deployed in landing configuration ...................... 266
Figure 9.92 — Polynomial fit of change to the incremental lift coefficient in ground effect due
to engine thrust setting for a range of h/b for the large nacelle, winglet geometry with gear
deployed in landing ConfiQUIratioN..........cc.uviiieiiiiii e 267
Figure 9.93 — Polynomial fit of change to the incremental lift coefficient in ground effect due
to engine thrust setting for a range of h/b for the small nacelle, winglet geometry with gear
deployed in landing configuration using a polynomial surface fit ........ccccovvvvvvviie. 267
Figure 9.94 — Polynomial fit of change to the incremental lift coefficient in ground effect due
to engine thrust setting for a range of h/b for the small nacelle, conventional wingtip
geometry with gear deployed in landing configuration using a polynomial surface fit ........ 268
Figure 9.95 — Polynomial fit of change to the incremental lift coefficient in ground effect due
to engine thrust setting for a range of h/b for the small nacelle, conventional wingtip
geometry with gear deployed in landing configuration using a polynomial surface fit ........ 268
Figure 9.96 — Polynomial fit change to the incremental drag coefficient in ground effect due
to engine thrust setting for a range of h/b for the large nacelle, winglet geometry with gear
deployed in landing configuration using a polynomial surface fit .......ccccccoveeeel. 269

20



Figure 9.97 — Polynomial fit change to the incremental drag coefficient in ground effect due
to engine thrust setting for a range of h/b for the large nacelle, conventional wingtip
geometry with gear deployed in landing configuration using a polynomial surface fit ........ 269
Figure 9.98 — Polynomial fit change to the incremental drag coefficient in ground effect due
to engine thrust setting for a range of h/b for the small nacelle, winglet geometry with gear
deployed in landing configuration using a polynomial surface fit ............ccccceiiiiiins 270
Figure 9.99 — Polynomial fit change to the incremental drag coefficient in ground effect due
to engine thrust setting for a range of h/b for the small nacelle, conventional wingtip
geometry with gear deployed in landing configuration using a polynomial surface fit ........ 270
Figure 9.100 — Polynomial fit to the incremental lift coefficient change in ground effect due to
gear effect for the large nacelle, winglet geometry with gear deployed in landing
configuration with MTO thrust setting using a polynomial surface fit............cccccoeiiiennnen. 271
Figure 9.101 — Polynomial fit to the incremental lift coefficient change in ground effect due to
gear effect for the small nacelle, conventional wingtip geometry with gear deployed in
landing configuration with flightidle thrust setting using a polynomial surface fit................. 271
Figure 9.102 — Polynomial fit to the incremental drag coefficient change in ground effect due
to gear effect for the large nacelle, winglet geometry with gear deployed in landing
configuration with MTO thrust setting using a polynomial surface fit........cccccccooiiiinis 272
Figure 9.103 — Polynomial fit to the incremental drag coefficient change in ground effect due
to gear effect for the small nacelle, conventional wingtip geometry with gear deployed in
landing configuration with flightidle thrust setting using a polynomial surface fit................. 272
Figure 9.104 — Polynomial fit to the change to main landing gear drag in ground effect for the
large nacelle, winglet geometry in landing configuration with MTO thrust setting using a
POIYNOMIAl SUMACE it ...eeeieeece e e e e e 273
Figure 9.105 — Overview of streamlines passing through the wake of the nose landing gear
after which they flow over the mainwing leading edge in ground effect for the large nacelle,

winglet geometry with MTO thrust conditions @ = 12.0° hb = 0.155 .....cceiiiiiiiiiiiiiieeeeee 274
Figure 9.106 — Detail shot of the same streamlines flowing past the nose landing gear for the
large nacelle, winglet geometry with MTO thrust conditions a = 12.0° hb = 0.155 ............ 275

Figure 9.107 — Detail shot of the same streamlines flowing over the main wing leading edge
and onglet for the large nacelle, winglet geometry with MTO thrust conditions a = 12.0° hb =
00 1 SR 275
Figure 9.108 — Same streamlines as the previous three pictures with the landing gear now
removed. No total pressure loss is now present until after the flow interacts with the wing
leading edge. Large nacelle, winglet geometry with MTO thrust conditions a = 12.0° hb =

000 = TP 276
Figure 9.109 — Iso Surface of total pressure @ = 10.0° hb = 0.128.....cceoeveviiieeeeiiieeenen. 278
Figure 9.110 — Iso Surface of total pressure @ = 10.0° hb = 1.0...cccueeiiiieiiiiieiiieeeee e 278
Figure 9.111— Iso Surface of total pressure & = 10.0° hb = 0.128......ccveveriiieeeiiiieeenen. 279
Figure 9.112 — Iso Surface of total pressure @ = 10.0° hb = 1.0...cccvrviieiiiiieiiieeeeeeeeeene 279
Figure 9.113— Iso Surface of total pressure @ = 10.0° hb = 0.128........cceevivveriirenieenieneene 280
Figure 9.114 — Iso Surface of total pressure @ = 10.0° hb = 1.0..ccccuveiriiieiiiiieeiieeeee e 280
Figure 9.115 —Lift increment comparison between windtunnel (solid) and CFD (dashed) Conf
16/08/05 (SSLAt /SFLAD/OALLY «cceeeneeeee ettt e e e 281
Figure 9.116 - Lift increment comparison between windtunnel (solid) and CFD (dashed) Conf
20/14/10 (ESIAt /SFLAD/EAIL) ..o 281
Figure 9.117 - Lift increment comparison between windtunnel (solid) and CFD (dashed) Conf
23/22/10 (ESIAt /SFLAP/EAIL c.v.veeeeeeeeeeseeeeeeeeseeeee e 282

21



List of Tables

Table 3.1 — Comparison of available research methods...........cccccevvvicciiiieie e 87
Table 3.2 — Overview high-lift configurations.............ccoei i 96
Table 4.1 — Summary of the four main geometric variants ..........cccccoeeieeiiiie e, 112
Table 4.2 — Values of the two variables used during the CFD campaign..........ccccveeeennneen. 113
Table 5.1 — Overview high-lift configuration settings for the windtunnel data..................... 189

22



Nomenclature

Greek Symbols

r Circulation [m?/s]

a Angle of attack [deg]
Aorf Effective Angle of attack [deg]
B Sideslip Angle [deg]

y Ratio of specific heats [-]
Sgileron Aileron Droop Angle [deg]
Sf1ap Flap Deflection Angle [deg]
Sqlat Slat Deflection Angle [deg]
u Dynamic Viscosity [Pa s]

) Density [kg/m3]
T, Wall Shear Stress [Pa]

Roman Symbols

AR Aspect Ratio [-]
Cp Drag Coefficient [-]

Cb friction Skin Friction Drag Coefficient [-]
Cp, Induced Drag Coefficient [-]
Cp,, Viscous Pressure Drag Coefficient [-]

Lift Coefficient [-]

Normal Force Coefficient [-]

Moment Coefficient [-]

Side Force Coefficient [-]

Drag Force [N]

Internal Energy [j]

Enthalpy [j]

Spanwise Drag coefficient distribution [-]

Spanwise Lift coefficient distribution [-]

Lift Force [N]

Lift over Drag ratio [-]

Pressure [Pa]

Total Pressure [Pa]

~ ~
I ST E SIS S e

Reynolds Number [-]

Ma Mach Number [-]
% Flow Velocity [m/s]
Viot Local Total Velocity (Vo =V, +V, + V_z) [m/s]
|/ Free Stream Velocity [m/s]
b Wing span [m]

bconventional wingtip

Wing span with conventional wingtip installed [m]

bwingiet Wing span with winglet installed [m]
c Chord length [m]
Acp,, Difference in pressure coefficient due to ground effect
(CPGE - CP£—10)

ot
Cp Pressure coefficient [-]
dv induced Velocity [m/s]
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h Height above ground [m]
h/b Height above ground non-dimensionalized by wing span
[-]
u Velocity in the airfoil direction [m/s]
t Time [s]
Ug Wall shear stress velocity [m/s]
v Kinematic Viscosity[m?/s]
Va Non-dimensionalized wall distance
Abbreviations
AoA Angle of Attack
CFD Computational Fluid Dynamics
DES Detached-Eddy Simulation
DNS Direct Numerical Simulation
DNW Deutsch Niederlandische Windkanéle
DLR Deutsches-Zentrum flr Luft- und Raumfahrt
IGE In Ground Effect
HTP Horizontal Tail Plane
LES Large-Eddy Simulation
MTO Maximum Take-Off Thrust Setting
NACA National Advisory Committee for Aeronautics
NASA National Aeronautics and Space Administration
NLR Netherlands Aerospace Centre
OGE Out of Ground Effect
RANS Reynolds-Averaged Navier-Stokes
SA Spalart-Allmaras
SST Shear Stress Transport
TFN Through-Flow Nacelle
TKE Turbulence Kinetic Energy
TPS Turbine Power Simulator
VTP Vertical Tail Plane
WIG Wing-in-Ground-Effect
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Introduction

This MSc thesis report presents a comprehensive investigation of the ground effect
performance of a twin-jet, commercial transport aircraft. The research project was instigated
by the request of a major aerospace company to gain knowledge on impact on ground effect
performance due to changes made to the aircraft geometry and flight parameters, i.e. changes
to the wingtip geometry, the engine nacelle and the engine thrust setting.

During the preliminary design phase of an aircraft, historical performance data is extensively
used. For instance, if a larger engine is installed in an aircraft, an initial estimate for the change
of performance due to this geometry change is made by verifying how a similar change
impacted the performance of a previous aircraft design. Therefore reference (historical) data
is needed during the preliminary design phase. This reference data was unavailable for ground
effect performance, hence the request from the company to acquire more knowledge on
ground effect performance.

The ground effect phenomenon occurs when the aircraft is close to the ground. This is typically
defined as the height above ground being no higher than the aircraft wingspan. The downwash
generated by the aircraft is now ‘mirrored’ by the presence of the ground, altering both the lift
and drag characteristics. Historically this was seen as a predominantly positive effect, as it
was thought that in ground effect the lift increases and the drag decreases. However, under
specific conditions, such as flying close to the ground at high incidence and high flap settings,
ground effect can actually be a negative effect, leading to a reduction in lift instead. This
phenomenon is still not fully understood in scientific literature and is challenging to simulate.
During actual flight tests this is very difficult to measure, since it is dangerous to fly low above
the ground for prolonged periods. It is also very challenging to maintain stable flight conditions
during the test, due to the atmospheric turbulence and the safety requirements.

Measuring the ground effect in windtunnel is also challenging, as it requires the introduction
of a moving ground plane, which introduces vibrations and additional complexity. Reynold’s
number effects can also pose additional challenges when investigating the ground effect in
windtunnels, which may not be properly captured using windtunnel. For instance flow
separation can be influenced both by Reynolds number and ground effect and thus can
potentially be challenging to distinguish.

Finally there are the computational fluid dynamics (CFD) codes. These are used extensively
in modern day ground effect research, but are not always fully validated for ground effect.

A requirement imposed by Delft University of Technology on any MSc thesis is that it has to
add to the existing body of scientific knowledge. Therefore the first step is to investigate
whether the initial research question is already answerable using existing literature sources.
Subsequently this leads to a number of distinct phases of the thesis research project, which
are documented below.

Phases of the Research Project
The research has been set up in a number of distinct phases:

1) Definition of the initial research question
a) The initial generic research question stated by the aerospace company was to acquire
more knowledge on the behavior of aircraft (wing-bodies) in ground effect for different
geometric configurations.
b) The requirement from Delft University was to add to the existing body of scientific
knowledge on the ground effect literature
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2)

3)

4)

5)

6)

7)

Literature review:

A literature review was conducted to assess whether the initial research question could
be answered using existing scientific literature. This review showed that this was not
the case, as there are considerable gaps in the existing literature on ground effect. The
literature review is presented in chapter 1.

Finalizing the research question

a) Using the knowledge gained in chapter 1, the research question is subsequently
finalized in chapter 2.

b) Based on the findings of the literature study, the research question was re-phrased
more precisely to fit both the objectives imposed by the company as well as from the
university

c) From then on this research question was the main driver of the research project

Selecting the optimal methodology

a) Using the now defined research question, the optimal methodology to answer the
research question was determined in chapter 3

b) The research problem was practically defined in subchapter 3.1, in order to obtain a
set of requirements which are imposed on the research method

c) The next step was to decide what method should be selected for the research, which
was done in subchapter 3.2. CFD was selected as the method of choice.

Research Preparation

a) Preparations for the research, which had to be undertaken as a consequence of the
chosen research method, are presented in subchapter 3.3:

b) Decisions were made with respect to the set-up of the CFD solver, definition of the
correct ground boundary conditions, turbulence model and modular meshing.

c) The geometry of the aircraft, the air and the boundary conditions (ground) have to be
discretized into a mesh for the CFD research. Meshing quality has a large impact on
the accuracy of the CFD results, therefore considerable effort was spent in properly
designing and validating the various meshes.

d) Due to the large number of required meshes (more than 400), considerable effort was
also made to optimize the required time for generating these meshes. For this purpose
the use of modular mesh models for geometry components was also investigated and
validated.

e) This subchapter 3.3 must be seen as background reading for additional information on
how the CFD data was generated.

Validation of the initial CFD results using wind tunnel data.

A number of reference conditions were calculated using CFD and then compared to
existing wind tunnel data. As there was good agreement between both results, the
reliability of the meshing and CFD technique was thus established for a wide range of
conditions.

Systematic research

a) Using the now validated methods, a schedule was set up to perform a systematic
calculation of a large number of different configurations. The calculated results were
analyzed extensively, not just in terms of lift and drag but also with the purpose to
understand what the aerodynamic changes are due to ground effect and to analyze
how this is influenced by different parts of the geometry. This analysis is presented in
chapter 4.

i) The first subchapter presents a short summary of all the observed effects related
to ground effect

i) The second subchapter presents an extensive analysis of impact of ground effect
on aircraft aerodynamic performance for one geometry case. A baseline is thus
established.

i) Every subsequent subchapter then addresses changes of one aspect of that
geometry and examines how this changes ground effect performance compared
to the baseline.
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b) During the systematic research, a number of unexpected results were identified and
analyzed, such as early onset of stall in ground effect and a stronger than expected
influence of the fuselage on the change in lift due to ground effect. This is also
presented in chapter four.

8) Development of methods to calculate incremental changes.
Based on the results of the systematic calculations, a set of polynomial fits were
derived that enable engineers to calculate the requested lift and drag increments for
various geometry and configuration changes. These polynomials are presented in the
appendices.

9) Continuous validation with wind tunnel results
While the systematic CFD research progressed, further comparisons were made with
available wind tunnel results. This validation is presented in chapter 5.

10) Remaining topics
Due to the extensive nature of the research question, a number of interesting
phenomena not directly related to the research question were observed, but these
were not always fully analyzed due to lack of time. These interesting topics for future
research are briefly discussed in chapter 6.
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1. Literature Survey

In this literature survey the current state of the research into the ground proximity effect will
be documented. The goal of this survey is to identify gaps in the current state of scientific
research, in order to formulate a well posed research question, which can add to scientific
knowledge.

One of the driving topics in ground effect research are Wing-in-Ground (WIG) vehicles. These
aircrafts spend their entire flight envelope cruising in the ground effect in order to benefit from
the increased aerodynamic efficiency, which in turn results in a higher fuel efficiency. The most
famous example of a WIG vehicle is the Russian built ‘Caspian Sea Monster’ or as the
Russians know it, Korabl Maket (1). This 92m long, 544 ton craft flew over the Caspian Sea
from 1966 to 1980 and is depicted in Figure 1.1.

Figure 1.1 Caspian Sea Monster (2)

Another driving topic in ground effect research is racing car applications. Typically wings are
installed at the front of the car within the ground effect to increase downforce and thus increase
the grip of the tires (3), however this is often accompanied by an increase in drag (4). Since
aerodynamic drag is a significant part of the total car drag, there is a clear incentive to minimize
the drag of the front-wing while maintaining sufficient downforce.

As will become apparent in this report, the increase in aerodynamic efficiency desired by both
the WIG and racing car research is most noticeable at low to moderate angle of attack (AoA),
at 0° < a < 10°. This means that the majority of the literature on ground effect is focussed
on this moderate AoA range. Therefore the available research at negative AoA and in the stall
region is relatively limited.

Lift is the most important aspect of both the WIG and racing car applications. It is of paramount
importance to either generate enough lift to carry the required payload or generate sufficient
downforce to maintain grip on the tires. Drag is of secondary importance. This is reflected in
the state of the literature: Almost every paper discussed here investigates lift in ground effect,
while a much lower number also include drag in the calculations and/or measurements.
Pitching moment and stability are only discussed in an even more limited number of papers.

The structure of this chapter will be as follows: In the first subchapter the historical perspective
on the ground effect research will be discussed. The theory on the ground effect will be
examined and it will be evaluated how the research has evolved from the first beginnings to
the present day. In the second subchapter the tools used for ground effect research will be
discussed, such as windtunnel experiments and computational methods. The emphasis will
be discussing the particular challenges introduced when trying to model the ground effect,
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such as what is the best way to simulate the ground plane or which turbulence model is the
best with the purpose of CFD simulation in ground effect. An empirical ground effect model
used by engineers will also be introduced in this chapter to get a feeling for how the ground
effect is treated in practice.

The third subchapter will focus on modern day ground effect research and will represent the
bulk of this literature survey. First the two-dimensional ground effect over a single-element
airfoil will be discussed. Complexity will be added by introducing a multi-element airfoil and
subsequently the introduction of three-dimensional, span dominated ground effect. Finally the
behavior of a full wing-body configuration will be examined. The emphasis during this
discussion will be on the change in lift due to ground effect, since this is also the focus of the
majority of research papers. Of secondary importance is the drag, followed by the pitching
moment. Once the effect of ground effect on lift, drag and pitching moment has been
established, the dynamic ground effect and compressibility effect due to ground effect will be
discussed. Finally in the fourth subchapter the gaps in the literature will be identified and
discussed first. Once this is done, the research question for the MSc thesis will be established.

1.1 Historical Perspective

Before the state of the current research on ground effect is assessed, it is of interest to
investigate the historical development of the research on the ground effect. It is also beneficial
at this point to summarize the theory behind the ground effect. This will add context and
understanding when discussing present-day research.

As early as 1921 the first theoretical predictions were being done for the ground effect.
Wieselberg (5) introduced the concept of a mirrored wing (or ‘image’) which has since formed
the basis of all theoretical predictions of the ground effect. He states: “In order to investigate
the change in resistance near the ground, we utilize the principle of reflection. We replace the
surface of the ground by the wing ‘1 reflected the ground (Fig. 2) and calculate (by a method
analogous to that for calculating the drag of a multiplate from the drag of a monoplane) in what
manner the air flow about wing 1 will be affected by its image”. Fig. 2 referenced in the quote
can be seen in Figure 1.2.

[ nw""
1" J e -
Fig. 2.

Figure 1.2 Mirrored image of the wing in ground effect (5)

Wieselberger used the then new Prandtl’s lifting line theory to calculate the influence of the
image wing. In this theory the lift of the wing is represented by a bound vortex filament, along
with two trailing vortices from the wingtip, which as opposed to the bound vortex, are free
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vortices and move with the fluid (6). These vortices turn in opposite directions and both
contribute to the downwash w and thus the induced drag. This is illustrated in Figure 1.3.
Within a few years Prandtl discovered that the representation with a single horseshoe vortex
was not accurate and instead represented the wake with an infinite number of horseshoe
vortices, all coincident with the bound vortex or lifting line. This is illustrated in Figure 1.4.

If the wing is mirrored as shown in Figure 1.2, then it stands to reason that the lifting line and
horseshoe vortices shown in Figure 1.4 are also mirrored. These mirrored vortices rotate in
opposite direction to the original vortices and thus reduce the downwash. The influence of
mirrored vortices on the downwash can be calculated using the law of Biot-Savart (7), given
by equation 1.1.

rdlxr

v = ————
4 |r3|

(equation 1.1)

Here dV is the induced velocity at an arbitrary point P, I' is the strength of the vortex filament
and r is the vector from point P to the vortex filament dl.

b -
F Trailing vortex

o

Trailing vortex

Figure 1.3 Downwash distribution for a single horseshoe vortex (6)
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Figure 1.4 Superposition of an infinite number of horseshoe vortices along the lifting line (6)

So the ground effect reduces the downwash induced by the wing by means of the mirrored
vortices, which act counter to the original vortices. This has two effects:
1. The induced drag is reduced
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2. The effective angle of attack (A0A) a. increases. o is given by a.rr = a — a; (6).
By reducing the downwash, the induced AoA «; is reduced, thus a.s increases. This
means that for a given low to moderate AoA, the lift coefficient will be higher in the
ground effect (IGE) as compared to out of ground effect (OGE). The slope of the lift
curve increases as a result.

These two effects combined will cause the lift over drag ratio (L/D) to improve in the ground
effect. This is shown in the original paper of Wieselsberger, reproduced here in Figure 1.5.
Note that ca is the lift coefficient C;, while cy is the drag coefficient C,. Shown here are the
Windtunnel results from IGE and OGE, as well as the calculations for IGE. The measurements
were obtained from a monoplane model of 134cm span, with a fuselage and elevator with a
surface area of 1675 cm? (5). There is a good agreement between the theory and the
windtunnel experiment.
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Figure 1.5 Polar in and out of ground effect (5)

Wieselsberger established the foundation for understanding the ground effect, but it soon
become apparent that this was not the complete story. Up until now the ground effect has
been treated as a 2D flow problem, with the change to the induced AoA as the only explanation
given for the change in aerodynamic performance in the ground effect. A report from Pistolesi
(8) from 1937 shows how much the field of research had advanced only fifteen years later.
There are several studies reviewed (9) (10) which investigate the behaviour of a wing with
infinite flat plates placed at the wing tip, in other words an airfoil. By now it was recognized
that the ground effect is both a 2D and a 3D phenomenon. Another report is referenced where
the author first examines the problem for an infinite wing and then attempts to extend this
approach to a finite wing (11) and thus tries to improve on the theory of Wieselsberger. The
venturi effect which occurs at very low and at negative angles of attack, causing an
acceleration of the flow between the wing nose and the ground leading to strong suction on
the lower side of the airfoil, was also already known by that time (12).

A 1955 report about the aerodynamic performance of a 42° swept wing in the ground effect
highlights one area where research into ground effect is currently still lacking: “Certain aspects
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of the effects of the ground interference on the aerodynamic characteristic of unswept wing
have been thoroughly investigated both theoretically and experimentally (refs. 1 to 6), The
experimental results of these investigations have shown that, in the high-lift range, theoretical
calculations by existing method do not provide either a reliable estimate of the magnitude of
the ground effect or an explanation of the phenomena involved at the stall’ (13). The research
discussed up until now has primarily been focussed at low to moderate angles of attack, where
the lift slope is still linear. In contrast, this report contains experimental measurements up until
angles where stall occurs and the results will be briefly discussed below.

First an overview is given on the theoretical understanding of the ground effect at that time,
which will be repeated briefly. The different ground interference effects are sketched in Figure
1.6. Three separate effects are detailed:

1. The mirrored trailing vortices as have been defined by Wieselsberger, corresponding
to part a. in Figure 1.6.

2. The image of the bound vortex, identified in Figure 1.3, will induce a flow from back
to front which has a vertical component at the back of the airfoil for low to moderate
angles of attack, therefore increasing lift. However, for higher AoA or highly cambered
airfoils this flow goes over the top surface of the airfoil, leading to a reduction in lift.
These two separate cases are illustrated in part b. and c. of Figure 1.6.

3. The wing thickness is approximated by a source close to the airfoil nose and
equivalent sink near the trailing edge. It is shown in part d. and e. of Figure 1.6 that
the mirrored source-sink combination will increase the stream velocity over the airfoil,
thus leading to an increase in lift. It can also be seen that this particular effect is
independent of the AoA.

These separate effects combine towards the overall effect on the lift coefficient. At low to
moderate angles of attack all three lead to an increase in lift and thus the lift curve slope is
always increased with the AoA in this range. At high angles of attack the second effect
becomes negative, and the net effect of all three effects summed together can be either
positive or negative.

This is illustrated in Figure 1.7 and Figure 1.8. Figure 1.7 show the lift curves in ground effect
for a wing with a neutral flap deflection angle where the ground effect increases both the lift
curve slope as well as the maximum lift. The previously discussed venturi effect is also clearly
visible, where at negative angles of attack the lift IGE is lower compared to OGE. Figure 1.8
shows the same set of measurements but now the flap angle is set to 60°. This clearly shows
the negative influence of camber in the ground effect, because now the maximum lift is
approximately 10% lower close to the ground, while the lift curve is still steeper due to the
presence (proximity?) of the ground. Finally the report concluded that the sweep of the wing
did not significantly influence the behaviour in the ground effect.
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Figure 1.7 Lift Curves for varying Re Numbers and distance to ground for a 42° swept wing with no flaps (13)

Figure 1.8 Lift Curves for varying Re Numbers and di's'-t'énce to ground for a 42° swept wing with 60° flap
deflection (13)

This section ends with a reference to an exhaustive literature survey done in 1966 which
attempted to provide a comprehensive collection / compilation of the scientific literature
available at that time concerning ground effect (14). Also included in the report are references
to the literature relevant to development and research into Wing-in-Ground effect craft, such
as performance of propulsion systems in close proximity to the ground and naval engineering
literature utilising aerodynamic effects. Figure 1.9 gives an overview of selected literature
references categorised by research topic. It gives an impression of the state of scientific
research into ground effect by 1966.

The remaining chapters of this literature survey will focus on discussing the modern day
research. Two major advances compared to the literature presented up until now are the
advent of numerical methods to calculate the flow around the wing in ground effect and more
sophisticated windtunnel experiments. A moving belt will be added to many windtunnel
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experiments, which is a better representation of the real life situation where the aircraft flies
over the ground (and thus the ground moves relative to the aircraft). Numerical computational
fluid dynamics (CFD) methods, starting with the panel and vortex lattice method, and later
evolving to solving the Euler and nowadays the Reynolds-averaged Navier-Stokes (RANS)
equations, have allowed researchers to look at the ground effect in far greater detail than
before.
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Figure 1.9 Categorisation of selected literature sources into various research topics (14)

35




1.2 Common Tools for Ground Effect Research

The focus of this literature survey is to gain an understanding of the state of scientific ground
effect research. In order to evaluate the quality of the scientific literature, it is necessary to first
establish an understanding of the tools used during ground effect research, which are primarily
windtunnel experiments and CFD computations. It is of particular interest to establish the
specific demands placed upon these tools by the ground effect.

First a brief overview will be given of CFD and the RANS equations in particular, since this will
be the primary tool used during the thesis research. Wherever possible, a link will be made to
determine the best practices for ground effect research. Secondly the additional complexities
caused by the introduction of a ground plane, both in windtunnel research and CFD
computations, will be examined. Finally an empirical calculation method will be introduced to
determine the impact of the ground effect on the lift, drag and tail downwash of a transport
aircraft.

1.2.1 CFD Simulations

During the thesis research, the primary simulation tool used to investigate the ground effect
will be flow solutions obtained by solving the RANS equations. In this subchapter a brief
overview of the Navier-Stokes equations and the RANS equations will be given first. Different
turbulence models will be discussed and will be assessed to determine which model is best
suited for use in ground effect computational research.

This subchapter is explicitly not meant to be an exhaustive resource for CFD and RANS
solvers. There are many excellent sources available for this purpose, such as Anderson’s
Computational Fluid Dynamics book (15).

1.2.1.1 RANS Equations

A derivation of the Reynolds Averaged Navier-Stokes equations is presented in Appendix A —
Derivation of the Navier-Stokes Equations. The derivation is based on information provided in
the DLR TAU Technical Documentation (16).

1.2.1.2 Turbulence Models for Ground Effect Simulation

The Cartesian part of the Reynolds stress tensor, which was introduced in the RANS
equations, is given by the Boussinesq hypothesis:

~ ~ 2 .
pRi; = —2u 8} + gﬁk&j (equation 1.2)

The eddy viscosity u® must be modelled by means of a turbulence model. Many modelling
options exist and can be divided into the following classes:

1. Zero equation algebraic models such as the Baldwin-Lomax (17) and Cebeci-Smith
(18) models. No additional governing equations are introduced, which reduces the
computational complexity. The drawback is that these models are not very general
and thus must be adapted to specific cases for optimal results. When optimized, these
models can produce very accurate results compared to more complex turbulence
models. However, these models break down when the flow becomes separated (19).
Since high-lift flow is a topic of interest for the ground effect, which inherently contain
separated flow, these models are of limited use for the ground effect application.
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2. One-equation turbulence models add an additional equation to the governing
equations based on the turbulence kinetic energy equation. An example is the
Spalart-Allmaras (SA) (20) model which is a local turbulence model with a destruction
term depending on the distance to the wall. Baldwin and Barth (21) have also come
up with a one equation model. These models are more universal compared to zero
equation models. However, these models still work best in the application they were
designed for (e.g. airfoil and wing applications for the SA model) and become
significantly less accurate when separation occurs (19).

3. Two-equation models introduce an additional equation which specifies a second
turbulence scale. Three examples are the k — e model (22) (23), the k — w model (24)
and the Menter-Shear Stress Transport (SST) (25) (26) model which is a combination
of the previous two. The k — € model breaks down for wall bounded flows (19), which
is why the Menter-SST model uses the Wilcox k — w near the walls. The drawback
of the k — w models is the high sensitivity to the free-stream value of the specific
dissipation rate w, which is why the k — e model is used for the free stream. These
models still lose accuracy as separation occurs, but to a lesser extent compared to
the zero or one equation turbulence models.

Mahon and Zhang (27) performed a numerical turbulence model comparison study. An
inverted airfoil, a derivative of the LS(1) — 0413 MOD profile, was investigated using the k — ¢,
the k — € RNG, the realizable k — ¢, the k — w, the Menter SST and finally the SA model. The
results were then compared to experimental results. As the height above ground decreases,
the difference between various models become more pronounced. This is shown in Figure

1.10 and Figure 1.11, where the pressure distribution at g = 0.224 and % = 0.09 can be seen

respectively. In Figure 1.10 the difference between the models is relatively small, although
there is some disagreement with experimental data, especially on the suction side. The Menter
SST model seems most accurate in this situation. In Figure 1.11 much larger differences can
be seen between the different models. Every model over-predicts the suction compared to the
experiments, Menter SST to the least extent. Least accurate is the unmodified k — e model, of
which it has already been noted earlier that it breaks down with wall bounded flows. This is
emphasised in Figure 1.13 which shows the lift coefficients for the Menter SST and the
realizable k — e model. At lower heights above ground there is a very large discrepancy of up
to 25.1% between experimental data and the realizable k — e model. In contrast Menter SST

performs much better with a 5.2% difference at % = 0.09.

The wake behind the airfoil was also analysed. In this case it was found that the realizable
k — e model was the most accurate model, while the Menter SST was least accurate. However
the difference are less pronounced compared to the differences in pressure distribution
discussed previously.

Finally the separation location was investigated for different turbulence models. The realizable
k — e model was more accurate than the Menter SST model. The latter predicts separation to

occur earlier by approximately 0.08 =22, while the former has an error of approximately
y app -

0.05 xsc“”’. It should also be noted that the realizable k — ¢ model has accurate separation
location predictions up to a lower height above ground compared to the Menter SST model.
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Figure 1.10 Pressure distribution in ground effect for different turbulence models at h/c = 0.224 (27)
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Figure 1.12 Lift Coefficient in ground effect for different turbulence models (27)

Doig et al. (28) performed a comparison for the SA, realizable k — e model and Menter SST
model in ground effect for a modified NASA GA(W)-2 LS [1]-0413 MOD inverted wing with an
endplate. The differences between the models primarily manifested themselves at low heights
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above ground, when separation starts occurring, similar to the study from Mahon and Zhang.
Unlike that study, here the differences between the models were found to be more subtle. The
suction over the airfoil at low heights above ground is slightly under predicted by Menter SST
and slightly over predicted by the realizable k — e model and SA, thus no great qualitative
differences could be found in lift and drag prediction. The wake is best predicted by the
realizable k — e model.
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Figure 1.13 Comparison between different turbulence models for a double element wing in ground effect (29)

The turbulence equations discussed so far can be adapted for use with Detached Eddy
Simulation (DES) (30), where the normal RANS equations are applied in the boundary layers
and Large Eddy Simulation (LES) is used for the separated regions. LES resolves the larger
turbulence scales numerically and models the smaller scales, but is still too computationally
intensive to use for high Reynolds problems for several decades (31). DES can be used on
smaller scale problems in a scientific setting, for example Heydner-Bruckner and Zhang (29).
In this study a comparison is made between experiments, the DES and the SA turbulence
models. Here it was found that the at larger heights above ground, above h/c = 0.211, both
models predict a very similar lift coefficient with the same lift curve slope as in the experiments.
As the height above ground is further reduced, as vortex breakdown occurs, the slope of the
SA model suddenly becomes steeper, while both the DES and experimental results follow a
flatter slope. This can be seen in Figure 1.13. The pressure distribution over the wing was also
investigated at two locations, at the wing root and close to the wingtip (y/c = 0.93). At the wing
root there was found to be little difference between the two turbulence models, both agreed
with experiments on the pressure side and slightly under predicted the suction compared to
the experiment. Close to the wing tip and at low heights above the ground the SA model
significantly over predicted the suction, while the DES model showed good agreement with
the experiment. Finally it was also found that the top and lower wing vortex were modelled
more accurately by the DES turbulence model, which is of interest for vortex interaction with
other parts of the vehicle or craft.

1.2.1.3 Conclusion

The choice of turbulence model can have a significant influence on the CFD results in the
ground effect. At low heights above ground, the ground effect induces separation over the
airfoil, which is when the performance of the different turbulence models diverges and the
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correct choice becomes important. The Menter-SST seems to give the best performance when
investigating the pressure distribution and force coefficients over the airfoil, while the realizable
k — e model is the best choice if the wake of the wing is the most important aspect of the
investigation. DES simulation will offer improved performance, but has the drawback of
significantly increased computational cost.

1.2.2 Ground Simulation Techniques for CFD and Experimental Research

A key aspect of ground effect research is the accurate simulation of the ground plane. The
simplest form of ground simulation is obtained by adding a simple flat plate under the model
in the wind tunnel (32). However, this is an incorrect simulation of reality, since an aircraft
flying over the ground is moving relative to the ground, while in this research situation the
aircraft is fixed relative to the ground. A second source of errors is that a boundary layer will
develop over the ground plane, which will interact with the boundary layer from the aircraft
when the aircraft is positioned close to the ground, thus introducing an additional error in the
results.

Several more accurate boundary conditions have been proposed and tested since the first
windtunnel tests with a flat plate started. One of the earliest modifications was to introduce an
inverted mirror image of the model (33), in an analogous fashion to the mirror image theory
discussed in the previous chapter. However, this method of ground simulation quickly fell in
disfavour. Nowadays the majority of the windtunnel research is performed with either a moving
ground simulated by a belt (34) or still the simple method of a flat plate. Two additional
methods are tangential boundary layer blowing (35) and by moving the model through the
windtunnel (36), rather than moving the ground itself.

In this subchapter first the technology of the moving belt will be briefly explained. Next the
influence of applying the correct ground simulation boundary condition will be discussed. This
is important not just important for windtunnel testing, but holds equally true for CFD modelling
of the ground effect.

1.2.2.1 Moving Belt

An example of a typical ground effect test section with moving belt is shown in Figure
1.76Figure 1.14. The aircraft is positioned directly above the moving belt. In front of the belt a
boundary layer removal scoop is positioned, which is reinjected again behind the model. The
scoop removes the boundary layer which has formed up to that point in the windtunnel, while
the moving belt ensures that a new boundary layer does not start forming on the ground in
proximity of the model.

There are a number of potential issues with a moving belt. First and foremost it adds a layer
of complexity to the windtunnel tests, introducing additional costs and creating mechanical
vibrations which may adversely influence the test results. The belt can experience local
deformations due to the influence of the aerodynamic forces and can have a poor lifetime, as
limited as having a maximum of twelve hours of testing capacity before needing to be replaced.
Operating the belt can also be challenging due to manual controls and cooling tension on the
belt (37). Therefore there needs to be a strong case to justify the additional complexity and
costs of a moving belt.
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Figure 1.14 Test section of a windtunnel with a moving belt ground plane (38)

An example of the influence of the old moving belt of the Deutsch-Niederlandische Windkanale
(DNW) can be seen in Figure 1.15, which shows the dependency of the force coefficients on
the belt speed. The boundary conditions such as Ma, Re and AoA are unknown. At low heights
above the ground such as h/b = 0.1 the impact on belt speed is significant. The change in lift
coefficient due to ground effect ranges from AC;, = —0.0078 with the belt switched on to AC; =
—0.022 with the belt switched off. The drag increment increases by up to 16% when the belt

is in operation.
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Figure 1.15 Change in force coefficients IGE due to moving belt (38)
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Barber and Hall (39) have defined four possible boundary conditions for the ground simulation
in CFD. Two have been mentioned before, ground stationary and the ground moving. A third
option is to use the ‘image’ method. This is conceptually similar to placing a mirrored model in
the windtunnel. This is accomplished in CFD by setting the boundary condition of the ground
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to Symmetry. The last boundary condition suggested by Barber was the ‘slip’ condition, where
the ground was set to have zero shear stress. This would mean the ground moves at different
speeds at different locations, so that the zero shear stress condition is enforced.

The impact of the different boundary conditions is shown in Figure 1.18. Most noticeable is
the decrease in lift for the ground stationary boundary condition at h/c < 0.25, while all the
other boundary conditions predict a lift increase and behave in a similar manner for the entire
range of h/c. The maximum lift coefficient predicted for the image method is C; = 1.25,
while the slip and ground moving boundary conditions predict ;= 1.27. A similar trend in
lift behaviour was found by Firooz and Gadami (40) and Li et al (41) when comparing fixed
and moving ground.

A similar situation can be found for the drag coefficient. Again as the height above the ground
decreases, the ground stationary boundary condition under predicts the drag compared to the
other three boundary conditions by as much as 28%. The maximum drag is the same for the
slip, image and moving ground boundary condition, whereby the latter predicts a higher drag
compared to the other two for most values of h/b. This can also be seen in the curves for the
lift to drag ratio, where the ground moving has the worst lift to drag ratio for the large part of
the range.

The flow was also been measured in a windtunnel by means of particle image velocimetry
(PIV). This flow has been visualized in Figure 1.16 and Figure 1.17, showing the meanflow
velocity and turbulence kinetic energy (TKE) for the ground moving and ground stationary
boundary conditions respectively. The difference between the two boundary conditions in
meanflow velocity and TKE at the bottom is obvious. In the case of a moving belt the flow field
at the bottom of the windtunnel is far more uniform compared to the fixed ground.
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Figure 1.16 Experimental meanflow velocity with moving belt (left) and fixed ground (right) (39)
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Figure 1.17 Experimental TKE with moving belt (left) and fixed ground (right) (39)
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Figure 1.18 Influence of the Ground Boundary Condition on the Lift and Drag of a NACA 4412 airfoil IGE
Re=8.2*10° Ma=.315 a = 2.9° (39)

1.2.2.3 Conclusion

It can be concluded that it is important to choose the correct ground boundary condition when
investigating the ground effect. Significant differences of up to 28% have been observed using
different boundary conditions. Multiple sources have found that the ground stationary
boundary condition under-predicts the lift at small ground clearances compared to the
physically correct boundary condition of a moving ground. It was found that the image and slip
boundary conditions produce very similar results compared to ground moving, so these can
also be applied. Since the use of boundary conditions can significantly influence the results,
in the next chapter it will be noted explicitly for each study discussed which ground boundary
condition was used.
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1.2.3 ESDU Engineering Method for estimating Ground Effect

The ESDU 72023 (42) item provides a semi-empirical set of tools along which with the impact
of the ground effect can be estimated for most aircraft. The changes in lift, drag and tail are
treated separately and summarized in separate sections of this subchapter. First the general
assumptions and applicability of these methods will be given, after which the methods will be
explained.

1.2.3.1.1 Applicability and assumptions

e The ground is modelled as a mirrored image of the aircraft. Both the real and
imagined wings are replaced by vortex systems of equal and opposing strength.

e  Static treatment of the ground effect problem which is found to be a satisfactory
assumption for real life applications

¢ Only the wing is taken into consideration when calculating the lift and drag changes.
The new tailplane lift is calculated as a result of the changed pitching moment of the
wing.

e Lift: the method is well validated with experimental and theoretical data for the range
of 0 < (C, <2 . The same validation was used for the range of 2 < C, < 4, but
because the amount of data is somewhat limited and only contained data from
unswept wings, caution should be used when applying the method to swept wings
within this range.

e Drag: The same cautions apply here as the previous one for the lift. The
should be accurate within a margin of 0.15 +.

e Caution should be taken applying this method to wings with a quarter point
sweepback greater than 30°. Otherwise the accuracy of Ae should be within 2° +.

AC .
—2 obtained
Cp

1.2.3.1.2 Lift Calculation
The ESDU method for predicting the changes in lift consists of shifting the lift curve either by
da for constant C; or by §C; for constant a. This is indicated on figure 4.

da can be calculated using equation 1.1. Parameter o is a combination of h/b and is given by
equation 1.2.

5o = = L5k tion 1.3

a= — - (equation 1.3)
O

o= e_2'48(25) (equation 1.4)

The incremental change in lift coefficient §C, is given by equation 1.3. The parameters r, T and
N are given by equations 1.4-1.6 respectively. The reader is referred to the original ESDU
document for a list of symbols.

N .
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Figure 1.19 - Sketch of the shifting the CL-a curve to account for the ground effect (42)

If AC;, needs to be obtained, the stall region is avoided and the free air lift curve slope is linear
over the range in consideration, then the above equations can be combined into equation 1.7.

ACy, 1 ao N .
L Gty S — (equation 1.9)

C, 1%\ 2
I (HTNCL)
ao

AN |

- A

When the C;, is below 0.7, experiments suggest a correction needs to be applied for the wing
thickness. This can be done by adding the factor AC;, to either AC, or §C;. AC;; can be
calculated using equation 1.7. Equation 1.8 can be used to calculate AC;;,, where t represents
the maximum thickness/chord ratio of the wing.

AC =7(1 —1.4C)ACy (equation 1.10)
0.165t> .
ACppg = ———=— (equation 1.11)

h
)
1.2.3.1.3 Drag Calculation
Using a similar approach as the sketch shown in figure 4, AC, can be calculated using equation

1.9. The factor 1 + 6 can be found in ESDU 74035 or ESDU 01007 while the factor K can be
found in ESDU Aero F.02.01.08.
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¢C ¢C .
ACp = nAL Cp — [J —(2-0) _nAL] Cpy (equation 1.12)
b b\*> b\’
¢ =0.00066 57OE - 32 (E) + (E) (equation 1.13)
146
Cpy = 1 CE+ K?(C, — C})? (equation 1.44)

1.2.3.1.4 Calculation of the downwash on the tail
The angle of attack on the tail a is affected by the shift in angle of attack A« of the entire
aircraft as a result of the ground effect as well as the change in downwash due to the image
wing Ae.

ar+Aar = a+ Aoy + 1y — (e + A¢) (equation 1.15)
The downwash Ae can be calculated as follows:

bZes + 4(hy — h)?

Ae = &[1— bgff T ath, + )2 —€ (equation 1.16)
de

& =€+ aAa (equation 1.16)

hr = zrcosa + h — xpsina (equation 1.17)

Equations 1.16-1.19 explain how to get the factor b"%.

bers _ k,

(full span flaps or unflapped) (equation 1.18)
berr _ kik,Cl

b G- (-k)C]
ky; = 0.085(7.56 + 3.54 — A?) + 0.002(1 — 0.48)(4 — 6)(18.5 — A)  (equation 1.20)

b\ b\ .
k, = |0.64+ 3.6 >\ - 0.8 (equation 1.21)

(equation 1.19)

The tailplane lift is affected by its own image in an analogous way to the wing in section1.2.2.
Thus:

Cir+ar(Aa — Ae
AC,r = aphay = a_T{Aa — Ae + Bllir HTA( )] (equation 1.22)
T

Finally the change in elevator angle An in order to trim the aircraft can be calculated:

ACyr .
=— equation 1.
An A (equation 1.23)
e
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1.3 Literature Overview of Current Ground Effect Research

In this chapter the current state of the research into the ground effect will be documented. As
has been mentioned previously, WIG vehicles and racing car applications are two of the
driving forces in ground effect research. In both cases lift is the most important aspect for
performance, followed by drag. This pattern can also be found when analysing the literature,
as virtually every paper discusses the lift IGE while only approximately half of these also
discuss the drag.

The structure of this chapter will reflect this distribution of the research. First the lift and
pressure distribution of the simplest case, a single element airfoil affected by the chord
dominated ground effect, will be reviewed. Next additional complexity will be added by
introducing a flap to the airfoil and the changes it causes to the behaviour IGE will be
evaluated. Finally it will be discussed how this behaviour changes when the ground effect for
a finite wing is evaluated, in other words a three-dimensional flow.

The drag will be investigated subsequently. As mentioned before, the research on this topic is
sparser, so by necessity the discussion of literature on drag will be briefer compared to lift.
Finally some miscellaneous topics on the ground effect will be discussed, such as the pitching
moment, the dynamic ground effect and the influence of compressibility on the ground effect.

1.3.1 Lift & Pressure distribution

In this subchapter the lift-coefficient of an airfoil situated in the ground effect will be discussed
as treated in the scientific literature. Data from multiple sources will be compared in order to
identify the similarities and differences between them. First the discussion will be focussed on
single-element airfoils, after which multi-element airfoils will be taken into consideration.
Finally the discussion will be extended into the span dominated ground effect, where finite
wings will be taken into consideration.

1.3.1.1 Single-Element Airfoil

In ground effect, there are three distinct angle of attack ranges wherein the lift coefficient is
affected in a separate manner and by different underlying physical principles. These regions
are:
1. At negative AoA there is a clear loss of lift IGE
2. Inthe linear part of the lift curve at low to moderate AoA the lift curve slope is becomes
steeper and lift increases IGE compared to the same AoA OGE.
3. Separation occurs earlier in the presence of ground effect, so at high angles of attack
near the stall region there is a loss of lift IGE.
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Figure 1.20 Lift Curve & Relative Lift Curve for a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)
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This is shown in Figure 1.20 with the lift curve and relative lift curve of NACA 4412 airfoil (43).
Qu et al. performed a numerical investigation using the RANS equations and the k-w
turbulence model. ANSYS FLUENT 14.5 was used to solve for the equations. This is a recent,
very clear and extensive study and will be used as a primary source in this subchapter. Each
AoA range mentioned above will be treated separately and other literature sources will be
used to corroborate the evidence from Qu et al.

1.3.1.1.1 Negative to low AcA

The first distinct AoA range in the ground effect occurs at negative AoA until approximately
a = 0°, depending on the airfoil under investigation. At these AoA a convergent-divergent
passage is formed between the ground and the lower side the airfoil: a venturi. This situation
is illustrated in Figure 1.21. This causes the flow to accelerate, leading to a strongly increased
suction of up to 180% on the lower side of the airfoil when in close (h/c < 0.1) proximity to
the ground. In contrast, the upper side of the airfoil is only very limitedly influenced by the
ground effect at this range of AoA. The lift coefficient at a = —4° can be seen in Figure 1.22,
where it is obvious that the majority of the lift loss observed in Figure 1.20 can be attributed to
the pressure loss on the lower side of the airfoil due to the venturi effect. Finally the pressure
distribution for this situation is shown in Figure 1.23. The very large increase in suction on the
lower side of the airfoil can clearly be seen, the suction peak goes from ~-1.9 in free to ~ -4.6
at h/c = 0.05.

Several literature sources show general agreement with the above, although none go on to
discuss negative AoA in quite so much detail. One study by Angle et al. (44) focuses on the
pitch stability of an airfoil in the ground effect and contains a comparison between the
computed lift coefficient IGE and OGE for —3° < a < 15° for a flat plate. The computations
were performed using the software tool FLUENT 6.2.16. The results can been in Figure 1.24,
where the analytical solutions are provided by (45) and (6) respectively. It can be seen that at
a < —0° the IGE solutions show up to 50% less lower lift compared to OGE solutions for the
same AoA, which is in agreement with the discussion above.

A study by Smith et al. (46) compares a Computational Fluid Dynamics (CFD) code with
experimental results for a NACA 4412 airfoil at low angles of attack. Figure 1.25 shows that at
a = 0° there is a sharp lift decrease when the airfoil is placed close to the ground. There is
also a good agreement between the experiment and CFD for this AoA.

Patek et al (47) also found an increase in negative lift as a NACA0012 airfoil gets closer to the
ground of AoA up to a =—6°. At the height of h/c = 0.15 the lift coefficient went from
~ —0.710 Cpppp = —14.

Lfreestream

Two additional studies will be mentioned here, where in both cases a finite wing was studied.
Therefore 3D effects cannot be excluded in these cases. Nevertheless these show qualitative
agreement at negative angles of attack with Qu et al, which is why these are mentioned here.
No 3D studies were found that show a disagreement with Qu et al, which would be an
improvement in performance IGE at negative AoA.

Figure 1.7 from (13) clearly shows the negative effect on the lift coefficient of the ground at
negative AoA and has been discussed in the previous chapter. A NACA 641-112 airfoil was
used in this study.

Zerihan and Zhang (48) performed windtunnel measurements on a single element wing in the
ground effect with a highly cambered Tyrrell-26 airfoil and an aspect ratio of 5. End plates
were used on the model, so the influence of 3D effects should be limited. Figure 1.26 shows
the lift curve in ground effect for this experiment. Once again the lift is affected negatively by
the ground effect at negative angles of attack. It can be observed that for Figure 1.7 and Figure
1.22 the ground effect becomes a negative at a = 0°, while in Figure 1.26 this occurs at a =
—6.5°. Presumabily this difference can be explained by the fact that the latter has a highly
cambered airfoil, while the first two have a conventional airfoil with less camber.
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1.3.1.1.2 Low to Moderate Incidence

As mentioned previously, there is much research available which investigates the ground
effect for low to moderate AoA, because this is the applicable flight regime for the WIG vehicles
will be for the vast majority of the time. The overall trend is clear: Lift will increase in the ground
effect at these AoA ranges. This phenomenon is well understood and can be corroborated by
many different sources. Some examples are (44) (46) (49) (50) (32) (40) (51) (41).

First it will be examined in greater detail why the lift increases by first examining the pressure
distribution around the airfoil and the streamlines, after which a physical explanation will be
offered. Figure 1.27 from Qu et al. shows the pressure distribution for the NACA 4412 airfoil
fora =4°and a = 8°. It can be seen that the pressure increases on both sides of the airfoil,
with the exception of the suction peak at the nose of the upper side of the airfoil, which remains
the same and even becomes stronger at @ = 8° and h/c = 0.05. As a consequence the upper
side of the airfoil experiences a stronger adverse pressure gradient IGE. The increase in
pressure at the lower side of the airfoil is beneficial and is the main explanation for the increase
in lift IGE.
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Figure 1.27 Pressure distribution around a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)

This is illustrated further by Figure 1.28 where the lift coefficients for the lower and upper side
of the airfoil are plotted separately. This confirms the findings from the pressure distribution,
the lift produced by the upper side of the airfoil slowly decreases by the presence of the
ground, while the lift coefficient of the lower side of the airfoil increases more rapidly. The sum
of these two will result in a positive change to the overall lift coefficient at low to moderate

AoA.
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Figure 1.29 shows the streamlines around the airfoil for « = 8°, where G0, G1, G2 correspond
to IGE with h/c = 0.1. FO, F1 and F2 are the same streamlines for the OGE situation. G1 and
F1 are the streamlines which terminate at the stagnation point of the airfoil and reappear at
the trailing edge. The two other streamlines are located either 0.1c above or under the
stagnation streamline. In free air the airfoil starts deflecting the streamlines upwards at
approximately x/c = —25 and deflects these downward once they have passed the airfoil. It
can be seen that due to the presence of the ground the streamlines are deflected upwards at
a far closer location to the airfoil, approximately x/c = —1. This is explained by the mirrored
bound vortex, shown in Figure 1.6b. The counter clockwise mirrored circulation acts opposite
to the deflection caused by the airfoil in free air, thus the streamlines become more parallel
closer to the ground. This causes the effective AoA to decrease. This explains why the
pressure is increased on the upper side of the airfoil in the ground effect.

The reduction of the effective angle of attack discussed above should also cause the pressure
on the lower surface to decrease, yet this is not what is observed in Figure 1.27. The
explanation for this is that all streamlines below G1 in Figure 1.26 are forced into the
convergent passage between the lower side of the airfoil and the ground. This causes a
‘blockage’ effect, whereby the air speed is reduced and the pressure increases. This effect of
the pressure increasing at the lower airfoil due to blockage effect is stronger at low to moderate
AoA compared to the reduction of effective angle of attack which causes the pressure to
decrease, which is why there is a net lift increase at these AoA ranges. The exact ratio
between these two conflicting effects is dependent on both the height above ground and the
AoA. It will be discussed in the next section how this ratio changes at high AcA.
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Figure 1.29 Streamlines IGE (G) and OGE (F) for a NACA 4412 Airfoil at Re=6*10¢ and Ma=0.26 (43)

The remainder of this section will be spent briefly discussing corroborating evidence of the
above from other sources. Figure 1.30 and Figure 1.31 show the experimental pressure
distribution on a NACA 4412 airfoil at « = 4° and a = 8° for various heights above ground.
These figures are directly comparable with Figure 1.27. While the exact magnitude of the
pressure coefficient does not match, the overall trend is similar: For decreasing h/c the
pressure increases at the upper airfoil surface and on the lower airfoil surface it increases by
a greater extent.

A different study from Ahmed et al. (32) on a symmetrical NACA 0015 airfoil shows that for
low to moderate angles of attack the pressure increase on the upper side is relatively
insignificant, while the lower side of the airfoil experiences a significant pressure increase.
This is shown in Figure 1.33.

Finally Figure 1.32 shows the pressure distribution as a result of a NACA 4412 airfoil with @ =
6°. These were obtained by solving the RANS equations with the SA turbulence model. It is
evident that the increase in pressure on the lower side of the airfoil is more dominant compared
to the decrease of suction on the upperside of the airfoil.
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1.3.1.1.3 High Incidence & Stall

As has been mentioned previously, one of the main drivers of ground effect research are WIG
craft. These craft spend their time almost exclusively in the low AoA regime. Therefore the
literature on high AoA ground effect is relatively limited. The main source will be Qu et al (43).

Before the flow at high AoA in the ground effect is discussed, it is prudent to start with a word
of caution at interpreting the results. CFD solvers for the RANS equations have been very
successful during the past decades at simulating a wide range of flow conditions. But, as
Jinaghua and Edwards (52) put it: “However, the simulation of flow around a high-lift airfoil
under static or dynamic stall remains a challenging task for the computational fluid dynamics
(CFD) community. Such flows are characterized by high Reynolds number ( ) and the
complexity of the turbulent boundary layer (including laminar to turbulent transition and
separations).”

Because of this, Qu et al have included a section in their report comparing the results of their
calculations and experimental data from other sources in free air. This comparison is
reproduced in Figure 1.34, the source of the experimental data is Abbott et al (53), the other
CFD data is provided by Ockfen et al (54). The figure shows that at high angles of attack, as
the airfoil approaches the stall region, the CFD computations overestimate the lift coefficient
compared to the experimental results. Qu et al. attribute this to two causes. The first is that
the turbulence model, SST k-w, assumes fully turbulent flow which would delay separation of
the flow on the upper airfoil. The second reason cited is that either the grid density should be
increased or that a higher-order spatial discretization scheme (a second order scheme was
used) should be used in order to more accurately predict the separation region. The above
should be kept in mind while evaluating the results discussed below for high AoA ground effect
flow.
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Figure 1.34 Lift Coefficient Comparison between CFD and Experimental Results for a NACA 4412 airfoil (43)

In the previous section it was seen that, when looking at the pressure distribution in ground
effect for moderate AoA, as for example in Figure 1.27, that in the ground effect the suction
peak at the nose of the airfoil becomes stronger and that the suction behind the suction peak
drops faster compared to free-air, so the ground effect causes a stronger adverse pressure
gradient to appear. This is especially evident in Figure 1.35, which shows the pressure
distribution for the same airfoil at « = 16° and a = 18°. The stronger adverse pressure
gradient is evident. Near the trailing edge there is a plateau for the upperside of the airfoil,
which indicates separated flow. The closer the airfoil is to the ground, the bigger is the region

of separated flow. This is especially clear at ¢ = 18° and % = 0.05, here the flow is completely

separated over the entire airfoil, but if the distance to the ground is increases the flow is
attached at the forward part of the airfoil. One final observation that can be made from Figure
1.35 is that the pressure rise on the lower side of the airfoil due to ground effect no longer
increases with AoA. In other words, there seems to be a limit on how much the blockage effect

can increase the pressure on the lower side of the airfoil.
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Figure 1.35 Pressure distribution around a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)

This is confirmed by looking at the change in lift coefficient at these angles, shown in Figure
1.36. When going from a = 16° to @ = 18°, the lift increase due to the lower part of the airfoil
remains the same and is comparable in magnitude to the lift increase observed at ¢ = 8° in
Figure 1.28. However as the AoA increases the decrease in lift on the upper side of the airfoll
increases strongly, going from a relative change of ACyypper = —0.3 at @ =8°t0 Ay, =

—0.7 ata = 18°for h/c = 0.05 due to separation of the flow. This is confirmed in Figure 1.37
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which shows the separation point on the upper side of the airfoil as a function of the height
above ground. There is a clear trend that the separation point moves forward as the height
above ground is reduced. Finally the streamlines can be observed in Figure 1.38 which again
shows that in ground effect the flow becomes more separated at high AoA.
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Figure 1.36 Lift change in ground effect for a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)
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Figure 1.37 Separation point as a function of height for a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)
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Figure 1.38 Streamlines IGE (G) and OGE (F) for a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)

One corroborative source for the above effects is Traub (55), who investigates a S8036 in a
windtunnel at a low Reynolds number of Re = 1.2 *10°. Figure 1.39 and Figure 1.40 show the
influence of the ground effect on the lift coefficient. It can be observed how the maximum lift
coefficient is reached at a height of h/c = 0.4. As the ground proximity is increased beyond
that, the maximum lift is reduced. This is consistent with the observations from Qu et al.
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Figure 1.26 showing the lift curve for a highly cambered wing, discussed in a previous section,
shows that the maximum lift occurs at h/c = 0.134. Once again, when reducing the ground
clearance further it results in a reduction of the maximum lift coefficient.

1.5

1.0

0.0

_0.5 . N 1 M 1 L | L . 1 1 ]

-5 0 5 10 15 20
a,deg
Figure 1.39 Experimental results of a S8036 airfoil in ground effect Re=1.2*10° (55)
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Figure 1.40 Maximum Lift Coefficient of a S8036 airfoil in ground effect Re=1.2*10° (55)

1.3.1.1.4 Conclusion

This subchapter concerning the influence of the ground effect on the lift and pressure
distribution of a single element airfoil can be summarized by Figure 1.41, where the contours
for the incremental lift change due to ground effect are shown. There are three distinct regions
in this contour plot. The first, at low to moderate angles of attack, shows a net increase in lift,
mainly due to the increase of pressure on the lower side of the airfoil. This is region I. As the
angle of attack is increased, the pressure increase on the lower side of the airfoil remains
similar in magnitude, while the reduction in suction at the upper side of the airfoil keep getting
stronger with increasing AoA, resulting in a net loss of lift. This is region Il in the figure. Region
Il occurs at negative AoA, where the lower side of the airfoil together with the ground forms a
venturi shape, resulting in an increase on suction at the bottom side of the airfoil and the
associated loss of lift.
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Figure 1.41 Lift Increment contours for a NACA 4412 Airfoil at Re=6*10° and Ma=0.26 (43)

The three regions outlined in Figure 1.41 hold true for a wide range of airfoils, multi-element
airfoils and wings. The location and magnitude of each region will of course depend on the
exact configuration under investigation.

1.3.1.2 Mulii-Element Airfoil

Much of what has been said on the subject of single-element airfoils in ground effect also
holds true for multi-element airfoils. This section will therefore focus primarily on the
differences in ground effect behaviour which are introduced by multi-element airfoils.

According to Qu et al (56) the ground effect of a two-element airfoil can identified as having
four separate characteristics, which can be summed to get the overall ground effect influence:
1. Each separate element in a multi-element airfoil is influenced by a change in AoA as if

it were a single-element airfoil, as has been described in the previous section.

2. The reduction of effective AoA on the upper surface in the ground effect is
strengthened by an increase in camber. This is illustrated in Figure 1.6. It was also
found that the camber effect reduces the pressure increase on the lower surface,
leading to a decrease in lift. This is called the camber effect.

3. The gap located between the main element and a (fowler) flap sees an increase in
pressure and reduction of mass flow rate with reduced height above ground. This leads
to a reduction of the suction peak on the flap just behind the gap and thus a lift
reduction. This is called the gap effect.

4. Anincrease in flap deflection increases the magnitude of both the camber and the gap
effect.

This is summed up in Figure 1.43 which shows the incremental lift change due to ground effect
for a NACA 4412 airfoil with a 10°, 15° and 20° Fowler flap (FF) at moderate angle of attack.
The further the flap is deflected, the more negative is the lift increment. This is consistent with
Recant (57) where a NACA 23012 airfoil with a 40° flap angle was investigated. It was found
that in the AoA range of 6° < a < 12° the lift of the flapped airfoil continuously decreased as
the ground was approached.
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Figure 1.42 Contour plots from an inverted airfoil Re=5.8*10° Ma=0.1 a = 4° (29)

Ranzenbach (58) et al. found that a flapped airfoil would experience a negative change in lift
at a higher height above ground compared to a similar unflapped airfoil. This is shown in Figure
1.44 where the unflapped NACAO0015 airfoil is compared to the flapped NACA632-215 Mod B
airfoil. This is further confirmed by Zherihan and Zhang (59) in Figure 1.45. Here it is shown
that the low flap angle airfoil can get closer to the ground before experiencing a loss in
downforce compared to the high flap angle airfoil due to the earlier onset of separation for this
configuration. A discontinuity in the lift curve slope can also be observed which is not replicated
by other sources. It was found that as h/c decreases, the boundary layer thickness increases.
The wake thickness of the main airfoil element also increases, while the wake of the flap
seems independent of height above ground. The wake of the main element increases in
thickness with increasing flap deflection. IGE the wake of the main element does not touch
the flap and does not immediately merge with the wake from the flap.
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Figure 1.43 Incremental lift change of a double-element airfoil in the ground effect Re = 6*10° Ma =0.26 (56)

This increase in wake of the main element of the airfoil due to ground effect, while the wake
of the flap behaves independently of ground effect was also found by Heyder-Bruckner and
Zhang (29) using a Detached-Eddy Simulation. The wake is visualized in Figure 1.42, which

show that at % = 0.106 the flow speed of the wake reduces to up to 20% of the free stream
velocity. When the height is further reduced to h/c = 0.070 there is a significant area of flow
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reversal visible. In part (b) of Figure 1.42 it can be seen how the wake goes from steady at
h/c = 0.211, to increased vortex shedding at % = 0.106, yet the wake from the flap and main

airfoil are still clearly distinct. At h/c = 0.070 trailing edge separation occurs from the main
element, with the wake of the upperside of the main element interacting with the flap, while
the wake of the lower side of the airfoil starts interacting with the ground boundary layer.
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Figure 1.44 Lift Coeffi&ient in ground effect for various airfoils (58)

The trend of increasing lift as the ground is approached, followed by a sudden sharp decrease
in lift when the ground is further approached, as seen in Figure 1.45, was also observed by
Qu et al (60) for a three-element airfoil for racing car applications. Pant (61) found that a higher
downforce was produced by reducing the camber of the main element of a double-element
inverted racing airfoil in ground effect.
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Figure 1.45 Lift Coefficient for a modified General Aviation-Whitcomb airfoil in ground effect Re=7.35*10° Ma=0.1
(59)

The gap effect is illustrated by Figure 1.46 which shows the decreasing mass-flow rate for
both increasing flap deflection and decreasing height above ground. Figure 1.47 shows the
pressure distribution for the NACA 4412 with a plain-flap (PF) and a FF for various heights
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above ground. The gap effect is observable, with the reduction of the flap suction peak for
decreasing height above ground. As expected the pressure increase on the lower side of the
airfoil is similar to that of a single-element airfoil. The increase of suction peak at the nose of
the airfoil with decreasing height above ground is not observable, presumably because of the

camber effect reducing the effective AoA.
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Figure 1.46 Massflow rate through the FF gap (56)
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Figure 1.48 and Figure 1.49 show the experimental pressure distributions for the low and high
flap angle case respectively, the lift curve of these is shown in Figure 1.45. For both cases a
strong increase in suction can be observed as the ground is approached, with the overall
distribution shape not changing significantly. It is evident that the suction peak located on the
main element is influenced more significantly by the ground effect compared to the suction
peak at the nose of the flap. For example in the low flap case the main element peak increases

from ¢, ~ —2.6 at % = 1.97 to a maximum of ¢, ~ —8.5 at h/c = 0.053, while the suction peak
at the flap goes from ¢, » —0.9 to ¢, ~ —2.4. This can be seen as evidence of the gap effect.
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Figure 1.48 Experimental pressure distribution for a modified General Aviation-Whitcomb airfoil with low flap
angle in ground effect Re=7.35*10° Ma=0.1 a = 14.1° (59)

1 1 %
of of
A 4
2 oH
_3‘ _a3f
o°-4_ o°-4 ,
-5 -5H,|
-6H &
i e heetlg7 i e hlc=0.158
hic=0.592  he=0.132
-8k h/c=0.395 -8F | —— hlc=0.105
of —+— hlc=0.263 of —+— hlc=0.079
) — —+» —  hle=0.211 ) — —+ —  hic=0.053
- - o IS S T SRV T TN T S NI S S S A S B R O |
10602 04 06 08 4 10502 04 06 08 1

x/c

x/c

Figure 1.49 Experimental pressure distribution for a modified General Aviation-Whitcomb airfoil with high flap
angle in ground effect Re=7.35*10° Ma=0.1 a = 14.1° (59)

Suguru Hase (62) investigated the ground effect on three 12% thickness airfoils, the
NACAO0012, NACA6212 and the NACA6712 respectively. The latter two airfoils both have 6%
camber, but the NACA6212 is front loaded, while the NACA6712 is rear loaded, which is
similar to adding more flap deflection. The measurements shown in Figure 1.50 indicated that
the rear loaded NACA6712 performs worse IGE compared to the other two airfoils. The reason
for this is explained in Figure 1.51. In the front loaded case, the mirrored vortex can influence
the rear of the airfoil, since the original vortex is located near the front, thus the lift can be
increased by the mirror vortex. With a rear loaded airfoil, the vortex is located near the rear,
so the front of the airfoil is influenced by the mirrored vortex. This causes a lift decrease due
to the direction in which the vortex acts. Hase and Eitelberg have determined that the limiting
case for the lift of a front loaded airfoil is given by:
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1

L=puly |1+ —— (equation 1.24)
h
1+2 Z

Which in the case of h — 0 yields double the free stream lift. The limiting case for the rear
loaded airfoil is given by:

c—x
2h

L= puly, (1 - sin [3) (equation 1.25)

Here ¢ — x is the distance of the circulating vortex to the trailing edge and g is the flow direction
at the trailing edge. In this rear loaded case the lift decreases as the ground is approached.
The lift of a real airfoil will be somewhere in between these two limiting cases. As flaps are

selected, the airfoil becomes more rear loaded and thus in general performs worse in ground
effect.
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Figure 1.51 Front and rear loaded airfoils in ground effect (62)
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1.3.1.3 Span Dominated Lift in Ground Effect

The principal change when evaluating the flow over a finite instead of an infinite wing is the
introduction of the wing tip vortex and the accompanying change to induced drag (6). For that
reason the wing tip vortex has been the main focus of investigation for the span dominated
ground effect in literature (63). Han and Cho (64) found that the wing tip vortex downward
movement behind the wing is hindered by the ground and that as a consequence the flow is
forced outward in spanwise direction. An increase in wing loading, which OGE results in a
more downward trajectory of the wing tip vortex results IGE in a trajectory further outward in
spanwise direction. Qu et al. (65) expanded on this research by concluding that a regular wing
in ground effect can be divided into two parts in spanwise direction: The inner part which can
be viewed as quasi 2D and which behaves as an airfoil in ground effect, the second part is
located at the wingtip where 3D effects dominate and the lift decreases IGE. Qu et al.
confirmed the conclusion of Han and Cho that the wing tip vortex moves outward in spanwise
direction due to ground effect, which is shown in Figure 1.52. They also found that the tip
vortex rebounds from the ground due to a secondary vortex which is induced in the ground
boundary layer. The change in location of the vortex in vertical direction is shown in Figure
1.53. The strength of the near-field wingtip vortex along the flow direction is partially dependent
on the strength and interaction with the secondary vortex from the ground boundary layer.

——h=0.2 —h=1

c) a=8° d) a=10°
Figure 1.52 Spanwise location of the wingtip vortex for a rectangular wing in ground effect (65)

A brief overview of the results of a numerical study on a multi-element, rectangular wing from
Deng et al. (63) will now be presented. This is meant as an example of how a wing in ground
effect can behave in terms of lift. The results are obtained using the RANS equations and the
SA turbulence model using the ANSYS FLUENT solver. The change in lift due to ground effect
is shown in Figure 1.54. The slat sees a small increase in lift due to the ground effect, while
the main wing and flap lose lift in the ground effect. The lift loss of the flap is relatively more
significant than the wing. The spanwise lift distribution due to ground effect is shown in Figure
1.55. It can clearly be seen that the lift loss due to ground effect is most significant near the
wing tip, especially when very close to the ground at h/c = 0.1. The trend in lift distribution
does not change IGE. Finally, the pressure distribution at two locations of the wing tip (the Z
axis lies in spanwise direction) is shown in Figure 1.56. The spanwise trajectory for the wing
tip vortex follows a similar trend as the trend depicted in Figure 1.52.
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Figure 1.54 Lift in ground effect for a rectangular multi-element wing Re = 9*10° Ma=0.2 a = 10° (63)

The influence of the fuselage was investigated in a further study by Deng et al. (66) in 2017.
In the author’s own words, “A complex 3D wing body configuration in ground effect has never
been analysed in the aerodynamics literature to date”. A reference DLR-F6 wing body was
studied numerically at a low AoA of 0° < a < 1.5° for a low Reynolds number Re=7*105. The
RANS equations were solved using ANASYS FLUENT and both the SA and SST k-w model
were used. After comparison with reference data OGE the choice was made to use SA for the
ground effect study.

At low AoA the lift increased in ground effect, which is expected considering the prior literature.
The spanwise trajectory of the wingtip vortex shifted more outward due to the influence of
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ground effect. The vorticity contours IGE and OGE are visualized in Figure 1.57 and Figure
1.58. Qualitatively it can be seen that the vorticity contours become flatter and broader IGE

compared to OGE.
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Figure 1.56 Pressure distribution lift distribution in ground effect for a rectangular multi-element wing at Z/b = 0.96
(top) and Z/b=0.99 (bottom) Re = 9*106 Ma=0.2 a = 10° (63)
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Figure 1.58 Vorticity contours OGE behind a DLR-F6 Wing-body Re=7*10° Ma =0.175 a = 1.23° (66)

Van Muijden (67) investigated a crash of a Gulfstream G650 test aircraft making an un-
commanded roll after stalling the right wing in close proximity to the ground (68). The stall AoA
IGE was overestimated during the development phase of this aircraft. Thus, the pilots could
exceed the safe AoA during take-off without any visual or auditory feedback from the on-board
safety systems.

To investigate this phenomenon, Van Muijden performed a numerical simulation of a take-off
run at conditions similar to those that occurred at the crash. The airfoil was an NLR 7301 and
the wing resembled the planform of a small commercial aircraft. The Reynolds number
reflected take-off conditions for a full-scale aircraft Re = 16.5*108, which is high compared to
the other literature discussed in this chapter. This research also stands out for being one of
the only numerical 3D RANS studies at high to very high AoA.

The lift curve for this configuration is shown in Figure 1.59. It can be seen that both the
maximum lift coefficient decreases as well as the stall angle. OGE the maximum lift occurs at
19.5°, while at 4 meter above the ground the wing already stalls at 18°. The maximum lift
coefficient is reduced by approximately 10%.
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Figure 1.59 Lift curve for an NLR 7301 Airfoil based wing Re = 16.5*10° Ma = 0.185 (67)

Flaig (69) reported on the results of a test campaign of the ground effect around an Airbus
A320 aircraft in a windtunnel with moving ground. Figure 1.60 shows the change in lift due to
ground for three flap settings. The labels take-off 1l, take-off Ill and landing correspond to a
flap setting of 10°, 20° and 40° respectively. It can be seen that an increase in flap deflection
leads to a reduction of the lift increase of the ground effect. The point where maximum lift
occurs at a lower AoA for an increase in flap deflection. The principal physical explanations
for the observed lift changes are given as increased pressure at the lower side of the airfoil
and a reduction in suction at the upper side of the airfoil.

The experiments on the A320 were done with Through-Flow-Nacelles (TFN) engines,
equivalent to flight idle conditions and Turbine Powered Simulators (TPS) which could be used
to simulate powered jets. This was used to evaluate the influence of engine propulsion on the
ground effect. It was found that the lift is reduced when the TPS are used, as shown in Figure
1.61. This had two causes, the first that the flight-idle TFN nacelle creates a blockage effect,
forcing air in between the fuselage and the nacelle causing a pressure increase. When TPS
is used, the mass-flow at the nacelle becomes much higher due to turbine suction and thus
the blockage effect is less significant. The second reason is that high velocity air exiting the
turbine will decrease the pressure on the lower side of the airfoil and thus reduce lift. Finally it
should be noted that the experiments were carried out at a free stream velocity of V = 70 m/s,
while the maximum velocity of the moving belt was only 45 m/s (70). This will negatively affect
the accuracy of the results.

Chawla et al. (71) performed a large windtunnel investigation on a low aspect ratio wing
containing a 20% chord full span flap in the ground effect. The AoA ranged from 0° to 25° and
the flap deflection angle was varied between 0° and 30°. The minimum height above ground

was % = 0.25, which is relatively high compared to some other studies discussed here. End

plates were installed at the wing which improved the lift in ground effect up to 17% at a = 5°.
A full lift-curve was shown using endplates. In this case the lift curve became steeper and the
maximum lift coefficient increased due to ground effect at 0° flap deflection. It is unknown
whether the increase in €, also occurs when the endplates at the wingtips are removed.
Weng et al. (72) analysed the flight-data recorder data of a twin-jet transport aircraft in ground
effect using a fuzzy logic modelling technique. They found that the normal force coefficient
increased from Cy, . = 1.31t0 Cy ., = 1.42 ata = 3°.
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Figure 1.61 Change in Lift due to different engine settings for an A320 IGE Re=2.6*10° Ma=0.2 (69)

The effects of sweep were investigated in two papers by NASA. Furlong and Bollech (13)
studied the effects of sweep in ground effect for a 42° swept back wing with Reynolds numbers
of up to 6.8*10° for a flapped and unflapped configuration. For the lift it was concluded that the
increased slope of the lift-curve was comparable to the lift-curve slope of an unswept wing
with flaps neutral. However, at high AoA it was found that the lift decrease for the flapped
swept wing was far more severe compared to the flaps neutral swept wing. It was found that
the maximum lift of the flap neutral wing was higher compared to an unswept flap neutral wing,
while the maximum lift for the flapped wing was comparable to that of an unswept wing in
ground effect. In other words, flap deflection seemed to negate the beneficial effects of sweep
in ground effect. However this is an older study from 1955 and it would be beneficial to recreate
these experiments with modern wind-tunnel practices such as a moving belt and modern
numerical methods.

Curry et al. (73) investigated the ground effect on a forward swept X-29A research airplane by
means of a test flight. Full scale investigation into ground effect poses many challenges, such
as the fact that pilot control surface input, throttle adjustments and atmospheric turbulence are
of a comparable order of magnitude as the ground effect and can thus easily render the data
of a run useless. Yet these inputs are unavoidable in order to safeguard pilot safety. For the
same reason very low heights above ground which are possible in the windtunnel and
numerical simulation, have to be avoided in full scale test flight. A more thorough discussion
on the challenges of full scale test flight in the ground effect is provided by Curry and Owens
(74) and Baker et al (75).
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The test flights of the X29-A showed a consistent lift increase of 17% at the moment of
touchdown. This is less than predicted both by windtunnel results and inviscid panel methods.
The authors attribute this discrepancy to the fact that both of these simulated the static ground
effect, while the X29-A was continuously sinking and thus experienced dynamic ground effect.
The dynamic ground effect will be further discussed in chapter 1.3.4. No comparison with
unswept wings was made by the authors.

Katz and Levin (76) investigated the ground effect of a delta wing. The main conclusion
reached was that a positive lift increase seen for other configurations was also found for a
delta wing. This was corroborated two decades later by Curry and Owens (74) where
comparisons were made between full-scale test flights, windtunnel measurements and
numerical panel methods on the behaviour of a delta wing Tupolev TU-144 supersonic
transport aircraft in ground effect. A clear increase in lift close to the ground was observed
using all three methods. In contrast to the findings of the X29-A study discussed above, in this
case of the steady flight tests (as opposed to dynamic flight tests) showed a slightly higher lift
increase compared to wind tunnel testing and panel methods, with the caveat that these flight
tests yielded poor quality data. In contrast the dynamic ground effect flight tests were of good
quality and showed a good agreement with the steady-state windtunnel and numerical results.

Traub (55) compared a wing of aspect ratio (AR) of 3.46 with a wing with AR = 5.18. The high
AR wing experienced the highest performance increase IGE, with the 78.7% lift over drag ratio
(L/D) being an increase compared to a 70.9% increase for the lower AR wing.

The results from these different studies can be summed up as follows: For a 3D wing the
change in lift over the wing can be separated into two distinct areas: inboard of the wingtip,
the wing behaves as if it is quasi-2D and thus 2D effects dominate. This means that the lift
over a wing in ground effect increases at low to moderate angles of attack and in many cases
decreases at high AoA. Most studies show a reduction in the maximum lift coefficient. An
increase in flap deflection causes the negative change in lift to occur at a lower AoA.

Only in the region of the wingtip do 3D effects start to dominate. The wingtip vortex moves
both more upwards and outwards compared to OGE and interacts with the boundary layer of
the ground. As the aspect ratio of the wing increases, the proportion of the wing which is
affected by the wingtip vortex decreases and thus the aerodynamic performance in the ground
effect improves with increasing AR. The behaviour of a wing in ground effect is not significantly
influenced by wing sweep.

1.3.2 Drag Impact

In this subchapter the change in drag due to ground effect will be discussed. Similar to the
case with lift, a clear distinction can be made between the 2D chord dominated ground effect
and the 3D span dominated ground effect. Drag in ground effect is less extensively covered
in literature compared to lift, so therefore this subchapter will be less detailed compared to the
previous one. Many of the sources used in the previous chapter will be reused here.

1.3.2.1 Chord Dominated Drag in Ground effect

Many sources (46) (48) (49) (50) (41) (58) (59) (60) (77) (78) report an increase in airfoil drag
due to ground effect, but the magnitude of drag increase varies significantly between different
studies.

A typical example of drag in ground effect is given in Figure 1.62 with an approximately of 10%
maximum increase in drag. A significant increase in drag is usually only observed in the region

of % < 0.3. The drag increase is more significant for higher AoA. Barber and Hall (39) report
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a slight decrease in drag at %> 0.3 before a 15% increase in drag occurring as the ground
c

clearance is further reduced. Ahmed et al. (50) found that the increase in drag could mainly
be attributed to an increase in pressure drag on the lower airfoil, rather than skin friction drag.
Zhang and Zherihan (59) report that the drag increase becomes more significant for higher
flap deflections. A sharp drag increase is observed as the wake separates at very low height
above ground. A 40% drag increase was found for the high flap deflection case and up to 80%
for the low flap angle case, as shown in Figure 1.63. The lift curve of this configuration was
discussed in subchapter 1.3.1.2 and shown in Figure 1.45.
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Figure 1.62 Drag due to ground effect for a NACA4412 airfoil Re=3*10° Ma=0.1 a = 4° (50)
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Figure 1.63 Drag for a modified General Aviation-Whitcomb airfoil in ground effect Re=7.35*10° Ma=0.1 (59)

In a separate study Zhang and Zherihan (79) found that drag also increases with flap deflection
for a Gurney flap. Qu et al. (60) found that drag of a three-element inverted racing airfoil would
increase by up to 300% as the height above ground was reduced. The L/D reduced from
approximately 45 OGE to 15 very close to the ground, yet this airfoil still performed better than
a comparable double-element airfoil IGE with 50% increase in lift and a 20% reduction in drag.
Finally Van Muijden (67) reported a decrease in drag for reduced height above ground for a
flapped airfoil at « = 14°. However, no further details of this study are known so it is difficult to
analyse why his results differ substantially from most of the literature. Patek et al. (47) also
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report a drag reduction around a NACA 0012 airfoil for a wide range of AoA as obtained
experimentally. However it should be noted that these experiments were done with a ground
fixed boundary condition, which is the least accurate boundary condition. Figure 1.18 shows
that the use of this boundary condition can indeed predict a drag decrease, while all the other,
more correct boundary conditions predict an increase in drag as the ground is approached.

1.3.2.2 Span Dominated Drag in Ground Effect

While the drag increases in most cases for airfoils in the ground effect, this changes for the
3D case. One of the major benefits of flying in ground effect is the reduction of the induced
downwash angle and thus a reduction in induced drag. This induced drag reduction is usually
dominant compared to the airfoil drag increase, leading to an overall drag benefit of the wing.

An example of this is given by Deng et al (63) and can be seen in Figure 1.64. Here the drag
is split in to the separate elements on the wing, the flap, slats and main wing. In this case the
reduction in drag IGE is mostly apparent for the flap and to a lesser extent the slat. The drag
distribution in spanwise direction is shown in Figure 1.65. The pressure distribution belonging
to this situation at several locations is shown in Figure 1.56. Further details of the study are
also provided there. The spanwise drag distribution can be split into two sections, similar as
for the lift in Figure 1.55. There is a linear part from the wing root until approximately 90% of
the span. Here a semi-monotone drag reduction can be seen. At the wing tip there is a sharp
increase in drag reduction IGE, especially on the flap.

The drag of a DLR-6 wing-body model was investigated at low AoA in two separate studies
by Deng et al. (66) (80). A small drag reduction of 2-4% was observed as the ground clearance
decreased for a = 1.23°. This small drag change can be expected at such a low AoA.
Unfortunately higher AoA were not investigated in this study.
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Figure 1.64 Drag in ground effect for a rectangular multi-element wing Re = 9*106 Ma=0.2 « = 10° (63)

Flaig (69) measured the drag of an Airbus A320 in a windtunnel. A significant drag reduction
was found over the entire AoA range due to a reduction of the induced drag. Because the
induced drag increases for increasing flap deflection, the magnitude of the drag reduction in
ground effect is also increased with increasing flap deflection. This is shown in Figure 1.66.
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Figure 1.66 Experimental change in drag due to ground effect for an Airbus A320 IGE Re=2.6*10° Ma=0.2 (69)

The drag of a low-aspect ratio compound wing in ground effect was investigated by Jamei et
al (81) at a = 2°. The drag coefficient decreased from 0.042 at h/c = 0.3 to 0.0377 at h/c =
0.05, leading to an L/D increase from 5.6 to 7.6. The trend showed very good agreement with
experiments. It was found that drag reduction of 24.7% could be obtained by using a
compound wing over a normal rectangular wing IGE. Van Muijden (67) found a decrease in
drag of up to 30% for the 3D case.

NASA published several studies (13) (74) on the ground effect for a (full) scale airplanes. The
first study cited show that for a 42° sweptback wing the drag in unflapped condition can be
improved by up to 20% and is beneficial over the entire AoA range. When a 60° flap deflection
is introduced, at low to moderate AoA there is still a benefit of up to 15% reduced drag. At high
A0A the drag is increased in ground effect, because of the earlier onset of flow separation in
ground effect due to flap deflection, which significantly increases drag.

The second study cited concerns a full-scale testing of a TU 144 supersonic airplane. In this
case most flight runs showed an increase in drag of up to 15% as the height above ground
was reduced, which is the opposite of what would be expected based on the other studies
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cited in this section. There can be three reasons for this. The first is that the landing
configuration, high AoA and average of 8° elevon down increases drag in a similar way as to
the previous study. A second is simply a problem with the data. The authors say the following:
“The consistency of the lift and pitching moment data is better than that of the drag data, which
is expected, because the absolute magnitude of the drag increment caused by ground effect
is much smaller than the force increment in the lift axis. Similar results were observed in
previous ground-effect flight test studies”. The drag measurements are simply more
susceptible to outside influences such as turbulence. The third reason for this discrepancy is
that this is a delta-wing with canard configuration, and it is possible that this introduces some
unforeseen effect that increases the drag in ground effect.

1.3.2.3 Conclusions

The drag produced by an airfoil tends to increase due to ground effect. This is caused mostly
by an increase in pressure drag as a consequence of the modified pressure distribution on the
lower side of the airfoil due to ground effect. Only a limited number of studies were found
where an airfoil drag decrease was found in ground effect, one of which contained no details
on how the calculations were obtained, the other study had used a less accurate boundary
condition to simulate ground when compared to most other studies.

When 3D effects are taken into account the drag is generally reduced due to a reduction of
the induced AoA and thus a reduction in induced drag. However some (full) scale studies from
NASA with the Horizontal Tail Plane (HTP) included showed a drag increase due to ground
effect.

1.3.3 Pitching Moment

It was found in section 1.3.1.3 that in some cases the lift decreases in the ground effect for a
3D case. Yet many engineering methods, aircraft databases and pilot’s experience indicate a
lift increase due to ground effect. One possible explanation for this discrepancy could be that
all the studies mentioned implicitly discussed untrimmed wings. If there is a less nose down
pitching moment due to ground effect, then for the trimmed condition the negative lift on the
HTP can be decreased. Thus the hypothesis is that the aircraft as a whole will experience a
lift increase, even if the isolated wing generates reduced lift IGE (67) .
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Figure 1.67 Experimental change in moment coefficient due to ground effect for an Airbus A320 IGE Re=2.6*10°
Ma=0.2 (69)

To answer the above hypothesis, first the literature concerning wing-body aircraft will be
discussed, since these bear the most resemblance to the real-life scenario. Flaig (69)
performed a windtunnel investigation on an Airbus A320 twin-turbojet aircraft, which has been
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mentioned before in section 1.3.1.3. As shown in Figure 1.67 there is a linear increase in
nose-up moment with an increase in AoA, which would require more positive lift from the HTP
to compensate. The increase in nose-up moment becomes stronger with higher flap deflection.
All this even holds true at high AoA where the increase in lift was already decreasing or even
negative, as was seen in Figure 1.60. The change in moment coefficient was caused by the
changing pressure distribution over the wing, causing it to become more forward loaded.

Deng et al. (66) investigated the moment coefficient around a DLR-F6 wing body IGE. Further
details of this study have been given in section Span Dominated Lift in Ground Effect It can
be seen that in this limited AoA range from 0° < a < 1.23° there is a small increase in nose-
up moment due to ground effect. It is primarily caused by an increase of pitching moment on
the fuselage.

A follow up study from Deng et al. (80) used the same model to investigate the increased pitch
up moment of the fuselage in ground effect in ground effect. The numerical setup was identical
to the one study described above. It was found that a there was a dramatic pressure increase
on the nose part of the fuselage due to the ground effect, resulting in a pitch up moment. The
change in moment coefficient with ground effect is shown in Figure 1.69, where the strong
change in nose up pitching moment is emphasised. It is unclear at this stage if this increased
fuselage pitching moment holds true across a wide range of AoA and if it also occurs for similar
shaped aircraft, for instance the Airbus A320 discussed previously.

Finally, it was concluded by Deng et al. that that the ground effect seemingly had a small effect
on the formation of a laminar separation bubble near the wing-fuselage junction, but this
requires further investigation.
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Furlong and Bollech (13) found that for a 42° swept back wing there was a small variation in
moment coefficient. When the flap settings were neutral the moment coefficient became
slightly more negative IGE, while when there was a 60° flap deflection the moment coefficient
became slightly more positive. This is consistent with the results of Flaig where the moment
coefficient also became more positive with increase in flap deflection.

Van Muijden (67) found that moment coefficient on a wing resembling the wing of a Gulfstream
G650 increased from Cy,., = —0.692 10 Cy, ., = —0.612 at a = 14°.

Full scale flight tests with a Tupolev TU-144 Supersonic aircraft as reported by Curry et al.
(74) also investigated the moment coefficient. Unlike the previous studies cited, here the
moment coefficient became more negative IGE, going from C,, = —0.02 to C,, = —0.012.
There was no further investigation into what the cause of the change in moment coefficient
was. These measurements are consistent with Katz (76) who found that the pitching moment
of a delta-wing decreased due to ground effect.

The chord dominated change in pitching moment due to ground effect has a different trend
compared to the span dominated change. Molina and Zhang (51) show a decrease of up to
AC, = —0.09. The pitching moment was independent of AoA. Only close to the ground,

MIGEmax
at h/c = 0.16 does C,, start increasing with AoA. This is caused by separation over large parts
of the airfoil. Staufenbiel and Schlichting (82) found that the moment coefficient of a Clark-Y
airfoil changed from C,,, .. = —0.18 to C = —0.31 due to a backward shift of the neutral

OGE MmiGE

point caused by the increase in pressure on the lower side of the airfoil. Patek (47) found that
the moment coefficient for a NACA0012 airfoil increased IGE for low AoA and decreased at
moderate to high AoA. Van Muijden found that the moment coefficient of a NLR 7301 airfoil
with flap increased from -0.48 to -0.414. Weng et al. (72) found that the pitching moment of a
twin-engine jet aircraft would decrease slightly in the ground effect from 0.055t0-0.051 ata =
3° and 30° flap deflection.

It can be concluded that the pitching moment for a full aircraft configuration does indeed tend
to become more nose-up, decreasing the amount of negative lift from the HTP and increasing
overall lift IGE. This effect can be caused both by a forward shift of the neutral point, as well
as a change in pressure on the fuselage. An increase in flap deflection increases the nose-up
shift of the moment coefficient. However it should be noted that not every study found this to
be true, in a similar manner to that of the lift in a 3D case which was found to both decrease
or increase depending on the exact wing and aircraft configuration.

In general the pitching moment becomes more nose-down when looking at the airfoil in
isolation, ignoring span-wise effects due to the changing pressure distribution over the airfoil.
However, many studies which discuss the lift and drag ignore the moment coefficient and thus
the data is relatively limited and still inconclusive. For instance, the only airfoil study with a flap
included in this literature survey actually showed an increase in moment coefficient rather than
a decrease. Further research into this area would be interesting.

1.3.4 Dynamic Ground Effect

So far the ground effect has been treated as a purely static phenomenon —i.e. the wing has a
certain height above ground and stays at that height indefinitely. While this is generally true
for a WIG vehicle which will spend the majority of its flight time at the same altitude in the
ground effect, it is not true for most other applications. A front wing of a racing car will go
through both pitching and heaving motion during breaking (51), while conventional aircraft are
always either climbing or descending close to the ground during a typical flight. Therefore
these are not static but dynamic manoeuvres. In this subchapter it will be investigated how
much this dynamic effect influences the behaviour in the ground effect and if the dynamic
component of this effect is small enough to be negligible.
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Weng et al. (72) analysed the data from the flight data recorder of a twin engine transport
aircraft. Fuzzy logic modelling was used to establish a dynamic longitudinal aerodynamic
model as a function of both the height above ground and the sink rate of the aircraft. Using
this model, the change in behaviour in the ground effect induced by the dynamic aspect of the
manoeuvre can be investigated. The change in normal force coefficient with changing sink
speed, height above ground and side-slip angle B can be seen in Figure 1.70, the change in
moment coefficient is shown in Figure 1.71. The descent speed for the dynamic ground effect
was 12 ft/s. Using h/b = 1 as a reference point for the start of the ground effect, it can be
seen that for no sideslip angle the lift increase due to ground effect is slightly larger in the
dynamic case, AC,, .. ~ 0.09, while ACLyamie = 0-13. It should be noted that maximum lift

coefficient is slightly lower in magnitude IGE compared to OGE for the static case. This is
atypical and casts some doubt as to the accuracy of these results. Since the source is from
flight data recorders, perhaps there is still some noise scattered in the data.

The slope of the moment coefficient becomes steeper in the dynamic case. The dynamic
ground effect causes the moment to be more nose down.
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Lee et al. (83) performed windtunnel tunnel experiments to compare the static and dynamic
ground effect of a F-106B and XB-70 aircraft, both delta-wing aircraft. The vertical velocity was
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approximately 3 ft/s. In this case it was found that both the lift and drag increment was less in
the dynamic case. At ¢ = 14° the F-106 model experienced a lift increase of up to 24% in the
static case, while the dynamic lift change was approximately 12%. For the case of drag this
was 42.5% and 25% respectively. Chang and Muirhead (84) also found that highly swept
wings always experience a lower lift and drag increments due to the ground effect compared
to the static case. This was also found by Curry (85) when comparing dynamic flight results to
static windtunnel measurements of a F16XL fighter aircraft.

Curry and Owens (74) compared full scale testing of a Tupolev Tu-144 supersonic aircraft with
wind tunnel tests and computational results from panel methods of the same aircraft. The full
scale dynamic measurements were obtained by keeping the aircraft at constant a. Two sets
of measurements were performed, one where the aircraft stayed on level flight, measuring
static ground effect, the second one with a constant descending glide path. The wind tunnel
tests were also performed in both static and dynamic configurations with a fixed ground
boundary condition. After analysing the data it was concluded that no significant differences
could be observed between the dynamic and static cases. However, the data quality on the
dynamic runs was relatively poor due to the experimental challenges faced and the authors
also noted this conclusion conflicted with previous results in literature. As such, further
research into this topic was recommended.

Ariyur (86) used a modified version of the lifting line theory to make a prediction of the change
of lift and induced drag due to dynamic ground effect. As an example a calculation was made
for the Gulfstream V aircraft. There it was found that in the dynamic ground effect the lift
decreased and induced drag increased compared to the static ground effect. The change was
linear with the descent angle.

Qu et al. (87) studied the behaviour of a NACA4412 airfoil in ground effect using the RANS
equations at Re= 3*105. Three regions were defined to describe the behaviour of the airfoil in
the ground effect. The first region from oo > h/b > 1 the airfoil behaves identical to the static
ground effect. In the region from 1 > h/b > 0.5 the dynamic ground effect cases produces
slightly higher lift. Finally in the region from 0.5 > h/b > 0 there is a dramatic increase in lift
for the dynamic ground effect case. This is shown in Figure 1.72. The cause of the large lift
increase is that the air below the airfoil is compressed by the descending airfoil and becomes
trapped between the ground and the airfoil, causing a large pressure increase on the lower
side of the airfoil.
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Figure 1.72 Lift Coefficient for static and dynamic ground effect for a NACA4412 airfoil Re=3*10° (87)

Mondal et al. (88) proposed a new CFD methodology to simulate the dynamic ground effect.
In this proposal a structured grid block is positioned under the regular finite volume mesh. An
unsteady computation is performed whereby the entire sinking grid moves downwards and
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the volumes which have already sunk through the (ground) domain are eliminated. This is
illustrated in Figure 1.73. This method outlined above allows the entire landing phase including
flare and touchdown to be simulated in one continuous unsteady calculation. In test runs for
the 2D case it was found that a slight lift decrease of up to AC;, ~ —0.02 was found compared
to the static case. Results for the 3D case were not presented.

Molina et al. (51) investigated the aerodynamics of an inverted racing airfoil which is both
heaving and pitching in the ground effect. They found that the downforce of the airfoil
depended on the AoA (static case), and now additionally also on the rotational acceleration
and rotational velocity. At low frequency the influence of the incidence is dominant. As the
frequency increases, first rotational effects have a growing influence and at high frequencies
the mass acceleration effect dominate the airfoil behaviour. At low frequencies the pitch mode
was dominant, at high frequencies the heave mode became dominant. A hysteresis effect was
also observed as separation of the suction surface occurred in the ground effect, induced by
whichever mode is not dominant at the time. Finally, it was found that stall can occur below
the static stall angle due to the earlier onset of separation and is a distinct phenomenon to
dynamic stall. The influence of the oscillatory effects on the lift coefficients can be substantial,
forinstance ¢, _. ~ 1.75 £ 0.1.

-

Sinking grid block

== Ground plane—
Figure 1.73 Sinking grid concept (88)

It can be concluded that the dynamic ground effect can have a significant effect on the lift and
drag of an aircraft IGE. Modified lifting line theory says the lift will be reduced and the induced
drag will be increased compared to static ground effect. Several studies on highly swept wings
have found that the magnitude of both the lift and drag increments IGE can decrease by up to
42.5% in dynamic ground effect.

However, there are also studies where the dynamic ground effect shows a negligible
difference compared to the static case. A study of flight data recorder analysis suggested an
increase in lift for a twin-jet transport airplane due to dynamic ground effect. CFD analysis of
a NACA4412 predicted a dramatic lift increase in the dynamic ground effect, which is either
not measured or not present in the full-scale flight tests and windtunnel tests.

Historically this has been a difficult phenomenon to accurately measure. Ground effect
windtunnel measurements are already quite complicated, adding a dynamic movement into
the equation only adds further to the complexity. Full-scale flight tests are plagued by noisiness
from many differences sources. CFD has been successfully used to study the static ground
effect over the past two decades, but only in recent years has it started to being used for the
dynamic ground effect. Perhaps this is the reason why there are conflicting studies on the
impact of the dynamic ground effect. It is probable that over the coming years this
phenomenon will be further clarified as CFD becomes more sophisticated and windtunnel
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instruments become ever more modern. In the meantime it can be concluded that the impact
of the dynamic ground effect must be assessed on a case to case basis.

1.3.5 Compressibility Effects

Compressibility generally becomes impactful in aerodynamics at Mach numbers above 0.3
(6). However, it is possible that the channel between the ground and the airfoil can influence
the flow in such a manner that compressibility effects become relevant at lower Mach
Numbers. Three studies will be cited in this section where this was investigated.
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Figure 1.74 Influence of compressibility on lift in ground effect « = 3.45° (28)

The first study from Doig et al. (28) concerns an wing with endplate with an inverted T026
airfoil. The RANS equations are solved at for 0.0882 < Ma < 0.4 and 0.459 * 10® < Re <
2 = 10°. The influence of compressibility for different heights above ground is shown in
Figure 1.74. It can be seen that compressibility becomes more significant as the ground is
approached. At Ma = 0.25 the incompressible solution in free air has under-predicts the lift
by 2.13%, while at h/c = 0.067 the incompressible solution over-predicts the lift by 6.19%.
As the Mach number is further increased this difference increases exponentially due to the
formation of shocks at very low heights above the ground. A similar trend emerges for the

drag coefficient and can be seen in Figure 1.75. For the heights of% = 0.067 and % =0.179

the critical Mach number is already reached between Ma=0.3 and Ma=0.4. This is the cause
of the strong decrease in lift and strong increase in drag at these locations. The critical Mach
number in free flight for this wing configuration is far higher.

In the second study Hu et al. (89) computed the critical Mach number for a 30P30N three-
element airfoil with a 30° flap and slat deflection by solving the RANS equations. The critical
Mach number changes from approximately 0.33 in free air to 0.42 in ground effect, which can
be seen in Figure 1.76. So in the case of a conventional airfoil the critical Mach number is
increased due to ground effect. It was not investigated if this trend is dependent on slat, flap
or incidence angle.
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Figure 1.76 Influence of compressibility on lift in ground effect a« = 10.0° (89)

Li et al. (41) performed an aerodynamic investigation of the RAE2822 in ground effect. Part
of this investigation also covered the compressibility in ground effect, where it was found that
the compressibility effect was not only dependent on Ma, but also on the height above
ground and the AoA. Thus, their limited investigation was in agreement with the two studies
cited above.

Based on the studies above it can be concluded that the critical Mach number will increase
ground effect for the case of a conventional airfoil and decrease in the case of an inverted
airfoil. The change of the critical Mach number can be very significant, up to 30% in either
direction. It should be noted here that the amount of literature on this topic is limited and that
the findings presented in this section have neither been confirmed nor denied by further
studies. The effects of flap deflection and incidence variation on the critical Mach number in
ground effect have not yet been systematically researched.
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2. Research Question

In this section the research question for the MSc thesis will be formulated. The MSc thesis will
be done in collaboration with Delft University of Technology and a major aerospace company.
By definition, this thesis must add to the body of scientific knowledge, as well as provide the
concerned company with the knowledge they require. Therefore, first the knowledge gaps in
literature will be identified, based on the research presented in the previous chapters.
Afterwards a research question will be formulated which fulfils both the scientific and industrial
requirements.

2.1 Research Requirements imposed by the Aerospace Company

During the development of new aircraft by the aerospace company, incremental data from
previous aircraft is often used to predict the parameters of the new aircraft. For example, if the
size of the nacelle is changed, the initial estimate for the new lift and drag values are based
on how a similar geometry change influenced the lift and drag values in other aircraft. So far
this incremental data due to geometry changes has been lacking in the ground effect research.
Therefore the aerospace company has expressed the necessity to conduct a systematic
investigation of the performance of a twin-engine transport aircraft in the ground effect for
different take-off and landing configurations.

2.2 Gaps in Scientific Literature on Ground Effect

It is worth noting that many studies in the literature have been dedicated either to WIG craft or
race car performance. However, the aerospace company is mainly interested in the influence
of Ground Effect on constructions that were not specifically designed for use in the ground
effect.

It has been established that 2D ground effect is well understood. The performance of a single-
element airfoil IGE has been covered in detail by many sources, including both computational
and experimental data for a wide range of variables such as AoA, Mach and Reynolds number.
There is little benefit for further research in this direction. An excellent example of literature on
this subject is Qu et al. (43).

Multi-element airfoils have also been widely covered in literature, albeit less extensively
compared to single-element airfoils, especially in computational studies. High AoA
investigations are scarce, on the one hand due to the computational challenges, on the other
hand because many multi-element airfoil ground effect studies concern inverted airfoils for
racing applications. In this setting the high AoA close to stall is of less interest.

Simple wings in ground effect have been extensively studied as well. Due to the interest in
dedicated WIG craft, many studies have focussed on low aspect ratio wings (90). However,
NASA has performed windtunnel tests IGE during the past six decades for a wide variety of
wing configurations, such as unswept (33), forward swept (73) and backward swept (13) wings
including different flap settings. However, such a systematic investigation is lacking for
computational research. Computational research has tended to focus on low to moderate
awith relatively simple geometries involving single-element airfoils. The change in wing-tip
vortex behaviour for these simple geometries has been widely covered in literature. So there
is an opportunity for a computational study into the behaviour of a more complex, multi-
element wing across a wide range of AoA.
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Contrary to static conditions, the dynamic ground effect is still not fully understood. There is a
large variety of results and findings in literature, ranging from little influence of dynamic effects
(74) to lift changes up to 20% (72). Therefore, there is also an opportunity for a systematic
study to identify the factors influencing dynamic ground effect and to identify which aircraft
configuration performs optimally in dynamic ground effect.

Another major gap in the scientific literature is the fact that there is a very limited amount of
research done on wing-bodies in ground effect. As stated by Deng et al. (66) in 2017: “/t should
be noted that this paper presents the computations for a wing-body in ground effect for the
first time in the literature”. The aircraft model in question was a DLR-F6 wing-body with a
simple, single-element wing and the computations were performed at low AoA of 0° < a <
1.49°. This implies that there is a complete lack of computational research for wing-bodies with
complex, multi-element wings evaluated over a wide range of AoA. During this literature
survey the only other research into the ground effect of a typical transport aircraft was the
experimental research performed by Flaig (69) on an Airbus A320. Some full-scale flight
testing has been done on transport aircraft, see references (74) and (72). However due to the
limitations of full-scale testing it is difficult to perform an accurate and systematic investigation
into the ground effect using this methodology. There is therefore an opportunity for further
computational research into wing-bodies with complex, multi-element wings in ground effect.

To summarize the current gaps in research literature:
I.  Research on bodies not specifically designed for ground effect.
Il.  Research in the region of high AoA involving multi-element airfoils.
lll.  Computational systematic research for a complex, multi-element wing across a wide
range of AoA.
IV.  Dynamic ground effect.
V.  Computational research on a wing-body in ground effect.

This significant knowledge gap has now been included in the research question, where a
number of the gaps mentioned above will be addressed as well.

2.3 Research Question

The research question can now be stated as follows:

1) What are the incremental lift and drag changes in ground effect caused by changes to
the geometry of a twin-jet transport aircraft as calculated in CFD for different values of
flap and slat deflection angles, AoA and height above ground?

a) The following changes to the aircraft geometry would have to be considered:
i) Different engine size and different nacelle size
i) Change from a conventional wingtip to a winglet
iii) Addition of the landing gear
iv) Change of engine thrust setting
b) What effect does a change in engine size have on the flowfield around the wing in
ground effect?

2) Does the wake from the nose landing gear affect the flow over the wing in the presence
of the ground effect?

3) How does the baseline CFD ground effect calculation agree with experimental data?

Therefore, this research question will address both the research question from the aerospace
company, and the following literature gaps, adding to the body of scientific knowledge on the
ground effect:

o Research on bodies not designed specifically for ground effect (1)
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Research at high AoA involving multi-element airfoils (2)

Computational systematic research for a complex, multi-element wing across
a wide range of AoA (3)

Computational research on a wing-body in ground effect (5)
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3. Methodology

3.1 Problem Description

Based on the research question, the problem can now be defined as follows:

e Currently there is insufficient systematic research data related to ground effect,
available to enable engineers to calculate performance changes due to various
configuration changes (flap, slat) and performance changes due to (isolated) changes
in the geometry of an existing aircraft.

e The effect of modifications to the engine size on the flow field around the wing is
insufficiently understood.

e The effect of the nose landing gear on the flow over the wing in ground effect is
insufficiently understood

The proposed method is as follows:

1) Generate a sufficient number of data points to cover the entire parameter space in
such a manner that both main effects and interactions effects can be determined.

2) Analyze the flow phenomena around the aircraft for a wide range of a, h/b, flap/slat
settings, with landing gear deployed/retracted, and both MTO and flightidle engine
thrust.

3) Compare the CFD calculation results with wind tunnel measurements when available.

4) Develop a method that will enable engineers to predict the effect of incremental
changes in configuration settings and geometry modifications.

The work carried out in the course of this thesis should contribute to a solution for the above
mentioned problems. The aerospace company has indicated that the landing high-lift
configuration is the most important condition to investigate. Previous windtunnel data had
determined that for this configuration, interesting angles of attack are: a=
[0°,2°,4°,6°8°10°11°,12° 13°], so 9 in total. For each value of «, approximately 10 separate
h/b measurements were taken. So for each combination of geometry and thrust setting,
approximately 90 data points are required.

There are four main geometry variants to be considered resulting in 360 required data points.
In addition to that the gear can be retracted and thrust setting can be changed and this would
quadruple the number of data points. In order to limit the total number of data points, the latter
two configurations have been calculated for extreme values of the other parameters only, and
the effect can be interpolated for other settings. Therefore, whatever method is selected to
generate the required data, it must in any case be able to produce more than 400 data points
in a time and cost efficient manner.

3.2 Research methods available for Ground Effect Research

Three (simulation) methods are available when conducting ground effect research, namely
flight-test using a full-scale aircraft, scaled windtunnel research or CFD simulations. In this
subchapter the advantages and disadvantages of these methods with respect to ground effect
research is discussed, based on the problem requirements posed in subchapter 3.1. At the
end of this subchapter the most optimal method is selected for use during the thesis research.

3.2.1 Flight Test

Ground effect is a quite complex flow phenomena, especially when combined with high-lift
flow of the aircraft, as is required for this research project. Therefore ideally there would be no
simulation or modelling involved in ground effect research, but rather using direct
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measurements from the real aircraft. This is the first and most important advantage of flight
testing.

Additionally, both in CFD and in windtunnel research much effort needs to be expended in
order to correctly simulate the ground boundary condition, while this occurs naturally during a
full scale flight test.

Unfortunately, flight tests have several major drawbacks within the context of this research
project:

1. Over 400 data points need to be generated during this research. It would be
prohibitively expensive to do all these measurements during flight test, even when only
taking the fuel and pilot salary costs into account, let alone the extra costs generated
while changing the aircraft geometry.

2. There are significant operational measurement challenges involved. The pilot needs
to maintain perfect level flight above the runway with a fixed height, which can be
challenging given unavoidable atmospheric turbulence and wind velocity. It is very
challenging to obtain data of sufficient accuracy.

3. In this proposed systematic research, the goal is to systematically vary @ and h/b in
order to explore the whole design space, while V,, remains fixed. This is possible in
windtunnel and CFD, because for these cases L # W. However in flight test it is
necessary that L = W, thus with fixed velocity the number of variable combinations
that can be researched is limited.

3.2.2 Windtunnel Tests

For decades windtunnel experiments have been the main source of ground effect data and
remain important today. Windtunnel data can be more accurate than CFD, especially when
the flow becomes complex, at high a, low h/b and high flap deflection angle. A systematic
exploration of the a and h/b parameter space is possible, unlike for flight test. Once the model
and windtunnel are prepared, it is relatively cheap to perform a large number of runs at
different test points, which is very important in the context of this research.

Disadvantages to a windtunnel ground effect experiment:

1. Additional complexity and cost are involved due to the modelling of the ground plane.
For optimal results a boundary layer scoop and moving belt are required, which can
be quite expensive.

Each geometry change adds complexity and cost to the model.

High initial cost to get the model prepared

Extra cost and complexity involved when more data is required than merely the lift,

drag and moment data. For example, Particle-lmage Velocimetry (PIV), pressure

sensors on the wing or tufts on the winglet to detect wingtip stall all add to the

complexity of the measurement setup and might influence the measurement results.

5. The Reynolds number will be lower compared to CFD and free flight, unless the choice
is made to accept the extra cost and complexity associated with a cryogenically cooled

windtunnel such as the European Transonic Windtunnel (91).

pon

3.2.3 CFD Simulations

There are two main advantages to using the CFD for ground effect research. The first is that
the setup time is shorter and the setup costs are lower to prepare the different required
geometries. The second main advantage is that the information throughout the entire flowfield
(pressure, velocity, streamlines, vorticity) are obtained unobtrusively and without additional
costs for each separate CFD run, which significantly aids post-processing.

Some disadvantages to CFD simulation are listed below:
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1. In case of CFD, use would be made of the steady RANS equations in combination with
a turbulence model. Both the assumption of steady flow, as well as the accuracy of the
turbulence model could be challenged at the parameter combination of high «, low h/b
and high flap deflection angle. Thus CFD is potentially less accurate than windtunnel
and flight test at certain parameter settings.

2. Windtunnel has high startup costs, but subsequently a low variable cost per data point.
In contrast CFD has a low setup cost, but a higher variable cost per run. Given the
large number of data points required for this research, windtunnel may still be the
cheaper option.

3.2.4 Selection of Research Method

In Table 3.1 a comparison between the three different options is shown. These a briefly
discussed below.

e (Costwas discussed previously and is estimated in this table.

e Data Quality is defined as the combination of the accuracy of the data, as well as the
physical correctness of the data. For example the flight test is a perfect representation
of the physics, but due to atmospheric turbulence and pilot input some accuracy of the
measurements is lost.

e Auvailability of flow data is a measure for how much data is available from this
experiment. For instance, it is very challenging to measure the strength and location
of the wing tip vortex during flight test, while this is relatively straightforward with CFD.

e Ability to explore the parameter space as discussed during the flight test section, not
every combination of @ and h/b can be measured during flight test if V,, remains fixed.
No such limitations are present for windtunnel and flight test.

e Feasibility gives an estimate for how feasible it is to use each method for an MSc
thesis. The feasibility of the CFD is estimated so highly, because the student was
offered a position to conduct the research within the CFD department of the
aforementioned aerospace company. This means that the computational resources
and in-house expertise are available for the student to use, consequently it now
becomes feasible to use this research method. This is the primary reason why CFD

was chosen over windtunnel research as the principal research method.
Table 3.1 — Comparison of available research methods

Factor Cost | Data Availability of | Ability to explore the Feasibility
Method Quality flow data parameter space

Flight Test

Windtunnel

CFD

3.3 CFD Setup

In this subchapter an overview will be given of the settings which were used while computing
the CFD results. First the CFD setup will be discussed and the important choices which had
to made will be highlighted. Afterwards an extensive discussion on the meshing process will
be presented, since this was of significant influence on the quality of the results.

3.3.1 Governing Equations
The governing equations are presented as part of the literature survey in subsection 9.1.1 and

9.1.2. The CFD simulations will be run using the RANS equations. It is assumed that the
solution is steady and time independent.
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3.3.2 Turbulence Modeling

A discussion on the optimal turbulence model to be used during ground effect research is
presented in subsection 1.2.1.2. It was concluded that the most accurate results were obtained
using the realizable k — e model and the Menter-SST model. From these two, the choice was
made to use Menter-SST, since this model had worked well during previous CFD
computations on the aircraft used for this ground effect investigation.

3.3.3 Ground Modelling

The optimal way to model the ground plane in CFD ground effect research was discussed in
section 1.2.2. Here it was concluded that by setting the ground plane boundary condition to
“moving“ produced optimal results, but this was also the most complex boundary condition to
implement. Two other boundary conditions were almost as accurate, namely setting the
ground plane as a mirrored plane or by setting the ground as an inviscid wall (“slip”). It was
chosen to set the ground plane as an inviscid wall, both for ease of implementation and
because good results were obtained in this manner during previous ground effect
investigations conducted within the company.

3.3.4 CFD Solver

The CFD solver to be used for the generation of the required data is DLR-TAU 2017.1-p1.
(16). In all computations the Reynold’s number was set to Recpp = 19.6 * 10°. The Mach
number was equal to 0.2.

3.3.5 Description of the Meshing Process and Investigation into the Mesh
Quality

The quality of the mesh is of critical importance for the accuracy of the final computational
result. For instance, if certain parts of the boundary layer are not captured accurately by the
mesh, then this will negatively impact the accuracy of the result. Therefore it is crucial to
ensure the use of a high quality mesh and to document the mesh characteristics and generator
settings, since this could be important at a later stage when evaluating the computational
results.

It must be noted here that generating meshes for ground effect studies is a computational-
and labor intensive process. For a typical aircraft CFD study one mesh is generated, which
can then be re-used for each new computation with different value of angle of attack. In
contrast for ground effect CFD research, for each distinct combination of angle of attack and
H/B, the position of the aircraft in relation to the ground changes, requiring a new mesh to be
generated for each case, leading to high computational costs.

One way to reduce these computational demands is to use the so called ‘modular meshing’
approach. In this approach, instead of generating an entire new mesh for each change to
geometry, a or h/b now only the local region where the change occurred will be recomputed
and the remainder of the mesh will be reused. This approach has two distinct advantages, the
first is that this can significantly reduce computation time. For instance, replacing the ground
takes approximately ninety minutes of computation time, while generating an entire mesh from
scratch can take up to thirty-six hours. The second advantage is that by only changing a local
part of the mesh for a new case, large parts of the mesh remains identical compared to other
cases. As discussed previously, mesh quality influences the final result, so by reducing the
variation between different meshes, a more accurate comparison can be made between
different geometrical cases. Unfortunately the modular meshing approach also has several
disadvantages, the most important being that it can require compromises on overall mesh
quality to function well and that it is significantly more labor intensive.
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The goal of this section is first to explain how and with which software the mesh was computed
and the principles behind mesh design. Secondly it will be explained which choices were made
during the mesh design, which refinements were added to capture certain flow phenomena
and the mesh will be visualized. The final part of the section will be dedicated to modular
meshing. The different geometric modules will be discussed, as well as the compromises that
must be made to the mesh quality in order to get the modular approach working. At the end of
that subsection a comparison will be made between a modularly generated mesh and a
normally generated mesh in order to determine both the magnitude and locations of the impact
on the results caused by the modular approach.

3.3.5.1 Basic Mesh Principles and Mesh Generator Tool Description

This subsection will introduce the basic principles of mesh generation. First the requirements
on the grid will stated. It will be discussed how the mesh is built up starting from the surface
geometry. The meshing software used for producing these meshes will also be discussed.

Any grid used for solving the Navier-Stokes equations should preserve the conservation
properties of these equations. This results in the following requirements (92):
e The grid should cover the entire domain.
¢ Individual elements should connect to each other seamlessly, so no overlapping and
no space between elements should occur.

A second important requirement is that the grid should be smooth in order to minimize
numerical errors (93). This means that (92):

e Individual elements should be as regular as possible.

e There should be no large difference between volumes of adjacent cells.

e There should be no large differences in stretching ratio between adjacent cells.

The mesh generating algorithm of Centaur (94) 12.5 fulfills all the requirements outlined above
and is the tool used in-house at the aerospace company. Centaur can generate both
structured and unstructured grids, as well as hybrid grids in which a structured grid is used in
the boundary layer region and unstructured grids everywhere else. The meshes used during
the thesis research consist of three distinct geometric elements, unstructured surface
triangles, structured prism boundary layer elements and unstructured tetrahedrons:

1. The surface geometry is described by a mesh of unstructured triangles, which can be
anisotropic along the wing for increased computational efficiency. An example of a
surface mesh can be seen at the top left side of Figure 3.1. The prism and tetrahedral
layers are built on top of the surface mesh, so errors in the surface mesh will propagate
into the prism and tetrahedral layers. Poor initial geometry quality is often a source of
problems in the surface mesh. The primary parameters available to the user to
influence surface mesh generation are to control the minimum and maximum size of
the triangle wall faces, the stretching factor at which the triangles grow away from any
complex geometric features and finally to control the triangle clustering around
complex geometry.

2. The prism mesh is formed perpendicular to the surface and is designed to fully capture
the flow boundary layer. The prism layers are stretched in vertical direction as the
distance from the surface is increased, illustrated at the top right side of Figure 3.1.
This stretching allows for a high prism density close to the surface, where the strongest
velocity gradients occur, while still maintaining computational efficiency by increasing
the prism layer size away from the wall as the gradient of the boundary layer velocity
is reduced. The primary parameters available to the user to influence prismatic mesh
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generation are to define the number of prism layers to be formed, the thickness of the
first layer and the stretching ratio by which each subsequent layer grows. Prism layers
have the advantage that there is no numerical diffusion present, unlike tetrahedrons,
and are thus far more suited to accurately capture the boundary layer flow. The
disadvantages to this structured prism layer are higher computational costs and the
fact that it is more difficult to form these structured layers around complex geometry
compared to a tetrahedral mesh

The thickness of the first prism layer can be estimated using the non-dimensionalized
wall distance y,, which should be equal to a certain value, which is known in-house
and is dependent on which turbulence model is used.

Uy
v

Vi = (equation 3.1)

Here u, is the wall shear stress velocity, v is the kinematic viscosity and y is the
distance normal to the wall.

Uy = |— (equation 3.2)

V== (equation 3.3)

Here p is the air density and u is the dynamic viscosity of the flow, which can be obtained from
Sutherland’s approximation law for viscosity (95).

There are two ways of obtaining the wall shear stress t,,. The first method is by estimating the
skin friction coefficient based on experimentally derived skin friction coefficient for turbulent
flows over a smooth flat plate (96). When no flow information is available, an estimate for the
skin friction coefficient Cp, depending only on the running-length Reynolds number Re, is

given by:

1.0
——=1.7+4.15log;, (RexCDf) (equation 3.4)

’CDf

Which can be related to the wall shear stress by:

Ty .
CDf =1 (equation 3.5)
2PV?

Once flow information has been obtained, the wall shear stress can be accurately calculated
using the definition:

ou

Ty = ”E - (equation 3.6)

Here u is the velocity parallel to the wall.

3. Finally the rest of the volume is filled with unstructured tetrahedral elements. These
elements have to match the prism layer. An example of a cutout through the tetrahedral
layer can be seen in Figure 3.2. In general the further the tetrahedron is removed from a
surface element, the larger that tetrahedral element will become. That is clearly visible in
this example. The primary parameters available to the user to influence prismatic mesh
generation are to change the stretching ratio by which the tetrahedral elements grow away
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from the surface, to change the way by which the tetrahedral and prism layer boundary
interface is formed and by changing the size of the first tetrahedral element which connects
to the prisms.

Surface Mesh

-

Detailed View of Prism Layer

view can be seen in the bottom picture

Centaur allows the user to influence the mesh generation in two ways. The first method is by
applying the global settings: the user specifies values of the parameters discussed above,
which are then applied to the entire domain. But in a complex aerodynamic flow over a wing-
body not every part of the domain should be treated equally. For example, the mesh density
must be high in order to capture small scale flow phenomena such as the outboard slat vortex,
but making the entire tetrahedral mesh very dense would be unnecessary and lead to
significantly increased computational costs. Therefore, the approach is to set the global mesh
density relatively low and then the user can choose to refine certain parts of the mesh to
capture the flow in that area in more detail. These refinements are defined as sources within
Centaur. The sources allow the user to specify the same parameters as available for the global
settings, but are only applied to the local area as defined by the user.

An example of surface mesh refinement on the leading edge can be seen in Figure 3.1, the
surface density is significantly increased. In contrast, a source has also been applied to the
surface elements on the fuselage to make the surface elements at this location significantly
larger to reduce computational costs. Another example of refinement can be seen in Figure
3.2, here the lower part of the tetrahedral cut-out is refined, which can be seen by the high
and uniform mesh density in that region. In contrast the mesh in the upper half of Figure 3.2
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has had no source applied to it and it can be seen that the mesh is less dense and that the
density decreases as the distance from the wing increases.

Modular Mesh

Figure 3.3 — Prism layer height reduction on the flap track fairings and the pylon-lower wing junction

Finally, it should be noted here that mesh creation is an iterative process, not only from the
point of view of the user, but Centaur itself also uses an iterative mesh generation algorithm.
Due to the complex geometries involved, conflicting requirements can be imposed on the
mesh generating algorithm, for example prism layers from two different surfaces can grow into
each other if located closer together, for instance at corner points. In this case the algorithm
will either locally reduce the number of prism layers, defined as chopping, or reduce the height
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of the first prism layer, which reduces the height of the total prism stack. This is defined as
pull-back. Both methods result in a reduction of prism layer height and both are used by the
mesh generator during this thesis research. In the remainder of this subsection, whenever
pull-back and/or chopping is visible, this will usually be referred to using the general term of
prism layer height reduction unless it can clearly be seen that it is either chopping or pull-back.
Figure 3.3 shows a reduction of prism layer height, which is visible in the corner region of the
flap track fairing and the lowerside of the wing. There is a conflict between the prisms buildup
from the sidewall of the flap track fairing and the prisms originating from the lowerside of the
wing. A similar situation can be seen at the right side of the figure where at the pylon-wing
junction and the wing-landing gear junction.

A similar set of conflicting requirements is also imposed on the mesh generation algorithm
while generating the tetrahedral mesh. Because tetrahedrons are first built on top of the prism
layer, changes made to the prism layer will directly influence the tetrahedral mesh. Due to the
iterative nature of the algorithm these initially local changes can propagate throughout the
mesh. Therefore local changes to the underlying geometry can cause significant changes in
the mesh, for example by changing the nacelle.

Conclusion

The mesh is built from surface triangle elements, which are matched by prism elements which
capture the boundary layer. The tetrahedral volume elements match the prisms and are used
to discretize the remainder of the domain. It was discussed which parameters the user can
use to influence mesh generation. Local changes to the geometry can cause changes which
propagate through the mesh. Now that these basics have been established, the next
subsection will introduce the final important aspect of mesh generation for this thesis, namely
modular meshing.

3.3.5.2 Introduction to Modular Meshing

In the previous subsection the basic principles of meshing using Centaur have been
introduced, this subsection will now expand on this by explaining the principles of modular
meshing and by discussing the advantages and disadvantages associated with this approach.

One of the main objectives of this thesis research is to determine the behavior of a wing-body
in ground effect and to determine how this behavior is influenced by changing the wing tip,
engine and landing gear geometry. However, it was established in the previous subsection
that a local change to geometry can cause changes which propagate through the mesh. That
means that when comparing two cases with different geometries, not only will the
computational results be different due to the change in geometry, but it will also be impacted
by the changes in the mesh. Since the effect of the change in geometry can be relatively small
(in the order of £0.5 lift count), the changes due to the different mesh can have a significant
impact on the final results and conclusions.

3.3.5.2.1 Advantages of Modular Meshing

The desire to minimize the influence of the mesh when comparing the final computational
results is the primary reason why the modular meshing approach was chosen for this thesis
research. Using this approach, the entire domain will be divided into a number of different
modules, defined by the user. At the start of the meshing process a full mesh will be generated
similar to the normal procedure. Once the full mesh has been generated, the user can now
change the geometry by removing a certain module and replacing it with a module containing
the desired changed geometry. In the normal approach, the mesh would now have to be re-
calculated from the ground up and the new geometry would influence the mesh generation
throughout the entire meshing domain. This is solved by using the modular approach, in this
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case only the mesh contained within the changed module is re-generated. Boundary
conditions are imposed at the module border to force the new mesh within the module to
match the already existing mesh on the outside. This offers the key advantage that changes
made to the local geometry now no longer influence the entire mesh, but instead are contained
within that module. Thus, when comparing the computational results from two modularly
generated meshes, the results will be less impacted by the changes in the mesh than if the
meshes would have been generated using the normal procedure, consequently it will be easier
to identify the changes to the flow caused only by the changes to the geometry.

A second advantage of modular meshing is that the computation time is significantly reduced.
For instance, it can take up to 36 hours to compute a full mesh, while it only takes
approximately 45 minutes to calculate a new mesh for the wing-tip module or landing gear
modules and changing the ground plane or the engine takes approximately ninety minutes.
More than 400 meshes had to be calculated during the course of this thesis research, so the
savings on computation time are significant.

3.3.5.2.2 Disadvantages of Modular Meshing

There are three disadvantages to using modular meshing and these are interrelated. The first
and most significant disadvantage is that a modular mesh can cause local degradation in mesh
quality. This is illustrated in Figure 3.4, which shows a comparison between a modularly
generated prism mesh on the upper side and a normally generated prism mesh on the lower
side, with the border between the modular wing-tip box and the remainder of the domain being
indicated by the black line. The modular mesh clearly shows some local degradation in prism
layer quality, with low prism height and prism height reduction evident on both the mainwing
upper surface and on the slat. In contrast if the modular box is removed the prism layer looks
cleaner and more uniform. Moving further away from the modular box border, both prism
layers look very similar to one another and are of better quality compared to the wing-tip
region. So it can be concluded that modular meshing can introduce a local reduction in mesh
quality, which means that the flow is captured less accurately in that region compared to a
non-modular mesh. However, this is an acceptable compromise, because the topic of interest
for this thesis research are relative effects. For instance: how does the flow change in the
ground effect compared to the flow out of the ground effect? If both sets of calculations contain
a small but similar error, this will not invalidate the comparison.

| Normal Mesh ' Modular Mesh

Figure 3.4 — Chopping located on the wingtip caused by modular meshing

The second disadvantage is related to the first: In order to minimize the degradation of the
mesh caused by the modules, an iterative design process must be performed by the user in
order to find an optimal shape of the modular box which minimizes the mesh degradation.
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Since it can take up to 36 hours to generate a full mesh, using this iterative approach can be
a time-consuming endeavor and should be taken into account while planning the research.

[Source Added 74\ \
-«

No Source

Figure 3.5 — The right part of the figure shows local mesh refinement to reduce prism pull-back and/or chopping
on the mainwing upper side on the right compared to the original situation without a source on the left

The final disadvantage to modular meshing is that it can be necessary to degrade the overall
mesh quality in order to get the modular approach to work reliably. When a new module is
generated for an existing mesh, as a boundary condition to the mesh generator is imposed
that at the module border the prism height must match the height of the existing prism mesh.
The taller the original prism layer is, the more difficult it becomes for the algorithm to meet this
constraint. At certain locations this becomes impossible, causing in the mesh generation
algorithm to crash. This problem can be solved by reducing the original prism height, either by
changing the global settings or by introducing a local source with which the prism height is
reduced. An example of the latter can be seen in Figure 3.5, where the left side shows the
original mesh before the source is introduced. At the rear border of the engine box module
there it can be seen how the prisms layer height is reduced in a very local region. If this module
is now replaced, it is impossible for the mesh generation algorithm to match these prisms
exactly. Therefore, a source was introduced to locally reduce the prism height. This caused
the prism layer to be uniform in height. This module can now be replaced without causing any
problems for the mesh generator. It will be verified in subsection 3.3.5.5 if this source has any
impact on the mesh quality.

3.3.5.2.3 Conclusion

Modular meshing allows the user to exchange and re-generate only a local section of the mesh
without having to re-generate the entire mesh. The main advantage is that this results in a
lower variance in the mesh, reducing the error caused by the mesh when comparing the
computational results of cases with different geometries. Another advantage is a significantly
reduced computation time compared to normal meshing, up to a 50 times lower. The main
disadvantages are potentially long period of preparation, local mesh degradation and possibly
user induced global mesh quality degradation. Now that the principle of modular meshing has
been introduced, the next subsection will show the geometry of each module used for the
thesis.

3.3.5.3 Overview of the Geometries Used During the Thesis Research
Elaborating on the principles of meshing and the concept of modular meshing discussed in

the previous subsection, this subsection will now introduce the different geometries used
during the ground effect research and will discuss the aspects which are relevant when
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evaluating the computational results presented in chapter 4. This subsection will also serve
as a point of reference to which the reader will be referred back to should more information on
the problem geometry be required. Due to confidentiality constraints, no absolute geometric
dimensions can be presented in this subsection. First the geometry of the wing-body will be
presented to which each module is attached. Each module used during this thesis research
will then be discussed and detailed pictures will be presented. Finally, the geometry of the
ground plane and the location and size of the far field will be presented.

3.3.5.3.1 Aircraft Geometry

Two different high-lift settings were investigated during this thesis research. The first is a
typical take-off configuration, with significant slat deflection and limited flap deflection and
aileron droop. The second configuration is the full landing setup, with maximum values for slat
and flap deflection, as well as aileron droop. The exact values for each configuration can be
seen in Table 3.2.

For each high-lift configuration, there are four sections of the geometry which can be changed
during this thesis research:

1. Two different engines, one with a smaller and the other with a larger nacelle

2. Two different geometries at the wing tip: The first a conventional wingtip, the second
a more modern winglet with 4% increased wingspan

3. Nose landing gear deployed or retracted

4. Main landing gear deployed or retracted

In this part first the main wing-body module will be discussed, since all the geometric variations
mentioned above will be connected to the wing-body. Afterwards each individual geometric
variation will be shown and briefly discussed.

Table 3.2 — Overview high-lift configurations

Parameter | Take-Off Landing
Configuration | Configuration
Ssiat 22° 27°
Sf1ap 10° 40°
6aileron 5° 10°

Figure 3.6 shows the geometry of the main wing-body module. This module can be regarded
as fixed, as it will remain unchanged throughout all the calculations performed for this thesis.
All other modules are connected to this wing body module. As can be seen, a half model will
be used to reduce the computational demands. This is a valid approach since the flow
conditions will always be symmetrical, 3 = 0°.

The geometry consists of a typical single aisle commercial airliner fuselage. There is a cutout
at the bottom front of the fuselage where the nose landing gear is located. This cutout can be
seen in the bottom left of the side view part of Figure 3.6 and this is where the landing gear
module will be connected. There is no horizontal tail plane installed on the fuselage, this
implies that all the CFD runs will be performed in untrimmed flight condition.

The wing is a typical wing for a medium range twin-jet commercial airliner. There are three
cutouts made into the wing. The first cut-out is located in the engine area where the engine
modules can be attached and is depicted in Figure 3.7. The second cutout is located at the
wing tip, where the wing-tip modules can be attached, depicted in Figure 3.8. The final cutout
is located beneath the wing, between the fuselage and the engine nacelle. This is the

96



attachment point for the main landing gear module, which shown on the lower part of Figure
3.9 and in the upper part of Figure 3.10.
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Figure 3.6 - Two-Dimensional View of the Wing-Body module

The wing contains inboard and outboard slats across the entirety of the leading edge. Flaps
are located at inboard trailing, close to the fuselage, and continue outboard up until
approximately 80% of the wingspan. Ailerons cover the remaining 20% of the trailing edge
wingspan. There are three flap track fairings which guide flap deployment. Finally, it must be
noted that the changes to slat, flap and aileron geometry were done without using a modular
approach, so an entire new mesh was generated after the geometry was changed.
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Figure 3.7 - Two-Dimensional View of the Engine modules (identical scales between top and bottom row)

The two different engine geometries can be seen in Figure 3.7. The scales on both the top
and bottom row of pictures are identical. The most significant difference between the two
geometries is that the diameter of the nacelle on the larger engine is increased by
approximately 25%. The maximum thrust produced by the larger engine is also increased. It
must be noted that both inboard and outboard strakes are installed on the same location on
the nacelle for both engines.

Figure 3.8 shows both modules for wing tip geometry. The scale is the same for both the top
and bottom set of pictures, so these can compared directly to determine the relative sizes. It
can clearly be seen that the winglet module size is significantly larger compared to the wing-
tip module. The wingspan is increased by approximately 5% when the winglet module is
installed.
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Figure 3.9 - Two-Dimensional View of the Landing Gear Modules



Figure 3.9 depicts the nose- and main landing gear in the deployed state. This is a simplified
landing gear geometry, for instance no landing bay doors are modeled. The retracted state
uses an identical fuselage panel, the landing gear geometry is simply removed from it.

Finally Figure 3.10 shows a three-dimensional view of the wing-body with all possible
geometric variations. The top part of the figure shows the wing-body equipped with the larger
nacelle, the winglet wingtip and the gear deployed. The flap and slat deployment angles
correspond to the landing configuration. The bottom part of the figure shows the aircraft in
take-off configuration, with gear retracted and the smaller wingtip and engine installed.

274010 (5. /5. /5. ) z

s.lat f!ap. aileron
Large-Engine Winglet ‘
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221005 (8,,,/81,/310100)

flap’ Yaileron
Small-Engine ang-Tip
Gear Up

Figure 3.10 — Three Dimensional view of all the geometric variations used during the thesis research

3.3.5.3.2 Modular Boxes, Ground Plane and Far Field

In the previous part the geometry of the aircraft was discussed, now in this part first the
modular boxes used for this module exchange will be shown. Secondly the modular box
around the aircraft, which is used when changing the ground plane is discussed. Finally the
far field module and ground plane module will be briefly discussed.
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The top left part of Figure 3.11, displays in red the four different modular boxes discussed
previously. Modular boxes may not intersect with other geometry, for instance the ground
plane. Therefore an effort was made to ‘shrink’ the modular box around the landing gear, so
that low values of h/b can still be obtained while using the modular meshing approach. The
lowest achievable value obtained using this approach was h/b = 0.114. It should be noted in
this context that the minimum achievable value of h/b when the wheels touch the ground at
h/b = 0.0947.

In the top right part of Figure 3.11 the aircraft modular box is depicted in yellow. The entire
mesh within the yellow modular box remains unchanged when the ground plane module is
exchanged. The box has been designed to match the lower side of the aircraft geometry as
closely as possible, in order to reduce the minimum distance to the ground before the aircraft
module box would intersect with the ground plane.

Module Boxes 274010 (8,,/8,,/8,rcn) z Aircraft Module 274010 (8,,,/8,.,/8, c0) z
Large-Engine Winglet Gear Down Large-Engine Winglet Gear Down
o=13° Y" o=13° =

y

Farfield Module and Ground Plane 274010 (8,,,/8.,/8 c.0)
Large-Engine Winglet Gear Down
a=13°

Figure 3.11 — Three-dimensional view showing the four modular boxes (red, top left picture), the aircraft modular
box (yellow, top right picture) and the far field module (blue) including ground plane (green, bottom picture)

Finally, the lower picture of Figure 3.11 depicts the entire ground plane, as well as the lower
part of the far field box, which is the limit of the computational domain. The far field border in
x-direction is located approximately 25 fuselage lengths ahead and behind of the aircraft. The
highest point of the far field box in z-direction is located approximately 12.5 fuselage lengths
above the aircraft. When changing the height above ground and/or angle of attack, the ground
plane is respectively translated or rotated relative to the aircraft, which maintains the same
coordinate position for each different case. This approach simplifies the post-processing
stage.
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3.3.5.4 Description of the Mesh and local refinements

In this subsection a representative mesh used during the thesis research will be presented.
Potentially problematic areas of the mesh will be identified and the local refinements to capture
specific flow phenomena will be reviewed.
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Figure 3.12 — Overview of the prismatic mesh on the inboard wing upper and lowerside

The prismatic mesh is shown in Figure 3.12 and Figure 3.13, which respectively show the in-
and outboard part of the wing. The red lines show the borders between various modules.
Certain exceptions aside, the mesh on the wing upper side looks uniform and shows good
prism growth. On the wing upper side there is a region close to the wing leading edge where
prism chopping has occurred. This is caused by slight discontinuity in the way the panels at
the leading edge connect to the panels on the main wing, making it locally difficult for the mesh
generator to build a full prism layer. This is a well-known problem. Sources have been
introduced in that region, which have reduced the extent of the problem. Since this problem is
located at the leading edge, the boundary layer there is still thin and is still fully captured in
this region by the prism layer, despite the prism chopping. This will be verified and shown in
subsection 3.3.5.5.

Another region of interest is the rear part of the engine box module, because here a source
was introduced to reduce prism growth as discussed in section 3.3.5.2 (shown in detail in
Figure 3.5). The same holds true for the prism chopping at the wing tip, this is shown in detalil
in Figure 3.4. Finally, it should be noted that there is some pull-back occurring on the wing
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lower surface in the region of the main landing gear. This is unavoidable and must therefore
be accepted.
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Figure 3.13 - Overview of the prismatic mesh on the outboard wing upper and lowerside

Figure 3.14 and Figure 3.15 show the surface mesh projected on top of the prismatic mesh
for respectively the inboard and outboard part of the wing. By visualizing the surface mesh
many of the mesh refinements become visible by looking at the change in mesh density.

The most significant refinements occur on the wing upper surface in the region behind the
engine. The engine induces three separate vortices: two are induced by the inboard and
outboard strake, while the third is induced by the pylon. A refinement is introduced for the
latter which is visible as the highly dense area leading from the pylon toward the wing trailing
edge. To the right of this pylon vortex refinement, there is a second refinement with slightly
lower mesh surface density: This refinement is placed in that location to capture strake
vortices. The normal wing mesh density can be observed to the right of this refinement. The
third refinement is visible between the fuselage and the pylon vortex refinement. This
refinement was introduced to capture any vortices induced by the nose landing gear. Finally,
it should be noted that these refinements do not just refine the surface mesh, but also increase
the density and/or shape of the tetrahedral volume mesh above it.

Another refinement is introduced at the wing upper side, to capture the horseshoe vortex which

is present at the end of the outboard slat, close to the wing tip. This refinement is visible in
Figure 3.15 by the dense area near the winglet.
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Figure 3.14- Overviw of the surface mesh on the inboard wing upper and lowerside

No mesh refinement is added behind the winglet, so the wing tip vortex will not be captured
with complete accuracy. From literature it is known that the wing tip vortex moves outward in
span-wise direction and rebounds in vertical direction (65). Since this phenomenon is already
well understood, it was decided not to expend time and effort into this topic during the thesis
research.

A significant change to the mesh had to be incorporated as a consequence of modular
meshing. It was mentioned in subsection 3.3.5.2 that it was necessary to reduce the prism
height near the border of the modular box in order to be able to exchange modular boxes.
Various settings of the global prism factor were tested, as well as a number of local prism
refinements. From this investigation it was determined that the prism stretching factor had to
be reduced from a value of 1.36 used in the reference mesh to 1.33 in the modular mesh. This
means that the prism layer is reduced in height by approximately 29%. This is a significant
decrease, but it was found that this was the only mesh set-up which enabled robust swapping
of the modular boxes without constantly resulting in mesh generator crashes, which could then
only be solved by tweaking the mesh settings for each case, in turn causing inconsistencies
between meshes. Therefore it was decided to slightly compromise mesh quality in favor of
higher mesh consistency, which increases the accuracy of the analysis when different cases
are compared and relative effects are investigated.
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Figure 3.15 - Overview of the surface mesh on the outboard wing upper and lowerside

Various refinements have been depicted in this subchapter, the location and purpose of these
has been discussed. It has also been discussed which adjustments had to be made to the
mesh in order to allow for robust exchange of the various modules. Now the next part of this
report will focus on first determining the impact of the modular meshing approach on mesh
quality and secondly to determine the impact of reducing the prism stretching factor has on
the mesh quality.

3.3.5.5 Evaluation of the Mesh Quality and Determination of the Impact from a
Modular Meshing Approach

So far this subchapter has explained in detail the mesh philosophy used during the thesis work
and the principles of the modular meshing approach. The resulting mesh has been visualized
and refinements to the mesh have been highlighted. It has also been discussed which
concessions had to be made to mesh quality in order to get the modular meshing approach to
work consistently. Now in this subsection the consequences of these decisions are evaluated
by comparing the mesh to a flight test validated mesh which has been used for previous work.
This reference mesh without modular boxes will be compared to a modularly generated mesh
with a similar prism stretching factor, in order to identify the differences caused only by the
modular meshing. Next the modularly generated mesh will be compared to a mesh which was
used for actual data production for this thesis. This production mesh has a reduced prism
stretching factor, as was discussed in the previous part.
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Figure 3.16 — Percentage of the boundary layer captured by the prism mesh on the wing upper surface for a
modular (top), normal (middle) and reference (bottom) mesh as calculated by TAU_BL 8.0 « = 8.0°

Figure 3.16 and Figure 3.17 show a comparison between three different meshes at how
accurately the boundary layer is captured. This accuracy is measured as a percentage of the
boundary layer that is located outside of the prism layer. Ideally the entire surface would be
blue, which would indicate that the boundary layer is fully captured by the prism mesh.

The top mesh Figure 3.16 and Figure 3.17 is generated modularly with a prism stretching
factor of 1.35. It does not include the sources described in the previous part, which locally
reduce the prism stretching factor in order to be able to exchange modules. The second mesh,
called normal mesh and positioned in the middle of the figures, is exactly the same mesh but
with the modular boxes removed and the panels, which have to be sliced near the modular
boxes, restored. The prism stretching factor is increased to 1.355, everything else remains
unchanged. The third and final mesh included in this comparison is a reference mesh which
has been used in-house and has successfully been validated using flight test data. This will
be used as the reference mesh and ideally the final ground effect production mesh will
generate identical results as this reference mesh.

106



Modular Mesh
Sliced Panels
PSF: 1.35

& BIThickOutPrismThick([%]
100

Normal Mesh
Normal Panels
PSF: 1.355

Reference Mesh
Normal Panels
PSF: 1.36

= >
Figure 3.17 - Percentage of the boundary layer captured by the prism mesh on the wing lower surface for a
modular (top), normal (middle) and reference (bottom) mesh as calculated by TAU_BL 8.0 « = 8.0°

Figure 3.16 shows that there are three regions on the wing upper surface where the boundary
layer is not fully captured. The first region is located at the inboard upper wing surface, where
amongst others the inboard slat sidewall horseshoe vortex, the pylon vortex and the two strake
vortices all are highly viscous regions which are due to their very nature not fully captured by
the prism layer. This effect is slightly more pronounced on the top, modular mesh, which
makes sense because the prism height is slightly reduced compared to the other two cases.
However, it must also be noted that these vortices are unsteady phenomena and will shift
slightly in time, so the differences between the three meshes in this location can also be
explained by the unsteady nature of these phenomena.

The boundary layer at the upper side of the flap and aileron trailing edge is not fully captured
by all three prism meshes. This area is located at the trailing edge of the wing, so the impact
of this is relatively small and can be neglected. This is because the impact of the flap on flow
over the wing is dominated by the front suction peak of the flap, which is fully captured by
these meshes. In the outboard flap and aileron region there is also flow separation, which
significantly increases the boundary layer thickness, explaining why it is not fully captured by
the prism layer. The flow separation locations can be seen in Figure 3.18.
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The final location where the flow is not fully captured by the boundary layer is at the nacelle-
pylon junction. Due to the complex geometry at this location, there is significant prism layer
height reduction in the region, as shown in Figure 3.12. This geometry also induces a complex
flow and flow separation is present in this region, as shown in Figure 3.18.
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Figure 3.18 - Separation for the Reference Mesh, negative values of Cfi can indicate separated flow

The lower side of the wing, depicted in Figure 3.17 shows many similarities between the three
cases. The boundary layers is not captured properly in the region below the wing where the
flap is located when it is retracted. With the flap fully extended this region forms a ‘hollow’ area
close to the lower wing trailing edge, where the flow is fully separated as shown in Figure 3.18,
leading to increased boundary layer thickness which cannot be fully capture by the prism layer.
The same holds true for the slat backskin where the flow is also separated over the entire
span of the slat.

Differences between the three meshes can be observed at the lower side of the aileron near
the trailing edge. In this region the boundary layer is not fully captured by the prism for the
modular and normal mesh case, but this cannot be observed on the reference mesh.

From the above it can be concluded that the modular meshing approach and the presence of
modular boxes does not significantly decrease mesh quality. No significant differences were
found between the modularly generated mesh and the normal mesh. Compared to the
reference mesh, the only region at which a difference can be observed is near the lowerside
of the aileron trailing edge, where the reference mesh fully captures the boundary layer flow.
Now that this has been established, a comparison between the modularly generated mesh
and the final mesh used for data production will be made below.
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Figure 3.19 - Percentage of the boundary layer captured by the prism mesh on for a production (left) and modular
(right) mesh as calculated by TAU_BL 8.0, a = 8.0°

The final mesh used for data production can be seen at the left side of Figure 3.19 for ¢ =
8.0° and in Figure 3.21 for « = 12.0°. The modular mesh is included at the right side of the
figure. The prism stretching factor for these meshes are 1.33 and 1.35 respectively and the
flap deflection on the production mesh is 40° instead of 35° for the modular mesh. The
modularly generated mesh on the right is identical to the mesh shown in the top picture of
Figure 3.16 and Figure 3.17.

Looking at just the wing, no major differences between the two meshes can be observed. The
vortices on the upperside of the inboard wing are more visible in the production mesh, due to
the lower prism height. In contrast the boundary layer near the upperside aileron trailing edge
is captured more fully in the production case, most likely due to the change in flap deflection
to 40°.

A significant difference between the two meshes can be observed when looking at the upper
side of the fuselage. It can be seen on the top left part of Figure 3.19 that as the boundary
layer becomes thicker over the fuselage, it can no longer be fully captured by the prism layer,
because of the reduced prism stretching factor. Figure 3.20 offers an alternative view of the
same data which shows in more detail where the differences between the meshes are located
on the fuselage. It can be seen that this occurs primarily on the upper fuselage. Only near the
belly on the lower part of the fuselage is there an observable difference, at this location the
mesh with reduced prism height performs slightly worse.

Although there is a significant region on the upper fuselage in the production mesh where the
boundary layer is not captured fully, this region is relatively unimportant for the purpose of this
thesis research. The wing, winglet and nacelle regions are of primary importance, since it is
expected that the most significant changes to the flow around the wing-body occur in these
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regions. Of secondary importance is the lower side of the fuselage, since a pressure increase
is expected in this region due to the presence of ground. The upper side of the fuselage, the
tail and the cockpit section are not expected to be significantly impacted by the ground effect,
thus problems with the mesh in these regions are more acceptable.

Figure 3.0 - Percentage of the boundary layer captred b the prism mesh on for a production (left)

Wing Upperside §,,, = 40° Wing Upperside §,,, = 35°
Production Mesh z Modular Mesh z
PSF: 1.33 PSF:1.35

Wing LowerSide §,,, = 40° . Wing LowerSide 3,
Production Mesh 00 Production Mesh
PSF: 1.33 PSF: 1.35

,=35°

flay

i

d modular

(right) mesh as calculated by TAU_BL 8.0, a = 8.0° and seen on the fuselage

Two conclusions can be drawn from the observation of the insufficient quality of the prism
mesh in this region:

1.

The influence of the fuselage on the change in lift due to ground effect will be discussed
in subsection 4.1.1.4. Any conclusions drawn with respect to the upperside of the rear
part of the fuselage can be affected by the observations made here. However, since
the lift is primarily an inviscid effect, the fact that the boundary layer is not fully captured
should not have a significant impact on the lift calculations. However, more caution
should be exercised while analyzing the drag over the fuselage.

This region of reduced mesh quality was discovered too late to apply the required
modifications to the mesh, since that would invalidate comparisons made between
calculations performed before and after the mesh got altered. It is expected that this
problem could be fixed by applying a local source to the fuselage prism layer to
increase the prisms stretching factor in that region only.
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Figure 3.21 - Percentage of the boundary layer captured by the prism mesh on for a production (left) and modular
(right) mesh as calculated by TAU_BL 8.0, a = 12.0°

3.3.5.6 Conclusions

The basics of the meshing process have been discussed in this section. The surface mesh
consists of triangle elements. Prismatic elements form perpendicular to the surface elements
and are used to discretize the boundary layer flow. Finally tetrahedral shaped elements are
generated on top of the prism layer and are used to discretize the remaining part of the
computational domain.

Modular meshing was used for the thesis research. The primary advantage lies in the fact that
when the geometry is changed, only the mesh local of that geometry is modified and the
remaining part of the mesh remains unchanged. This implies that when comparing
computational results for different geometries, the influence of the mesh on that comparison
is significantly reduced by using the modular meshing approach. The primary disadvantage of
modular meshing is that it was necessary to reduce the height of the prism layer in order to
make the process of switching modules reliable.

The quality of the mesh was also analyzed in this subsection, in order to determine the
consequences of the choices made during the meshing process. It was concluded that there
was no significant degradation in mesh quality due to the introduction of modular boxes.
However there was a reduction in mesh quality associated with the choice of reducing the
height of the prism layer to be able to reliably swap the modules. The consequence of this
choice was that the boundary layer was not fully captured by the prism layer in the region of
the upper fuselage, above and behind the wing.
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4. Results and Discussion

This chapter represents the main body of work of the thesis, in which the results from the CFD
campaign for a twin-jet transport aircraft in the ground effect are presented and analyzed in
detail. The objective of this chapter is to answer the research questions presented in chapter
2.

A detailed description of the geometry used for the CFD campaign is given in subsection
3.3.5.3. The main emphasis of the CFD campaign was to generate data for the four different
nacelle/wingtip combinations, summarized in Table 4.1. All four variants were in the landing
high-lift configuration, with flaps and slats fully extended, and the landing gear deployed. The
calculations were ran with two different engine thrust settings, namely maximum take-off
(MTO) thrust, as well as the flightidle thrust setting. The majority of the data presented in this
chapter is obtained with these four geometry variants.

It was of secondary importance to determine the ground effect behavior with take-off high-lift
settings, as well as with the landing gear retracted. As a consequence, a smaller but still
sufficient amount of data is available for these two geometry settings.

Table 4.1 — Summary of the four main geometric variants

Variant | Nacelle Wingtip
#1 Large Winglet
#2 Large Conventional
#3 Small Winglet
#4 Small Conventional

Presented previously in Table 3.2, the high-lift settings for the landing configuration are
[8s1ats Sr1aps Saiteron] = [27.0°,40.0°,10.0°], which will be referred to as the landing high-lift
configuration throughout this chapter. In later subchapters the take-off high-lift configuration
will also be discussed, which has the following high-lift settings:

[Sslat: Sflap: 6aileron] = [22.0°,10.0°,5.0°].

As discussed during the literature review in chapter 1, the influence of the ground proximity is
non-dimensionalized as the ratio between the height above ground h and the wingspan b. It
is assumed that the influence of the ground proximity is negligible at h/b = 1.0. That
convention is followed throughout this report. Whenever relative effects are discussed and
presented, it is always the change in lift or drag relative to the value at h/b = 1.0.

The chosen reference value for the wingspan is the span of the wing with winglet equipped,
byingier Which is approximately 4% longer than with the conventional wingtip installed. It is a
convention within the company that the smaller value of beonyentionat wingtip WOUld be used as
the reference, this small inconsistency with convention was discovered too late to correct it. It
does not invalidate the results, but should be taken into account when comparing this data to
other windtunnel or CFD data.

Table 4.2 shows the values that were used for angle of attack « and h/b throughout the CFD
campaign. For each value of a, a new CFD computation had to be launched for each distinct
value of h/b. This process had to be repeated for each geometry and thrust setting change.
This resulted in an extensive CFD campaign comprising several hundred data points.
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Table 4.2 — Values of the two variables used during the CFD campaign

a h

b

0.0° | 0.12
2.0° 1 0.128
4.0° 1 0.135
6.0° | 0.155
8.0° | 0.165
10.0° | 0.18
11.0°| 0.23
12.0°| 0.31
13.0°| 0.38
14.0°| 041
15.0° | 0.45
0.625

1.0

This chapter is structured as follows: In subchapter 4.1 an analysis is presented on the general
behavior of this aircraft in ground effect, especially with respect to the change in lift and drag.
This analysis is performed for the small nacelle, conventional wingtip geometry with flightidle
thrust settings and gear deployed in the landing high-lift configuration. Counter-acting lift-

enhancing and lift-reducing effects will be identified and their dependency on a and %will be

shown. This first subchapter will serve as a baseline for ground effect behavior, after which in
the subsequent subchapters it will be discussed how a particular geometry change affects
ground effect performance compared to that baseline geometry.

In subchapter 4.2 the influence of a change in thrust setting will be analyzed, using the same
geometry used in subchapter 4.1. Next in subchapter 4.3 the high-lift setting will be changed
to the take-off high-lift configuration with MTO thrust settings. This data can thus be directly
compared to the data in subchapter 4.2. Subchapters 4.4 and 4.5 will look into the effect of
changing nacelle size and wingtip respectively, for both the take-off and landing high-lift
configuration. The final analysis is presented in subchapter 4.5, which will investigate how the
influence of the ground effect changes when the landing gear is retracted. Early onset of stall
due to ground effect is discussed in 4.7 and finally in subchapter4.8 there is a summary of all
the observed effects.

4.1 General Ground Effect Behavior

In this section the change to lift and drag due to ground effect will be discussed and analyzed.
This discussion will be limited to only one geometry variant, namely the case with a small
nacelle, conventional wing-tip with gear deployed, in the landing high-lift configuration and
flight-idle thrust setting. In short, a typical flight configuration used during the approach and
landing phase of a flight.

The structure of this subchapter is as follows: First the behavior of the aircraft due to ground
effect is analyzed in terms of change to global lift coefficient. Next the change in pressure
distribution over the wing and fuselage is examined to determine how pressure change
influences a change in lift. Subsequently this change in pressure can be compared to the
change in spanwise drag changes due to ground effect. Cut-outs will be made along the wing
to investigate the c,, distribution on the wing airfoil, as well as to determine the change to total
velocity and total pressure close to the wing. A similar procedure will be followed to analyze
the change in drag due to ground effect. Finally the changes to the flow due to ground effect
will be visualized.
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4.1.1 Lift Impact
4.1.1.1 Global Lift change due to Ground Effect

The relative change in lift due to ground effect in the range of 0° < a < 13°, as calculated by
the in-house CFD post-processing tool FFD72 using the output ‘CL_S1MA’, can be seen in
Figure 4.1. Positive values in these plots indicate that the lift is increased in ground effect.

As is evident from the results, there is some noise present in the data. Typically the CFD
solutions converged to within +£0.5% of the total lift. Therefore, in order to further smooth the
data, the assumption was made that there is a continuous relationship between «a, h/b and
the lift and drag of the aircraft. From this assumption a third order polynomial surface fit was
constructed, which shows the trends in the data more clearly in. This is presented in

Figure 4.2. Further details of the polynomial surface fit are given in Appendix K — Polynomial
Surface Fit Plots. For ease of reading only three different h/b curves are shown, but these
curves were generated based on the entire data set presented in Figure 4.1.

Relative Lift in Ground Effect (GE — GE% 10)
85/87 /0, = 27°/40°/10° Small Nacelle Conventional Wingtip Gear Flightidle
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Figure 4.1 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration. Source: FFD72

Three distinct regions can be identified in these two figures, similar to what Qu et all (43)
observed:

I. Atlow a, a lift increase of up to 3.5% can be observed.

Il.  There is an intermediate region at 8.0° < a < 11.0°, at which for moderate values of
h/b there is still a small lift increase, but as the distance to the ground is decreased
there is a relative loss of lift for the aircraft.

Ill. At high values of a > 11.0°, there is a lift loss due to the ground effect for almost all
values of h/b of up to 5.4%.

Both the lift increase at low a and lift decrease at moderate to high a become more
pronounced as the distance to the ground is reduced. In other words, when the aircraft is
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closest to the ground, the largest absolute change to the lift is present, which is in agreement
with the literature presented in chapter 1.

Relative Lift in Ground Effect (GE — (JEg 1.0) Polynomial Surface Fit
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Figure 4.2 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration using a polynomial
surface fit with same Y-Axis as figure 4.1. R? = 0.8679 Source: FFD72

In the remainder of this section, the mechanics behind the change in lift in ground effect for
this particular geometric configuration will be discussed and explained by means of differential
pressure plots, span wise lift distribution and 2D pressure and velocity distributions.

4.1.1.2 Relative Surface Pressure Distributions

4.1.1.2.1 General Observations

In order to get more insight into the causes of the change in lift of the aircraft in ground effect,
the relative change to the pressure distribution over the wing is examined in this subsection.
This differential pressure distribution is presented in Figure 4.3, Figure 4.4 and Figure 4.5 for
respectively a = 4.0°, a« = 6.0° and a = 12.0°. The contour of AC; .. is plotted in these figures:

ACPGE =Cpgg — CPE—10 (equation 4.1)
F=1

This means that for contour figures shown in this report, positive values of AC, .. imply that
the pressure is increased in ground effect. The scale of the pressure change is the same for
all three figures.

4.1.1.2.1.1  Wing Upper Side

By first investigating the upperside of the wing, it can be observed that in all cases there is an
increase in suction across the entire length of the slat, labelled region A. This effect is strongest
on the inboard slat and becomes weaker towards the wingtip. At « = 4.0° and a = 6.0° the
leading edge of the mainwing also shows an increase in suction on the upperside due to
ground effect, as well as an increase in pressure on the bottom part of the slat and the lower
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side of the mainwing leading edge. These are all lift-enhancing effects. At a = 12.0°, only the
upperside of the inboard slat still shows a significant suction increase, the other effects
described above are no longer present.

In general in ground effect the upperside of the mainwing is subject to a pressure increase
due to the bound mirror vortex reducing the stream velocity near the wing, resulting in a loss
of lift on the wing upperside and effectively decreasing the camber (13) (56).

This increased pressure can be observed even more clearly on the flap upperside, where a
significant reduction in the magnitude of the front suction peak is found, labelled region B. An
example of this can be seen in Figure 4.10. This is in full agreement with the observations
from Qu et al. (56), where it was found that due to ground effect, the mass flow rate in the flap
gap decreased, thus reducing velocity through the gap and reducing the magnitude of the flap
leading edge suction peak. Increasing the flap deflection angle or a further decreases this
mass flow rate, resulting in a further reduced front suction peak on the flap, which reduces flap
circulation and hence lift.

For all incidence angles, strange, unphysical looking spots with strong ACp_. gradient can be
observed on the winglet, inboard flap and the wing upper surface behind the nacelle. These
are shown in region C. These are caused by vortices, some of which are induced by the
inboard and outboard slat end, the two strakes of the engine and wing-pylon junction. These
vortices are inherently unsteady in nature, so when comparing their position in two different
solutions, they will always be slightly shifted in position. This causes seemingly strong
gradients to appear in the contour plots, which can safely be ignored.

Comparing the pressure differential at the upperside in front of the outboard flap and at the
trailing edge of the wing, for the cases of @« =4.0° and « = 6.0° shows that there is a
significantly higher pressure increase in this location for a = 4.0°, which accounts for the
relative reduction in global lift at « = 4.0° compared to a = 6.0°.

Finally, it can be concluded that the pressure differential on the upperside of the wing shows
a strong dependency on a. At low a the pressure increase is primarily concentrated on the
flap region and the mainwing leading edge just in front of it. In contrast Figure 4.5 at « = 12.0°
shows how there is a high increase in pressure over almost the entire surface area. At the
inboard slat leading edge there is still an increase in the suction peak, but this is less significant
compared to the case of ¢ = 6.0°.

4.1.1.2.1.2 Wing Lower Side

Similar to the upperside of the wing, the pressure on the lowerside also increases due to
ground effect leading to a lift increase, labelled region D. In contrast to the wing upperside,
now the pressure increase is relatively independent of a. This pressure increase is attributed
in literature to the airflow being ‘blocked’ in the convergent channel between the wing
lowerside and the ground (43), thus reducing the local flow velocity and increasing the static
pressure. In subchapter 4.1.3 it is shown that in the ground effect, streamlines which would
normally flow below the wing in free air flight conditions are diverted over the wing due to
ground effect. This reduces the mass flow of the air below the wing and thus reduces the flow
velocity.

That velocity reduction is shown for ¢ = 6.0° and h/b = 0.155 in Figure 4.6, for a cut in the zx
plane at a location close to the fuselage. Negative values of dV,,; indicate a decrease in flow
velocity due to ground effect. Below the wing the total velocity is reduced by up to a maximum
of approximately 7 m/s, which is 10% of the free stream velocity. The flow is accelerated locally
over the slat and the front part of the mainwing and slows down strongly over the upperside
of the flap by more than 10 m/s.

The total pressure differential due to ground effect is shown in Figure 4.7, whereby the
conditions and cut location are exactly the same as previous image. There is no momentum
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loss causing the reduction in flow velocity beneath the wing. The wake from the flap shifts
upwards in z-direction, away from the ground.

274010 Small_Nacelle_Conventional_Winglet Gear Flightldle
o = 4.0 HB = 0.155 UpperSide

274010 Small_Nacelle_Conventional_Winglet Gear Flightldle
o = 4.0 HB = 0.155 LowerSide

Figure 4.3 - Relative pressure change over the wing due to ground effect at « = 4.0° % = 0.155 ,(ACp,, = Cpgpp —

While the pressure increase on the wing upperside is distributed over the entire wing span,
the pressure increase on the lowerside is concentrated on the inboard wing between the
engine nacelle and fuselage, as well as on the fuselage itself and on the inboard side of the
nacelle. Almost no pressure increase can be observed on the lowerside of the flaps.

A possible explanation might be that for this particular flap deflection angle, the ground
induced velocity, conceptually sketched in Figure 1.6, hits the flap lowerside perpendicularly,
causing almost no change to the static pressure. This explanation is supported by analyzing
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the pressure distribution for the take-off configuration, for example in Figure 4.41 and Figure
4.42 (same dCp scale), which has a 10° flap deflection angle instead of 40°. In this case with
lower flap deflection, there is a stronger tangential component to the ground induced velocity
on the flap lowerside, causing a stronger absolute pressure increase on the flap lowerside
when compared to the landing configuration, even though the overall magnitude of the
pressure increase on the remaining part of the lower wing is significantly lower for the take-off
configuration.

274010 Small_Nacelle_Conventional_Winglet Gear Flightidle
o = 6.0 HB = 0.155 UpperSide

274010 Small_Nacelle_Conventional_Winglet Gear Flightidle
o= 6.0 HB = 0.155 LowerSide

Figure 4.4 - Relative pressure change over the wing due to ground effect at « = 6.0° L 0.155, (ACp,, = Cpgp —

b
C
P%=1'o)

The trends observed in Figure 4.1 and

Figure 4.2 can now be explained in terms of pressure changes on the wing. At low «, the
pressure on the wing lowerside is already significantly increased due to ground effect, which
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enhances the lift. In contrast, the lift reducing pressure increase on the wing upperside is still
relatively small, leading to a net increase in lift.

As a increases, the pressure on the wing upperside increases faster compared to the pressure
rise on the lower surface. This reduces the lift benefit and eventually leads to a net reduction
in lift.

274010 Small_Nacelle_Conventional_Winglet Gear Flightidle
o =12.0 HB = 0.155 UpperSide

274010 Small_Nacelle_Conventional_Winglet Gear Flightidle
o =12.0 HB = 0.155 LowerSide

Figure 4.5 - Relative pressure change over the wing due to ground effect at a = 12.0° L 0.155, (ACp,, = Cpyp —

b
C
n )
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15 20 25

Figure 4.6 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet geometry
in landing high-lift configuration with flightidle thrust settings a = 6.0°

Figure 4.7 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet geometry
in landing configuration with flightidle thrust settings a = 6.0°

4.1.1.2.2 Deloading of the flap

At a = 4.0° in Figure 4.3, there is a reduction in lift increase compared to the closest data
points @ = 2.0° and a = 6.0° for low values of h/b. This is phenomenon can be observed to a
lesser extent for most other configurations and thrust settings, which can be seen in Appendix
E - Cut locations. One possible explanation for this observation is presented in Figure 4.8,
where the flow separation on the outboard flap for « = 2.0°, « = 4.0° and ¢ = 6.0° is visualized
by plotting the skin friction coefficient in x-direction, c¢,. Negative values of ¢, can indicate

flow reversal and thus separation, as is the case on the flaps.
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It can be seen that for « = 2.0° and a = 6.0° the separation on the outboard flap remains
approximately the same in and out of ground effect, while for « = 4.0° there is a notable
increase in the separated region in ground effect only, leading to a relative lift decrease. That
can also be observed in Figure 4.11 which shows only for @ = 4.0° a significant lift decrease
of up to 5% in region of the outboard flap.

HBO0.155 HBO0.155
B o =4.0°

) I‘ /
/ |

Figure 4.8 - Flow Separation location on the upperside of the outboard flap for low a. Small Nacelle, Conventional
Winglet in landing configuration with flightidle thrust settings.

Figure 4.8 and Figure 4.9 show that the region of separation on the upperside of the inboard
flap is reduced in ground effect across the range of 2.0° < a < 12.0°. This is caused by the
reduction of the front suction peak on the flap leading edge, leading to deloading of the flap
and a reduction of the adverse pressure gradient in ground effect, potentially resulting in a
smaller separated flow region. This effect is illustrated in Figure 4.10, where C, plots of the
inboard flap are shown at a = 10.0°.

The deloading of the flap is explained as follows: Out of ground effect, as the lift increases
with a, the lift of the mainwing increases and thus the energy of the flow over the flap and into
the flap gap decreases, causing it to become deloaded. At low « in ground effect, the mainwing
lift is increased and thus the same mechanism will cause the flap to deload. But as « is
increased in ground effect and the mainwing becomes deloaded due to ground effect, this will
no longer be the cause for the flap to deload. However, as shown in Figure 4.5 for @ = 12.0°
and h/b = 0.155, the flap remains deloaded in ground effect even when the main wing itself
is also significantly deloaded. That has also been observed in literature, where it was found
that the mass flow rate though the flap gap of a 2-D multi-element airfoil is reduced in ground
effect, even when the main wing element was also deloaded (56). The rate by which this is
reduced increases with increasing a.

121



|
/
/

Figure 4.9 - Flow Separation location on the upperside of the outboard flap for moderate a. Small Nacelle,
Conventional Winglet in landing configuration with flightidle thrust settings.

The wing becomes more frontally loaded in the ground effect. This is due to the flap becoming
deloaded, together with the rear part of the main wing, while the slat and front of the mainwing
become more loaded due to the suction increase on the upperside of the slat.

This also implies that the pressure gradient becomes more adverse in the ground effect. That
can then lead to an early onset of stall and is discussed in more detail in subchapter 4.7.
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Figure 4.10 - Inboard Flap C, Distribution small nacelle, conventional winglet geometry in landing configuration

with flightidle thrust settings at « = 10.0°

4.1.1.2.3 Summary of the Observed Effects Influencing Lift in Ground Effect

Based on the relative pressure distribution in ground effect the following effects can be
summarized. These effects are categorized into lift enhancing and lift decreasing effects. For
any combination of parameters a and h/b, all these effects are present and will counteract
each other. It depends on the exact values of these parameters which effect is more dominant
and thus whether the global lift coefficient is increased or decreased. The various effects are
summarized below.

Lift Enhancing Effects:

The suction on the slat upperside leading edge is increased over the entire length of
the wing. This increase in suction is primarily caused by an increase in effective angle
of attack, which the slat is very sensitive to. On the inboard slat the increase in suction
is most significant.

There is an increase in pressure on the lowerside of the inboard wing and on the
lowerside of the fuselage, caused by the flow velocity reducing between the wing and
the ground, the so-called blockage effect. This reduction in flow velocity under the wing
is shown in Figure 4.6.

A less significant pressure increase is present on the outboard part of the lower wing.
It is most significant close to the nacelle and reduces towards the wingtip.

The pressure on the lowerside of the nacelle is increased, especially at the side closest
to the fuselage
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Lift Reducing Effects:

e For all a the pressure on the flap upperside is increased due to a reduced mass flow
rate through the flap gap, especially at the flap leading edge. This occurs over the
entire span of the inboard and outboard flap.

e The pressure increases on the mainwing. The pressure increase is most significant at
the trailing edge and reduces when moving towards the leading edge. This effect
occurs over the entire wing span. At low «a this pressure increase is relatively small
compared to the other effects, in contrast at high « it becomes the dominant effect and
also affects the upperside of the fuselage.

4.1.1.3 Spanwise Lift Distribution in Ground Effect

Now that the change in pressure distribution due to ground effect has been discussed in the
previous subsection 4.1.1.2, the change in spanwise lift distribution can now be examined to
get quantitative data. The change in lift due to ground effect could of course be obtained by
integrating the surface pressure distributions which were discussed in the previous section,
but use was made of the in-house tool FFD72 to obtain both the spanwise lift and drag
distributions in order to use the standard data processing procedures followed at the company,
as well as remove the risk of errors which would be introduced when writing a script to perform
the surface integration.

Figure 4.11, Figure 4.12 and Figure 4.16 show the spanwise lift distribution over the wing-
body with the incidence angle ranging from 0° < a < 13°. The top graph in each figure shows
the absolute lift distribution, while the bottom graph shows the percentage change in lift
distribution compared to the lift distribution at h/b = 1.0.

The wing-body geometry of the large nacelle-winglet variant can be seen in the background
and has the correct scale in relation to the data shown in the figures. At the winglet the graph
line stops before the geometry depiction ends, because the data from the conventional wingtip
is shown, which has a shorter wingspan compared to the winglet geometric variant depicted
here.

4.1.1.3.1 Low Incidence

For the lift distribution at low a, as shown in Figure 4.11, the largest lift increase on the wing
can be seen between the fuselage and the nacelle. In this region local lift changes of
approximately 5% can be observed. This is primarily caused by the pressure increase seen
on the lower wing, which is shown in Figure 4.3, as well as the strong increase in suction on
the inboard slats. Both the percentual lift change due to ground effect, as well as the absolute
value of the lift are highest in this inboard region of the wing. Therefore, this area is of
significant interest. At least two causes can be identified as to why this inboard region shows
the strongest lift change in ground effect:

1. The absolute lift is strongest at the inboard wing region. Thus, the circulation of the bound
mirror vortex is also strongest in this region, i.e. the influence of the ground effect will be
strongest in this region

2. The inboard wing is closer to the ground compared to the outboard wing due to the
dihedral present in the aircraft geometry, thus the influence of the ground effect is stronger
according to the law of Biot-Savart.
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Figure 4.11 - Lift distribution along the wing-body for low a at% = 0.155

There is a limited change in lift due to ground effect in the middle section of the wing, located
between the nacelle and aileron. Figure 4.3 and Figure 4.4 can be consulted to determine why
this is the case: The pressure increase on the upper wing and flap in this region is counteracted
by the suction increase on the slats, together with the slight pressure increase on the lower
wing surface.

The reduction in lift on this part of the wing for a = 4.0°, shown Figure 4.8 , was discussed in
subsection 4.1.1.2.2. It was determined to be related to an increase in flow separation in the
ground effect on the upperside of the outboard flap.
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At the outboard section of the wing, the flap with 40° flap deflection ends and the aileron with
only 10° aileron deflection begins. The difference in behavior in ground effect is seen by the
upward moving kink in the relative lift distribution. The cause of this kink in the relative lift
distribution can be seen in Figure 4.3, where the pressure is increased on the outboard flap
but does not increase by the same order of magnitude on the aileron, due to it having a far
smaller deflection angle, resulting in a more positive lift increment change in that region. As
has been seen in literature (13), a higher flap deflection angle results reduces the lift increment
in ground effect.

Finally it should be noted that there is a significant increase to the lift on the fuselage due to
the ground effect, across the entire incidence range. The implications of this will be discussed
separately in subsection 4.1.1.4.

4.1.1.3.2 Moderate Incidence

Figure 4.12 shows the spanwise lift distribution in ground effect for the range of 6° < a < 11°.
As was seen in Figure 4.1, this is the critical range where the AC; .. changes from positive to
negative.

As « increases, two regions can be identified where the lift increment changes. The first and
most significant change occurs between the fuselage and the engine nacelle, labelled region
A. For a = 6.0° and a = 8.0° there is still a small lift increase of on average 4% in this region.
In contrast for a = 11.0° there is a lift decrease of approximately 7%. This decrease in relative
lift with a is caused by the fact that in ground effect, with increasing «, the lift decreasing
pressure rise on the upper wing is surface is increasing faster compared to counter-acting
effect of the lift increasing pressure rise on the lower wing surface. The relative pressure
increase on the bottom wing almost stops increasing at a certain point, while on the upper
wing it keeps increasing with a.

The second region with strong lift increment change is located at the fuselage, region B. Here
the lift increase reduces from 15% at = 6.0° to « = 11.0°. Identical to the inboard wing, the
pressure increase on the lower fuselage increases slower compared to the pressure rise on
the upper fuselage.

In the outboard of the wing where the outboard flap is located, region C, this same
phenomenon of lift reducing pressure rise on the upper wing surface is occurring, albeit less
strongly. The counteracting lift increase due to pressure rise on the lower wing surface is also
less significant. Hence the relative lift change is only reduced by approximately up to 4% for
this region in this incidence range.

Influence of Height Above Ground

The influence of different values of h/b on the spanwise lift distribution is shown in Figure
4.13. In general, it can be concluded that h/b determines the magnitude of the change due
to ground effect, but has less influence on the shape of these curves. This holds especially
true for the outboard part of the wing. Behind the nacelle there are some non-linear effects to
be observed due to the engine influence, this is also the only region where there is a significant
change in lift for the case of h/b = 0.625. Since this occurs only for the a = 8.0° case, this is
most likely a numerical artifact present in the h/b = 1.0 reference solution.
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Figure 4.12 - Lift distribution along the wing-body for moderate a at% = 0.155

The kink close to the wingtip at @ = 8.0°, region D, where there is suddenly a strong increase
in relative lift of up to 6% for all values of h/b , can be explained by inspecting the values of
the friction coefficient in x direction ¢, , seen in Figure 4.14. At a = 8.0° only, there is a region
of separated flow on the outboard part of the upperside of the aileron for h/b = 1.0, which will
lead to a reduction in lift in the reference computation. This region is not present in ground
effect, leading to a relative lift increase in ground effect. No further explanation can be offered
here for the occurrence of this separation region on the aileron for « = 8.0° at h/b = 1.0, other
than to observe that this region is also present in computations with maximum take-off power
applied, in computations with the landing gear removed and in computations where the large
nacelle was exchanged. Thus, it could be a critical region where slight changes to the pressure
distribution can be the difference between attached and separated flow. This region is affected
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by unsteady flow caused by the vortices from the end of the outboard slat and the wing D-
nose. The unsteady nature of these vortices could be the reason why this separation region
is present in some cases but not in others. Therefore, it is not necessarily a physical
phenomenon caused by ground effect.
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Figure 4.13 - Lift distribution along the wing-body for moderate a at % = 0.155, % =0.31 and % = 0625

Figure 4.14 also shows that wingtip stall occurs earlier in ground effect for all angles shown
here. This is due to the stronger adverse pressure gradient, created primarily by the increased
suction peak on the leading edge of the wingtip. The same effect is also present when the
winglet is equipped, as can be seen in Figure 4.15. Only one angle of a is shown in this figure,
because since the winglet stall is more abruptly compared to the more gradual tip stall of the
conventional wingtip, this effect is only visible at @ = 11.0°. At all other angles the flow over
the winglet is either fully attached or fully detached.
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Figure 4.14 —Separation in the wingtip area at « = 8.0° (left), at « = 10.0° (middle), a« = 11.0° (right) for% = 0.155
(top) andg = 1.0 (bottom)
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Figure 4.15 —Separation in the winglet area at « = 11.0° for% = 0.155 (left) and g = 1.0 (right)

4.1.1.3.3 High Incidence

As previously seen in Figure 4.1, at high « the lift increment continues to decrease due to
ground effect. However it can be noted that the influence of the ground effect becomes less
dependent on a, i.e. the non-linear part of the lift curve slope is reached. The relative lift
change in ground effect over the wing becomes almost identical for ¢ = 12.0° and a = 13.0°,
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the one major observable difference is seen on the fuselage where the lift decreases strongly
with increasing «a.
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Figure 4.16 - Lift distribution along the wing-body for high « at% = 0.155

The absolute lift on the inboard wing section between fuselage and nacelle remains nearly
independent of a, while the lift still increases as a function of a on the outboard part of the
wing. At the wingtip there is a sharp decrease in lift due to ground effect at « = 11.0°, due to
a strong pressure rise on the leading edge of the wingtip, similar but stronger as to what can
be observed on the wingtip in Figure 4.5. Since the wingtip is fully stalled at this a, as shown
in Figure 4.14, there is a lot of unsteady flow in this region which is not fully captured by the
steady RANS code used during these computations. Since the lift is already very small at the
wingtip, fluctuations due to the unsteady nature of the flow can have a large impact on the
relative change in this region.
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4.1.1.4 Influence of the Fuselage on the Lift Change in Ground Effect

The simplest mental model that can be used to understand lift due to the fuselage is to imagine
it merely as an extension of the inboard wing, used to connect the two wings together, since
the fuselage will not induce circulation by itself. However it has been shown in Figure 4.3 until
Figure 4.5 that there is a significant pressure increase present on the lowerside of the
fuselage, similar but stronger than the pressure rise on the wing lowerside. In contrast on the
fuselage upperside the pressure increase is less significant when compared to the pressure
increase on the wing upperside immediately next to it. This may be explained by realizing that
the influence of the mirrored vortex on a point on the aircraft is determined by the law of Biot-
Savart (5), equation 1.1. The law states that the influence of the ground effect is reduced by
the cube of the distance. For a wing, the difference in distance to the ground for the upper and
lowerside is small, but for the fuselage this distance between the bottom and top part is more
significant. Hence the upperside of the fuselage is influenced to a lesser degree by the ground
effect compared to the upperside of the wing, which should result in a more positive lift
increment due to ground effect.

This is exactly what can be seen in Figure 4.17 which shows separately the fuselage lift and
wing lift as calculated by the tool CFD2LOADS, together with the total lift as calculated by
FFD72. The fuselage ground effect lift increment is of the same order of magnitude as the
wing lift increment, while in terms of the absolute lift the wing lift is approximately six times
larger. Therefore, it can be concluded that the fuselage has a disproportionately large impact
on the lift increment in ground effect for this particular combination of slat, flap and aileron
deflection angles.
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Figure 4.17 — Fuselage (blue), wing (red) and total lift (yellow) increments in ground effect for the small nacelle,
conventional wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration

The slope of the fuselage lift increment turns negative at 10.0° < ¢ < 13.0° for h/b = 0.155
and h/b = 0.31, while for the wing lift increment this is already the case at @ = 8.0°. The
different behavior of the wing and fuselage in ground effect is explained by the fact that the
fuselage upperside is located further away from the ground compared to the wing upperside,
thus reducing this negative contribution to the lift increment compared to the wing. This is
illustrated in Figure 4.4 for @ = 6.0°, which shows a strong pressure increase on the lowerside
of the fuselage, while the pressure increase on the fuselage upperside is negligible in
comparison. This is in contrast to the pressure change on the wing, where the pressure
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increase on the upper and lowerside is approximately in equilibrium, which is why the lift
increment from the wing is approximately zero for this case.

Similar to the wing, the pressure increase on the fuselage lowerside does not increase as
significantly at higher @ compared to the pressure increase on the fuselage upperside. This is
shown in Figure 4.5 for @ = 12.0°, where the pressure on the fuselage upperside has been
significantly increased compared to the case of a = 6.0° in Figure 4.4. In contrast the pressure
increase on the fuselage lowerside is only slightly increased between the two cases.

Finally, Figure 4.18 show that all of the above also holds true for the completely different
geometric configuration, namely the large nacelle and winglet equipped and maximum thrust
settings applied. In this case the fuselage lift increment is still the same order of magnitude as
the fuselage, and stays positive up to higher values of a.
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Figure 4.18- Fuselage, wing and total lift increments in ground effect for the Large Nacelle, Winglet geometry with

gear deployed in maximum take-off thrust conditions
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4.1.2 Drag Impact
4.1.2.1 Global Drag Change due to ground effect

The change in total farfield aircraft drag C;,,, due to ground effect is shown in Figure 4.19.
The farfield drag consists of:

CDtOt = CDWave + CDv.p + CDinduced + CDfriction + CDjet + CDInlet (equation 42)

Hereby Cp,, . is the wave drag coefficient, which is zero for this low speed simulation. Cp,  is
the viscous-pressure drag coefficient, also known as the form drag. Cp, . . is the induced
drag coefficient and Cj, Friction is the skin friction drag coefficient. Cb et and Cp,, ., are two terms

related to the engine drag and are assumed to be constant in the ground effect and will be
neglected. Thus the drag change due to ground effect becomes:

ACDthE = ACDfn.m(mGE + ACD”-PGE + ACDindudeE (equation 4.3)

Figure 4.19 shows that the total drag change is negative across the entire range of a. In
contrast to the change in lift due to ground effect, the drag always has a net benefit (reduction)
in ground effect. With increasing a and reducing h/b the absolute drag benefit is increased.
Across all the configurations evaluated the maximum drag reduction is up to approximately
22% at low @ and up to 33% of the total aircraft drag at high «. All the drag data presented in
this chapter is calculated using the in-house tool FFD72. The specific drag shown is
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Figure 4.19 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration. Source: FFD72

It is known from literature (13) that the ground effect primarily reduces the induced drag, due
to the mirrored tip vortex. Up to 62% of the total drag of this particular aircraft can be caused
by the induced drag for the landing configuration. That explains the observations that can be
made from the breakdown of the total drag in Figure 4.20, showing the relative influence of
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the induced drag and the viscous-pressure drag. Hereby the skin friction drag was not
included, because it remained approximately constant in ground effect.

The change to induced drag is clearly the main driver for the drag reduction in ground effect.
That can also be seen by the line of the total drag, which follows the same trend as that of the

induced drag. A small reduction of approximately 9% to the viscous-pressure drag at% = 0.155
can be observed, which is independent of a« up until @ = 8.0°, after which it linearly decreases
to almost 0 at a = 13.0°. For h/b = 0.38, a similar reduction is present, the benefit reduces
from 4% at a = 8.0°to 2% at @ = 13.0°. It is not known what causes the viscous pressure drag
benefit to diminish at higher «. It is not caused by a reduction of the pressure drag Cp,,, which

is a component of the viscous-pressure drag. Because the pressure drag benefit actually
increases in ground effect for higher values of a. For instance, for the configuration under

. . .. CDP%=0.155 o DP%=0.155
discussion, the pressure drag ratio is = 0.778 at a = 4.0° and = 0.7071 at
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Figure 4.20 - Change to Viscous-Pressure Drag (dashed), Induced Drag (solid) and Total Aircraft Drag (dotted) in
ground effect at HB=0.155 (blue) and HB=0.38 (orange) at Flightidle thrust setting. Source: FFD72

4.1.2.2 Spanwise Drag distribution

In this subchapter the spanwise total drag distributions will be discussed, similar to what was
done for the lift in subsection 4.1.1.3. As shown in the previous subsection, the drag is reduced
across all a, which was not the case for the lift which first increased and then decreased with
increasing a. Therefore the graphs presented in this section will depict the full range of «
available for the small nacelle, conventional wingtip case with gear deployed and flightidle
engine thrust setting. Since the drag data is quite noisy, it was smoothed using a first degree
Savitykz-Golay filter (97) as implemented by Matlab.
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Figure 4.21 - Total Drag distribution along the wing-body for 0° < a < 13.0° at% = 0.155 and g =031

The total farfield drag distribution K, as provided by FFD72 using the output file:
“Plot_spanwise_jetblanked.dat”. The change due ground effect is shown in Figure 4.21 and
Figure 4.22 for 0.0° < a < 13.0°, at h/b = 0.155 and h/b = 0.31, while Figure 4.23, Figure
4.24 and Figure 4.25 show the individual contributions of respectively the induced, the viscous-
pressure and the skin friction drag. Significant differences in the absolute drag distribution are
present at the wing-root junction (region A), behind the engine junction (region B), at the end
of the outboard flap junction (region C) and finally at the wingtip junction (region D). In contrast
the relative change to the total drag distribution remains qualitatively the same for all «, with
only the magnitude of the relative drag increment increasing for higher a.

Drag is most significantly reduced in the area between the fuselage and the nacelle junction
(region E). Here both the absolute value of the drag is comparatively large and the relative
decrease in drag is significant. On the outboard flap area there is also a significant relative
decrease in drag, but the absolute value of the drag is low in this area, thus this will have less
impact on the overall drag change of the aircraft. Finally it can be seen that the drag increases
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strongly with « in the area of the wingtip. Figure 4.23 and Figure 4.24 show that this is a
combination of the global increase in induced drag with @ and a non-linear increase of the
viscous-pressure drag related to the flow separation on the upperside of the winglet, which
was discussed previously and is shown in Figure 4.14.
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Figure 4.23- Induced drag distribution along the wing-body for0° < a < 13.0°at% =0.155

Figure 4.23 shows that the induced drag is reduced along the entire wing span, except at the
wing tip, where the induced drag is increases low to moderate a. The largest drag benefit is

located at the inboard wing.
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Spanwise Farfield Viscous-Pressure Drag
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Figure 4.24 — Viscous-Pressure drag distribution along the wing-body for 0° < a < 13.0° at% = 0.155

The relative change to the viscous-pressure drag is quite noisy, as can be seen in Figure 4.24.
Concerning the outboard part of the wing, it stays almost constant with a, except for the
location at the wingtip where separated flow occurs at higher values of a. There are two other
locations along the wing where the viscous-pressure drag shows strong dependency on «a.
The first is located at the wing-root junction, which is where the vortex induced from the inboard
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slat is present. The second region of increased viscous-pressure drag is located behind the
engine, where several vortices are present.

Finally it can be seen in Figure 4.25 that the skin friction is reduced by approximately 10% in
ground effect. This is due to the reduced flow velocity over the wing. However the impact of
this change is almost negligible, since the absolute value of the skin friction drag is up to an
order of magnitude smaller compared to the viscous-pressure drag and induced drag for this
high-lift configuration. Therefore the change to the skin friction drag is negligible compared to
the change of the induced or viscous-pressure drag in ground effect and will not be further
discussed in this report.
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4.1.3 Three-Dimensional Flow Visualization

During the thesis work the flow changes due to ground effect were visualized in three-
dimensions by means of plotting the total pressure iso-surfaces. Hereby the total pressure
value of the iso-surfaces is chosen to be below the freestream total pressure, thus allowing
for visualization of the wakes. By doing this for both in and out of ground effect, the shift in
wake location due to ground effect can be observed. This is presented in in Appendix M —
Total Pressure ISO-Surface Flow Visualization.

4.1.4 Conclusions

For the small nacelle, conventional wingtip geometry with gear deployed and landing high-lift
configuration at flightidle thrust conditions, Lift is increased by up to 3.5% at @ = 4.0° and is
decreased by up to 5.5% at @ = 13.0°. The absolute value of the lift increment is highest when
the aircraft is closest to the ground. As this distance is increased, the lift increment stays
positive up until higher values of a.

Flow streamlines are deflected upwards, away from the ground, due to ground effect. This
results in a lower mass-flow below the wing, decreasing flow velocity and increasing the
pressure, which increase the lift. The upward deflection of the streamlines also increases the
local angle of attack on the wing leading edge, leading to a lift enhancing increase in suction
in this area.

At low a the pressure on the upper wing surface also increases, but not as strongly compared
to the lower wing surface, which leads to a net increase in lift. At high « the lift-reducing
pressure increase on the upper wing surface is dominant, causing the significant decrease in
overall lift. The pressure increase on the upper wing surface increases more strongly with a
and is distributed over a larger area of the wing. In contrast the pressure increase on the lower
wing surface is limited to the area between the fuselage and the nacelle.

In chord wise direction the suction on the slat upperside and mainwing leading edge is
increased across the entire range of «, while the upperside of the flap shows a significant
pressure increase. The mainwing in between these two surfaces shows a small suction
increase at very low a and a suction decrease for higher a.

It was found that due to the reduction of the suction peak on the flap, flap flow separation is
reduced due to ground effect. The reverse is true at the winglet, due to the increased suction
peak at the leading edge, there is a stronger pressure gradient in ground effect, leading to
onset of earlier flow separation. This effect is more pronounced for the conventional wingtip
compared to the winglet geometry.

The spanwise lift distribution showed that the most significant changes can be found on the
wing between the fuselage and nacelle, as well as for the lift on the fuselage itself. The
outboard wing section shows a small lift increase or decrease depending on «a.

It was seen that the lift change over the fuselage is of the same order of magnitude as the lift
change over the wing itself, while the absolute value of the lift is approximately six times lower
for the fuselage compared to the wing at h/b = 1.0. The fuselage lift increment is more positive
than the wing increment, because the upperside of the fuselage is located further away from
the ground, thus reducing the negative contribution to the lift in ground effect, while the reverse
is true for the lower side of the fuselage. Thus the lift enhancing influence of the ground effect
is increased on the fuselage and the lift-reducing effects are reduced. The same is true to a
lesser extent for the nacelle.

The drag is reduced by up to 33% due to the ground effect. That is primarily caused by a
reduction of the induced drag. The magnitude of the drag reduction increases linearly with «
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and increases as h/b decreases. The majority of the drag reduction can be attributed to a
reduction of the induced drag of up to 42% at « = 13.0° and h/b = 0.155, caused by the
mirrored wing tip vortex. As @ and thus C;, increases, both the relative as well as the absolute
value of the induced drag reduction due to ground effect increases. The viscous-pressure drag
decreases by up to 9% in ground effect. There is a small reduction in the skin friction drag, but
this is insignificant compared to the change to induced and viscous-pressure drag.

The spanwise drag distributions shows that the most significant drag reduction occurs on the
inboard wing, between the fuselage and nacelle. The induced drag is reduced over the entire
span of the wing, except at the wing tip where it increased slightly, especially for low a. Finally
it was seen that the skin friction is reduced by approximately 10%, but that this reduction is
negligible compared to the absolute value of the reduction of the viscous-pressure and
induced drag.
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4.2 Effect of Engine Thrust Setting in Ground Effect

In the previous subchapter it has been established how the aircraft behaves in ground effect
for the small nacelle, conventional wing-tip, gear deployed, landing configuration and flight-
idle thrust setting. In this subchapter only the thrust setting will be changed, namely to MTO
thrust conditions and it will be investigated how this changes the behavior in ground effect is
investigated.

The subchapter is structured as follows: First the change in lift is investigated. A comparison
is made with the data presented in the previous subchapter to investigate the similarities and
differences between the different thrust settings. An explanation is offered regarding the cause
of the change in ground effect lift increment due to thrust setting. Finally the change in drag
increment in ground effect for MTO thrust setting is analyzed.

4.2.1 Change in CL

The lift change in ground effect for the small nacelle, conventional wingtip geometry with gear
deployed and landing configuration high-lift settings with maximum take-off thrust engine
settings can be seen in Figure 4.26. To obtain the change in lift in ground effect due to thrust
setting, this Figure 4.26 can be directly compared to Figure 4.1 which shows the lift increment
for the exact same configuration, with the only change being that here the flightidle thrust
setting is applied. The difference between these two figures is plotted in Figure 4.27, which
shows:

ACLGETtht = <CLGE — CLE:l.O) — <CLGE - CL%:1,0> o (equation 4.4)
b MTO Flightidle

A third order polynomial surface fit is presented in Figure 4.28, based on the data shown in
Figure 4.27. This shows the change lift increment due to thrust setting clearer. The polynomial
surface fits for all four different geometry configurations are presented in Appendix K —
Polynomial Surface Fit Plots.

Figure 4.27 shows that at low to moderate a, the range where the ground effect lift increment
is positive, the MTO thrust setting reduces the magnitude of this positive lift increment by up
to 2% of the total aircraft lift. In contrast at high @ when the normal lift increment becomes
negative, the high thrust setting reduces the magnitude of the negative lift increment by up to
0.5% of the total lift. Thus it can be concluded that a high thrust setting reduces the magnitude
of the change in lift in ground effect.

For low «a this conclusion holds true for all four different geometric configurations. In contrast,
for the large nacelle geometry, presented in Appendix K — Polynomial Surface Fit Plots, the
decrease in negative lift increment at high « is not present. Instead, there is still a lift increase
for the flightidle settings of up to 1.1% of total aircraft lift.

This different trend at high a can be attributed to two explanations: The first is the fact that the
uncertainty of the lift for the flightidle CFD solutions at high a, with the large nacelle, is quite
high, in the same order of magnitude as the increments shown here. It could thus be that the
noise masks the trend.

Another possible explanation for the different trends at high «a is that different input settings
had to be used for the CFD solver for the different engine geometries. The most notable
change was related to switching off the Kato-Launder modification factor (98) (99) for the case
of the large nacelle geometries with flightidle thrust settings only. If this modification was
switched on in these conditions, the solution would not converge at high a. This issue was not
present for the small nacelle geometry.
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The Kato-Launder modification can be used for most two-equation models and reduces the
amount of turbulent energy in stagnation regions of the flow, most notably for this aircraft
geometry at the leading edge. Therefore, this solver setting can influence the calculated lift
result and might be a reason why the trend at high «a is different for the large and small nacelle.
A limited check was performed to assess the impact of changing the Kato-Launder
modification factor. It was found at moderate a that the impact was of the order of a 1 lift count.
It is unknown if this changes at higher incidence angles. It did impact the convergence of the
lift, which is why the uncertainty for the lift is higher for the large nacelle geometry.

The data shown here is similar to results found in literature from Flaig (69). There it was found
in a windtunnel campaign that for a comparable aircraft, at low to moderate incidence, there
was a positive difference of up to 4 lift counts present in the ground effect lift increment when
TFN was used. The difference between power settings in the windtunnel reduces at high
incidence, but still remains positive. Thus, this external data supports the trend that was

observed in CFD only for the large nacelle geometry.
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Figure 4.26 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing lift configuration. Same Y-Axis scale
as figure 4.1. Source: FFD72
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Thrust Effect - Relative Lift in Ground Effect (GEyrro — GEgrighriare)
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Figure 4.27 — Change to the incremental lift coefficient in ground effect due to engine thrust setting for a range of
h/b for the small nacelle, conventional wingtip geometry with gear deployed in landing configuration. Source:
72
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Figure 4.28 — Polynomial fit of change to the incremental lift coefficient in ground effect due to engine thrust
setting for a range of h/b for the small nacelle, conventional wingtip geometry with gear deployed in landing
configuration using a polynomial surface fit. R> = 0.8517 Source: FFD72
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4.2.2 Causes of the change in CL

In general, introducing a thrust effect to the flow around the wing will reduce the lift of the
wing, because the velocity of the jet under the wing reduces the circulation around the wing.
For this configuration, the absolute lift out of ground effect is reduced by approximately 1.5%
to 2% when comparing the MTO lift setting with the flightidle setting at h/b = 1.0.

274010 Small_Nacelle_Conventional_Wingtip Gear MTO
o.= 4.0 HB = 0.155 UpperSide

274010 Small_Nacelle_Conventional_Wingtip Gear MTO
o= 4,0 HB = 0.155 LowerSide

Figure 4.29 - Relative pressure change over the wing due to ground effect at « = 4.0° % = 0.155, (ACp,, = Cpgp —
Cr, )

h_
p=10
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Figure 4.29 shows the relative pressure distribution at @ = 4.0° and h/b = 0.155 for the small
nacelle, conventional wingtip geometry with gear deployed and landing configuration settings
with maximum take-off thrust engine settings applied. This figure can be directly be compared
to Figure 4.3, the only differences between these two are caused by engine thrust setting. Two
observations can be made when comparing these figures.

The first is that the suction increase on the leading edge of the slat and main wing is
significantly stronger for the flightidle thrust setting. By increasing engine thrust in free air, the
circulation over the wing becomes reduced, reducing a.r. This in turn reduces C,, especially
at the slat which is known to be sensitive to small changes to @ and leads to a reduction in
suction, independent of ground effect.

Two possible explanations are presented here which might explain why there is a further
reduction in suction in ground effect for the MTO thrust setting compared flightidle thrust. The
first possible cause would be that the circulation reducing in influence of the engine jet is
enhanced due to ground effect, leading to a higher reduction in a,y.

Another possible explanation is that the engine inlet sucks in air at high thrust setting, which
would otherwise flow over the leading edges of the wing, thus reducing the mass flow in that
region. With reduced mass flow, there will be a reduced acceleration of the flow velocity
around the leading edge, thus leading to a lower suction peak. This change in flow pattern due
to engine thrust setting is illustrated in Figure 4.30, where ten different streamlines flowing
over the inboard wing close to the engine are visualized for the four conditions of h/b = 0.155
and h/b = 1.0, with flightidle and MTO engine thrust setting applied to both cases. The
streamlines in all four pictures all pass through the exact same series of points in front of the
wing, just inboard of the engine. First of all the two left pictures in the figure, flightidle thrust
conditions, out and in ground effect show that the streamlines are shifted upwards due to
ground effect. At h/b = 1.0 five of the ten streamlines flow over the upperside of the wing,
while at h/b = 0.155 the pressure is increased on the lowerside, deflecting some of these
streamlines upwards. In this case eight of the ten streamlines flow over the upperside of the
wing. This then explains why the suction peak at the slat and wing leading edge is increased
due to ground effect, the flow is accelerated due to increased mass flow in ground effect.
The right side of the picture shows the same situation with MTO engine thrust settings applied.
It shows that some of the streamlines which flowed over the wing with flightidle thrust setting
applied, are now sucked into the engine. This locally reduces the airflow at the wing, leading
to less air being deflected over the mainwing due to ground effect, causing a reduced suction
peak on the slats and leading edge. The effective angle of attack is reduced in this region due
to the engine thrust setting. For the MTO case the same amount of streamlines flow over the
wing both in and out ground effect.

The change in pressure on the slat is shown in Appendix F — Thrust Effect Pressure Plots.
Here it is shown that for the entire length of the inboard slat the suction peak is reduced for
the MTO thrust setting. The only exception is at « = 2.0 and Y = 6.30 m, here the suction is
increased with MTO thrust setting because it is located at the start of the outboard flap, right
behind the engine, thus showing a very local increase in mass flow over the slat.
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Figure 4.30- Change in streamlines over the inboard wing for different% and engine thrust settings

The second observation when comparing Figure 4.29 to Figure 4.3 is that there is a reduction
in the magnitude of the pressure increase on the lowerwing, when MTO thrust setting is
applied. In ground effect the flow velocity is reduced below the wing, most significantly in the
region between the fuselage and the nacelle. The jet from the engine will partially reaccelerate
the flow below the wing, especially as the distance from the ground reduces and a venturi
effect will further accelerate the flow.

The flow around the flap gap is also changed due to the MTO engine thrust settings. At high
thrust setting the mass flow is increased behind the engine and below the wing. As «a is
increased, this engine induced flow is increasingly forced through the flap gap. This is also
increased in ground effect, due to the ‘blockage’ effect of the ground. The increased flap gap
mass flow induces an increased suction peak on the flap, thereby partially negating the
reduction in flap suction peak caused by the ground effect. The C, plots demonstrating this
are present in Appendix F — Thrust Effect Pressure Plots .
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Thrust Effect - Spanwise Lift
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Figure 4.31 - Spanwise lift distribution showing the influence of thrust setting at « = 2.0° and % = 0.155

Finally the influence of engine thrust setting on the spanwise lift distribution can be seen in
Figure 4.31 and Figure 4.32 for respectively a = 2.0 and a« = 12.0. At low « the lift is increased
across the board for the case with flightidle thrust setting, mainly due to the increase in slat
suction. As expected, the increase in lift is strongest around the area of the engine, both in the
absolute as well as the relative lift distribution. At high « there is a lift increase for the MTO
thrust setting, mostly due to the increased suction on the flap which becomes more significant
at higher a, while the decrease in slat suction is relatively independent of «a.

148



Thrust Effect - Spanwise Lift
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Figure 4.32 - Spanwise lift distribution showing the influence of thrust setting at « = 12.0° and% =0.155
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4.2.3 Change in Drag

When evaluating the change in lift in ground effect due to applying MTO engine settings, it
became apparent that in essence the higher thrust setting reduced the influence of the ground
effect. At low a, where the lift increment is positive, applying MTO engine settings reduced the
magnitude of the lift increase. The reverse was true at high a, applying MTO engine settings
in this case reduced the extent of the negative lift increment.

The same influence can be observed while evaluating the drag: Applying MTO engine settings
reduces the drag reduction. This can be seen by comparing Figure 4.33 with Figure 4.19. The
difference between these two figures is plotted in Figure 4.34, which shows:

AACp,, = ACDGEMTO (equation 4.5)

—AC
DGEfigntiate

Thus positive values in this figure indicate that there is a lower drag reduction for the MTO
thrust setting compared to the flightidle thrust setting.
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Figure 4.33 - Change in drag coefficient due to ground effect for a range of % for the small nacelle, conventional
wingtip geometry with gear deployed and MTO thrust settings in landing lift configuration. Source: FFD72
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The magnitude of the drag reduction due to ground effect is reduced for the entire range of
0° < a < 12°for MTO thrust setting by up to 4% of the total drag. With MTO thrust settings the
drag is reduced by up to 38%, for the flightidle settings the drag is reduced by up to 42%.
This difference can be partially explained by the fact that the absolute lift coefficient is higher
for the flightidle case. Since the induced drag is proportional to C?, the absolute value of the
induced drag will be higher for the flightidle thrust setting case. Assuming that the induced
drag will be reduced by the same factor for both the flightidle and MTO thrust setting case, a
higher absolute value of the induced drag will lead to a higher reduction in induced drag in the
ground effect. However, at @ = 12.0° difference in both absolute and incremental lift values for
the two thrust settings are almost negligible, yet there is still a significant difference in drag
increment. Thus the differences observed for the drag increment caused by different engine
thrust setting are partially caused by the difference in lift, but this is not the only cause of this
effect. No further conclusions investigations have been performed on this subject.
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At % = 0.45 AACp,,, becomes negative for 4.0 < a < 8.0°. This increase is most likely caused

by the small oscillations in the CFD solution generated by the unsteady parts of the flow which
cannot be fully modelled by the steady CFD solver.
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Figure 4.34 - Change to the incremental drag coefficient in ground effect due to engine thrust setting. Source:
FFD72
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The percentage change of the induced drag for both thrust settings is presented in Figure
4.36. The trend is that at lower to moderate a the induced drag for the flightidle case is further
reduced, while at high « the induced drag is reduced by an approximately equal percentage.

%C'p;i reduction
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Figure 4.36 — Percentage for induced drag change for two thrust settings. Source: FFD72

The Spanwise drag distribution for the case of « = 2.0 and @ = 12.0 can be seen in Figure
4.37 and Figure 4.38 respectively. At « = 2.0 the drag is primarily changed behind the engine,
where at flightidle thrust conditions the drag is further reduced in ground effect due to a
combination of changing viscous-pressure drag and induced drag. At the wingtip the induced
drag is increased for the flightidle case, because here the lift increment is higher, thus there is
more induced drag at the wingtip.

For the case of a =12.0 similar observations can be made. The most significant drag
reduction occurs for flightidle conditions in the region of the engine, which is the same region
where the largest change in lift increment was observed. Similar to the case for a = 2.0°, the
wingtip induced drag is increased for the flightidle thrust condition.
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Thrust Effect - Spanwise Farfield Total Drag

ds/85/0a = 27°/40°/10° Small Nacelle Conventional Wingtip Gear o = 2.0°
U O NN U M N S M | e HB 0.155 MTO
o . |==='HB0.155 Flightidie |

FFD72 K,

Thrust Effect Spanwise Relative Farfield Total Drag G ; e
#=1.0
40 —

Lo,

AK, [%]

-100 |—

_120';..'. . A

Y
Figure 4.37 - Spanwise drag distribution showing the influence of thrust at « = 2.0° and% = 0.155 Source: FFD72
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Thrust Effect - Spanwise Farfield Total Drag
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Figure 4.38 - Spanwise drag distribution showing the influence of thrust at « = 12.0° and % = 0.155 Source:

4.2.4 Conclusions

It was shown in this subsection that by applying maximum take-off instead of flightidle thrust

FFD72

settings, the influence of the ground effect on both the lift and drag is reduced. This has two

causes:
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1. At MTO thrust setting the engine sucks in air which would otherwise be deflected over
the winger upper surface due to ground effect, which changes the local angle of attack
on the leading edge in the region of the engine. This means that the magnitude of the
suction increase which is normally present due to ground on the slat and mainwing
leading edge, is reduced compared to when flightidle thrust settings are applied.

2. At higher a the jet from the engine increases the mass flow in the flap gap. This
increases the suction on the flap leading edge, thereby counter-acting the suction
decrease and lift loss caused by ground effect on this part of the wing.

These two effects combined cause a reduction of ground effect related lift by up to 2% of total
lift increase at low @ when MTO thrust settings are applied and a reduction of the ground effect
related lift decrease at high a by up to 0.5% of total lift. Thus by applying MTO thrust settings
the influence of the ground effect is reduced for all a.

The drag is reduced more significantly by up to 4% of total drag with flightidle thrust settings
applied compared to MTO thrust. At low to moderate « this can be attributed to the higher lift
for the flightidle case, resulting in a more significant induced drag benefit. At high a there is
no longer a significant difference in absolute lift between the two thrust setting cases, but there
is still a significant reduction in drag.
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4.3 Effect of Flap Deflection in Ground Effect

In the previous subchapter, the influence of changing the engine thrust setting in ground effect
was investigated for the case of the small nacelle, conventional wing-tip, gear deployed,
landing configuration and MTO thrust setting. Now in this subchapter it is investigated how the
behavior of this configuration changes when the high-lift settings are changed to the take-off
setting, namely 22.0° slat angle, 10.0° flap angle and 5.0° aileron deflection is investigated.

After the extensive primary CFD campaign was completed, where the influence of the ground
effect on the landing configuration was investigated, a smaller, secondary campaign was run
for the take-off configuration. The scope of this campaign was more limited, calculations were
performed only for a« = 0.0°, @ = 6.0° and a = 12.0° for the MTO thrust setting, since this is a
take-off high-lift setting it makes no sense to run these simulations at flightidle thrust setting.
At a late stage of the thesis research, a few extra data points were added for « = 4.0°and a =
8.0° for a limited set of h/b values only. No CFD runs were performed with the gear retracted.

This subchapter is structured as follows: First the effect of the change in lift due to ground
effect will be investigated for this take-off configuration, after which the change in drag will be
discussed. Finally the conclusions will be presented.

The relative lift and drag curves for all four geometric variants are presented in Appendix C —
Lift Increment Plots and Appendix D — Drag Increment Plots, in respectively section 9.3.3 and
9.4.3.

4.3.1 Change in Lift

The change in lift due to ground effect for the take-off configuration is shown in Figure 4.39
and can be directly compared with Figure 4.26, the only changed parameters between the two

datasets are the slat, flap and aileron deflection angle.
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Figure 4.39 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in take-off configuration with same Y-Axis as figure
4.1. Source: FFD72.
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Figure 4.39 shows that there is an increase in lift for the entire range of 0.0° < @ < 12.0° which
is most significant at « = 8.0°. This is in contrast to the case for the landing configuration,
where it was shown previously that the lift increment already becomes negative in the region
of 8.0° < a < 10.0°. Both the absolute and relative of the maximum lift increment is increased
for the take-off configuration, up to 6.3% of total lift increase, compared to a maximum of 3.5%
lift increase for the landing configuration.

A breakdown of the total lift increment into the individual contributions from the wing and the
fuselage can be seen in Figure 4.40, which can be directly compared to Figure 4.18 to
determine the influence of the high-lift configuration. The contribution from the fuselage
remains relatively unchanged. The main difference can be observed at high «a, where the
landing configuration shows a reduction of the positive lift increment for the fuselage, while for
the take-off configuration the fuselage lift increment is still increasing.

However, a significant difference can be observed for the change of lift increment on the wing.
For the landing configuration, the contribution is zero to negative for the entire range a« and
becomes exponentially more negative for @ > 10°. In contrast, for the take-off configuration
there is a positive lift increment for the entire range of a, which is larger than the increase in
lift contribution from the fuselage. Only at « = 12.0° does the lift increment from the wing start
being reduced. It is expected that as a would be further increased, the lift increment from the
wing would turn negative, however no calculations were performed for this configuration for
higher «a.

The more positive ground effect lift increment for the take-off configuration, compared to the
landing configuration, is expected based on literature (56) (69). Here it was found that flap
deflection in ground effect reduces the effect angle of attack and reduces the mass flow rate
through the flap gap, both causing a reduction in circulation. By reducing the flap deflection,
the magnitude of these lift reducing effects is also reduced.
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Figure 4.40 - Fuselage, wing and total lift increments in ground effect for the small nacelle, conventional wingtip
geometry with gear deployed in MTO thrust conditions with the take-off configuration
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Figure 4.41 - Relative pressure change over the wing due to ground effect at « = 6.0° % = 0.155 for the take-off
configuration, (ACp,, = Cp, — Cp%zl_0 )

Figure 4.41 and Figure 4.42 show the relative pressure change due to ground effect for a =
6.0° and a = 12.0°. Qualitatively the change in pressure is similar to that of the landing
configuration. However, the pressure increase on the upperside of the mainwing and flaps is
less pronounced compared to the landing configuration.
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At a = 6.0° as shown in Figure 4.41 there is a significant pressure increase on the lower
fuselage and inboard section of the lower wing, while the counteracting pressure on the upper
surface of the wing has not yet increased as significantly, thus leading to the strong increase
in lift, seen in Figure 4.39.

At a = 12.0°, seen in Figure 4.42, there is now a strong increase in pressure observable on
the upper wing surface. This pressure increase is similar to the pressure increase observed
on the landing configurations, which becomes dominant for that configuration at ¢« > 6.0°. But
for the take-off configuration the relative pressure on the lower wing is also still increasing,
albeit not as significantly compared to the upperside. This results in a slightly lower positive
lift increment due to ground effect. It is expected but not verified that if « increases further for
this take-off configuration, the pressure increase on the upper surface becomes increasingly
dominant eventually resulting in a negative lift increment.

221005 Small_Nacelle_Conventional_Wingtip Gear MTO
o =12.0 HB = 0.155 UpperSide

221005 Small_Nacelle_Conventional_Wingtip Gear MTO
o =12.0 HB = 0.155 LowerSide

Figure 4.42 - Relative pressure change over the wing due to ground effect at « = 12.0° g = 0.155 for the take-off
configuration, (ACp,, = Cpyp — Cp, )
E:l 0
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Figure 4.43 - Spanwise lift distribution for 0.0° < a < 12.0° and % = 0.155 for the take-off configuration

The spanwise lift distributions for the three values of a calculated for this case are shown in
Figure 4.43. An increase in lift is observable in the region of the fuselage and on the mainwing
between the fuselage and nacelle. At @ = 12.0° there is a strong lift decrease at the wingtip,
this is caused by the earlier onset of wingtip stall, similar to that shown in Figure 4.14 for the
landing configuration.

4.3.2 Change in Drag

The reduction in drag due to ground effect for the take-off configuration can be seen in Figure
4.44 and can be directly compared to Figure 4.33. The maximum drag decrease is strongly
reduced from ACp =~ —840 [dc] in the landing configuration to ACp  ~ —310 [dc] for the
take-off configuration. This decrease in drag reduction is caused both by a decrease in the
absolute value of the induced drag by a factor of two, which is caused by a reduction of
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approximately 40% in the lift coefficient compared to the landing configuration, as well as a
decrease in value of the relative induced drag reduction. This is shown in Figure 4.45, at the
same « the relative induced drag reduction is 5% to 10% lower compared to the landing
configuration.
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Figure 4.44 - Change in drag coefficient due to ground effect for a range of% for the small nacelle, conventional

wingtip geometry with gear deployed in MTO thrust settings with the take-off high- lift configuration. Y-axis scale
identical to the landing configuration
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Figure 4.45 - Induced drag and the influence of lift coefficient on induced drag reduction for the small nacelle,
conventional wingtip geometry with gear deployed in MTO thrust settings for two different high-lift configurations
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Figure 4.46 shows the spanwise drag distribution at h/b = 0.155 for 0.0° < a < 12.0. At a =
0.0° the induced drag is an order of magnitude lower than at « = 12.0°, which is why there is
almost no drag change due to ground effect present at @ = 0.0°. In contrast, for the landing
configuration there is already a significant amount of lift and thus induced drag present at low
a, thus there is already a significant relative change in (induced) drag at « = 0.0° due to
ground effect.

At a =6.0° and a = 12.0° the relative change in drag for both the take-off and landing
configuration are very similar, the most significant difference is the scale of the effects, not the
trend. For the landing configuration in both the % value of the drag change, as well as the
absolute drag values in are higher compared to the take-off configuration. Thus from the
evidence presented here the high-lift settings scale the change in drag in ground effect only,
but do not introduce significant new phenomena.
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Figure 4.46 - Spanwise drag distribution for the small nacelle, conventional wingtip geometry with gear deployed
and MTO thrust conditions at 0.0° < a < 12.0° % = 0.155 for the take-off configuration
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4.3.3 Conclusions

A CFD campaign was run utilizing take-off configuration of 22° slat, 10° flap and 5° aileron
deflection. Compared to the landing configuration of 27° slat, 40° flap and 10° aileron
deflection, the magnitude of the lift increment due to ground effect is increased from 3.5% to
6.3%. Furthermore, it stays positive across the entire range of 0.0° < a < 12.0°. At a = 12.0°
and low h/b the magnitude of the lift increment starts decreasing and is expected to become
negative as «a is further increased. The difference in lift increment is primarily linked to a
reduction in the flap deflection. This lower flap angle causes a less severe reduction in local
angle of attack, a less severe reduction of the front flap suction and peak and a stronger
pressure increase on the lower flap surface.

The benefit in drag reduction due to ground effect is significantly decreased for the take-off

configuration by approximately a factor of two. It was found that both the magnitude and the
relative value of the induced drag reduction decreases for the take-off configuration.
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4.4 Effect of Engine Nacelle Size in Ground Effect

It was found during previous investigations that in ground effect, the sideways flow from the
inboard wing towards the outboard wing increases, especially on the lower wing surface. This
stronger sideways flow is caused by the previously discussed strong pressure rise on the lower
inboard wing, between the fuselage and nacelle. During previous ground effect research on a
large twin-jet transport aircraft it was found that the size of the engine nacelle influenced the
magnitude of the increase sideways flow. This is also shown in Figure 4.47, at @ = 8.0° there
is an increase of up to 55% in side force C,,, which is defined as positive in the direction of the
wingtip. This increase is stronger in both absolute and relative terms for the large nacelle.
Given these observed differences in nacelle side force and sideflow on the wing, in this
subchapter it is investigated if the change in nacelle size significantly influences the change
to lift and drag in ground effect.

Nacelle Sideforce in Ground Effect 274010 Winglet Gear Deployed MTO Thrust Conditions o = 8.0 [°]

—
Cy Large Nacelle

— - - Cy Small Nacelle

%Cy Increase Large Nacelle

— - %Cy Increase Small Nacelle

Nacelle

CFD2LOADS Cy

t-:‘f-:-;.'-_:‘t-.:-';-—"-—--—_—-" -----

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
h/b

Figure 4.47 — Absolute (blue) and relative (orange) Nacelle side force change in ground effect for the winglet
geometry with gear deployed and MTO thrust conditions in the landing configuration a = 8.0°

First the influence of changing the nacelle on the ground effect lift increment is investigated,
after which the change in drag increment will be discussed. After this the conclusions are
presented.

4.4.1 Change in Lift

Appendix C — Lift Increment Plots contains lift and drag increment plots for the four different
geometric configuration. Separate plots are provided for the landing configuration for MTO
and flightidle thrust settings, as well as for the take-off configuration with just MTO thrust
settings. Figure 9.6 to Figure 9.17 can be examined when researching the influence of the
nacelle (and winglet) geometry change on the lift increment. A direct comparison from the data
presented in the appendix between the four different geometric variations is presented in this
section.

Figure 4.48 shows the lift change for the small and large nacelle with the winglet geometry
installed for the take-off configuration, while Figure 4.49 shows the same but with the
conventional wingtip geometry equipped. Figure 4.50 is a combination of the two previous
figures, showing the lift increment for all four different geometry variants. Figure 4.51 and
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Figure 4.52 are similar to Figure 4.50, but here the landing configuration is shown for the MTO
and flightidle thrust setting respectively.

Firstly, it can be observed that the differences between the configurations are small, in the
order off 1% of the total aircraft lift for the take-off configuration. This is in the same order of
magnitude as the uncertainty in the CFD results for the landing-configuration, due to unsteady
phenomena occurring which means the solution will never be fully converged when using the
steady RANS equations. Therefore in this section the focus will be on analyzing the take-off
configuration, after which an attempt will be made to extrapolate those results to the landing
configuration.
Relative Lift in Ground Effect (GE (:]j¥ 10)
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Figure 4.48 - Lift change due to ground effect showing the nacelle-effect for the conventional wingtip geometry
with MTO thrust settings in the take-off configuration for 0° < a < 12° and % = 0.135 and % =0.18

Figure 4.50 shows that the maximum lift increment, occurring at « = 8.0°, is higher for the
cases with the small nacelle. But as « is increased further, the downward slopes of the lift
increment is steeper compared to the cases with a large nacelle. This is similar behavior to
that observed for the thrust-effect in subchapter 4.2. The smaller nacelle engine has a lower
thrust coefficient by approximately 20%, thus it is possible that a significant part of the
observed differences are caused not by the nacelle geometry, but by a thrust-effect. Ideally
this would be checked by performing a CFD campaign for the take-off configuration with
flightidle thrust settings, since for this setting the c; vales for the large and small nacelles are

identical. Unfortunately not enough time was available to complete this, so therefore this
becomes a recommendation for future work.

For the flightidle thrust setting, landing configuration shown in Figure 4.52, it can be observed
that the differences between the configurations seem less pronounced compared to the MTO
thrust setting in Figure 4.51, but because of the previously mentioned CFD uncertainties no
solid conclusion can be reached regarding this subject.
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Figure 4.49 - Lift change due to ground effect showing the nacelle-effect for the conventional wingtip geometry
with MTO thrust settings in the take-off configuration for 0° < a < 12° and% = 0.135 and % = 0.18. Same Y-axis
scale as figure 4.48.
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Figure 4.50 - Lift change due to ground effect for different configurations with MTO thrust settings in the take-off
configuration for 0° < a < 12° and % = 0.135 and % = 0.18. Same Y-axis scale as figure 4.48.
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Figure 4.51 - Lift change due to ground effect for different configurations with MTO thrust settings in the landing
configuration for 0° < a < 12° and% = 0.135 and % =0.18
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The relative pressure change for the case with a large nacelle and small nacelle for a = 6.0°
and h/b = 0.135 can be observed in Figure 4.53 and Figure 4.54 respectively. Differences
can be observed in three distinct areas. The first is located on the top of the inboard slat,
where the part closest to the large nacelle (furthest outboard) behaves differently compared
to that part of the flap with the small nacelle installed. It seems as if the flow over this part of
the slat is partially blocked by the nacelle, resulting in a significantly reduced influence of

ground effect.
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Figure 4.53 - Relative pressure change over the wing due to ground effect for the large nacelle, winglet geometry
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Differences in pressure can also be observed on the lowerside of the wing, where the pressure
increase due to ground effect is slightly higher for the case of the large nacelle in the region
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between the fuselage and the nacelle. This effect is small but can also be observed for the
landing configuration.

274010 Small_Nacelle_Winglet Gear MTO
o = 6.0 HB = 0.135 UpperSide

274010 Small_Nacelle_Winglet Gear MTO
o.= 6.0 HB = 0.135 LowerSide

Figure 4.54 - Relative pressure change over the wing due to ground effect for the small nacelle, winglet geometry
with gear deployed at « = 6.0° % = 0.135 for the take-off configuration, (ACp,, = Cpsp — Cp, )
p=10

A more significant increase in pressure occurs on the large nacelle. Due to the larger
circumference it is located closer to the ground, leading to an increased pressure rise on the
bottom and side of the nacelle. This is shown in Figure 4.55 where the component lift of the
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entire wing, the inboard-slat and the nacelle is plotted for both the large and small nacelle for
respectively h/b = 0.18. Of note is the fact that there seems to be a linear offset between the
two geometries for the Clyying and Cy, ... While for C, . “there is a different slope instead

of a linear offset. At @ = 6.0° the lift increment for the nacelle is approximately 0.08% of total
lift higher for the larger nacelle. The lift increment on the inboard-slat is reduced by
approximately 0.06% of total lift for the larger nacelle, caused by higher thrust coefficients
associated with the large nacelle geometry which causes a stronger reduction in the circulation
over the wing. The same effect also causes the wing lift increment to be reduced for the large
nacelle geometry.
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Figure 4.55 - Wing (Blue), IB-Slat (Red) and Nacelle (Yellow) lift in ground effect for the large nacelle and small

nacelle geometry with gear deployed at & = 6.0° % = 0.18 for the take-off configuration

The spanwise lift distribution for all four geometric variants can be seen in Figure 4.56 for a =
6.0° and h/b = 0.135 and h/b = 0.18. As expected, the most significant differences in relative
lift change are observable in the region of the nacelle. An increase in ground effect lift can be
observed in this area (region C), just for the two small nacelle configurations. Very small
differences in relative lift are observable at the inboard slat region (region B). Finally, at the
fuselage (region A), the lift for the large nacelle and winglet configurations (blue lines)
increases less than the other configurations with differences of up to 5%. No explanation can
be offered regarding this observation. Figure 9.86 shows lift distribution for the same case at
a = 12.0°. No significant differences between the different configurations can be identified.

In Appendix | — Spanwise Lift Distributions comparing different Geometries in the Landing
High-Lift Configuration the spanwise lift distribution for the landing configurations are
presented. However, significantly more scatter in the data can be observed for the landing
configurations, due to the presence of the previously mentioned unsteady flow phenomena.
Due to this inherent noisiness and the fact small effects are being investigated, no firm
conclusions can be drawn from these figures.
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Figure 4.56 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
MTO thrust conditions at « = 6.0° % =0.135 and% = 0.18 for the take-off configuration

4.4.2 Change in Drag

The change in drag due to all the different configurations can be seen in Figure 9.18 to Figure
9.29 in Appendix D — Drag Increment Plots. The information from these plots is synthesized
in Figure 4.57, Figure 4.58 and Figure 4.59 where direct comparisons are made for the change
in drag due to ground effect for the different geometric configurations for h/b = 0.135 and
h/b =0.18.

For the case of the take-off configuration, shown in Figure 4.57, it can be seen that in general
the configurations with a small nacelle show a slightly larger drag decrease due to ground
effect. This is consistent with the hypothesis formulated in section 4.4.1 that the primary cause
of the difference observed between the large and small configuration for the MTO thrust
condition are caused by the lower thrust coefficient of the small nacelle. It was shown in
subchapter 4.2 that a lower thrust setting increases the drag reduction in ground effect.
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Figure 4.57 - Drag change due to ground effect for different configurations with MTO thrust settings in the take-off

configuration for 0° < a < 12° and% = 0.135 and % =0.18

This hypothesis is further supported when analyzing Figure 4.58 and Figure 4.59 which show
the drag reduction in the landing configuration for MTO and flightidle thrust settings
respectively. It is difficult to observe a clear trend in this data the data for the MTO case in
Figure 9.88, but the general tendency is that the configurations with the small nacelle have a
larger decrease in drag. This is more evident at high values of a. In contrast for the flightidle
thrust settings there is no longer any trend visible, any nacelle influenced drag effects are
small than the CFD uncertainty.

The diminished magnitude of the drag reduction for the large nacelle winglet geometry at « >
10.0° is caused by a large region of separated flow occurring on the upperwing surface for the
flightidle thrust settings, causing a large increase in drag.
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Figure 4.58 - Drag change due to ground effect for different configurations with MTO thrust settings in the landing
configuration for 0° < a < 12° and% = 0.135 and % =0.18
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Figure 4.59 - Drag change due to ground effect for different configurations with MTO thrust settings in the landing
configuration for 0° < a < 12° and% = 0.135 and % = 0.18. Same Y-Axis scale as the previous figure.
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In order to identify changes caused to the spanwise drag distribution due to nacelle effect, the
total spanwise total drag distributions are shown in Appendix J — Spanwise Drag Distributions
comparing different Geometries. It must be concluded that the effect is small and relatively
local. Outside of the immediate region of the engine no significant differences in drag change
due to ground effect can be observed which are dependent on nacelle size.

4.4.3 Conclusions

Three separate nacelle effects on lift were identified:

1. The larger nacelle blocks the flow over the outboard part of the inboard-slat, which
therefore has a lower lift increase in ground effect by up to 0.06% of total lift.

2. The lower side of the larger nacelle is located closer to the ground and thus the
pressure increases more significantly here, leading to a lift increase of up to 0.08% of
total lift.

3. A thrust effect is present due to the engine in the larger nacelle producing an
approximately 20% higher thrust coefficient compared to the thrust from the engine in
the smaller nacelle. This thrust-effect can be seen both in the lift and drag change and
accounts for the majority of the observed effects. Most of the observed lift and drag
differences disappear for the case of the landing configuration with flightidle thrust
setting.

It should be emphasized here that the effects under consideration in this subchapter are small
relative to the inherent uncertainty in the CFD results. To verify the hypothesis that the majority
of the lift and drag differences between the small and large nacelle geometry are caused by
the thrust effect, a recommendation for future research is to perform CFD simulations for the
take-off configuration with flightidle thrust settings in which case the differences in lift and drag
should be reduced. The evidence presented in this subchapter lead to the conclusion that the
nacelle effect is of a smaller magnitude compared to the influence of flap setting or engine
setting in ground effect.

4.5 Effect of Wing Tip Geometry in Ground Effect

The impact of wing tip geometry on ground effect performance is analyzed in detail in
Appendix B — Analysis of the Influence of the Wingtip Geometry on Ground Effect
Performance. This analysis is located in the appendix, because the impact of the tip effect is
small compared to all the other effects discussed in this chapter. Therefore only the main
conclusions are presented here.

Looking at the winglet in isolation, the performance in ground effect is only significantly
changed in the range of 10.0° < a < 12.0°. This is due to the earlier onset of winglet stall in
ground effect, which for this range only leads to a reduction in lift of up to 0.26% of total aircraft
lift and drag is slightly increased.

It is also investigated whether the shape and size of the wingtip geometry impacts the ground
effect performance of the overall wing. A limited effect on the outboard wing is present. No
influence of wing tip geometry on ground effect performance is observed on the inboard wing
section and fuselage.
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4.6 Effect of Landing Gear in Ground Effect

It was noted previously that the lower wing area, especially between the nacelle and the
fuselage, is one of the most affected areas in ground effect. Therefore it can be expected that
whether the (main) landing gear is deployed or retracted will have an impact on the lift and
drag change in ground effect. That will be investigated in this subchapter.

The subchapter is structured as follows: First the impact of landing gear deployment on the lift
increment is investigated, after which the drag is examined. Next the influence of the nose-
landing gear wake on the main wing leading edge is shown, after which the conclusions are
presented.

4.6.1 Change in CL

Figure 4.60 and Figure 4.61 show the double lift increment change in ground effect due to the
gear effect for the large nacelle, winglet geometry with MTO thrust conditions and the small
nacelle, conventional wingtip geometry with flightidle thrust conditions respectively. Shown on
the y-axis of these figures is AAC, ., = ACLGEGW - ACLGENocear' Thus positive values on these

two figures correspond to a more positive (or less negative for high a) lift increment when the
landing gear is deployed.

Caution should be exercised when interpreting these results. At moderate a the uncertainty in
the CFD results is in the order of 0.5% of total lift. Since now a double increment is being
investigated, the uncertainty in the results is doubled to 1% of aircraft lift, which is the same
order of magnitude as the influence of the gear on lift at low to moderate a. In Appendix K —
Polynomial Surface Fit Plots, polynomial surface fits using the data presented in this chapter
are shown in order to reduce the noise present in this data. Figure 9.100 and Figure 9.102
can be used for evaluating the data instead of the two figures presented below. Figure 4.62

presents the surface fit of Figure 4.60, with only three different h/b values included.

Gear Effect on Lift in Ground Effect (ACY, AC, )
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Figure 4.60 - Change to the incremental lift coefficient in ground effect due to landing gear deployment for the
large nacelle, winglet geometry with gear deployed in landing configuration with MTO thrust setting
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Figure 4.61 - Change to the incremental lift coefficient in ground effect due to landing gear deployment for the
small nacelle, conventional wingtip geometry with gear deployed in landing configuration with MTO thrust setting
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Figure 4.62 - Change in incremental lift coefficient due to landing gear deployment in ground effect for the large
nacelle, winglet geometry in flightidle thrust conditions in landing configuration using a polynomial surface fit.
R? = 0.6724

Low to Moderate Incidence

For low to moderate a the trend for both cases is that there is larger lift increment due to
ground effect with gear deployed. For example, the pressure distribution for the small nacelle,
conventional wingtip with no gear deployed is given in Figure 4.63, this figure can be directly
compared to Figure 4.4 to see the differences caused by having the gear deployed. The
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pressure rise on the lower wing, close to the fuselage, is more significant, leading to a lift
increase for the case with landing gear retracted. However, this lift increase is counteracted
by a small pressure rise on the lower wing behind the engine, behind the landing gear on the
flap and a suction increase on the inboard flap upperside for the case with gear deployed.
These latter three effects are most likely either CFD artefacts and/or caused by unsteady flow
phenomena, unlike the pressure increase on the lower wing when the landing gear is retracted
which can be observed for many different combinations of a and h/b. The spanwise relative
lift distribution shown in Figure 4.64 shows there is a higher relative increase in lift for the
inboard wing, as well as the fuselage. No significant pressure difference on the fuselage can
be observed when comparing Figure 4.63 to Figure 4.4, so perhaps this lift difference is
caused by the nose landing gear. Due to lack of time the cause of the lift difference on the
fuselage was not further investigated.

High Incidence

At high a the lift increment is more positive with gear retracted. This is driven by increased
pressure differential on the lower side of the inboard wing and fuselage, when the gear is
retracted. This is also shown in the lift distribution in Figure 4.65, where it is clear that the lift
differential is located in the aforementioned regions.

This stronger pressure increase is caused by a more significant flow velocity decrease in
ground effect, between the inboard wing and the ground, when the landing gear is retracted.
This is shown in Figure 4.66 and Figure 4.67 with the landing gear deployed and retracted
respectively. The cause of this stronger velocity decrease in ground effect when the main
landing gear is retracted, is that when the landing gear is deployed out of ground effect, this
already causes a significant reduction in flow velocity below the lower wing compared to gear
retracted out of ground effect. Thus when ground effect is added to this situation with gear
deployed, the velocity is already partially reduced and the further decrease in flow velocity due
to ground effect is relatively smaller for this region. So this causes a smaller lift increment
increase in ground effect for the gear deployed geometry when compared to the gear retracted
case. This can be summed up as:

AVgear + AVGroundEffectgear = AVGroundeffectNogear
Thus:

AVGroundEffectgear < AVGroundeffectNoGear
Whereby AV is the velocity differential below the wing where the main landing gear is located.

Therefore at higher «a, deploying the landing gear reduces the lift-increasing pressure rise on
the lower wing. The difference is up to 1.7% of the total aircraft lift.
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274010 Small_Nacelle_Conventional_Wingtip NoGear Flightidle
o = 6.0 HB = 0.155 UpperSide
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Figure 4.63 - Relative pressure change over the wing due to ground effect for the small nacelle, conventional
wingtip geometry with gear deployed at a = 6.0° % = 0.155 for the landing configuration at flightidle thrust
conditions, (ACp,,,, = Cp;p — Cp%:L0 )

178



Spanwise Lift
mall Nacelle Conventio

85/87 /6 = 27°/40°/10° S

nal Wingtip Flightldle o = 6.0°
- | . I . H
“<|reeeer HB 0.155 Gear
=='HB 0.155 NoGear |-

FFD72 K,

Gear Effect Spanwise Relative Lift i
GE§=1.0

FFD72 AK_ [%]

Figure 4.64 - Spanwise lift distribution for the small nacelle, conventional wingtip geometry showing the gear

effect at flightidle thrust conditions at « = 6.0° % = 0.155 for the landing configuration
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Figure 4.65 - Spanwise lift distribution for the large nacelle, winglet geometry showing the gear effect at MTO
thrust conditions at a = 12.0° % = 0.135 for the landing configuration
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Figure 4.66 — Change in relative total velocity due to ground effect for the large nacelle, winglet geometry with
gear deployed and MTO thrust conditions a = 12.0° % = 0.155 for the landing configuration

15

Figure 4.67 - Change in relative total velocity due to ground effect for the large nacelle, winglet geometry with
gear retracted and MTO thrust conditions « = 12.0° % = 0.155 for the landing configuration

4.6.2 Change in Drag

Figure 4.68 and Figure 4.69 show the double drag increment change in ground effect due to
gear effect for the large nacelle, winglet geometry with MTO thrust conditions and the small
nacelle, conventional wingtip geometry with flightidle thrust conditions respectively. Positive
values on these two figures indicate that the drag is reduced more strongly for the case with
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gear retracted. These plots are similar to the double increment lift plots in section 4.6.1 and
the same note of caution must be used when interpreting these results. Due to the double
increment any uncertainty in the CFD solution is amplified, thus there is some uncertainty in
the data. For instance, the outlier at h/b = 0.45 and a = 10.0° is mostly caused by uncertainty
in the CFD solution, rather than a physical effect. The polynomial fits of this data can be
observed in Figure 9.101 and Figure 9.103 and are far easier to read compared to the raw
data presented in this section.

There are two competing effects influencing the change in drag in ground effect due to gear
effect. The first is that due to the previously discussed ground effect induced reduction in flow
velocity below the wing, the drag on the main landing gear is reduced by up to 7% of the total
ground effect drag reduction, or 2.2% of total aircraft drag, and is therefore not insignificant.
This drag reduction as calculated by CFD2LOADS is shown in Figure 4.70 and is proportional
to h/b. Figure 9.104 shows this drag reduction more clearly using the polynomial fit. The drag
of the nose landing gear is also reduced in ground effect, but to a lesser extent.

With gear retracted, the lift coefficient out of ground effect is up to approximately 2% higher
compared to gear deployed geometry. This increase in lift will lead to a higher induced drag
component. As seen in section 4.3.2, with higher C, both the relative and absolute value of
the induced drag reduction due to ground effect increase. Thus for same «, the case with gear
retracted will have a higher induced drag reduction compared to the gear deployed case. This
effect counteracts the effect of reduced landing gear drag in ground effect.

This is why at low to moderate a the increased drag reduction due to the presence of the
landing gear is dominant, as seen in Figure 4.68 and Figure 4.69. The drag is reduced more
strongly with landing gear deployed by the same order of magnitude as the main landing gear
drag reduction presented in Figure 4.70.

However, at higher a the lift increment becomes significantly less negative for the gear
retracted case. This means that the differences in absolute value of C; now increase further
due to ground effect, rather than reduce as is the case at low a. This in turn means that now
the induced drag (reduction) for the gear retracted geometry becomes more significant, which
is why the double drag increment in Figure 4.68 becomes positive at « = 12.0°. This is clearer
in the polynomial fit presented in Figure 9.102.

The same tendency was observed for the case of the small nacelle, conventional wingtip
geometry in Figure 4.69, but due to some doubts regarding the accuracy of the run at a =
12.0° this data was not included in the figure. This lack of data at @ = 12.0° is also the cause
of the polynomial fit in Figure 9.103 looking different to that of Figure 9.101. However due to
the inherent uncertainty in this data, more research will be required to confirm the conclusions
reached in this subchapter.
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Figure 4.68 - Change to the incremental drag coefficient in ground effect due to landing gear deployment for the
large nacelle, winglet geometry with gear deployed in landing configuration with MTO thrust setting
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Figure 4.69 - Change to the incremental drag coefficient in ground effect due to landing gear deployment for the
small nacelle, conventional wingtip geometry with gear deployed in landing configuration with MTO thrust setting
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Figure 4.70 — Change to main landing gear drag coefficient in ground effect for the large nacelle, winglet
geometry with gear deployed in landing configuration with MTO thrust setting

4.6.3 Flow Changes over the Main Wing due to Nose-Landing Gear

During this thesis project, the question arose whether the wake of the nose-landing gear for
this aircraft geometry would affect the flow over the leading edge of the wing. An attempt was
made to answer this question by means of a series of figures, which are located in Appendix
L — Interaction between Nose Landing Gear Wake and Inboard Leading-Edge.

In this appendix it is concluded that the wake of the nose-landing gear does influence the flow
over the main wing at certain combinations of @ and h/b. No systematic investigation was
performed to determine how this changes with «. It is also unknown if this effect is dependent
on ground effect. It has been shown in this thesis that in ground effect the streamlines are
shifted upwards away from the ground. Thus it is possible that the streamlines passing through
the wake of the nose landing gear would flow beneath the main wing out of ground effect, but
this would have be confirmed in future research.

4.6.4 Conclusions

The primary change caused by the deployed main landing gear in ground effect is that
magnitude of the relative decrease in flow velocity below the inboard wing is reduced
compared to when the gear is retracted. This results in a stronger pressure increase on the
lower inboard wing, resulting in a lift benefit of up to 1.7% of total lift at high a. At low « the lift
increase is not observable, it is uncertain if this is due to unknown flow phenomena or caused
by the uncertainty in the CFD.

The drag benefit is more significant for the gear deployed case at low a by up to 2.2% of total
drag. In contrast at high «, it is more significant for the gear retracted case by up to 0.46% of
total drag. At low a the drag reduction on the main landing gear in ground effect is dominant,
at high a the stronger induced drag reduction for the gear retracted case is dominant.

It was seen that the wake of the nose landing gear can affect the flow over the inboard leading
edge of the main wing. It is unknown whether and/or how this changes with « and h/b.
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4.7 Early Onset of Stall in Ground Effect

During the thesis investigation it was found that inboard wing stall occurred at very high a and
low h/b, which occurs at significantly lower « compared to free air. The stall pattern is shown
in Figure 4.71, whereby the massive region on the inboard wing shows the region of separated
flow. This is the normal way that this wing stalls. It is known from literature that the maximum
lift coefficient is reduced in ground effect (67), which has led to a fatal crash in the past (68).
However, this early stall is not validated by windtunnel data, ¢ = 15.0° was not reached in the
available data.

274010 Large Nacelle Winglet MTO
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Figure 4.71- Inboard wing stall in ground effect a = 15.0 ° % = 0.155

A possible reason for the early onset of stall was shown in section 4.1.3, where it was shown
that the vortex induced by the onglet is moved upwards and away from the wing, due to ground
effect. In free air, this vortex hits the upperside of the flaps, re-energizes the flow in that region
and thus positively influences C;,, .. Usually a stall occurs when this vortex can no longer
effectively re-energize the flap. In ground effect this vortex is adversely affected, thus it is likely
that it detaches from the flap at a lower value of a.

Since early stall in ground effect was not part of the main research topic, no further
investigation was performed to confirm or deny this hypothesis. However, it would be an
interesting topic for future research.
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4.8 Summary of the Observed Effects

A number of effects have been observed in this chapter. These are summarized below:

Due to ground effect, streamlines get shifted upwards, slowing down the velocity under
the wing and increase flow velocity over the wing leading edge. The influence of ground
effect increases exponentially as the distance to the ground h/b is decreased.

(@]

This causes a lift enhancing effect of pressure increases on the lower wing
surface, located most significantly between the fuselage and the engine
nacelle, as well as on the fuselage itself. This pressure rise is already present
at low a, causing lift to increase in ground effect.

The suction on the leading edge slat and main-wing leading edge increases in
ground effect, most notably on the inboard section, leading to an increase in
lift. This due to a local increase in angle of attack.

Pressure increases on the upper wing surface, causing the lift to decrease. At
low a this pressure rise is limited to the upperside of the flaps. As a increases,
this pressure increase becomes both larger in magnitude and spreads out over
the entire area of the upperside of the wing, with the exception of the leading
edge.

At low a, the pressure rise on the lower surface is dominant, leading to an
overall positive change in C; due to ground effect. In contrast at high «a the
pressure rise on the wing upperside is dominant, causing a decrease in C;.
Decreasing flap deflection increases the value of a at which ground effect lift
increment becomes negative.

At the fuselage, there is a stronger lift enhancing benefit due to the ground
effect compared to the wing. This is because the lowerside of the fuselage is
located closer to the ground than the wing, leading to a stronger lift increase.
At the same time it experiences much less of the lift destroying effect of the
ground effect, since the fuselage upper surface is located further away from the
ground than the mainwing.

The induced drag is reduced significantly due to the mirrored wing-tip vortex. A
reduction of the induced drag of up to 42% is observed. The viscous-pressure
drag, or form drag, reduces by up to 9% in ground effect.

It is found that engine thrust reduces the influence of the ground effect. That has two
causes:

O

At MTO thrust setting, the engine sucks in air which would otherwise be
deflected over the wing upper surface due to ground effect, which changes the
local angle of attack on the leading edge in the region of the engine. This means
that the magnitude of the suction increase, which is normally present due to
ground effect on the slat and mainwing leading edge, is reduced compared to
when flightidle thrust settings are applied.

At higher a the jet from the engine increases the mass flow in the flap gap. This
increases the suction on the flap leading edge, thereby counter-acting the
suction decrease and lift loss caused by ground effect on this part of the wing.

These two effects combined cause a reduction of ground effect related lift by up to 2%
of total lift increase at low @ when MTO thrust settings are applied and a reduction of
the ground effect related lift decrease at high a by up to 1.5% of total lift. Thus by
applying MTO thrust settings the influence of the ground effect is reduced for all a, the
absolute value of the change in lift due to ground effect is reduced.

The drag is reduced more significantly by up to 3.2% of total drag with flightidle thrust
settings applied compared to MTO thrust.

The differences caused by different size nacelles effect are threefold:
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o The larger nacelle has a higher thrust coefficient ¢;, leading to an engine thrust
effect

o The lowerside of the large nacelle, is located closer to the ground, and thus
sees a stronger increase in pressure in ground effect compared to the smaller
nacelle, causing a lift benefit of up to 0.8% of total lift.

o The larger nacelle blocks the flow over the slat leading edge in the immediate
vicinity, which means the suction is no longer increased in that slat area. This
leads to a lift reduction of up to 0.06% of total lift in ground effect.

Changing the wingtip geometry causes small changes to lift and drag in the region
local to the wingtip and to a lesser extent on the outboard wing section. This effect is
an order of magnitude smaller than the gear or thrust effect.

o In ground effect wing tip stall occurs earlier. Therefore ground effect has the
most significant impact on wingtip performance, in the range of 10.0°< a <
12.0°, which is the region where the wingtip stalls.

There is a more significant flow velocity decrease present under the wing when the
main landing gear is retracted, resulting in a lift increase at high a.

o The drag reduction of the main landing gear is significant, up to 7% of the total
drag reduction benefit due to ground effect.

o At high a the gear retracted case has a higher absolute lift value, independent
of ground effect, of up to 2.13% increase. This causes a higher value of the
induced drag and thus leads to a larger reduction of the induced drag in ground
effect.

It was found that stall can occur earlier than in free flight, at a combination of very high
a and low h/b.
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5. Validating the CFD Results
Using Windtunnel Data

In the previous chapter an analysis was presented using the results from CFD simulations. In
order to have confidence in this analysis, it is crucial to validate the accuracy of this CFD data.
The validation is presented in this chapter using DNW windtunnel data as a reference.

The chapter is structured as follows. Subchapter 5.1 provides the relevant information on the
windtunnel data. In subchapter 5.2 the comparison figures between windtunnel and CFD are
presented and discrepancies between the two data sources will be identified. Then, in
subchapter 5.3 possible causes for these discrepancies will be discussed. Finally the
conclusions will be presented in subchapter 5.4.

5.1 Windtunnel Information

Data from two separate windtunnel test campaigns is used as a validation tool in this chapter.
Both campaigns were conducted at DNW. The first campaign was completed in 1987 and
concerned the take-off configurations. The goal was to catalogue ground effect performance
data for this particular aircraft. This campaign was performed using TPS on the wings,
simulating MTO thrust conditions. No moving belt was installed.

The second test campaign took place a year later and primarily concerned the landing
configuration. The goal of this campaign was to investigate the influence of the newly installed
moving belt on the ground effect performance data as well, which is also reflected by the test
matrix. No effort was made to install TPS on the aircraft, but instead through-flow-nacelles
(TFN) were used in order to save costs and reduce complexity.

These campaigns were held with a belt speed of V}.;; = 50 m/s. This is lower than the tunnel
freestream velocity, ., = 68.64 m/s depending on the exact temperature which shifts slightly
throughout the tests. Table 5.1 shows the information on the high-lift settings for both
windtunnel configurations.

In both test campaigns the Mach number was set to Ma = 0.2, which is the same value as for
the CFD simulations. The Reynolds number for the windtunnel was approximatelyRey,+ =
2.6 * 10°, which is significantly lower than the full-scale Reynolds number used in the CFD
calculation: Recpp = 19.6 = 10°.

The maximum achievable h/b in the windtunnel was h/b = 0.625. At this height the model
was located in the tunnel center line. Out of ground effect data was produced by calculating
wall corrections from four walls (4w) at h/b = 0.625. In ground effect, data was produced by
only applying three wall corrections (3w), namely the wall corrections from the two walls and
the ceiling. For each new settings of h/b, the wall corrections were re-calculated.

There are two different datasets available. Raw windtunnel data is present for the take-off
configuration. Measurements were made at a = 0.0°, « = 6.0° and a = 12.0°. The wall
corrections are applied to this data.

For the landing configuration, only post-processed data is available. The post-processing
consisted of applying a polynomial fit over the entire data set. The polynomial is dependent
on a and h/b. The data presented in the next subchapter for the landing configuration consists
wholly of these calculated values, not measurements.
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Table 5.1 — Overview high-lift configuration settings for the windtunnel data

Parameter | W/T Take-Off | W/T Landing
Configuration | Configuration
Sslat 22.0° 27.0°
Sflap 10.0° 40.0°
6aileron 0.0° 0.0°
Vbert 0 [m/s] 50 [m/s]
Propulsion TPS TFN

5.2 Comparison between Windtunnel and CFD

Figure 5.1 and Figure 5.3 show the comparison between CFD and corrected windtunnel data
for the take-off configuration. Concerning lift, the general agreement between the two data
sources is quite good, within approximately 0.5% of the total lift. Both CFD and windtunnel
show the same trend, especially for « = 6.0° and a = 12.0°.

There is an offset of approximately 1% of the total lift between CFD and windtunnel for a =
12.0°. This is most likely caused by a difference in reference values. This is evident at h/b =
0.625, region B, which shows for a = 12.0° that AC, . is significantly negative. There is no
physical explanation for why there would be a significant negative lift increment present at this
high h/b. Therefore, in Figure 5.2 the line “WT a = 12.0°” is adjusted by manually adding a
fixed value to each data point on the curve, such that:

(equation 5.1)

Now it can clearly be seen that the lift increment change in CFD and windtunnel for this value
of a is very similar, with the exception of h/b = 0.135 (region A in Figure 5.2), where for CFD
only the lift increment becomes less positive. This is also present for a = 6.0°, highlighted in
region C.

The drag change shown in Figure 5.3 shows that there is an agreement between windtunnel
in CFD within 1.5% of the total drag value. Both data sources follow a similar trend. There is
an approximately linear shift between CFD and windtunnel, whereby the windtunnel predicts
a slightly increased drag benefit. The cause of this offset is unknown, as it is not caused by a
difference in absolute value of lift which could result in more induced drag to be present.
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Relative Lift in Ground Effect (GE — GE,»;;,_.,)

hb []
Figure 5.1 - Lift (FFD 72 CL_S1MA_NF) change due to ground effect from windtunnel and CFD for the small
nacelle, conventional wingtip geometry with gear deployed and MTO thrust setting in the take-off configuration
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Figure 5.2 - Lift (FFD 72 CL_S1MA_NF) change due to ground effect from windtunnel and CFD for the small
nacelle, conventional wingtip geometry with gear deployed and MTO thrust setting in the take-off configuration
with manually adjusted values for the line WT a = 12.0°
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Relative Drag in Ground Effect (GE — GE4_, )
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Figure 5.3 - Drag (FFD 72 CD_S1MA_FF) change due to ground effect from windtunnel and CFD for the small
nacelle, conventional wingtip geometry with gear deployed and MTO thrust setting in the take-off configuration
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Figure 5.4 - Lift (FFD 72 CL_S1MA_NF) change due to ground effect from windtunnel and CFD for the small
nacelle, conventional wingtip geometry with gear deployed and MTO thrust setting in the landing configuration
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Figure 5.5 - Drag (FFD72 CD_S1MA_FF) change due to ground effect from windtunnel and CFD for the small
nacelle, conventional wingtip geometry with gear deployed and MTO thrust setting in the landing configuration

Figure 5.4 shows the change in lift as simulated by CFD and windtunnel for the landing
configuration. As previously discussed, the windtunnel data here is generated from a
polynomial fit which is based on the corrected data.

The windtunnel data predicts a significantly more positive lift increment compared to CFD
simulations. The highest lift increment present for windtunnel is ACLWT|“=2-°° ~ 6.57% of the
total lift, while AC, ., |*=%%" ~ 3.92% of the total lift. This discrepancy gets larger for high a,

where the CFD lift increment is negative up to 5.72% of the total lift. In the next subchapter
possible causes for the observed discrepancies will be discussed.

Figure 5.5 shows the drag change comparison for the landing configuration. Interestingly
enough, the drag reduction is now predicted to be higher by CFD, while for the take-off
configuration this was reversed. The trend between windtunnel and CFD matches very closely,
similar to what was observed in Figure 5.3. Only at @ = 12.0° and a = 13.0° do the differences
increase by up to 3.48% of the total drag. So similar to the lift data, only at high a do windtunnel
and CFD data diverge significantly.

5.3 Discussion of identified differences
In the previous subchapter the most significant discrepancies between windtunnel and CFD
were found to be present mainly for the lift increment on the landing gear configuration. In this

subchapter some causes of these discrepancies will be discussed, such as different aileron
droop angles, the difference in Reynold’s number and the belt speed.

5.3.1 Effect of Different Aileron Droop Angles

The key difference in geometry between the CFD and windtunnel models are the aileron droop
setting. Initially it was expected that the windtunnel data would follow the company convention
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and have an aileron deflection of §,;; = 10.0° in the landing configuration. Due to the age of
this data, it took a long time to ascertain the true aileron setting used during the windtunnel
campaign, which turned out to be §,; = 0.0°. By this point it was no longer feasible to change
this setting in the CFD models and redo many computations. To investigate the influence of
this change in aileron droop, one h/b polar was produced with &,; = 0.0° at « = 10.0°.

The aileron can be viewed as yet another flap. Thus it is expected that by reducing the aileron
droop deflection, the lift increment will be influenced positively. This can be seen in Figure 5.6,
where it is shown that by setting aileron droop to 0.0°, the lift increment is increased by
approximately 1% of total lift at equal h/b. This effect will be even stronger at higher values of
a. Therefore it can be concluded that the aileron droop setting is partly responsible for the
discrepancy observed at the landing configuration.

Relative Lift in Ground Effect (GE — GE%:H,) a =10.0°
05/05 /0, = 27°/40°/10° Large Nacelle Winglet Gear MTO
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Figure 5.6- Effect of aileron droop setting on ground effect lift increment

5.3.2 Effect of the Reynold’s Number difference

There is a significant difference in Reynold’s number between the windtunnel and CFD,
respectively Reyr =~ 2.6 * 10° and Recpp =~ 19.3 * 10°. This will cause differences in maximum
lift, boundary layer thickness and transition location (98). It is not known if tripping devices
were used on the aircraft model in the windtunnel to force transition.

No systematic studies were found which investigate the differences in ground effect
performance caused by a Re variation of 2.0 * 106 < Re < 20 = 10°. Hsiun and Chen (99)
showed that for 0.2 * 10® < Re < 2.0 x 10° significant differences in ground effect lift and drag
increment are present, but it is not clear how this translates to higher values of Re.

It was shown in chapter 4 that in ground effect there is an earlier onset of wingtip stall. In many
cases at @ = 12.0° there is not yet tip stall present in free air, but tip stall is already present in
ground effect. Previous work from the author of this report has found that for this type of
aircraft, the angle of attack at which tip stall occurs can vary by up to several degrees due to
variation of the Reynolds number. The critical region at which this happens is 2.0 * 10® < Re <
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7 x 10°. Therefore a possible explanation for the discrepancy between windtunnel and CFD
visible at ¢ = 12.0° (as shown in region A in Figure 5.2) would be that tip stall occurs only for
low h/b in CFD, but is already present in windtunnel for all h/b, i.e. both in and out of ground
effect, thus not changing the lift increment.

5.3.3 Belt Speed

No belt was present for windtunnel measurements for the take-off configuration. Figure 1.18
indicates the effect this omission can have on the ground effect measurements, whereby the
windtunnel corresponds to the ground stationary curve and the CFD data has been obtained
using the ‘slip’ boundary condition. It is shown that at low height above ground, the ground
stationary boundary condition has a lower lift increment and a stronger reduction in drag. This
could explain why the drag benefit for the CFD is lower compared to windtunnel, especially at
a = 0.0° and a = 6.0°.The influence of the belt speed is not at as evident for the lift increment
from this source.

For the landing configuration, the belt speed is 50 m/s while V,, = 68.64 m/s. These speeds
are sufficiently close to each other that any ground boundary condition based effects become
negligible compared to other effects.

5.3.4 Limits of the CFD

The largest discrepancies between CFD and windtunnel data are found for the lift increment
at high @ and low h/b for the landing configuration. These parameters are at the limit of the of
the CFD simulation capabilities. The implicit assumption when using the steady RANS
equations is that there is steady flow, but this is no longer fully the case at these parameter
values due to significant regions of separated flow over the flaps and wingtip. For better results
at these conditions it could be beneficial to use the unsteady-RANS (URANS) equations.
However, this approach is significantly more computationally expensive.

A comparison between CFD and windtunnel data for a different aircraft in ground effect is
shown in Appendix N — Windtunnel and CFD Ground Effect Lift Increment Comparison for a
Different Commercial Jet Aircraft. Different high-lift configurations with a &4, of 8.0°, 14.0°
and 22.0° are shown in Figure 9.115, Figure 9.116 and Figure 9.117 respectively. A similar
trend can be observed, which is that at a &4, of 8.0° and 14.0° there is a good agreement
between CFD and windtunnel, while at &5, = 22.0° the CFD lift increment becomes
significantly more negative at high « and low h/b.

5.4 Conclusion

It was found that there is a good agreement between the ground effect lift and drag increments
from windtunnel experiments and the CFD results presented in this thesis, especially for the
take-off configuration. The agreement is in the order of within approximately 0.5% of the total
lift, and within 1.5% of the total drag value. At high flap deflection, high «a and low h/b there
is a significant discrepancy in the predicted lift increment, whereby the CFD simulation predicts
a more negative lift increment. The trend of the predicted ground effect drag change is very
similar for both CFD and windtunnel results, but at high « and low h/b the discrepancy rises
by up to 3.48% of the total drag. CFD overestimates the drag benefit compared to windtunnel
for the landing configuration, whereas it under-predicts the drag benefit for the take-off
configuration.

Possible causes of the observed discrepancies are:
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Different aileron droop setting are used, which is 0.0° for windtunnel and 10.0° for
CFD.

Different Reynolds number, which is Rey; ~ 2.6 *10° and Recpp =~ 19.3 * 10°
respectively

There is no moving belt present for the take-off configuration windtunnel experiments,
which will adversely influence the accuracy of those results

At high flap deflection, high a and low % the steady flow assumptions underlying the
RANS equations may no longer be completely valid, leading to some inaccuracies.
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6. Open Topics and
Recommendations for
Further Research

Throughout this thesis investigation, a number of questions have remained unanswered due
to time constraints. In this chapter an overview of these topics will be presented and
recommendations for future research will be provided.

6.1 Engine Nacelle Effect with Identical Thrust Coefficient

While investigating the nacelle effect, it was found that it was difficult to answer this question
conclusively. One of the reasons was that the thrust coefficients for the two small and large
nacelle were different, which made it difficult to isolate the influence caused by the nacelle
geometry change. Data was available for the flightidle case in landing configuration, but the
nacelle effect turned out to be of the same order of magnitude as the inherent uncertainty of
the CFD data at this high flap deflection setting.

Therefore the recommendation for future research is as follows:

Perform the computations at lower flap deflection settings. Use either the flightidle power
setting, or when it is required to perform the computations with MTO power setting, ensure
beforehand that the C; values are identical between the two nacelle geometry cases.

6.2 Constant Lift Coefficient when comparing Wing Tip Geometry

By exchanging the conventional wingtip with the modern winglet geometry, the wingspan of
the aircraft is increased by approximately 4%. This will increase C; at identical @ and change
the shape of the lift distribution over the wing, thus introducing additional variables which make
the analysis on the winglet effect more challenging. The best alternate approach would be to
instead have the CFD solver iterate to a chosen value of C,, thereby eliminating one variable
in the comparison.

This approach was known and considered before the research started, but to conform to
company best practices and to enable easier comparisons with reference (windtunnel) data,
it was decided to perform the calculations at fixed « anyway. For future research in which the
influence of wingtip geometry is most important, it is recommended to switch this approach
and focus on iterating to a certain value of C;.

6.3 Influence of Ground Effect on the Nose-Landing Gear Wake
Encountering the Wing Leading Edge

It was seen in section 4.6.3 that at a certain a and h/b, the wake from behind the nose-landing
gear encounters the leading edge of the mainwing. This removes energy from the flow at this
critical location, which in turn will lead to a decrease in lift. In this thesis no further investigation
of this phenomenon was made. It is unknown if this effect is ground effect related and if there
is a dependency on a. Thus, there is ample opportunity for a future, more in-depth
investigation on this subject.
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6.4 Investigate Stall in Ground Effect

It was shown in subchapter 4.7 that for some cases the CFD simulation predicted a very early
onset of stall when the aircraft is close to the ground at 13.0° < a < 15.0°. This resulted in a
stronger separation on the inboard wing upper surface, in a manner and location similar to the
normal stall behavior in free flight, but at a significantly lower «. Earlier onset of stall and
reduction of C,, ,  in ground effect is not unheard of in scientific literature (67), but not fully
understood either. It would be of interest to discover whether the observations on early stall
onset made in this thesis are physically correct, or if this is related to CFD settings and the
aforementioned limits to the CFD accuracy. It should be mentioned here that these
observations were made at the combination of parameter settings for which there was the
lowest agreement between windtunnel and CFD. See subchapter 5.2 and Figure 5.4.

197



7. Conclusions

An extensive CFD campaign investigating ground effect was completed. Throughout the
campaign changes were made to the geometry of the nacelle and wingtip, as well as deploying
and retracting landing gear and changing the high-lift configuration. Finally this was done for
both flightidle and MTO thrust configurations.

The following ground effect related changes to aerodynamic performance of the aircraft were

observed:

e For the landing configuration, low a shows a positive lift increment, whereas at high a« a
negative lift increment is present.
o Lift increase is caused due to more air being deflected over the wings, rather than
under them. This results in the following lift-enhancing effects:

A pressure increase on lower main wing due to a decrease in flow velocity
under the wing. The pressure increase is primarily located between the
fuselage and nacelle.

A suction increase on the slat and wing leading edge due to an increase in
the local angle of attack.

A pressure increase on the lower side of the engine nacelle and fuselage.

o Lift-decreasing effects are:

For all « the pressure on the flap upperside is increased, especially at the
flap leading edge due to a reduced mass-flow rate through the flap gap.
This occurs over the entire span of the inboard and outboard flap. This
effect is reduced with lower flap deflection angle.

A pressure increase on the mainwing upperside. That increase is most
significant at the trailing edge and reduces when moving towards the
leading edge. This effect occurs over the entire wing span. At low a this
pressure increase is relatively small compared to the other effects. In
contrast, at high a it becomes the dominant effect and also affects the
upperside of the fuselage.

o Atlow « the pressure increase on the lower wing is dominant, causing an overall
lift increase. As a increases, the lift-reducing pressure increase on upper wing
increases in magnitude faster compared to the lift-enhancing pressure on the lower
wing surface. Depending on h/b, between 8.0° < @ < 11.0° the pressure rise on
the upper wing surface becomes dominant, leading to an overall reduction in
aircraft lift.

o Liftis increased by up to 3.5% at @ = 4.0° and is decreased by up to 5.5% at a =

13.0°.

o The influence of the ground effect increases exponentially as the distance to the
ground is reduced.

e Drag is reduced by up to 33% due to the ground effect. That is primarily caused by a
reduction of the induced drag. The magnitude of the drag reduction increases linearly with
a, and increases as h/b decreases. The drag reduction can mostly be attributed to a
reduction of the induced drag of up to 42% at « = 13.0° and h/b = 0.155, caused by the
mirrored wing tip vortex. The viscous-pressure (form) drag is reduced by up to 9%.

e By applying MTO instead of flightidle thrust settings, the influence of the ground effect is

reduced:

1. At MTO thrust setting the engine sucks in air which would otherwise be deflected over
the winger upper surface due to ground effect. This modifies the local angle of attack
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on the leading edge in the region of the engine. That means that the magnitude of the
suction increase on the slats, which is normally present due to ground effect on the
slat and mainwing leading edge, is reduced compared to when flightidle thrust settings
are applied.

2. At higher a the jet from the engine increases the mass flow in the flap gap. This
increases the suction on the flap leading edge, thereby counter-acting the suction
decrease and lift loss caused by ground effect on this part of the wing.

These two effects combined cause a reduction of ground effect related lift by up to 2%
of total lift increase at low @ when MTO thrust settings are applied and a reduction of
the ground effect related lift decrease at high a by up to 0.5% of total lift. Thus by
applying MTO thrust settings the influence of the ground effect is reduced for all a, the
absolute value of the change in lift due to ground effect is reduced.

The drag is reduced more significantly by up to 4% of total drag with flightidle thrust
settings applied compared to MTO thrust.

¢ Reducing the flap deflection from &4, = 40.0° t0 &f1q, = 10.0° results in a positive lift
increment up until « = 12.0° instead of a = 9.0°
o Higher flap deflection values reduces the value of a at which the ground effect lift
increment becomes negative.
o The absolute value of the induced drag reduction is diminished by approximately
50%, the relative induced drag reduction is slightly decreased.

e The effect of changing the size of the engine nacelle is threefold:

o 1) The larger nacelle blocks the flow over the outboard part of the inboard-slat,
which therefore has a lower lift increase in ground effect by up to 0.06% of total lift.

o 2) The lower side of the larger nacelle is located closer to the ground and thus the
pressure increases more significantly here, leading to a lift increase of up to 0.08%
of total lift.

o 3) A thrust effect is present due to the engine in the larger nacelle producing an
approximately 20% higher thrust coefficient compared to the thrust from the engine
in the smaller nacelle. This thrust-effect can be seen both in the lift and drag change
and accounts for the majority of the observed effects. Most of the observed lift and
drag differences disappear for the case of the landing configuration with flightidle
thrust setting.

The impact of changing nacelle size is significantly smaller compared to the impact of
changing the high-lift configuration and the engine thrust settings.

e The influence of changing the wingtip geometry is limited to the local, outboard area. The
largest differences of up to 0.26% of total aircraft lift are observed at the range of 10.0° <
a < 12.0°, which is when wingtip stall occurs. Impact of ground effect is very limited here
because the chord of the wing is small compared to the inboard wing, and due to dihedral,
the wingtip is located significantly further away from the ground.

¢ Adeployed main landing gear counteracts the impact of ground effect below the wing. This
is because both ground effect and the main landing gear reduce flow velocity below the
wing. The combined effect is of a lower magnitude than the individual components, thus
the magnitude of the lift-enhancing pressure rise on the lower wing is reduced with landing
gear deployed.

o Due to the lower velocity below the main wing, the main landing gear drag is
reduced by up to 20% in ground effect. This is up to 7% of the total ground effect

related aircraft drag reduction.
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o Ata=12.0°and h/b = 0.155, it was observed that the wake of the nose-landing
gear hits the wing leading edge, reducing the local lift in this region. It is not known
if this is a ground effect related phenomenon.

Early onset of stall in ground effect was found occur at « > 13.0°, but this effect is not
validated by external data.

The CFD data was validated using a DNW windtunnel campaign. It was found that for the
take-off configuration there was a good to very good agreement between CFD and
windtunnel, 0.5% of the total lift.

o The agreement was not as good for the landing configuration lift increment.
Especially at high a, CFD predicts a considerably more negative lift increment by
up to 5.72% of the total lift in extreme cases. There is better agreement for the drag
prediction, and the predicted trend is very similar. CFD predicts a slightly more
significant drag benefit.

o Possible causes for the discrepancies between windtunnel and CFD are:

= Different aileron droop setting, 0.0° for windtunnel model and 10.0° for CFD,
which can cause a discrepancy of up to 1% of total lift.

= Difference in Reynolds number, Rey,; ~ 2.6 * 10° and Recpp ~ 19.3 * 10°

= Windtunnel belt speed which is below the freestream velocity

» Limits of CFD: The largest discrepancies are found at high a, low h/b and
high flap deflection. In this regime the steady assumptions underlying the
CFD no longer fully apply, which will cause the CFD to lose accuracy for
these conditions.
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9. Appendices

9.1 Appendix A — Derivation of the Navier-Stokes Equations

9.1.1 Navier-Stokes Equations

The Navier-Stokes equations are a coupled system of non-linear partial differential equations
for solving a viscous flow. They form the mathematical basis for the RANS solvers. So far no
general analytical solution exists for these equations, hence the need for numerical solution
methods. The Navier-Stokes equations are given below, for the full derivation see (6).

The continuity equation:

1)
6—’; +V-(pV) =0 (equation 9.1)

The momentum equation:

§ )

(gtu) + V- (pulV) = — é +pfy + vaiswus (equation 9.2)
6(pv 5

E;’t ) + V- (pvV) = —% 0+ Eccous (equation 9.3)
g 5

(g:/) +V-(pwV) = - 6—2 +0fz + Fapions (equation 9.4)

The energy Equation:
0 + v +V + v V
st|P\°7 2 PLET
=pq—=V-@V)+p(f V) + Quiscous + Wv’iscous (equation 9.5)

This is a system of five equations and six unknowns, p, p,u,v,w, e. The system is closed by
adding the equation of state, which is in the case for a perfect gas:

p = pRT (equation 9.6)
Or for the more general case:

u? + v+ w? ,
—_— (equation 9.7)

P=(V—1)P<E— >

This adds the temperature T as the seventh unknown, which can be obtained when
assuming a perfect caloric gas by:

e=c,T (equation 9.8)

The Navier-Stokes equations can be rewritten in conservative form, as used by the TAU
solver (16):

é — =
aff wdv = ff F-1dS (equation 9.9)
v 5V
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Hereby W is the vector of the conserved quantities:

p
pu
W=|pv (equation 9.10)
pw
pE
V is an arbitrary control volume with boundary 6§V and normal vector 7. F is the flux density
tensor and consists of the flux vectors of all three axis directions:

F=(FE+Ff)-é,+(GE +GS)- &, + (HE + HS) - ¢é,
The inviscid and viscous contributions are given separately by:
pu

Pu +P
=| puv (equation 9.11a)

Tl /
pHu

:[[xy (equation 9.11b)
XZ
6T
UTyy + VTyy + WTy, + K 5x
pv
puv
GE = | pvi+p (equation 1.12a)
pvw
pHv
0
o w
. T
GS = T?z] (equation 9.12b)
6T
UTyy + VT, + WTy, + K 3
pw
puw
ﬁf = pvw (equation 9.13a)
pw? +p
pHw
0
TxZ \
HE = 2’; (equation 9.13b)
6T

UTyy, + VTy, + WTyy + K 3

9.1.2 Reynolds-Averaged Navier-Stokes Equations

The Navier-Stokes equations could in principle be fully solved numerically for the entire
computational domain using Direct Numerical Simulation (DNS). Unfortunately the prohibitive
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computational costs make this unfeasible for anything but the simplest of cases, since these
costs rise proportional to the cube of the Reynolds Number. Therefore, in order to reduce the
computational complexity of solving the Navier-Stokes equations, some of the non-linear parts
of the equations are averaged. The continuity, momentum and energy equation then become
respectively (16):

0,0 oU,) =0 tion 9.14
E-{_S_xk(p k) = (equation 9.14)
8(pU;) I T .

o5 + 5_ pUl Uk) + 5_xk (ple) = — 6_Xl + 5_Xk (equatlon 915)
8(pE) _8(mul) Sa Sak . _ .

St +—( HUk) +—(ple l) T_d_xk_é‘_xk-l_pD (equatlon 916)

In the above equations, the overbar denotes the weighted average, while the tilde denotes a
mass weighted average as given by for example:

H= (equation 9.17)

oE

The Reynolds-Averaged Navier-Stokes equations introduce additional terms which need to be
modelled instead of solved. In particular there is the introduction of the Reynolds stress tensor:

pRij = pu,"u," (equation 9.18)
The half of the trace of the Reynolds stress tensor is called the kinetic turbulence energy:

-1 _ -
pk = EﬁRkk (equation 9.19)

the turbulent heat-flux vector and the diffusion of kinetic turbulence energy are respectively:

ql(t) = R (equation 9.20)

. é
ljD(k) = — E (pul"ul"uk" - Ttkul") (equation 9.21)

Whereby the “ indicates a fluctuation around mass weighted average.

The average of the viscous stress is given by:

Ty = 208} (equation 9.22)
With traceless strain rate tensor:

- - 1.

S; =S8 - §5kk5ij (equation 9.23)
And the simple strain rate tensor

~ 80, 60 _

Sij = <5x] + 6—%) (equation 9.24)

Sutherland’s law can be used to compute the average molecular viscosity:
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Nl w

73 T \2Tgrer+S
E o < ) REF (equation 9.25)
prer  \Trer) T+S
Finally the average molecular heat flux is given by:
q =—41 oT tion 9.26
qgi = 5, (equation 9.26)

The average molecular heat conductivity 4 can be derived from the definition of the Prandtl
number. The averaging of the ideal gass law does not introduce any changes compared to
the original equation. The average specific total energy and enthalpy change in the following
manner:

. 1. .

E=¢é+ > Ui Uk +k (equation 9.27)

~ - 1 _

H=h+ > wHe +k (equation 9.28)
Whereby:

é=c,T (equation 9.29)

T=e¢ +% (equation 9.30)
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9.2 Appendix B — Analysis of the Influence of the Wingtip Geometry on
Ground Effect Performance

In subchapter 4.4 the change in global lift and drag coefficient for the different configurations
was shown. The focus for that subchapter was to determine the differences in lift and drag
increment in ground effect caused by the nacelle geometry, now in this subchapter the focus
will be on using that same data to determine the influence of the wingtip geometry on ground
effect lift and drag.

One important note is that the winglet geometry has a wingspan which is increased by
approximately 5% compared to the conventional wingtip geometry. However all CFD runs
have been performed using the same reference value of the span b, which was the value of
bwingier cOrresponding to the winglet geometry. Therefore the results for the conventional
wingtip case were interpolated to the correct value of wingspan bconventionaiwingtip USINg an
Akima (100) spline interpolation as implemented in the EGAAG STET excel toolset. This
interpolation has been performed for the global lift and drag increments discussed below, but
not for the spanwise lift and drag distribution discussed in the subsection

9.2.1 Change in CL and Cp

9.2.1.1 Global Lift and Drag Coefficient

Figure 4.50, Figure 4.51 and Figure 4.52 show the lift increment for respectively the take-off
MTO, landing MTO and landing flightidle configurations. No clear trends in terms of lift
increment dependency on winglet geometry can be determined from this data. For the take-
off configuration in Figure 4.51 the conventional wingtip geometry shows a higher lift increment
of up to 0.4% of total lift when the smaller nacelle is equipped, while when the larger nacelle
is installed it is now the winglet geometry which shows a higher lift increment of up to 0.26%
of total lift. As a increases to the point that wingtip stall occurs (a = 12.0°), the difference
between due to the wingtip lift are reduced. As the CFD uncertainty is increased in for the two
landing configurations, it becomes impossible to discern any clear trend with respect to wingtip
geometry. Thus it can be concluded that any effect of the wingtip geometry on the global lift
increment change in ground effect is small and in the same order as the CFD uncertainty at
high lift conditions.

The same conclusion can be taken from evaluating the global drag increment changes in
Figure 4.57, Figure 4.58 and Figure 4.59. No clear drag dependency on wingtip geometry can
be found.

9.2.1.2 C.-Cp Polars

Because no clear trends can be determined from the global lift and drag increment, the
remainder of this section will be focused on the local lift and drag from the winglet only. Figure
9.1 shows the C;—Cp curves for both the winglet and conventional wingtip geometry in the full
landing configuration. The C, values here a calculated by CFD2Loads 5.3 and is obtained by
integrating the values of ¢, and c, over the wingtip surface. The data is taken from the
incidence values of 0.0° < a < 12.0°. The corresponding pressure distributions along the
wingtip are shown in Appendix G —Wing Tip Pressure Coefficient Plots, Figure 9.40 to Figure
9.51.

Figure 9.1 shows that at low incidence there is no strong influence of the ground effect on the
wingtip behavior. For both the winglet and conventional wingtip case there is a slight decrease
in drag (increase in negative drag) and a small decrease in lift for the same «, the effective
angle of attack is reduced. Figure 9.40 to Figure 9.42 show that the slight lift loss is caused by
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a slight decrease in suction on the upperwing surface behind the leading edge suction peak.
The reduction in suction in this region is also the cause of the reduction in pressure drag due
to the shape of the airfoil geometry.

It was seen in previous subchapters that the winglet stall occurs at lower « for the ground
effect, which is shown in Figure 4.14 and Figure 4.15. This is also quantitatively shown in
Figure 9.1, where the maximum lift coefficient is reduced by approximately 0.26% of total lift
for the winglet and by 0.17% of total lift for the conventional wingtip. Once separation on the
winglet occurs, the drag is increased significantly and the lift is decreased. As the winglet is
fully stalled, the differences between the in and out of ground effect case become almost
negligible. This is also illustrated in the ¢, distribution for a = 12.0° shown in Figure 9.45 for
the winglet geometry and Figure 9.51 for the conventional wingtip geometry, which can be
compared with « = 11.0° in Figure 9.44 and Figure 9.50 respectively where the difference
between in and out of ground effect are more significant.

Now that the limited local influence of the ground effect on the wingtip lift and drag is known,
the next section will discuss if changing the local wingtip geometry will significantly influence
the ground effect behavior of the rest of the wing.

Wingtip in Ground Effect
85/85/0, = 27°/40°/10° Large Nacelle Gear MTO

1 I
+ F | | ! ' ' ~*-Winglet H/B = 0.135

: : i t t t . == Conventional Wingtip H/B = 0.135
-»-Winglet H/B = 0.180
Foe e T T T ™1 T 11 T T -= Conventional Wingtip H/B = 0.180
- Winglet H/B = 1.0
- : l =1 s S O T N T T T T A Conventional Wingtip H/B = 1.0

~

4

/]
/

/

- CFD2Loads C, [ic] +

Figure 9.1 - ¢, — C,, curve for the Winglet and Conventional Wingtip in and out of ground effect for the large
nacelle, full landing configuration with MTO thrust settings and gear deployed

Note that the negative drag shown here is purely a bookkeeping effect, related how the drag
is calculated by the tool CFD2Loads. This is known within the department, it should not be
considered to be an error.
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9.2.2 Change in spanwise lift and drag distribution
9.2.2.1 Spanwise lift distribution change

Figure 4.56 shows the spanwise lift distribution for the take-off configuration at « = 6.0° and
h/b =0.135 and h/b = 0.18. As discussed previously some small differences could be
observed in this figure concerning the nacelle effect. In comparison to the nacelle effect, the
changes due to the wingtip geometry are even smaller. Very small changes in lift increment of
up to 1% are present at the outboard wings section near the aileron.

Spanwise Lift
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Figure 9.2 - Spanwise lift distribution for the large nacelle geometry with gear deployed and flightidle thrust
conditions at « = 12.0° % = 0.155 for the take-off high lift configuration

The differences due to wingtip geometry become slightly more pronounced when evaluating

that same outboard wing section for the landing configuration, which is shown at same « and
h/b values in Figure 9.84 for the MTO thrust setting and in Figure 9.85 for the flightidle thrust
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setting. Here changes of up to 3% are visible for the local lift increment, whereby the trend is
that conventional wingtip has a slightly less negative value of the lift increment.

Spanwise Lift
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Figure 9.3 - Spanwise lift distribution for the small nacelle geometry with gear deployed and flightidle thrust
conditions at « = 12.0° % = 0.155 for the take-off high lift configuration

Investigating at higher incidence angle, Figure 9.2 and Figure 9.3 show the spanwise lift
distribution at a = 12.0° for respectively the large and small nacelle geometries. These figures
show that at the wingtip (marked as region B), the conventional wingtip geometry has
significantly worse performance in ground effect due to the wingtip stalling only in ground
effect. That separation is also shown on the wingtip C, distribution in Figure 9.37 for the winglet
and Figure 9.39 for the conventional wingtip.

Almost no changes to the lift occur on the inboard area and at the fuselage (marked as region
A), even with the same nacelle geometry, only local effects close to the wingtip can be
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observed. There is a very small change in ground effect lift increment on the outboard wing
area, in the order of less than 1%. These observations disprove the hypothesis that the ground
effect behavior of the entire wing gets changed due to a change in spanwise lift distribution on
the wing, caused by the wingspan extension when the winglet is installed. This conclusion
remains valid at lower values of a.

It would be of interest to see the results for this configuration at flightidle thrust settings to see
if the lift differences would also be present in that case. Unfortunately no time was available
to produce this data. Another direction for future research would be to perform CFD runs
whereby the solution is iterated to a certain fixed of C; value, so that a ‘fair’ comparison can
be made in ground effect at identical €, between the different geometries.

9.2.2.1 Spanwise drag distribution change

Figure 9.88, Figure 9.89 and Figure 9.90 show the drag distribution for respectively the take-
off high lift setting for MTO thrust setting and the landing configuration for the MTO and
flightidle thrust setting. These drag distributions are inherently noisy and as such it is difficult
to take firm conclusions based on these plots. The most significant differences are present at
the wingtip itself, where there is a very sharp and strong peak of up to 100% drag increase
present for only the winglet geometry for all three cases. It is not known what causes this
strong drag increase, but it is present across a wide range of a. However, this is a strong
relative change of a small absolute value, so the impact on the global drag value is very limited.

This local influence is also seen in Figure 9.4 and Figure 9.5, which show the total drag
distribution for the exact same settings as shown in the previous section in Figure 9.2 and
Figure 9.3 for the lift. Allowing for the fact that the drag data is inherently noisier compared to
the lift data, Figure 9.4 and Figure 9.5 show that the most significant differences in ground
effect drag performance caused by wingtip geometry are present at the wingtip and to a lesser
extent on the outboard wing section, marked in region A. No clear influence of wingtip
geometry on the drag distribution on the inboard section of the wing or fuselage can be
observed.
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Figure 9.4 - Spanwise drag distribution for the large nacelle geometry with gear deployed and flightidle thrust
conditions at a = 12.0° % = 0.155 for the take-off high lift configuration
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Figure 9.5 - Spanwise drag distribution for the small nacelle geometry with gear deployed and flightidle thrust
conditions at a = 12.0° % = 0.155 for the take-off high lift configuration

9.2.3 Conclusions

It can be concluded that the influence of the ground effect on only the winglet lift is limited
compared to the thrust, engine and landing gear effect. Only in the narrow range of 10.0° <
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a < 12.0° are clear differences present of up to 0.26% of total lift and slight change in drag
due to ground effect. This is caused by the earlier onset of wingtip stall in ground effect. At
lower and higher a the wingtip is either fully stalled or there is fully attached flow present, in
that case the differences caused by ground effect are minimal and are limited to a small
decrease in suction on the upper wingtip surface behind the leading edge suction peak.

No clear evidence was found that ground effect behavior over the entire wing gets changed
by changing the wingtip geometry (and thus changing wingspan). The outboard wing section
shows very limited changes of up to 1% in lift change due to ground effect. There was no clear
influence found of wingtip geometry changing the ground effect behavior of the inboard wing
section.

The same conclusion is reached when discussing the drag. Local to the wingtip a strong
relative change in drag is present for the winglet geometry only and small differences on the
outboard wing section are present, while the drag on the fuselage and inboard wing section
remain unchanged.
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9.3 Appendix C — Lift Increment Plots

In this appendix the lift increment data for the three high-lift configurations is presented, being
the take-off configuration with MTO thrust settings, the landing configuration with MTO thrust
settings and the landing configuration with flightidle thrust settings. For each configuration, the
four data plots are provided, corresponding to the four geometry variants discussed in

subsection 3.3.5.3. The scale of the Y-Axis is the same for all plots of the landing configuration,
and for all plots of the take-off configuration.

9.3.1 Landing High-lift configuration — MTO Thrust Conditions
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Figure 9.6 - Change in lift coefficient due to ground effect for a range of h/b for the large nacelle, winglet
geometry with gear deployed in MTO thrust conditions in landing configuration

Relative Lift in Ground Effect (GE -~ GEy_, )
8,/85/8, = 27" /40" /10° Large Nacelle Conventional Wingtip Gear MTO

+ ] = ;
— ! K
 —— - : A N
. ):::Nt({’.‘.‘.*.t‘.l\\l)\”u ,,;;:\.‘ 1 ]
,,,,,, e SIS —— 11—
far-— e~ "-:”.,*; At trrmpre ! 1 i
1 T \ ——— TR o P O
g 1 T
u i T
o t +
a

[]*-H/B =0.155
H/B = 0.165[ -
[l®HB=018 [~

H® HB =023
[/ H/B = 0.31
“® H/B = 0.38
*® H/B = 0.41
“® H/B = 045
4 H/B = 0.625]

al’)
Figure 9.7 - Change in lift coefficient due to ground effect for a range of h/b for the large nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in landing configuration
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Figure 9.8 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, winglet
geometry with gear deployed in MTO thrust conditions in landing configuration
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9.3.2 Landing High-lift configuration — Flightidle Thrust Conditions
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Figure 9.10 - Change in lift coefficient due to ground effect for a range of h/b for the large nacelle, winglet
geometry with gear deployed in flightidle thrust conditions in landing configuration
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Figure 9.11 - Change in lift coefficient due to ground effect for a range of h/b for the large nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration
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Figure 9.12 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, winglet
geometry with gear deployed in flightidle thrust conditions in landing configuration
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Figure 9.13 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration
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9.3.3 Take-Off High-Lift configuration — MTO Thrust Conditions
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Figure 9.14 - Change in lift coefficient due to ground effect for a range of h/b for the large nacelle, winglet
geometry with gear deployed in MTO thrust conditions in take-off configuration
Relative Lift in Ground Effect (GE — GE 55:,'0)
8,/07/8, = 22°/10° /05 Large Nacelle Conventional Wingtip Gear MTO
[|®HB=0.12 |
+ [==+8 = 0.135| A
[]-+-H/B = 0.155] o 4
[[+H/B = 0.165 -/
|®H/B=0.18
[ HB =023 7 Z
& /B = 0.31 -
[|®H/B =0.38 ya //
H-® H/B =0.41
[ H/B = 0.45 //' y 7 -
H<e HB = 0.625 7 A
Z1 7
) e e S B S S
= B B R I ———
O el
g 4
e e e e O o =
6 8 10 12

o[’

Figure 9.15 - Change in lift coefficient due to ground effect for a range of h/b for the large nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in take-off configuration
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Figure 9.16 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, winglet
geometry with gear deployed in MTO thrust conditions in take-off configuration
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Figure 9.17 - Change in lift coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in take-off configuration

223



9.4 Appendix D — Drag Increment Plots

In this appendix the drag increment data for the three high-lift configurations is presented,
being the take-off configuration with MTO thrust settings, the landing configuration with MTO
thrust settings and the landing configuration with flightidle thrust settings. For each
configuration, the four data plots are provided, corresponding to the four geometry variants
discussed in subsection 3.3.5.3. The scale of the Y-Axis is the same for all plots.

9.4.1 Landing High-lift configuration — MTO Thrust Conditions
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Figure 9.18 - Change in drag coefficient due to ground effect for a range of h/b for the large nacelle, winglet
geometry with gear deployed in MTO thrust conditions in landing configuration
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Figure 9.19 - Change in drag coefficient due to ground effect for a range of h/b for the large nacelle, conventional

wingtip geometry with gear deployed in MTO thrust conditions in landing configuration
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Figure 9.20 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, winglet
geometry with gear deployed in MTO thrust conditions in landing configuration
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Figure 9.21 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in landing configuration
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9.4.2 Landing High-lift configuration — Flightidle Thrust Conditions
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Figure 9.22 - Change in drag coefficient due to ground effect for a range of h/b for the large nacelle, winglet
geometry with gear deployed in flightidle thrust conditions in landing configuration
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Figure 9.23 - Change in drag coefficient due to ground effect for a range of h/b for the large nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration
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Figure 9.24 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, winglet
geometry with gear deployed in flightidle thrust conditions in landing configuration
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Figure 9.25 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in flightidle thrust conditions in landing configuration
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9.4.3 Take-Off High-Lift configuration — MTO Thrust Conditions

Relative Drag in Ground Effect (GE — GEg_, o)

8,/8
— I A e . L e R T TP YPPeY ‘1'
e §
=
o,
o
O
q
hb =012 |
[|~——@——hb =0.128]
[|—p——hb =0.135]
- hb = 0.155)
b = 0.165|
[|—4—nhv=0.18
e \b = 0.23
¥-eeerhb =031
b = 0.38
..... ‘.....M.o.‘1
- hb =045
...... @ hb .o_ﬁ
0 2 4 6 8 10 12

all

Figure 9.26 - Change in drag coefficient due to ground effect for a range of h/b for the large nacelle, winglet
geometry with gear deployed in MTO thrust conditions in take-off configuration
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Figure 9.27 - Change in drag coefficient due to ground effect for a range of h/b for the large nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in take-off configuration
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Figure 9.28 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, winglet
geometry with gear deployed in MTO thrust conditions in take-off configuration
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Figure 9.29 - Change in drag coefficient due to ground effect for a range of h/b for the small nacelle, conventional
wingtip geometry with gear deployed in MTO thrust conditions in take-off configuration
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9.5 Appendix E - Cut locations

J Cut-locations on the Inboard Wing

Large Nacelle Winglet
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| —‘ —» 6.3m
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i — 3.3m
t - +>2.7m
Figure 9.30 - Inboard Wing Cut Locations
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Figure 9.31 — Cut-locations on the wingtip area for the Winglet (left) and conventional Wingtip (right). Same
colors correspond to same cut location. Scale is identical for both pictures.
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9.6 Appendix F — Thrust Effect Pressure Plots

Slats
The locations of these cuts is visualized in Figure 9.30, located in Appendix E - Cut

locations. Figure 9.32 and Figure 9.33, which show the C,, distribution around the inboard
slat for ¢ = 2.0 and @ = 12.0, as well as the outboard slat in the region of the engine (6.3m
and 7.0m respectively).
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Figure 9.32 — Pressure Distribution on slats for MTO and Flightidle thrust settings a = 2.0° % =0.155
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Slat Cp Distribution Y=3.30m o =12.0° h/b = 0.155
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Figure 9.33 — Pressure Distribution on slats for MTO and flightidle thrust settings a = 12.0° % = 0.155

xcnorm Xchorm
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Flaps

The flap gap effect can be observed in the flap C, plots shown in Figure 9.34 and Figure 9.35
for respectively a = 2.0 and « = 12.0. At Y = 2.7, located very close to the fuselage and seen
in the top left of, the influence of the engine on the flap is negligible. As the value of Y
increases, the influence of the engine becomes visible and a higher suction peak on the flap

leading edge is visible for the MTO engine settings case. This effect is also significantly
increased with «a.
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Figure 9.34 — Pressure Distribution on flaps for MTO and Flightidle thrust settings a = 2.0° % = 0.155
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Flap Cp Distribution Y=3.30m a.=12.0° h/b = 0.15.
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Figure 9.35 — Pressure Distribution on flaps for MTO and Flightidle thrust settings a = 12.0° % = 0.155
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9.7 Appendix G — Wing Tip Pressure Coefficient Plots
9.7.1 Take-off High-Lift Configuration

9.7.1.1 Winglet
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Figure 9.36 — Cp distribution at the wingtip at various cut locations for the take-off configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at a = 6.0°
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Figure 9.37 — Cp distribution at the wingtip at various cut locations for the take-off configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at « = 12.0°
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9.7.1.2 Conventional Tip
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Figure 9.38 — Cp distribution at the wingtip at various cut locations for the take-off configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 6.0°

Y = 16.4m Large Nacelle Conventional Wingtip Y = 16.6m
6 221005 Y = 16.5m MTO Gear o. = 12.0° 6.6
: h/b=0.155 -
Bl b h/b=1.0 = :ﬁ
& ::_ s & Eo
o
02 0 02 04 06 DTS 1.2 0.2 (l) 0.2 0?4 06 0?8 1.2 -0.2 0‘2 04 06 08 ; 12
xcnorm xcnorm xcnorm

Y=16.7m Y=16.8m Y=16.9m

H

o o '
o o o [ X
SR i SEE
-
B
02 0 02 04 06 08 1.2 02 02 04 06 08 12 02 02 04 06 08 1 12
xcnorm xcnhorm xcnorm

Figure 9.39 — Cp distribution at the wingtip at various cut locations for the take-off configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 12.0°
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9.7.2 Landing High-Lift Configuration

9.7.2.1 Large Nacelle Winglet Gear Geometry
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Figure 9.40 — C, distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at a = 2.0°
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Figure 9.41 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at « = 6.0°
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Figure 9.42 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at « = 8.0°
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Figure 9.43 — C, distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at « = 10.0°
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Figure 9.44 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at &« = 11.0°
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Figure 9.45 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
winglet geometry with gear deployed and maximum thrust setting applied at « = 12.0°
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9.7.2.2 Large Nacelle Conventional Wingtip Gear Geometry
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Figure 9.46 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and

conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 2.0°
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Figure 9.47 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 6.0°
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Figure 9.48 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 8.0°
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Figure 9.49 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 10.0°
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Figure 9.50 — C distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 11.0°
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Figure 9.51 — Cp distribution at the wingtip at various cut locations for the landing configuration, large nacelle and
conventional wingtip geometry with gear deployed and maximum thrust setting applied at « = 12.0°
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9.8 Appendix H —Total Pressure and Total Velocity change in ground
effect

9.8.1 AP,,; Small Nacelle Conventional Wingtip flightidle thrust settings
@ =6.0°7 = 0.155

-2
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15 20 25

X
Figure 9.52 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°

Figure 9.53 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 6.0°
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Figure 9.54 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°

Figure 9.55 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°
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Figure 9.56 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°
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Figure 9.57 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°
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Figure 9.58 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°
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Figure 9.59 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°
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9.8.2 AP,,; Small Nacelle Conventional Wingtip flightidle thrust settings
@ =12.0°7 = 0.155

4
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Figure 9.60 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°

Figure 9.61 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.62 — Total pressure change (in Pa) due grobnd effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 12.0°

Figure 9.63 — Total pressure change (in Pa) due grdbnd effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.64 — Total pressure change (in Pa) due grollnd effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.65 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.66 — Total pressure change (in Pa) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.67 — Total pressure change (in Pa) due grobnd effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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9.8.3 AV,,; Small Nacelle Conventional Wingtip flightidle thrust settings
@ =6.0°7 = 0.155
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Figure 9.68 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 6.0°
N

Figure 9.69 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°

251



Figure 9.70 — Total velocity change (in m/s) due grollnd effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°

Figure 9.71 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 6.0°
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Figure 9.72 — Total velocity change (in m/s) due grobnd effect for the small nacelle, conventional winglet

geometry in landing configuration with flightidle thrust settings a« = 6.0°

18 20 22 24 26
X

111111
0
111111

Figure 9.73 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet

geometry in landing configuration with flightidle thrust settings a« = 6.0°
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Figure 9.74 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 6.0°
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Figure 9.75 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 6.0°
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9.8.4 AV,,; Small Nacelle Conventional Wingtip flightidle thrust settings
@ =12.0°7 = 0.155
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Figure 9.76 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 12.0°
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Figure 9.77 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a« = 12.0°

255



111
]
1

Figure 9.78 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°

Figure 9.79 — Total velocity change (in m/s) due groilnd effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.80 — Total velocity change (in m/s) due grobnd effect for the small nacelle, conventional winglet

geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.81 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet

geometry in landing configuration with flightidle thrust settings a = 12.0°

257



2.5

1.5

-3.5
18 20 22 24 26
X

Figure 9.82 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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Figure 9.83 — Total velocity change (in m/s) due ground effect for the small nacelle, conventional winglet
geometry in landing configuration with flightidle thrust settings a = 12.0°
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9.9 Appendix | — Spanwise Lift Distributions comparing different
Geometries in the Landing High-Lift Configuration

Spanwise Lift
0s/07/0q = 27°/40°/10° Gear MTO a = 6.0°
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Figure 9.84 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
MTO thrust conditions at « = 6.0° % =0.135 and% = 0.18 for the landing configuration
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Spanwise Lift
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Figure 9.85 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
flightidle thrust conditions at « = 6.0° % =0.135 and% = 0.18 for the landing configuration
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Figure 9.86 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and

MTO thrust conditions at « = 12.0° %z 0.155 and% = 0.18 for the take-off configuration
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Figure 9.87 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
MTO thrust conditions at « = 12.0° % = 0.135 and % = 0.18 for the landing configuration
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9.10 Appendix J — Spanwise Drag Distributions comparing different
Geometries

The total drag distribution at « = 6.0° and % = 0.135 for the take-off MTO, landing MTO and

landing flightidle configurations are shown in Figure 9.88, Figure 9.89 and Figure 9.90
respectively. When comparing the two MTO thrust setting cases with the flightidle thrust
setting, in the region of the engine small differences in relative drag reduction can be
observed, which are encircled in Figure 9.88, Figure 9.89. For the flightidle case in Figure
9.90 these differences between the nacelle sizes are no longer present

Spanwise Farfield Total Drag
0s/d7/0, = 22°/10°/05° Gear MTO a = 6.0°

I
1 ------- HB 0.135 Large Nacelle Winglet
] ===HB 0.135 Large Nacelle Conventional Wingtip
] i HB 0.135 Small Nacelle Winglet
1‘ i = = HB 0.135 Small Nacelle Conventional Wingtip
| i
1 Hi
! !
xD ! 1 ‘ 5‘ “
N 1 ¥ ‘\ !
o) 1 A i :.\. (/ |
w | ¥ % ¥ |
| s l';‘ ‘
| i Xl \ /\. i
\ A , \’.\ \“ ‘
| ¥ ‘ ‘
3 A | \
\ \\\ - /\m 1 r
“ j > o \iﬂt-.;_g_-f ~
0 " A |
Y
40 1
0F——— T
P
0 Al
—_ N
‘i. ‘ e Y ~
o -20 Vih
s T4
' K|
o~ e
5 40 " #
o 8
w Q I
ik
-60 f"l:
-80
-100 : — 1

Y
Figure 9.88 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
MTO thrust conditions at « = 6.0° % = 0.135 for the take-off configuration
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Figure 9.89 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
MTO thrust conditions at a = 6.0° % = 0.135 for the landing configuration
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Figure 9.90 - Spanwise lift distribution for the large nacelle and small nacelle geometry with gear deployed and
flightidle thrust conditions at a = 6.0° %: 0.135 for the landing configuration
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9.11Appendix K — Polynomial Surface Fit Plots

The Matlab 2017b function fit’ is used to calculate the polynomial surface fit of a third degree
as a function of « and % using the default settings of this function. That results in the following
polynomial equation:

h h ) hy? h s ,h hy?
AAC, (Z' a) = Po + P10 + Po1 5 + P20a” + Po2 (‘) + Pty + P3oa” + Pr1 5 + P2 (3)

. b
h
+ Po3 (‘)
b
h h , hy? h 5 ,h hy?
AACp (E'a) = Po t P1o@ +P01B+P20“ + Doz (B) +P11a3+P30a + D21 B"‘Plz“(E)
h 3
+ Po3 (E)

An example of such a polynomial surface is provided in Figure 9.91, corresponding to the data
from Figure 9.99 in Fout! Verwijzingsbron niet gevonden..

Thrust Effect - Relative Drag in Ground Effect (GExro — GEpightidie)
05/d7/0, = 27°/40°/10° Small Nacelle Conventional Wingtip Gear

AAC,

hib ' 0 e

Figure 9.91 — Example polynomial surface fit of change to the incremental drag coefficient in ground effect due to
engine thrust setting for a range of h/b for the small nacelle, conventional winglet geometry with gear deployed in
landing configuration
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9.11.1 Thrust Effect

9.11.1.1 Lift
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Figure 9.92 — Polynomial fit of change to the incremental lift coefficient in ground effect due to engine thrust
setting for a range of h/b for the large nacelle, winglet geometry with gear deployed in landing configuration
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Figure 9.93 — Polynomial fit of change to the incremental lift coefficient in ground effect due to engine thrust
setting for a range of h/b for the small nacelle, winglet geometry with gear deployed in landing configuration using
a polynomial surface fit
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Figure 9.94 — Polynomial fit of change to the incremental lift coefficient in ground effect due to engine thrust
setting for a range of h/b for the small nacelle, conventional wingtip geometry with gear deployed in landing
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Figure 9.95 — Polynomial fit of change to the incremental lift coefficient in ground effect due to engine thrust
setting for a range of h/b for the small nacelle, conventional wingtip geometry with gear deployed in landing

configuration using a polynomial surface fit
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9.11.1.2 Drag
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Figure 9.96 — Polynomial fit change to the incremental drag coefficient in ground effect due to engine thrust
setting for a range of h/b for the large nacelle, winglet geometry with gear deployed in landing configuration using
a polynomial surface fit
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Figure 9.97 — Polynomial fit change to the incremental drag coefficient in ground effect due to engine thrust
setting for a range of h/b for the large nacelle, conventional wingtip geometry with gear deployed in landing
configuration using a polynomial surface fit
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Figure 9.98 — Polynomial fit change to the incremental drag coefficient in ground effect due to engine thrust
setting for a range of h/b for the small nacelle, winglet geometry with gear deployed in landing configuration using

a polynomial surface fit
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Figure 9.99 — Polynomial fit change to the incremental drag coefficient in ground effect due to engine thrust
setting for a range of h/b for the small nacelle, conventional wingtip geometry with gear deployed in landing

configuration using a polynomial surface fit
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9.11.2 Gear Effect
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Figure 9.100 — Polynomial fit to the incremental lift coefficient change in ground effect due to gear effect for the
large nacelle, winglet geometry with gear deployed in landing configuration with MTO thrust setting using a

polynomial surface fit
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Figure 9.101 — Polynomial fit to the incremental lift coefficient change in ground effect due to gear effect for the
small nacelle, conventional wingtip geometry with gear deployed in landing configuration with flightidle thrust
setting using a polynomial surface fit
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Figure 9.102 — Polynomial fit to the incremental drag coefficient change in ground effect due to gear effect for the
large nacelle, winglet geometry with gear deployed in landing configuration with MTO thrust setting using a
polynomial surface fit
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Figure 9.103 — Polynomial fit to the incremental drag coefficient change in ground effect due to gear effect for the
small nacelle, conventional wingtip geometry with gear deployed in landing configuration with flightidle thrust
setting using a polynomial surface fit
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Figure 9.104 — Polynomial fit to the change to main landing gear drag in ground effect for the large nacelle,
winglet geometry in landing configuration with MTO thrust setting using a polynomial surface fit



9.12 Appendix L — Interaction between Nose Landing Gear Wake and
Inboard Leading-Edge

Figure 9.105 shows the zoomed out version of a number of streamlines which were placed
close to the nose landing gear for the large nacelle, winglet geometry with MTO thrust setting

at @ = 12.0°and h/b = 0.155. The color on the streamlines indicate ratio of the total pressure,
Pwtlocal

P_totrreestream

Therefore, it can be seen that the streamlines pass through the wake of the nose landing gear
and the total pressure is reduced. These streamlines with reduced energy subsequently flow
over the leading edge of the main wing, resulting in a loss of lift in this region. It is possible
that this is one of the causes of the lift loss seen in this area on the spanwise absolute lift
distribution shown in Figure 4.65 .

Figure 9.106 shows in closer detail how the streamlines pass the nose landing gear, while
Figure 9.107 shows in detail how the same streamlines flow over the main wing. Finally Figure
9.108 shows streamlines placed at exactly the same location for the same flow solution but
with the landing gear removed. It can be seen how there is now no reduction in total pressure
before the flow reaches the mainwing.

Ptot_Ratio

Figure 9.105 — Overview of streamlines passing through the wake of the nose landing gear after which they flow

over the mainwing leading edge in ground effect for the large nacelle, winglet geometry with MTO thrust

conditions a« = 12.0° % = 0.155
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Figure 9.106 — Detail shot of the same streamlines flowing past the nose landing gear for the large nacelle,
winglet geometry with MTO thrust conditions a« = 12.0° % =0.155

Figure 9.107 — Detail shot of the same streamlines flowing over the main wing leading edge and onglet for the
large nacelle, winglet geometry with MTO thrust conditions a = 12.0° % = 0.155
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Ptot_Ratio

Figure 9.108 — Same streamlines as the previous three pictures with the landing gear now removed. No total
pressure loss is now present until after the flow interacts with the wing leading edge. Large nacelle, winglet

geometry with MTO thrust conditions a = 12.0° g =0.155
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9.13 Appendix M — Total Pressure ISO-Surface Flow Visualization

During the thesis work an attempt was made to visualize the change in the three-dimensional
flow due to ground effect. This was done by means of plotting the ISO-surface of the total
pressure P, at a value below the freestream total pressure P,,. . The wake from the aircraft
is visualized in this manner and the change in wake location and strength can be determined
qualitatively.

Figure 9.109 and Figure 9.110 show the side view of the aircraft at % = 0.128 and §= 1.0

respectively. The wake of the main landing gear is deflected away from the ground due to the
presence of the ground effect, shown in Figure 9.109, highlighted in region A. In Figure 9.110
the ground plane from Figure 9.109 is still present as a reference. In this case the wake is
extends quite a bit below the reference ground plane.

In contrast the wake of the nose-landing gear, highlighted in region B for both figures, remains
virtually unchanged due to ground effect. This can be understood by the fact that thisis at @ =
10.0°, which means that the nose-landing gear is located significantly further away from the
ground compared to the main landing gear. Thus the influence of the ground nose-landing
gear is almost negligible in this case.

Figure 9.111 and Figure 9.112 shows the top down view of the same case. Of note is that the
wake at the wing-fuselage junction is significantly thicker in the case of ground effect (region
C). There is no clear change at the wingtip. Neither the wingtip wake nor the outboard slat
vortex show a significant change in direction, which might be expected based on literature.

Figure 9.113 and Figure 9.114 show the final view of the same case. Of note is that the wake
of the wing is angled upwards significantly due to ground effect and now envelops the VTP
and rudder more significantly (region D). It can be expected that the rudder effectiveness will
therefore decrease in ground effect, but this was not investigated since this is outside of the
scope of the thesis.

The vortex from the onglet in region E is deflected upwards due to ground effect. The flap is
hit by this vortex further backwards (in chordwise direction). This could be one of the reasons
for earlier onset of stall in ground effect, which is discussed in subchapter 4.7.

It can be concluded from this section that the main influence of the ground effect on the wing
wake is that it is deflected in upwards direction. The rudder becomes more immersed in the
wake from the wing. There were no significant changes to nose-landing gear and wingtip wake
observed.
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Figure 9.109 — Iso Surface of total pressure a = 10.0° % =0.128

274010 Small Nacelle Conventional Wingtip Flightidle
HB, , Total Pressure = 103800 Pa o = 10.0

Figure 9.110 — Iso Surface of total pressure a = 10.0° % =1.0
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274010 Small Nacelle Conventioinal Wingtip Flightidle
HB, ,,, Total Pressure = 103800 Pa « =10.0

Figure 9.111- Iso Surface of total pressure a = 10.0° % =0.128
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274010 Small Nacelle Conventional Winglet Flightidle
HB, , Total Pressure = 103800 Pa o. = 10.0

Figure 9.112 — Iso Surface of total pressure a = 10.0° % =1.0
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274010 Small Nacelle Conventional Wingtip Flightidle
103800 Pa o =10.0

Figure 9.113— Iso Surface of total pressure a = 10.0° % =0.128

274010 Small Nacelle Conventional Wingtip Flightidle
03800 Pa o. =10.0

Figure 9.114 — Iso Surface of total pressure a = 10.0° % =1.0
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9.14 Appendix N — Windtunnel and CFD Ground Effect Lift Increment
Comparison for a Different Commercial Jet Aircraft

This data was obtained by the author during the internship at the same aerospace company.
160805 ACL due to ground effect from DNW Windtunnel and CFD
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Figure 9.115 —Lift increment comparison between windtunnel (solid) and CFD (dashed) Conf 16/08/05
(5slat /6flap/5ail)
A330-WV80 CEO Conf 201410 ACL due to ground effect from DNW Windtunnel and CFD
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Figure 9.116 - Lift increment comparison between windtunnel (solid) and CFD (dashed) Conf 20/14/10
(5slat /6flap/5ail)
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sonf 232210 ACL due to ground effect from DNW Windtunnel and CFD
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Figure 9.117 - Lift increment comparison between windtunnel (solid) and CFD (dashed) Conf 23/22/10
(5slat /6flap/5ail)
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