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Abstract

Aerodynamic 
ow past a four wheel rudimentary airplane landing gear is
simulated using two di�erent simulation methods. Partially - averagedNavier
- Stokes (PANS) and Large Eddy Simulation (LES). The rudimentarylanding
gear was specially designed for wind tunnel testing and CFD and is a "stepping
stone" case within the ATAAC project, an international project that aims to
improve CFD methods for 
ows relevant to todays aeronautical industry. In
this study, PANS provides a seamless transition fromk - � turbulence model
and Direct Numerical Simulation (DNS) based on the unresolved to total ki-
netic energy ratio (f k) and the unresolved to total dissipation ratio (f � ). The
simulation results are compared with available experimental data. PANS ap-
pears to perform better than LES on the mesh used for this study. LES predicts
false separation on the front wheel outboard sides whereas PANScorrectly pre-
dicts attached 
ow. The computational mesh is generated in ICEM CFD and
all simulations are performed with AVL FIRE.

Keywords: Computational Fluid Dynamics (CFD), AVL FIRE, ICEM CF D, Partially -
Averaged Navier - Stokes (PANS), Large Eddy Simulation (LES), Rudimentary Landing
Gear, � - f , Turbulence model
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Preface

In this study a 
ow past a rudimentary landing gear has been simulated using two di�erent
simulation methods, Partially - Averaged Navier - Stokes (PANS) andLarge Eddy Simu-
lation (LES) and the results compared with experimental data. ICEM CFD has been used
for mesh generation and the simulations where performed using AVLFIRE. The work has
been carried out from September 2010 to September 2011 at the Department of Applied
Mechanics, Division of Fluid Dynamics, Chalmers University of Technology, Sweden and
was supported by AVL List GmbH under the supervision of Professor Sini�sa Krajnovi�c.
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Nomenclature

Roman letters

A area
Cd Drag coe�cient
Cl Lift coe�cient

CL , Cf 1, Cf 2, C" 1, C" 2, C� , C� , C� Constants for the� � f model
C �

" 1, C �
" 2 Coe�cient for the PANS method

Cs Model constant in the Smagorinsky model
Cp Pressure coe�cient
D Landing gear wheel diameter
f Elliptic relaxation function

f k Unresolved-to-total ratio of turbulent kinetic energy
f " Unresolved-to-total ratio of dissipation
k Turbulent kinetic energy
L Length, turbulent length scale using in the� � f model
l+ Wall unit, length wise direction
n+ Wall unit, wall normal direction
P Production of k
p Pressure

Q Second invariant of the velocity gradient
Sij Resolved rate of strain tensor
j �Sj Characteristic �ltered rate of strain
s+ Wall unit, span wise direction
St Strouhal number
Tu Time scale for the PANS method

t Time
U Filtered velocity in PANS

U1 Inlet velocity
u Sub �lter velocity in PANS
�u Filtered velocity in LES

u� Friction velocity
V Exact velocity in PANS
v2 Wall normal velocity scale
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Greek letters

� Grid cell dimension
� t Time step
� x Cell size
� ij Kronecker delta

" Dissipation
� Velocity scale ratio
� Dynamic viscosity
� Kinematic viscosity

� u Turbulent viscosity
� sgs Turbulent kinematic viscosity in LES

� Density
� ku;"u;�u Coe�cient for the PANS model

� Turbulent time scale
� (Vi ; Vj ) Residual stress tensor for the PANS method

� ij Residual stress tensor in LES
� ij Sub grid scale stress tensor
� w Surface shear stress
� Flow property
! Frequency
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Abbrevations

CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Levy number
DNS Direct Numerical Simulation
LES Large Eddy Simulation

PANS Partially-Averaged Navier-Stokes
RANS Reynolds Averaged Navier-Stokes

RLG Rudimentary Landing Gear
SGS Sub-Grid Scales
SPL Sound Pressure Level

Subscript

u Unresolved quantity
P First near-wall grid node
� Viscous expression
t Turbulent expression

Superscript

+ Wall unit
0 Standard deviation
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Chapter 1

Introduction

1.1 Background and Previous Work

One of the major source of a airplane airframe noise it the landing gear. Because noise from
landing gear is only present during take o� and landing, this has not been a big concern
for airplane manufacturers in the past and therefore there exists potential for better design
toward reducing noise.
The Rudimentary Landing Gear (RLG) has been a benchmark test case for Airframe Noise
Computations (BANC-1) held in Stockholm in June 2010 [1] and the results from various
participants were reported in Spalart and Mejia [2]. Experimental studies on the RLG case
were performed at the National Aerospace Laboratories, Bangalore, India and the results
reported in Ventakrishnam et al. [3]. These experimental results are used in this study to
validate the computer simulations.
The designers of the model describe it as a \rudimentary" landing gear. This is done to
distinguish this test case landing gear from what can be called a \simple" landing gear
which in general is a ordinary landing gear \stripped" down of brake lines, wiring and other
components. The rudimentary landing gear is designed specially as a test geometry for
the purpose of investigating the aerodynamic features and noise generation by means of
experiments and computer simulations [4].
The RLG has rectangular axles and post with sharp edges. This is di�erent for previous
landing gear studies, for example Lazos [5], in which the model has round axles and posts.
The reason for the sharp edges is that for a wide range of Reynoldsnumbers the separation
of 
ow occurs at the edges thus making it more Reynolds number independent. The wheels
however remain round which makes the separation along the wheels circumference harder
to predict.
Partially - Averaged Navier - Stokes (PANS) was originally proposed by Girimaji et al.
[6] as a hybrid method that provides smooth transition from RANS toDNS where the
transition is determined by unresolved to total kinetic energy ratio(f k) and the unresolved
to total dissipation ratio ( f � ). Girimaji used the k - � turbulence model in the RANS region
and more recently Basara et al. [7] have introduced the use of the more sophisticated� -
f turbulence model and that model is used in this study.

1.2 Limitations

It is important to state that the current study does not include any signi�cant noise analysis
but rather focuses on other 
ow features, especially time averaged streamlines and pressure
on the landing gear surface and it certainly does not attempt to improve the design of a
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landing gear.
It is also good to keep in mind the very limited reference to a real airplane landing gear
that the RLG has due to its simple geometry and the fact that real landing gear design is
very versatile. Furthermore this study only considers 
ow at a zero cant angle (meaning
that 
ow direction is straight on the landing gear) which is only the case in just before
take o� and touch down in real situations. This study is also limited to only one Reynolds
number value whereas airplanes operate at wide range of Reynolds numbers usually much
higher than the Reynolds number for this study which isReD = 1 � 106 based on the wheel
diameter D.
Because of the �nite time frame of this thesis work, no grid dependence study is reported
in this report. However, at the time of writing this, simulations on a coarser mesh are
underway.

1.3 Purpose

The aim of this study is to investigate the competence of PANS for such relatively complex

ow as the RLG case by means of comparing the simulation results to experimental data
and results from LES (Large Eddy Simulation) on an identical mesh. The comparison
between these simulation methods is not made with the intention to determine which
method is better in general. It has been shown that LES predicts 
ow around blu� bodies
well [8]. The purpose with inventing such hybrid methods as PANS is to acquire good
results with less computational e�ort as is usually required for LES.Thus, the comparison
is made to demonstrate that PANS can generate reasonable results on a moderately �ne
mesh for which LES fails to produce reasonable results.

1.4 Approach

The mesh was generated using ICEM CFD, simulations where performed with AVL FIRE
and the results visualized in EnSight. MATLAB was used in generating pressure plots and
force plots.
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Chapter 2

Theory

In this study, incompressible 
ow as described by the Navier - Stokes equations with
constant dynamic viscosity� is considered.
In this chapter the PANS equations using� - f turbulence model are introduced, the large
eddy simulation equations with standard Smagorinsky model are presented, a review of
selected aerodynamic coe�cients follows and �nally a short section about the wind tunnel
experiment which results are used for validation of the simulation results. This chapter
only presents the equations solved in this numerical study and doesnot cover the solving
methods or the derivations of these equations.

2.1 PANS � - f

A bridging method between Direct Numerical Simulation (DNS) and Reynolds - Averaged
Navier - Stokes (RANS) was developed by Girimaji [9]. The bene�t of this method is it
can vary from resolving all scales of motion (as DNS does) to fully modeling the turbulent
scales of motion (as RANS does, the modeling is referred to as averaging). Furthermore,
this variation between resolving and averaging is smooth resulting in regions of Partially -
Averaged Navier - Stokes (PANS). The control parameters thatdetermine the amount of
averaging are the unresolved to total kinetic energy ratio (f k) and the unresolved to total
dissipation ratio (f " ). The RANS model used in this study is the� - f model presented in
Hanjali�c et al. [10] which is based on Durbin's elliptic relaxation concept [11].
Consider the Partially-Averaged Navier - Stokes equations, the momentum equation (2.1.1)
and the continuity equation (2.1.2) for incompressible 
ow with constant density � and
kinematic viscosity � in Cartesian tensor notation

DUi

Dt
+

@�(Vi ; Vj )
@xj

= �
1
�

@p
@xi

+ �
@2Ui

@xj @xj
(2.1.1)

@Ui
@xi

= 0 (2.1.2)

The exact velocity �eld Vi is decomposed into a partially �ltered componentUi and a sub
- �lter component ui

Vi = Ui + ui (2.1.3)

where � (Vi ; Vj ) is the sub - �lter stress resulting from partially averaging the non-linear
terms in the exact momentum equation. In the� - f model the modeled transport equations
for dissipation" and turbulent kinetic energyk are solved along with the transport equation
for the velocity scale ratio� = v2=k and an elliptic relaxation function for the quantity f
(not to be confused withf k or f " ).
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The complete set of equations describing the PANS� - f model are seen in equations
(2.1.6) to (2.1.20). The unresolved scales are indicated byu. The control parametersf k

and f " have now been introduced into the� - f model equations. For derivation of the
PANS � - f model see Basara et al. [7].
The unresolved-to-total ratios of kinetic energy and dissipation are de�ned respectively as

f k =
ku

k
(2.1.4)

f " =
"u

"
(2.1.5)

In this study, all dissipation is modeled meaning thatf " = 1 and "u = ". The turbulent
viscosity � u is calculated as

� u = C� � u
k2

u

"u
(2.1.6)

whereC� is an empirical constant.
The sub - �lter stress tensor is modeled using the Boussinesq assumption

� (Vi ; Vj ) = � 2� uSij +
2
3

ku� ij (2.1.7)

whereSij is the resolved rate of strain tensor

Sij =
1
2

�
@Ui
@xj

+
@Uj
@xi

�
(2.1.8)

The modeled transport equations for the unresolved turbulent kinetic energyku and the
unresolved dissipation"u read

Dku

Dt
= Pu � "u +

@
@xj

��
� +

� u

� ku

�
@ku
@xj

�
(2.1.9)

D" u

Dt
= C" 1Pu

"u

ku
� C �

" 2
"2

u

ku
+

@
@xj

��
� +

� u

� "u

�
@"u
@xj

�
(2.1.10)

wherePu is the production term

Pu = 2� � Sij
@Ui
@xj

(2.1.11)

The modeled transport equation for the unresolved velocity scale ratio � u reads

D� u

Dt
= f u �

� u

ku
Pu +

� u

ku
"u(1 � f k) +

@
@xj

��
� +

� u

� �u

�
@�u
@xj

�
(2.1.12)

Equation 2.1.12 is only valid whenf � = 1. Equation 2.1.13 is solved forf u

L2
ur 2f u � f u =

1
Tu

�
c1 + C;

2
P
"

� �
� u �

2
3

�
(2.1.13)

where
P =

1
f k

(Pu � "u) +
"u

f "
(2.1.14)

Lu and, Tu are the length and time scales de�ned from the unresolved kinetic energy and
dissipation.

Tu = max
�

ku

"
; C�

� �
"

� 1=2
�

(2.1.15)

Lu = CL max

"
k3=2

u

"
; C�

�
� 3

"

� 1=4
#

(2.1.16)
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Quantities C" 1, C �
" 2 and � ku;"u;�u are determined according to

C" 1 = 1:4(1 + 0:045=� ) (2.1.17)

� ku;"u;�u = � k;"
f 2

k

f "
(2.1.18)

C �
" 2 = C" 1 +

f k

f "
(C" 2 � C" 1) (2.1.19)

The parameter that determinesf k is based upon the grid spacing, thus

f k =
1

p
C�

�
�
�

� 2=3

(2.1.20)

Where � is the grid cell spacing and � = k3=2=" is the turbulent length scale. Thisf k

parameter is recalculated at the end of each time step and that value used for next time
step to determine the �lter width [7].
Table 2.1.1 shows the values of the� -f model constants used.

Table 2.1.1: Constants used in the� -f -model.
C� C" 2 c1 C

0

2 � k � " � � C� CL C�

0.22 1.9 0.4 0.65 1 1.3 1.2 6.0 0.36 85

2.2 LES

In large eddy simulations the spatially �ltered Navier - Stokes equations are solved

@�ui

@t
+

@
@xj

(�ui �uj ) = �
1
�

@�p
@xi

+ �
@2 �ui

@xj @xj
�

@�ij
@xj

(2.2.1)

@�ui

@xi
= 0 (2.2.2)

The spatial �ltering implies that the �lter width is completely dependent on grid spac-
ing. The idea is that the large energy containing eddies are resolved and computed explicitly
while the e�ect from the smaller dissipative scales on the 
ow �eld are modeled. In equa-
tion 2.2.1 appears a residual tress tensor� ij = ui uj � �ui �uj . This stress tensor is analogous
to the sub-�lter stress tensor seen in 2.1.1. The residual or sub grid scale (sgs) stress tensor
in this study is modeled using the standard Smagorinsky model

� ij �
1
3

� ij � kk = � 2� sgs
�Sij (2.2.3)

where �Sij is the resolved rate of strain de�ned as

�Sij =
1
2

�
@�ui

@xj
+

@�uj

@xi

�
(2.2.4)

and

� sgs = ( Cs�) 2j �Sj; j �Sj = (2 �Sij
�Sij )1=2 (2.2.5)
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2.3 A Quick Review of Selected Coe�cients and Tur-
bulent Quantities

The drag coe�cient, Cd and the lift, Cl are de�ned as

Cd =
Fx

1
2 � 1 U2

1 A
; Cl =

Fy
1
2 � 1 U2

1 A
(2.3.1)

whereFx , Fy are forces acting on the RLG in thex and y direction respectively and� 1 and
U1 is the free stream density and velocity. In this studyA does not represent the projected
frontal area of the model as is conventional when computing force coe�cients but rather
uses the wheel diameter squared or A =D2. This is because within the ATAAC project
this convention has prevailed. Pressure is also conveniently presented in a non dimensional
form as the ratio of relative pressure to the free stream dynamic pressure

Cp =
p � p1
1
2 � 1 U2

1

(2.3.2)

where p is the local static pressure at the point which is being evaluated andp1 is the
free stream pressure. The viscous unit,n+ , also known as the wall unit, is a dimensionless
quantity de�ned as

n+ �
u� n
�

(2.3.3)

wheren is the distance normal to the surface andu� is the friction velocity de�ned as

u� �
r

� w

�
(2.3.4)

and � w is the surface shear stress. In order to resolve boundary layersthe cells closest to
the wall need to have wall distancen+ < 1 to the �rst node.

When performing unsteady simulations it is important that 
ow information is transferred
correctly between time steps. The time step size is limited toCF L number below one, i.e

CF L =
U� t
� x

� 1 (2.3.5)

Physically, this criteria states that a 
uid particle, traveling at speed U should not travel
through more than one grid cell during on time step. This applies in general but in order to
compromise between accuracy and simulation time it is acceptable that the CF L number
exceeds unity in few small areas in the 
ow �eld. This is possible since the solver used
in this study solves the 
ow equations implicitly whereas in an explicit solver this criteria
must be met.
Sound pressure level (SPL) is a measure of acoustic pressure 
uctuation intensity, prms ,
relative to some reference pressure,prev , which is usually taken asprev = 2� 10� 5Pa which
is the threshold of human hearing at 1 Hz. The SPL is de�ned as

SP L = 20 log10

� prms

2� 10� 5

�
(2.3.6)

In this study, the SPL is investigated in frequency space. The time history of the pressure
is monitored at selected locations on the surface of the model. The data is transported into
frequency space by using the Fast Fourier Transform function in MATLAB. The SPL can
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be plotted as a function of Strouhal number,St, which is a normalized frequency de�ned
in this study as

St =
!D
U1

(2.3.7)

where! is frequency.

2.4 Wall Treatment

In the PANS simulation the 
ow �eld in the vicinity of the walls is treated specially with
a generalized wall treatment, also known as Hybrid Wall Treatment.It was proposed by
Popovac and Hanjalic [12] as a way to force a smooth change between viscous sublayer
formulations and the standard wall functions for the turbulence model. In general, for this
wall treatment, a 
ow property � P at the �rst near-wall grid node is evaluated using a
blending principle according to

� P = � � e� � + � te� 1=� (2.4.1)

� =
0:01y+ 4

1 + 5y+
(2.4.2)

where � and t represent viscous and fully turbulent expressions respectively.
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Chapter 3

Method

In this chapter the model geometry is introduced, the wind tunnelexperiment by Ven-
takrishnam et al. is brie
y described, the boundary conditions and numerical schemes are
introduced and temporal and physical resolution is reported. Finally the computational
mesh is described.

3.1 Model Geometry

Figure 3.1.1 shows the computational domain (also referred to as \the wind tunnel") and
the position of the RLG inside it. The length of the domain in terms of wheel diameter D
is 15 D. The center of the RLG is located �ve diameters from the inlet and 10 diameters
from the outlet. The cross section of the tunnel is a constant square with 3.69 D sides
with the RLG centered in that cross section. The direction of the 
ow is indicated with
an arrow andU1 . Figure 3.1.2 shows the dimensions of the RLG. All the dimensions are
kept the same as in the experiment by Ventakrishnam et. al [3]. The dimensions are as
follows: wheel width 0.37D and wheel shoulder radius 0.115D; wheelbase 1.16D and track
0.88D; transverse axle square with side 0.3D, longitudinal beam 0.3D high and 0.25 wide;
vertical post 0.25D square.
In the discussion of the results the terms \wing side" and \ground side" are used. The wing
side is toward the positivey-direction (where on a real airplane the wing would be located)
and the ground side is toward the negativey-direction (where the ground should normally
be relative to a airplane). Another convention in the discussion thatfollows is that the side
of the wheels which is adjacent to the truck (the truck includes thevertical post, beam and
axles) is referred to as the inboard side and the opposite side is referred to as the outboard
side.

9



15 D

3.69 D

3.69 D

U1 = 40 m/s

Figure 3.1.1: The computational domain showing the RLG inside. The inlet is located 5
wheel diameters from the center of the model and the outlet 10wheel diameters fromt it.
The inlet velocity is U1 = 40 m/s. (Courtesy of Krajnovi�c and Helgason [13])

0.876 D

1 D

1.165 D

0.246 D

0.370 D

0.295 D

R = 0 :115 D

x

y

z

y

Figure 3.1.2: Dimensions of the landing gear and the de�nition of the coordinate system.
(Courtesy of Krajnovi�c and Helgason [13])

3.2 Wind Tunnel Experiments by Ventakrishnam et
al.

The RLG was tested in a wind tunnel at the National Aerospace Laboratories, Bangalore,
India. With the free stream velocity U1 = 40 m/s the Reynolds number based on the
wheel diameter wasReD = 1 � 106. The free stream velocity was uniform within 0.2 %
across the wind tunnel with turbulence level within 0.12 %.
The experimental data available consists of oil 
ow visualization photographs, unsteady
and averaged surface pressure and forces on the entire model. Other results such as the
sound pressure level (SPL) and the pressure force acting on thewheels are derived from
that data.
When comparing the simulated surface 
ow �eld with the oil 
ow visualization from the
experiment, averaged streamlines (also called particle trace lines) are used. Oil 
ow visu-
alization is performed covering the model with a mixture of oleic acid, titanium dioxide
powder and oil. The 
ow pattern then forms naturally in the wind tunnel and is allowed
to reach a steady form. The model is then photographed. These photographs are com-
pared to the surface streamlines �gures from this studies simulations and should result in
similar 
ow pattern. It should be noticed that gravitational and inertia forces are present
to some extent when oil 
ow patterns develop whereas no such forces are considered in the
simulations.
Further information about the experiment and the measurement techniques used can be
found in the paper by Ventakrishnam et al. [3].
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3.3 Numerical Method and Boundary Conditions

The equations presented in chapter 2 are discretized and solved ona collocated �nite vol-
ume grid using the commercial solver AVL FIRE. The convective 
uxes are approximated
with 95% central di�erencing and 5% upwind di�erences in the LES anda second order
upwind scheme in the PANS simulation. The continuity equation is discretized using pure
central di�erences. A second-order accurate three-time levelscheme was applied for time
integration. Boundary conditions are as follows: uniform, constant velocity U1 = 40 m/s
is set at the inlet. Homogeneous Neumann boundary condition is set at the tunnels outlet
and the tunnel walls are treated as slip walls. The surface of the model has no-slip bound-
ary condition. Non-dimensional time step is �t = 0:002� D=U1 .
Table 3.3.1 shows the spatial resolution in terms of wall units and time resolution in terms
of CFL number. In general, wall normal resolution undern+ =1 is considered su�cient
for LES and RANS models. The requirements in the length wise and span wise directions
for LES are s+ � 30 and l+ � 100 respectively [14]. These general requirements are met
in the wall normal direction on the wheels but not on the truck. Furthermore, the span
wise and length wise resolution is far from meeting these requirements on the entire model
as can be read from the table. The temporal resolution in terms of CFL number can be

Table 3.3.1: Spatial resolution. n+ , s+ and l+ denote wall normal, span wise and length
wise resolution in wall units, respectively.

wheels truck
n+ s+ ,l+ n+ s+ ,l+

LES max=7.94, ave = 0.19 � 450 max=14.8, ave=3.28 � 500
PANS max=7.51, ave = 0.15 � 400 max=16.7, ave=3.80 � 650

summarized as follows: For the LES the maximum CFL number is 12 and the average CFL
in the domain is 0.05. For the PANS the maximum CFL number is 11 and theaverage
CFL in the domain is 0.05. Table 3.3.2 shows the run time of simulation before averaging
started. It is important that the simulation has reached a fully developed conditions before
averaging can begin. The table reports as well the averaging time for the two simulations.

Figures 3.3.1 and 3.3.2 show instantaneous wall normal resolution in wall units n+ on

Table 3.3.2: Runtime of simulations.

run time before averaging [tU1 =D] averaging time [tU1 =D]
LES 57 69

PANS 30 64

the wheels for both simulations. Figures 3.3.3 and 3.3.2 show instantaneous wall normal
resolution in wall units n+ on the truck for both simulations. Note that the color scale is
di�erent from the one in �gures 3.3.1 and 3.3.2.
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U1

(a) PANS (b) LES

Figure 3.3.1: Wall normal resolution in wall units n+ on the wheels. Outboard side, view
from front and above.

U1

(a) PANS (b) LES

Figure 3.3.2: Wall normal resolution in wall units n+ on the wheels. Inboard side, view
from rear and below.

U1

(a) PANS (b) LES

Figure 3.3.3: Wall normal resolution in wall units n+ on the truck. Outboard side, view
from front and above.

U1

(a) PANS (b) LES

Figure 3.3.4:Wall normal resolution in wall units n+ on the truck. Inboard side, view from
rear and below.
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3.4 Computatinal Mesh

A structured hexahedral computational mesh was created in ICEM CFD. Approximately
7 months out of 12 that were spent on the project went into the construction of the mesh.
ICEM CFD uses blocking technique. The domain is manually divided into blocks and the
mesh parameters (e.g. density and stretching) are de�ned for each block. Symmetry of the
model is used and only half of the domain was meshed in ICEM, then imported to AVL
FIRE and mirrored and spliced together. 1,132 blocks were used. The mesh consists of
about 21 million cells. Figure 3.4.1(a) shows the blocking structure that was made covering
half the domain. Figures 3.4.1(b) and 3.4.1(c) show an example of the blocking structure
around the wheel.

(a) Half of the domain.

(b) Wheel, outboard side. (c) Wheel, inboard side.

Figure 3.4.1:Blocking structure in ICEM CFD.

Figures 3.4.2 to 3.4.4 show the computational mesh. Most of the cells are concentrated
around the wheels and the truck because there the 
ow is expected to be complex and
highly turbulent containing a wide range of turbulent scales.
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(a) Whole domain.

(b) Zoomed view of the wheels.

Figure 3.4.2:z-cut through the volume mesh.

(a) y-cut. (b) x-cut.

Figure 3.4.3:Cut through the volume mesh.

(a) Outboard view. (b) Inboard view.

Figure 3.4.4:Surface mesh of the landing gear.
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Chapter 4

Results

In this chapter the results of the LES and PANS simulations are presented and comparison
is made with experimental data wherever possible. First the averaged surface streamlines
are compared with oil 
ow visualization photographs. Then the streamlines in the 
ow �eld
are investigated and the di�erence between the two simulations is discussed (no experimen-
tal data is available in the outer 
ow �eld). Averaged surface pressure is then compared to
experimental data and time history of pressure at selected monitoring locations is investi-
gated and compared to experimental data. The �lter resolution in the PANS simulation is
investigated in order to cast a light on how much is resolved. Lastly the forces acting on
the model and pressure forces acting on the wheels are comparedwith experimental values.

4.1 Streamlines

Streamlines produced from the time averaged velocity �eld in the simulations and the oil

ow visualization from the experiment are compared in �gures 4.1.1 to4.1.6.
Figure 4.1.1(c) shows a false separation at the leading outboard edge of the front wheel in
the LES results. This separation is not present in the experimentalresults, �gure 4.1.1(a)
or in the PANS simulation, �gure 4.1.1(c). The impingement lines on the front of the rear
wheel are well predicted by both simulations. On the outboard side of the rear wheel in the
LES results the 
ow is bent a bit too much to the wing side and ground side. Especially
the 
ow bends toward the wing side and forms wavy 
ow pattern which is not visible
in the experimental results. The PANS results however shows a good prediction on this
side. There the 
ow is slightly bent toward the wing side and that is in agreement with
the experimental results (perhaps not clear in the �gure but closer examination of the
photographs reveals this).
Figure 4.1.2 shows the ground side of the landing gear. The streamlines in the PANS
on the bottom of the front wheel, �gure 4.1.2(b), agree well with the experimental �gure
(4.1.2(a)). The LES fails (�gure 4.1.2(c)) predicting a focus and accompanying bifurcation
lines and a saddle where there should be attached 
ow. The bottom of the rear wheel
is also in fair agreement with the experimental results for PANS and the LES is not far
o� either. In the rear outboard corner of the rear wheel in the �gure the PANS performs
slightly better in predicting the shape of the streamlines. Under thefront axle the oil 
ow
�gure does not reveal much as this region is immersed in a separationbubble where the
velocity is low. The simulations show a saddle in that region of di�erent sizes and locations.
Both simulations are in fair agreement with the experimental resultsunder the rear axle
with a focus on the corner of the beam and axle. Figure 4.1.3 shows the intersection of
the longitudinal beam and the vertical post. The general 
ow pattern is replicated well
by both LES and PANS simulations and LES seems even to be performing better between
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(a) Experiment

U1

(b) PANS

(c) LES

Figure 4.1.1:Streamlines. Outboard view from front.

(a) Experiment (b) PANS

U1

(c) LES

Figure 4.1.2:Streamlines, looking up from under the wing side.

the front axle and the beam-post intersection. Figure 4.1.4 shows the inboard side of the
wheels. The streamlines on the front wheel capture the 
ow pattern in the experimental
results rather well for both simulations. There exists small di�erences between the LES and
PANS especially at the location marked with R. For the upstream side of the rear wheel
the two simulations agree with the experimental results on the wing side however there
are bifurcation lines close to the wheel shoulder on the ground side inthe experimental
results that are captured by the PANS simulation but not LES. Downstream of the truck
exists a dead air region seen by lack of trace lines in the oil 
ow. Here the two simulations
show di�erent 
ow patterns. Figure 4.1.5 shows the rear and outboard side of the front
wheel. The separation on the outboard side in the LES has already been discussed. Here
the early separation along the circumference in the LES is also visible.On the rear side
there is a large focus (marked in the �gure) which is present in both simulations and in the
experimental results. Notice also that the bifurcation lines markedwith B in �gure 4.1.5(c)
are also captured in both simulations. Figure 4.1.6 shows the rear andoutboard sides of
the rear wheel. The trace lines along the outboard side of the wheelsare more uniform and
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(a) Experiment (b) PANS

U1

x

y

(c) LES

Figure 4.1.3:Oil 
ow visualization and streamlines. Side view of truck.

,
(a) Experiment

R
(b) PANS

U1x

y

(c) LES

Figure 4.1.4:Oil 
ow visualization and streamlines, inboard view of wheels.

(a) Experiment

U1

Focus

(b) PANS
B

(c) LES

Figure 4.1.5:Oil 
ow visualization and streamlines on front wheel, view from rear.

straight for the PANS simulations and in good agreement with the experimental results
whereas in the LES the streamlines are bent toward the shoulders and near the wing side
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shoulder the lines become distorted. On the rear side the two simulations show di�erent
patterns both not in good agreement with the experimental results. In the PANS results
the 
ow remains attached longer over the circumferential than in the LES and that agrees
better with the experimental results. Figure 4.1.6 shows the streamlines projected onto

(a) Experiment

U1

(b) PANS (c) LES

Figure 4.1.6:Oil 
ow visualization and streamlines on rear wheel, view from back.

the x - z plane going through the center of the wheels (y = 0) for both simulations. The
plane is colored with pressure. It shows a clear di�erence in the 
ow �eld between the
simulations. The arti�cial separation bubbles on the outboard sidesof the front wheels in
the LES is visible. The form of the trailing wake is also very di�erent between the two
simulations. The fair amount of symmetry of these time averaged streamlines suggest that
simulation times are su�cient. However the 
ow �eld is not completely symmetric due to
possible 
uctuations in the 
ow that have low frequencies that the averaging time did not
capture. Figure 4.1.8 show the streamlines projected on to thex - y plane colored with

U1

(a) PANS (b) LES

Figure 4.1.7:Streamlines projected onto the plane going through the center of the wheels.

pressure going through variousz values. Overall, the 
ow �elds are quite di�erent between
simulations.
In �gures 4.1.8(a) and 4.1.8(b) it can be seen that the number of vortexes are the same for
both simulations but di�er in shape and position.
Figures 4.1.8(c) and 4.1.8(d) shows further di�erences in the 
ow. Especially the big vortex
above the rear axle in the PANS simulation has a de�nite and strong recirculation whereas
the LES shows the same vortex with less recirculation. Also, the PANS simulation shows
two vortex cores behind the rear axle, one small behind the wing sidecorner and another
bigger behind the smaller one. The LES does not show this smaller vortex. Figures 4.1.8(e)
and 4.1.8(f) show where the 
ow is attached over the circumference and where it reattaches.
Figure 4.1.9 shows the streamlines projected on thez - y plane colored with pressure going
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U1

(a) PANS, z = 0 D (b) LES z = 0 D

U1

(c) PANS, z = 0 :1905D (d) LES z = 0 :1905D

U1

(e) PANS, z = 0 :426D (f) LES z = 0 :426D

Figure 4.1.8:Streamlines projected onto plane going through severalz locations.

through various x values. For x = 0D ,�gures 4.1.9(a) and 4.1.9(b), show very similar
stream line pattern for the simulations. However the development further downstream
,�gures 4.1.9(c) to 4.1.9(h), is very di�erent between the simulations.
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(a) PANS, x = 0 D (b) LES, x = 0 D

(c) PANS, x = 0 :271D (d) LES, x = 0 :271D

(e) PANS, x = 0 :541D (f) LES, x = 0 :541D

(g) PANS, x = 0 :817D (h) LES, x = 0 :817D

Figure 4.1.9:Streamlines projected onto plane going through severalx locations.

4.2 Averaged Pressure

Figures 4.2.1 and 4.2.2 show pressure on the surface of the wheels. The pressure on the
outboard side of the front wheel in the LES results, �gure 4.2.1(b), is in poor agreement
with the experimental results, �gure 4.2.1(a), due to the arti�cial separation in the LES.
The low pressure regions on the top of the rear wheel is also not wellcaptured in the LES
results whereas the PANS, �gure 4.2.1(c), succeeds better there in comparison with the
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U1

(a) Experiment (b) PANS

(c) LES

Figure 4.2.1:Cp on the wheels. Outboard view.

U1

(a) Experiment (b) PANS

(c) LES

Figure 4.2.2:Cp on the wheels. Inboard view.
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experimental results. The high pressure zone on the inboard side of the front wheel ,�gure
4.2.2, just ahead of the front axle is badly represented by both simulations, especially in
the PANS simulation, �gure 4.2.2(c). Figures 4.2.4 and 4.2.5 show pressure plotted along

U1 � �

(a) Azimuthal angle �

U1 � �

(b) Meridian angle �

Figure 4.2.3:De�nition of � and � angles.
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(a) Front wheel
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(b) Rear wheel

Figure 4.2.4:Cp along the circumference of wheels,z = 0:4263D.

the meridians and center azimuthal of the wheels. For de�nitions ofthe angles� and �
see �gure 4.2.3. From looking at these plots it can be concluded that PANS predicts the
pressure better than LES. Notice in �gure 4.2.5(a) the LES resultsfrom � = 120� to � =
240� where the in
uence from the arti�cial separation is evident. It seems as the PANS
performs better along the meridian lines than the azimuthal. This could be caused by
di�culty in predicting separation along the circumference of the wheel.
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Figure 4.2.5:Cp along the meridian plane of wheels,y = 0D.

4.3 Sound Pressure Level (SPL)

Figure 4.3.1 shows the sound pressure level (SPL) on the outboardside of the wheels.
The color scale in the experimental �gure could not be reproduced for our simulations
results and therefore it can cause di�culties when comparing the results. The SPL on
the outboard side of the front wheel is signi�cantly higher in the LESresults compared
with the PANS results. The reason is the arti�cial separation in the LES results which
causes greater pressure 
uctuations in the separation bubble than in the attached 
ow of
the PANS results. Figure 4.3.2 shows the SPL on the inboard side of the wheels for the

(a) Experiment (b) PANS

U1

(c) LES

Figure 4.3.1:SPL on the wheels. Outboard view.

two simulations. No experimental data was available for the SPL on the inboard side of
the wheels at the time of writing this report. Notice higher SPL on theupstream part of
the rear wheel and the rear side of the front wheel in the PANS simulation.
The time history of the pressure at selected locations on the modelssurface was sampled
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U1

(a) PANS (b) LES

Figure 4.3.2:SPL on the wheels. Inboard view.
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(a) Spectra sampling points rear.

4
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U1

(b) Spectra sampling points front.

Figure 4.3.3:Locations of sampling points reported in �gures 4.3.4 and 4.3.5.

and the resulting sound pressure level reported in �gures 4.3.4 and4.3.5 where the SPL is
plotted against Strouhal number. The locations of these points are shown in �gure 4.3.3.
Point 1, �gure 4.3.4(a), is on the back of the rear wheel, immersed in the wake of the model.
The simulations share the general shape of the experimental curve however report higher
SPL than the experiment with PANS proving to have higher SPL than LES. Point 2, �gure
4.3.4(b), is on the back of the vertical post. For the high Strouhalnumbers, the simulations
and the experimental results exhibit a linear trend. This linear trendexists further into
the low Strouhal number range for the PANS simulation than the LES. Notice how the
narrow range of SPL for the high Strouhal numbers for the simulations is in contrast with
the wider range in the experimental results. A direct comparison ofthe range of SPL for
a given Strouhal number should be avoided because the sampling timefor the experiment
is signi�cantly longer than in the simulations and is the reason for thatthe experimental
data exists for much lower Strouhal numbers than in the simulation data. Point 3, �gure
4.3.4(c), is at the back of the rear axle. The simulation results fall within a reasonable range
of SPL compared with the experimental results for the high Strouhal numbers but over
predict for Strouhal numbers lower than ten. In contrast thereis no such over prediction
for the low Strouhal numbers at point 4 in �gure 4.3.4(d), located atthe front of the front
wheel. Notice the peak in the LES results at about St = 1. Also noteworthy is the fact
that for the St = 500 to St = 10,000 the simulations do not exhibit higher SPL than 60
whereas the experiment shows that much of the data for that Strouhal number range is
above SPL = 60. The behavior of the SPL in point 5, �gure 4.3.5(a), located on the front
side of the vertical post and point 6, �gure 4.3.5(b), which is locatedon the front side of
the front axle is similar to that of point 4.
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Point 7, �gure 4.3.5(c), is located at the center of the outboard side of the front wheel. For
the PANS simulation and the experimental results the 
ow is attached over the outboard
side of the front wheel and there the behavior is similar to points 4 to6. The LES exhibits
much higher SPL than the PANS and the experimental results at point 7 because of the
arti�cial separations at the front wheel. This is in agreement with �gure 4.3.1(b).
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10
-2

10
-1

10
0

10
1

10
2

0

20

40

60

80

100

120

140

St
S

P
L(

dB
)

 

 

Exp
LES
PANS

(b) Point 2
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(c) Point 3
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(d) Point 4

Figure 4.3.4:SPL in points 1 to 4 on the surface of RLG in Fig. 23.
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(a) Point 5
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(b) Point 6
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(c) Point 7

Figure 4.3.5:SPL in points 4 to 7 on the surface of RLG in Fig. 23.
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4.4 PANS Filtering

The �ltering parameter f k is de�ned in equation 2.1.20. Value off k = 1 suggests maximum
�ltering and the equations solved reduce to pure RANS equations. Value off k = 0 suggest
minimum �ltering. However, this �ltering parameter does not explicitly control how much
is resolved and how much is �ltered. This parameter is computed according to equation
2.1.20 at the end of each time step and then inserted as a constant into the RANS equations
(see section 2.1). The entire set of the 
ow equations and RANS equations are solved in
the next time step and the �ltering parameter updated. Figure 4.4.1compares the �lter
parameter f k and the computed ratio f k;comp = ku=k. When this ratio reaches zero, it
suggests that all turbulent kinetic energy is resolved. From these�gures it can be seen
that inboard of the wheels much is resolved and even more is resolvedin the wake of the
wheels. A little less is resolved in the wake of the vertical post.

U1

(a) f k , y = 0 D (b) f k;comp , y = 0 D

U1

(c) f k , y = 0 :625D (d) f k;comp , y = 0 :625D

Figure 4.4.1: Comparison of the �ltering parameter f k (left column) and the computed
ratio f k;comp (right column) for the PANS simulation in the x - z plane for two di�erent y
locations. (the color scale applies to both quantities).

It can be interesting to look at the turbulent viscosity � u and the dissipation " shown
in �gure 4.4.2. The turbulent viscosity has been normalized with the laminar viscosity,
� . Notice that the color bar in the �gure is logarithmic. From �gures 4.4.1 and 4.4.2 it
seems that high turbulent viscosity is not highly correlated with high level of �ltering. The
dissipation " , which all is unresolved, and the computed ratiof k;comp are highly correlated
with the �ltering. The reason for the value of one forf k;comp upstream of the model is that
the 
ow �eld is undisturbed and there simply exists no resolved turbulence.
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U1

(a) " , y = 0 D (b) � u;norm , y = 0 D

U1

(c) " , y = 0 :625D (d) � u;norm , y = 0 :625D

Figure 4.4.2: Dissipation " (left column) and the normalized turbulent viscosity,� u;norm

(right column) for the PANS simulation in the x - z plane for two di�erent y locations.

4.5 Forces

Table 4.5.1 shows the total drag and lift force coe�cientsCd and Cl respectively for the
landing gear. LES drag force is 16 % higher than the drag forces measured in the experi-
ment while the PANS drag force is 13 % higher. Notice also the higher standard deviation
of drag, C

0

d, in the simulations than in the experiment. Interestingly, the PANS has the
highest C

0

d.
The lift is negative in all cases implying a net down force acting on the model. This down
force is under predicted by a staggering 69 % in the LES and 66 % in thePANS simulation.
For the standard deviation of lift, C

0

l , the simulations report over ten times higher standard
deviation than in the experiment.

Table 4.5.1: Forces on the entire model.
Exp LES PANS

Cd 1.54 1.79 1.74
C

0

d 0.012 0.032 0.053
Cl -0.62 -0.19 -0.21
C

0

l 0.005 0.051 0.068

Table 4.5.2 shows the drag and lift forces resulting from pressure distribution on the sur-
faces, excluding the viscous drag on the wheels, withCdp the pressure drag coe�cient and
Clp the pressure lift coe�cient. The simulations agree much better withthe experimental
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values here than for the total forces in table 4.5.1. The time historyof the drag coe�cient,

Table 4.5.2: Forces on wheels computed from averaged pressure data.
Front wheel Rear wheel

Cdp Clp Cdp Clp

Exp 0.256 -0.053 0.181 -0.032
LES 0.248 -0.047 0.172 -0.013
PANS 0.225 -0.064 0.181 -0.014

Cd, and the lift coe�cient, Cl , acting on the whole model for the two simulations is shown
in �gure 4.5.1. The coe�cients are plotted against a dimensionless timeunit tU1 =D. The
time scales in the force 
uctuations are similar between simulations but the amplitude of
the 
uctuations is greater in the PANS simulation, as the standard deviation reported in
table 4.5.1 suggests.
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(a) Drag coe�cient Cd for LES.
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(b) Drag coe�cient Cd for PANS.
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(c) Lift coe�cient Cl for LES.
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(d) Lift coe�cient Cl for PANS.

Figure 4.5.1:Time history of the drag coe�cient, Cd, and the lift coe�cient, Cl , acting on
the whole model.
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Chapter 5

Conclusions and Discussion

Based on the comparison of the simulated averaged surface streamline patterns and pressure
distribution with the experimental data, which include oil 
ow visualization photographs
and pressure port measurements, it can be concluded that PANS gives better results than
LES for the particular mesh used in this study. This conclusion is strongly supported by
the fact that LES produces arti�cial separation on the outboardside of the front wheels
(see �gure 4.1.1). The reason for the arti�cial separation is insu�cient grid resolution in
the LES causing it to not generate important near wall structures. It must be kept in
mind that in certain areas, LES predicted averaged stream line patterns better than PANS
(see �gure 4.1.3). Furthermore, the comparison of averaged pressure in the plots in �gures
4.2.4 and 4.2.5 suggests an overall better performance of PANS. The PANS results, being
more accurate than LES, are nevertheless not extremely accurate, considering the sound
pressure level (see �gures 4.3.1 to 4.3.5) and pressure (see �gures 4.2.4 and 4.2.5). Drawing
conclusions from comparing the total forces (table 4.5.1) should bedone with caution. All
the simulations reported in Spalart and Mejia [2] have the drag coe�cient within the range
of 1.70 to 1.81 and for the lift coe�cient from -0.23 to -0.18 which is comparable with
this study's results. It is unclear if the simulation predictions are inaccurate or if there is
error in the experimental measurement of the total forces acting on the landing gear. For
the simulations the pressure forces acting on the wheels agree better with experimental
values than the total forces. The total forces are measured with a force balance in the
experiment whereas the pressure forces are acquired from the pressure data measured with
static pressure ports on the wheels [3]. This fact rises suspicion of error in the total force
measurements in the experiment.

5.1 Future work

As mentioned in the introduction, under section 1.2 , no grid dependence study has been
reported. Simulations on a coarser mesh of approximately 11 million cells are underway
at the time of writing this. These simulations include PANS using� - f turbulence model
and also PANS usingk - " turbulence model as was used in the work by Girimaji [9] along
with LES for reference.
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