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Introduction

Aircraft Icing

Aircraft icing : Super-cooled liquid water droplets impact and freeze on the aircraft
surface

Aircraft, helicopter, wind turbine blade, ship, and power line

Major cause of aircraft accidents*

Aircraft Owners and Pilots Association(AOPA) report : 1990 ~ 2000, 3230 accidents are concerns with
weather conditions

388 accidents(12%) are related to aircraft icing phenomenon
Accumulated ice changes surface roughness, and deforms the wing shapes
Degradation of left, drag and moment coefficient

ﬁ creaung a
rough coating
that disrupts
air flow

5 Drops freeze when
they hit an airplane ..
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Introduction

Aircraft Icing

Main wing icing can reduce aircraft
performance and safety

—  Maximum lift, stall margin are reduced, and the
drag is dramatically increased

For the flight safety, researches on related

icing phenomenon is now in progress

__

\-

V.=7Tm/s, T ==

7

V.=90m/s,T.=-6.

’

LWC=0.55g/m3,
MVD=30um, t=10m, a=2°

LWC=0.85g/m°,
MVD=20pm, t=11.3m a=5°

——@—— Clean airfoil

—&— (1)Rime
——h—— (2)Glaze

q-0.02
q-0.04
4-0.06
M ;05

v.ouu




Methods

Scope of this study

Relations between meteorological
parameters and degradation of
aerodynamic performance

Selection of icing conditions
(FAR Part 25 Appendix c¢)

-

T

Acquiringice accretion shapes cc-c:t:icc
(NASA icing wind tunnel) cEETIEssE
Fu
Aerodynamic performance analysi! Analyze the effects of the airfoil shape
(OpenFOAM) ] on degradation of aerodynamic
i performance

Response Surface Methodology
(2" order polynomial equations)

== ——
= R PUSAN =
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Methods

Number of cel]s+ ,000

@ Aerodynamic Performance Analysis

*  Numerical approach : Icing wind tunnel does not provide
aerodynamic performance of iced airfoil

*  OpenFOAM : Navier-Stokes equation based
aerodynamic solver
—  Flow separation and reattachment due to ice horn
*  Unstructured grid
— To handle the complex geometries(ice accretion shape)
*  pisoFoam* : Pressure Implicit Splitting of Operator(PI1SO)
— Incompressible, Turbulent flow
—  M,<0.33, Re>2 X 106
*  Turbulent: SA, and k- SST are compared
—  SAmodel yields better results
+  Steady state assumption
— Low angle of attack
— Not massive separation condition

Applied Aerodynamics & Design Laboratory

P

» Capturing boundary layer
* Height of first grid : 5 X 105
- o y#<2.2

| * Growthratio:1.1

——TI.Sep. 2015 — %;Ek




Methods

=

The results of aerodynamic solver are compared with experimental data*
—  Experimental condition : M, =0.2, Re=1.6 X 10°
Ice accretion shaped is tested in the dry wind tunnel
— NASAIRT ice shapes - Casting model = Dry wind tunnel test
NACA23012(clean), rime, and glaze ice shape

02

N3 Hois
! Hois
14f  —a— (Glaze Hou4
12 Jo12
1 01
08 Hoos
JosF Joo0s¢s°
04 Joos
02 <4002
o Ho
-0.2 <-0.02
04 4004
06 4006
08, 7.5 ril ‘z t‘) ; :; r‘so :a 1‘0 12 1‘4 1‘6 1‘5 008
o
006
005
005
00as
00af
003
& 003
ooz
002
0o1sf P.'
o

0.1

0.05

ylc
o

-0.05

-0.1

@ Validation of aerodynamic solver
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|
m
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i ©
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| ———— EG1159 Beak shape

| ———— EG1162

| ——— EGl164

| NACA23012

| Glaze shape

| ~—

"Rime shape

| —l

0.1 -0.05 0 0.05 0.1 0.15 0.2
xlc

[Ice accretion shapes]
— E— —

[Casting Model]




Methods

@ Validation of aerodynamic solver

=
[ Experiments[11] ~ Present Method | 01 _: 0.2 0.2 _: 0.2
T O ciieenes 1 - - I _: 0.15
........ 11°%% 1 : 177 1 . H0.15 1
E ) : i ] ] I q0.1
05f C ‘ 1006 1 ]
o | P c 1 <4005 40.15°40.05
L m T 4 |
oF . /E@iujfﬂ“ {004 1 & | &
I E—.—-]r-'"ll b—- 10 10
0Sp =7 T ] ] H0.05 1
Ak e 1992 Jo0s 3-005
J.01

‘Appl-ied Aerbdyhafhicé & DesngnLaboratory

Cp Cp
il 0 1 4l 0 1
I I
2.5 1.5 2.5 1.5

£
. T

A AN

. Flow conditon :M==2.0,Re — 15.9 X » Icing condition : a=2" Vx=77.2m/s, Tx=-22.2" C, . Icing condition : a=5"° V.=90m/s, T.=-2.2" C,
10%,a=4° LWC=0.55g/m>, MVD=30um, time=1 0min LWC=0.85g/m>, MVD=20um, time=11.3min.
¢ Flow condition : M.=2.0,Re = 15.9 x 10%,a=4"° . Flow condition : M.=2.0,Re = 15.9 x 10%,a=4"
Error at a=4° = = ' —

Error at a=4°
¢, :5%,¢,:10%, ¢, :2.5%

— et 2~

G 5%, ¢, : 8%,

¢, :2.5%




Methods
O

»  The present study employs RSM to efficiently analyze the correlation with obtained
meteorological parameters and aerodynamic performance without ice shape parameters

* A 2nd-order polynomial regression model is constructed

RSM

_31’1_: Bo + Bixy + Boxy + -+ Brixy % 4 PoaXp® + o+ Biaxixy + o

AC

: Aerodynamic penalties
-----
AC,, \ Acp = Clclean — Cljice

Acd - Cd,ice o Cd,clean

V. T, LWC MVD Time

Acy, = Cm,clean — Cm,ice

*  From the icing parameters(V, T, LWC, MVD, Time), RSM model can cccccrcac
predict the aerodynamic penalties ccccceces
i} e il i ) i e
«  RSM is composed single airfoil(NACA0012) with various icing conditions g%ii%i EEE
Various icing conditions(57 cases) including rime and glaze icing
conditions are employed :
= = =
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Results

Application results

RSM model is applied to FAR Part 25, Appendix C condition

- »  \elocity and icing time are selected as an accident condition*
| —  V=67m/s, Time=6min

Rime ice

Increase of
temperature

Increase of
temperature

Drag and lift penalties increased in the glaze ice conditions
— High LWC, MVD, temperature region

*  Moment penalties increased in the rime ice conditions
— High MVD, and low temperature region irrespective of LWC

,,,,,,,,,,,, =7 >
F Ui

Increase of 5 N

temperature S

-30°C
-40°C
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Results

<12.5% ' <1500%

® <5% 258 ( <1900%
o <50% t { } <2500%
m

<150% <4300%

The regions are divided into 4 such that same level of degradation of lift

«  The lift and drag overlap in some areas

— The drag increases over 2500% in areas very similar to where the lift decreases more than 50%, compared
to a clean airfoil

«  Moment coefficient is under -0.128 : stall condition of clean airfoil
—  When we use de-icing devices, the moment turn from negative to positive
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Introduction

Motivation

Aviation distribution is increasing all over the world
—  capacity of an airport has posed a serious limitation

— methods to increase the efficiency of airport operations .
pwash

are needed “& Downwash
Imposed <
roll -

The separation time interval Mot oimb  Upwash >,

g o g g o Structural
— It is effective to reduce the separation time intervals toed factors

between leading aircraft and following aircraft A Possible encounters with lift-generated wake
Separation time intervals are limited by intensity by a following aircraft
and range of the wing tip vortex shed by Ieadmg aircraft Based on standard separation, constant airspeed of 120 knots (S

v Vortex wakes of leading aircraft are persistentand can | Mall 140 knots (757/Large) & 160 knots (Heavy).
be hazardous Following Leading aircraft

v' Following aircraft must delay their arrival until Aircraft Heavy B-757 Large
the vortex wakes have decayed to a harmless level

v Typically it takes more than 3 minutes*

_Appliiédl Ae rqc.i_»y_nanjichs & 9??@,9_.” La béﬂr.atory

Heavy

Large

Wingtip vortex attenuation study is needed

A Approximate Separation time intervals *

= == — = AADE :
: 11,5_9P 2015 = NATIONAL LIN!VERSiTY ==




Introduction

Objective

TE Chipped wing o
— Vortex occurred at chip and wing tip begin to mix at end of ‘.:
wing e
—  Once wing tip vortex is fully developed, it’s hard to dissipatc S
TIP Chipped wing Py
— Making a chip at tip to prevent occurring wing tip vortex
—  Wing tip vortex cuts during the process of generation

Goal of this study ST

—  Comparing vortex attenuation effect and aerodynamics . @,
performance between TE chipped wing and TIP chipped e

wing e e e

Confirming vortex attenuation effect according to shape of
TIP chipped wing

Suggesting the optimal model for fixed wing and rotating
wing

-----

-----

-----

-----
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Methods

Computational grid

Half wing based ]
Wing Geometry on NACAO

—  Rectangular wing with truncated wingtip

—  Wing profile : NACA0012
—  Chord length :0.203m

— Span :0.897m

— Incidence angle : 5°

Computational Grid

— Spanwise symmetry
— Topology : C-H type

— Domain extension =30 < 2—‘ < 30

—305%5 30

| Applied Aerodynamics & Design Laboll';tma"";

Clustering with equal spacing fine grid
—  rear field of wingtip region, +0.2¢




Introduction

Definition of shape for Analysis

Location Variation
—  Front, Middle, Rear

gn La bo.‘rat‘o‘r;

Depth Variation

- D1,D2, D3, D4 Front =

FFR D2 r FR D1

—  Ex) D1 means the depth of chip is 0.1chord Case FR D3

D4 Case’s Chip area is same with TE Case Middle
Case

11 parameters was analyzed

Rear
Case —

5 0O
- o3
BV,
1.9
EE
(o]
c
>
g O
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[\
a
o
<

Chip of same area




Results

Numerlcal Validation

Swirl Velomty dlstrlbutlon
Vg of core radius

To obtain more accurate results, using the average value
of two data which obtained by extracting
v" 0°, 90° with maximum point of vorticity magnitude
as the center

Comparison with experimental result and Numerical result

Experimental result : Devonport*®

Numerical result
OpenFOAM’s turbulence model : Relizable k-¢, k- ® SST

Results
20% error from the experimental value
v reliable results than the 32% error of Jesse result

v" These value of error is insufficient for accurate result,
but enough for confirming the tendency of flow

Improved result is obtained by adopting the betterment grid

: Jin** - Navier-Stokes, RSTM

!
!

present, Realizablex—=
— =— — present, x—0 SST
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Results

Effect of the Chip Location

TIP Chipped wing, D4 Case & TE Chipped wing
—  Chipped area and chip AR are same

TE Chipped wing
— Vortices occurred at chip and tip begin to mix at end of wing

v The vortices grow along the freestream, without anymore disturbance

— \Vortices of two different directions generated by the chip

|
H
|
|

Tip Chipped wing
—  Wing tip vortex cuts during the process of generation
v Vortex generated by the chip inflates temporarily because flow faces end of chip
— \Vortices of two different directions generated by the chip

Fr Case

vorticity Magnitude vorticity Magnitude vorticity Magnifude vorticity Magnitude

o By 20 S0 10 250 500 750 w0 B0
Y ! Y ! | X | ' [ N TR AL T Y | “
Z 0 1.26403 I 0 le+03 LB & 0 1.2e+03
0 le+03
* o s o
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Results

Effect of the Chip Location

TIP Chipped wing, D4 Case & TE Chipped wing
—  Chipped area and chip AR are same

TE Chipped wing
— Vortices occurred at chip and tip begin to mix at end of wing
v The vortices grow along the freestream, without anymore disturbance

— \Vortices of two different directions generated by the chip

Tip Chipped wing
—  Wing tip vortex cuts during the process of generation
v Vortex generated by the chip inflates temporarily because flow faces end of chip

— \Vortices of two different directions generated by the chip

TE Case Front Case Middle Case Rear Case

vorticity X
200-F

I:g

&=-250

vorticity X vorticity X vorticity X
- 200

J i

250 ' 250

200

2_500 500 7_-500

= =7
=750 750

£
A Axial vorticity contour for TE Chipped wing and Tip Chipped wing at near-field of wing

= = e T




"‘l

Results

Effect of the Chip Location

TE Chipped wing
—  The two sub vortices generate relatively close and they are mixed rapidly
—  After sub vortices become one, it integrates into main vortex occurred at tip
v" Vortices become one about 10 chord behind

TIP Chipped wing
—  The two sub vortices generate relatively far and they are mixed slowly
—  After sub vortices become one, it integrates into main vortex occurred at tip
v"If chip is getting closer to leading edge, sub vortices are mixed at far downstream
v"In the Front Case, even at 20chord downstream, still remain in a state of two vortex

TE Case Front Case Middle Case Rear Cas

vorticity X
vorticity X 10 vorticity X
= 10

] | i (

=20
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Results

O

»  Tip chipped wing
— If chip is getting closer to leading edge, more strong vortices occur
— If chip is located front side of the wing
v Chip is located at the section which has high pressure difference
v’ Strong vortex occurs because of high pressure difference

Effect of the Chip Location

TE Case Front Case

SR sl nalbd




Results

O

5 Laboratory | |

Effect of the Chip Location

«  Maximum vorticity magnitude & core radius
—  TE Chipped wing
v Similar with dissipation rate of vortex attenuation of Rear case which has weak result
—  TIP Chipped wing
v If chip is located front side of the wing, the maximum vorticity magnitude is the smallest

vorticity Magnitude

20

l 30
i 20

»  Swirl velocity distribution
— Front Case shows 56.5% vortex alleviation rate

— In front case, vortices wiggle because they still remain respectively at 20chord behind
v It could be expected to make more dissipation

1200 05 02r
I ——a—— Baseline / N
——&—— Baseline - /7 B
— | TE
TE Ve 015
o FRD4 | — — —- FRD4 / -
el e N MID D4 D MID D4 ; g
! — = = = RED4 - 77 7 RED4 / 0rF
015 0.05
- >° o
o 005 B
............ | 00
005 | | -
015
nl— [ [ T B BT _{}_2_'11'JI|||I|IIIIIIII E
0 h] 10 15 20 -0.6 -0.4 -0.2 0 02 0.4 0.6 B
e FIC A riT. R

A core radius A Swirl velocity distribution at x/c=20
T = —— = g = e —— S = = e



Results

Laboratory |

Effect of the Chip Depth

Front D1, D2, D3 D4 Case
—  The depth of the chip is changed from 0.1 chord to 0.4 chord

Number of sub vortex and vortex strength differ depending on chip depth
—  The number of Sub vortex
v Only 1st sub vortex occurs at FR D1 and D2

—  Strength of Sub vortex
v" FR D1 case generates weaker 1st vortex
v' D2 ~ D4 Case occur almost same strength’s 1st sub vortex
v" The deeper depth of chip, 2nd sub vortex occurs on a wide range

FR D2 FR D4

vorticity X vorticity X ici
200 "7 200 "2 o vofﬂcﬂvX
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Results

Effect of the Chip Depth

Maximum vorticity magnitude
— Effect of depth is less critical than effect of location
— The case which has deeper chip shows the higher vortex dissipation rate.

Swirl velocity distribution
— \ortices become one at 20chord behind except D4 Case
— Dissipation rate : from minimum 36% to maximum 56.5%
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Results

Effect of the Chip Depth

TIP Chipped wing, D4 Case & TE Chipped wing
—  Chipped area and chip AR are same

TE Chipped wing
— Vortices occurred at chip and tip begin to mix at end of wing

» The vortices grow along the freestream, without anymore disturbance

— \Vortices of two different directions generated by the chip

Tip Chipped wing
—  Wing tip vortex cuts during the process of generation

* Vortex generated by the chip inflates temporarily because flow faces end of chip

— \Vortices of two different directions generated by the chip

Applied Aerodynarhiés & Des g'n-—-lf-?.b?@@&
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Results

BACSAC)

. 20
Aerodynamic performance

15

Aerodynamic coefficient

]

— All of chipped wing case’s aerodynamic performance 10
Is declined %
. E 5
—  Lift coefficient change % Z % g
» Less than 3% in all of chipped wing case 0 % - A A 4 —
TE FR MID MID

DI D2 D3 D4 DI D2 D3 DI D2 D3

— Drag coefficient change
A Amount of change in the drag coefficient and lift coefficient
» Changed from 4% to 25% - —

— Lift - drag ratio change >
 Increase as value of depth getting bigger 4

» Increase as location of chip getting closer
to leading edge

Changed from 1.1% to 5.5%

TE FR FR FR FR MID MID MID RE RE RE
DI D2 D3 D4 DI D2 D3 DI D2

A Amount of change in the L/D
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Motivation
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Methods

@ CAD-based geometry control system

Initial CAD Geometry
(DLR-F6 WBPN*)
IGES format

Import

A The procedure of CAD-based geometr
(pylon surface regeneration)

Wing/Body part |

Junction
Pylon surface Constraint

regeneration
Nacelle part M

SOLIDWORKS

Export

Modified CAD Geometry Parameterization of Nacelle
STL format position(Vertical/Horizontal)

— == = T =
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Automatic grid generation

Automatic grid generation using snappyHexMesh
— LMol 2IX| Rotof et 57| f Y et
- LR4XAsdd 2+
—  OpenFOAMO| M K| S5t= AtsHAHS S

S ElZ| E| QI snappyHexMesh 0| &

\4

Application of snappyHexMesh
— Eulerdijd S stz AAH S
HAXE MM S= add-layer off
—  lcaseT AKXt MMH AlZF:
6 processors / 2F 40 2 A Q
ZAX} 2 : 3,950,0007}

'Applied Aerodynamics & Design Laboratory
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Solver setting & Validation

Solver setting(ISAAC)
—  Density-based turbo 7|2F LYK & =4
SH AE*
—  Time integral : LU-SGS(Implicit Scheme)
—  Flux Scheme : Roe Scheme
—  Z4A =7 : Riemann Condition

Exper|
FEFL

mentn =(.
(N-S)

Validation

—  Validation case : 2nd AIAA drag prediction TTE hegele)
WOI’kShOp = = = [ Present(Euler)
- SE=X7:M x=0.75, a=0.98deg (Cruise condition) 02 et 08
- LOIYUE 2 I8 C_p distribution(y/b=0.331) A C, distribution at yr:0.33 8
v AKX 8 7|E2| N-S =X[o 4 At} H| W '
v SAMO| H Lot ?|X|E H WA He=oHA o= Experiment* G s
—  Aerodynamic Force(Lift) H| Wing/Body S
v ZHABI AN O3t QkE{o| A AI(QF 10%)S = QUSIH 0=  Wing/Body/Pylon/Nacelle  0.49679 '
OpenFOAM_Euler CL Lift Loss
EulersjAMo 2 stx 7| ZHMSIALS A 0= Wing/Body 0818806
Wing/Body/Pylon/Nacelle 0737 o

0 vooniunvmse S5
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Flow condition & Kinkology

Mach contour at the descent dsndition

(Mg, = 0.74,@ = —2.9deg)

Shock oscillation

. B SM Y SNHS 0|2 LT
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Parametrlc study

Effects of posmonlng nacelle on aerodynamic performance 8
Initial position o |
0.228 - 0.0196 1 9
i ——— C, (Horizontal) ] =
- e C (Horizontal) 400192 ' E |
o224 -=-A- - C (Vertical) 1 =4
- ' - -~ - C.(Vertical) 700188 >
B i D E bl
B 1 1 o
i Bu'f 8t onset regién -10.0184 = |
I ] Q
022 i . <
| _ w 3
0 : 0018 £ Be
o i ] 7 L
B —0.0176 QD A Vertical movement o
0.216 | : 1
. i I 1 o
i . Jo.0172 i << |
B ! ]
[ A~ o _ !
0212 ,? E R
B I Initial position Jo.0164
i ! | :
| | | | | | | | | u
-0.1 -0.05 0 0.05 o 1 0016
No buffet ~ No buffet Buffet Buffet Buffet
No buffet  No buffet Buffet Buffet
AX/C’ AZ/C A Horizontal movement
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Results

Area ratio VS Shock-buffet st
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Introduction

Motivation

Numerical analysis of flow fields around rotor
Typical multidisciplinary research area

Various numerical methods exist for the rotor analysis

— Full CFD simulation requires huge computational resource to
complete an aerodynamic load analysis due to wake instability
and complex flow around rotors

— Momentum theory can be useful at preliminary and
conceptual design stage, but generally not used for
performance analysis

— Medium fidelity method such as blade element theory yields
reasonable results for rotor performance analysis in relatively
shorter time than full CFD, but that requires vortex wake or

inflow model such as uniform or dynamic inflow model




Introduction

Motivation

Actuator model method for rotor analysis

— Actuator Surface/Line Model

v" In ALM and ASM, the aerodynamic effects of
a rotor blade are imposed on the cells in the
computational domain which lie in the exact
location of the rotor blade at given azimuth angle

This method is applied by several researches at
the wind turbine[ Troldborg(2008); Masson(2008)]
and the helicopter[Kim et al.(2009)] = T RE

As can be found in the previous studies, one of

the most ambiguous steps in ASM/ALM is to set the location of the reference line
which will be used for measuring induced velocities

When the reference line is too far away from the blade, it tends to yield relatively low
induced velocities. On the other hand, when too short, it is difficult to separate the
induced velocity due to the tip vortex from that of bound circulation on the blade

Accordingly, the performance analysis capability of ASM/ALM is considered less
reliable than full CFD method

11 Sep. 2015 {
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Methods for rotor analysis

@ Rotor Performance Analysis Solver

« RANS solvers

— pimpleFoam is PISO+SIMPLE algorithm-based unsteady Navier-Stokes
solver for the incompressible and turbulence flow in OpenFOAM

— These solvers are able to use various RANS-based turbulence model in
OpenFOAM

 Modification of RANS solvers in order to include actuator model

— In order to implement actuator surface model to pimpleFoam solvers, a source
term from BET is added to the calculating region cells

g'-App,I‘le'd Aero“dynamlcs & Dé-sign Laboratory

BET (Blade Element Theory) method is employed for considering rotor effect

The velocity field required in BET was obtained from CFD calculation results
and the force vector converted from source term is included in the momentum

equation




Modified RANS solvers algorithm

The modified RANS solvers algorithm is as
shown in the right

The source code to include rotor effect based
on the actuator surface method is
implemented in the solvers package

The source code for calculating source term
about rotor effect obtains parameters as the
velocity field and the cell geometry
information from the original algorithm

The original part of the solvers follows the
OpenFOAM standard algorithms, and the
extension part of solvers includes the
actuator model, BET and flapping solution

START

ORIGINAL ALGORITHM

EXTENSION ALGORITHM

Cell information,
Velocity

Initailize J l

Actuator Surface

Model

e
Velocity Local velocity

Induce angle,

Local

Thrust
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Turbulence Model

with BET

Calculation Local Thrust
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Theory and Numerical metieleleileiens

—

Actuator Surface Model

Actuator Surface Model

— The way of adding source term to momentum equation in the Actuator Surface
Model is similar to the Actuator Disk Model

The relative velocity used in BET is obtained by the reference line as shown
right

Displacement effect of each blades are
considered for exact induced velocity

reference line

Tip loss correction was considered by
tip loss function or displacement effect
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rotation axis °

The calculation of local thrust in this method
Is in consideration of the rigid blade
positions at calculating time as shown right
figure and following equation

dA
dT = dy(dLcosa; — dDsina;) = > pV2(ccosa; — cgsina;)
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Theory and Numerical metiheleleileie

—

Actuator Surface Model

The actuator surface model with displacement effect of reference line

The induced velocity values from CFD at reference line equal the velocity
values are induced by the I's distributed on the blade along the spanwise and
chordwise panels

Therefore, the exact induced velocities for BET are obtained by correcting the
effect of I's on CFD velocities at the reference line

.
Wi

<Reference line> ;

For the exact induced velocity
calculating, the displacement
correction and bound
circulation considering due to
reference line position

Is needed

The displacement correction is
derived by lifting line theory
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Results of Applications

NO0015 fixed wing case

Parametric study about reference line and chordwise panel numbers

— For the validation of displacement correction on the rotating, the parametric study about
reference line position and number of chordwise panel is needed

NO0O015 fixed wing case is selected because this has the experimental results
(McAlister,1992) according to the angle of attack

Calculated angle of attack : 4, 89 12°
Re : 1.5*10°
Parametric study cases (AoA : 89

Chordwise
Reference line positions(rp)
panel No.(cdn_)
0.5, 1.0, 1.5, 2.0, 3.0, 5.0 avg. chord in front of
Reference line positions study 6
1/4 chord line

Analysis Mesh
Chordwise panels study 2,4,6,8 1.5 avg. chord in front of 1/4 chord line [ y ]
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Results of Applications

NO0015 fixed wing case

Calculation results

— Right figure shows the results of C,

distribution along the wing span
AO

A 12°, rp:1.5, cdn:6
In all experiment data, there is a o o
peculiar distortion in C, value along the
outermost 3% of the span by the tip
vortex that forms on the suction side of

the wing tip

AOA 8°, rp:1.5, cdn:6

The calculation results by ASM are in
good agreement with the experiment
data along the almost of the wing span
for all cases
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Results of Applications

Hovering flight case

Onera7A rotor

7A case
Radius (m) 2.1
Root cut 0.2R
Chord 0.0667 R
Aspect Ratio 15

Blade planform Rectangular

Blade number 4
Rotor tip speed (Mach No.) 0.6612

Twist angle (°) Linear twist

Collective pitch angle at 0.7R (°) 75 IR
Cy 0.00679 [Analysis Mesh, 6,667,992 cells]
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Results of Applications

Caradonna Case

Hovering flight case

Following figure is the comparison resutls the
experiment test and analysis results

Right animation ise the velocity contour and Q
criteria of the tip vortex
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Results of Applications

Forward flight case

Elliott experiment(1988) conditions

Experiment

Blade type Rectangular
Radius(m), 1R 0.8605
Root cut 0.253R
RPM 2100
Ct 0.0063 0.00624 (0.006255)

Solidity 0.0977
Shaft angle(°) -3

Linear twist(°)

Applied Aerodynamics & Design Laboratory

Advanced Ratio
00(°)
0,.(%) -1.11 -1.985
015(%)




Results of Applications

Forward flight case

Inflow results
— Inflow distributions show good correlation with experimental data and other
numerical analysis
— Inthe Q criteria results were gotten by the solver based on actuator surface
model, the blade tip wake strength due to the tip vortex contraction shows
clearly
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Results of Applications

5MW RWT Analysis

Calculation conditions

Blade No. 3
Radius(m), 1R 63
Root cut 0.0456R
RPM 9.2
Wind speed (m/s) 8
Mesh type Hybrid mesh

-
=
o
=
L
=
L

1}

Blade information

positions o

Mesh No. 3,284,022 cells

With hub X
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[Analysis Mesh]
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Results of Applications

5MW RWT Analysis

Calculation results
— Sectional F,,, F, results according to chordwise panel number

— The case results that has over 4 panel number were almost same regardless of number of
panels and were seen to be in good agreement with FR results

| — DTUFR
[ - - - - DTUAL A -
[ ——— PNUAS(cdn=2) 4 0.08 -
— = = = PNU AS(cdn=4) I
[ - - - PNU AS(cdn=6)
- - - - PNU AS(cdn=8) 0.06 -
s L 0.04 |
i 0.02 = — DTUFR
i - — — - DTUAL
B i — PNU AS(cdn=2)
ok - — — - PNU AS(cdn=4)
i B g PNU AS(cdn=6)
i : - - .—.— PNU AS(cdn=8)
- L T | T T T T J
% 0.2 0.4 0.6 0.8 1 0023 0.2 0.4 0.6 0.8 1

r/R

[Sectional Tangential Force]




Results of Applications

5MW RWT Analysis

Calculation results

— The comparison of normal and tangential force coefficients from the results of DTU ALM, ASM of
present method and full CFD of DTU

— AF, and AF, denote the difference of values between full CFD and ALM or ASM per the
maximum value of full CFD

— Itis observed that the present results show more similar behavior to full CFD than to ALM

— The over-prediction of tangential forces at the tip and root region is not observed in the present
results

F,
0,08
0,075

DTUALMF, DITUALMF,

Y S % 0,07
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8 DTUFULL CFD F, 25 8 uu (M)—\I MAF, DIV FULL CED F, :::::‘
f / 0045
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\ - j \ 0,035

UL CFD-ASM o7, B DF : ‘ n LL CFD-ALM AF, 003

DTU FULL CFD F, 3 S TCTULECID T P
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2 0015
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T < 9 0
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Concluding remarks

Conclusions
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