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Motivation & Introduction ‘#;?R

 We want better rotor blades!

» The shown approach fuses existing design approaches with numerical

.. . Optimization of planform & twist —
optimization:

+ New rotors

» The aerodynamic & acoustic design of a helicopter rotor blades includes l
« Airfoil design ~ Abstraction of flow conditions
|| Specification of goals and constraints
« Planform design i
| Y
» Twist distribution | Optimization of airfoils — >
|
|
* Including parameters all parameters in a single pass too difficult | New airfoils
i Y
|
|
|
|
|
|
|

« Airfoil design is done in the ‘classical’ sense: 2D analysis

» Optimize planform & twist of the rotor with the new airfoils _

* DLR currently develops a new rotor blade including the structural dynamic
design and manufacturing constraints. Only aerodynamic design shown here
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Overview ‘#;TR

* Methodology

—  Optimization

— Airfoil Simulation®

— Rotor Simulation
* Design

- Airfoils®

- Planform & Twist
* Off-Design Analysis
« Summary & Outlook

* work presented at 48™ European Rotorcraft Forum, Winterthur Switzerland, 2022 [11]
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Methodology Optimization

« Surrogate based optimization [19] using Design of Experiments
- MacQueen’s method as a Design of Experiments [17] $
- Kriging with regularization/noise constant as —> Surrogate Model
surrogate model [18]
— Chained optimization strategy _ $ .
* DoE to initialize population OfpEImIZE O

« Differential evolutionary [20] (with NSGA-II
sorting [21] for multi-objective optimization)

* Simplex algorithm [22] for local refinement.
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Methodology Simulation

* DLR’s legacy flow solver FLOWer used [26]
» Steady simulation for airfoils: Local time stepping with SGS [27]
* Dual time stepping / BDF20PT with y=0.48 for rotors

* Implicit residual smoothing and 3V multigrid

192x96 cells
for optimization

« MUSCL & SLAUZ2 [28,29,30] for inviscid fluxes with 31 order for airfoils / 4t order for rotors

* Viscous fluxes 2 order MUSCL & SLAUZ2
* SAturbulence model [31] with DDES-R extension for rotor simulations [37,38]
* Empirical transition prediction:
—  C,min IN case of shocks
- AHD for TS-waves [32]
- Laminar separation
— C1 crossflow criterion (for rotors only)
- Bypass transition Mayle (for rotors only)
- Attachment line Pfenninger/Poll (for rotors onl)
« 8% order langrage interpolation for Chimera

e FS-coupled with comprehensive code HOST [39] for rotor simulation
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Forward flight
grid
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Optimization: 670k cells hover, 2.2e6 cells forward flight
Off-Design: 2.9e6 hover, 4.9e6 forward flight



Methodology Airfoil Simulation =

0.8
0.6
L] L] L] " 0'4 7]
* Validation against DSA9a wind tunnel test by  _ R
Richter et al.[34] T 04+ R s
0.2 - o 768x384 '
e 384x192 —0.2 -
0.0 1 e 192x96
] ] ] ] o —0.2 4 o 96x48 —0417
* Finer grids overshoot maximum lift coefficient oL . . : ; : . . .
0 20 40 60 20 40 60 80 100
Cl,max Cg+1000[-] Cq-1000[-]
_ _ o |
— Wind tunnel blockage and side wall Mach 0.6  inviscid drag onlyl  Mach 0.85
effects not modeled
1.5 1 10 4 /
1.0 _ 0 -
* 3rdlevel (192x96 cells) reasonable trade-off - s
between speed and accuracy T 051 S -10
£
0.0 1 —20 4
-5 (I) I5 1I0 1I5 —OI.25 O.IIDO D.I25 0.%0 0.I75 1.I00
al°®] cl-1
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Methodology Rotor Simulation =

80 5.5
Hover ' Forward flight
5.0 A @
60 - c, =5.1x1000
l
o E 4.5 - :
= 40 o & |
E :5'8 4 D -
o 4.
opt. mesh =—— I
20 A off-design mesh =¢=
HART-Il Exp. —@— 337
design cond. ==
0 | | 30 ] | |
0 4 8 12 0.15 0.25 0.35
cr- 1000 M

« Validation of CFD grids against wind tunnel test of Bo105 blade “HART-II” in the FTK campaign [40].

- Hover meshes lack wind tunnel — lack of re-circulation — too good FM on finer mesh!
- Forward flight matches well
* Grid study in [41]
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parameter value
. no. blade 4
Design Goals i 2
chord 0.121 m
tip Mach 0.64
« Goal: reduction of required power in hover and forward flight hover | forward flight

cr - 1000 5.5 5.1

- Explicitly used for rotor optimization cx - 1000 0.6

- Flow conditions are derived for airfoils (next slide) CmrsCmp 0.0 0,0
advance ratio U 0.3

- Airfoil goal is minimization of drag trim angles 6 6o, 6., 65, 0,

* Implicit Constraints

- Trimmed rotor

Rotor specs & flight conditions

12% only Mach | Re x 10° | ¢; range
- same lift coefficient for airfoils retreating 0.10 0.1 max
hover 0.65 1.9 0.2..06
* Explicit constraints advancing 0.75 2.1 -0.2...0.2
_ 12% inboard | Mach | Re x 10° | ¢; range
- Peak to peak root torsion moment of rotor retreating 0.10 0.1 max
. . : e . : : hover 0.52 1.5 0.3..0.6
Minimum maximum lift of airfoils on retreating side advancing 0.75 1 01, 03
- Average pitching moment of airfoils in hover condition 9% outboard | Mach | Rex 10° | ¢ range
retreating 0.42 1.2 max
hover 0.65 1.9 0.2..04
advancing 0.88 2.5 -0.2... 0.1
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Airfoil flow conditions



0.55

- cy(r)
—— E;=6CT/O'

Design Airfoils ™

G 0.45

* For 2D airfoil design, flow conditions need to be derived

0.40
« 3D loads from CFD simulations to estimate target lift coefficient c,
0.35 T T T 1
, 0.2 0.4 0.6 0.8 1.0
€] = C;COS8P — CxSing (1) /R
2 dF,, . . . :
= 5T dr 2) Hover lift coefficient estimation
¢ = arctan(v;/V) 3)
Veo SIN O, Voo SIN O, dF. — alfR=0.5)
o~ q 0 q\2 NpladesQ L 1.0 - _
Vv; R 2 + \/|( > )2+ ATpordr | (4) ci(rfiR=0.7)
08 4 = C)(r/R =0.8)
V= \/(Qr—l—vw cos 0ysiny)? + (Ve siny +v;)2  (5) ' — ¢/(r/R=0.9)

0.6 4 c/(r/iR =1.0)

C

* Selected a range of lift coefficients for investigation of
- Hover

- Retreating side

- Advancing side 0 90 180 270 360

'
Forward flight lift coefficient
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Design Parameters DLR

— 23012 @® cambernp.
e Airfoils o 017 — = IGP-fit === thick p.
- parameterized with “Improved Geometric _ E
Parameterization” by Xiaogiang et al. [23] . camberline and 3
(camberline & thickness distribution) thickness distribution
of IGP fit 2
- Added a tab function (see paper) E
— 8 design variables in total |
-0.2 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
* Rotors 2.0
— cubic spline for chord length 1.5-
- linear twist with a tip offset given through a spline 1.0 -
- Total of 4 parameters Exemplary rotor & o5
parameterization o
I 0.0
-0.5
—1.0‘
-1.5 . . . . .
10 02 04 06 08 1.0 1.2
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11

Design Airfoils DR

1120 and 1351 simulations with
11 and 49 Pareto optimal designs
for 12% and 9% airfoil
optimization

* many designs violate a
constraint, either they

- miss maximum lift

- exceed the pitching moment

 Subset of three airfoils selected
- Best hover airfoill
— Best advancing side airfoil

- Balanced airfoil

Cd, mean, adv. /Cd, adv. , ref

1.25 . — 100 —w=——== v ]
samples ¢ Pareto front + samples ¢ Pareto front
A initial == Pareto line 0.95 A initial — - Pareto line
® improvement E e improvement
1.05 - u 3 090 A
]
(] 8
N 0.85 A
3
g
0.85 A E 0.80 A
S
U
0.75 A
0.65 T T T i 0.70
0.80 0.85 0.90 0.95 1.00 0.70 0.75 0.80 0.85 0.90
Cd, mean, hover/cd, hover, ref Cd, mean, hover/Cd, hover, ref
12% inboard optimization 9% outboard optimization

For brevity, only 9% airfoil presented on the next slides
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Design Airfoils

0.06 A+

0.04 +

0.02 +

y/c

0.00 A

—0.02 -~

—0.04 -~

DLR
0.02 - o et
"--,::'.—-.__.::ah_._.
L 0004 {7 T LIS~
23009 £ -
£ _0.02 - A
— best hover O ”
+ —+ camber ',!
— trade-off O . /
Y —0.04 - - = thickness A/
—— best adv. ] /0/
—— 0A209 e
$ -0.06 |
)
£
' —0.08 A
I | | I | I | | I
0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c x/c

« Maximum thickness and camber shifted back from 23009

* Best advancing side airfoil has least camber, best hover airfoil the most
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Design Airfoll DLR

0.8 0.6
0.4
0.6 T
0.2
~ 041 M=0.65 “hover ~ 001 M=Q.88_
= = “advancing side”
S 5. e 23009 Y -0.2 |
* best hover
—0.4 -
0.0 - e trade-off
e best adv. —0.6
« 0OA209
—0.2 —-0.8 -
| | | I I | | | | |
10 20 30 40 40 60 80 100 120 140
Cq+1000[—] Cq+1000[—]

* In hover, all airfoils have a good “drag bucket”

* On the advancing side, only trade-off and best advancing side design prevail

13
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Design Airfoll R

-1.5 -1.5
—_— 23009
M=0.88
- pest hover “advancing side”
—1.0 —— trade-off —1.09 ¢ 9
—_— bhest adv.
—0.5 - —— OA209 —05 -
S S
0.0 0.0 e
-  hest hover
" 1 —  trade-off
0.5 - M=0.65 “hover 0.5 -
— hest adv.
= (0OA209
1.0 T T T T T T 1.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c x/c
* Hover conditions benefits from smoothed suction peak — more laminar flow trough later maximum
thickness

* Advancing side benefits reduced shock — more gradual aft airfoil section

14
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Design Planform & Twist

DLR
1.025 I | - . l
+ samples ¢ Pareto front 0.8 "*\ ,’1 e chord 1
A initial =+ Pareto line [ "‘ * chord 2
:: 1.00q ® improvement N H--»s}; » dt
& ; a =2k S 06 dtwi
= ® ] 1 . twist_2
T | Ay 0 JF
§ . r at 4 a - 1 !l
3 0975 - N Y R 504 7\ \ x
3 R 5 ' n )\
R N © \"‘-ql &
= A —
o 0.950 —)m. ad A 5 0.2 Ao . L\b/’\t- -+
Of w,. Aa A %" rer
66\ 'M‘. *'. ——o -I . *
K 0.0 —a—r—o-o-c-n—Ln-\-o-o-o-o-o-o-rL—.-«:
«(@66 I | | | I | | I |
0.875 0.900 0.925 0.950 0.975 0.0 0.2 0.4 0.6 0.8 1.0

Ptorwardfiight/Pforwardflight, HARTII transition from goal function 1 to 2

* New trade-off airfoils have been employed before hand
* 199 rotors evaluated in 2 flight conditions, 60 constraint violators, 31 Pareto optimal — turn around ~ 1 week

* General preference of tapered blade, from forward flight to hover the twist is increased

15
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Design Planform & Twist DLR

2.00 10 =
HARTIl —— E
1.751 best forward flight —— =
i 5 - -
1.50- trade-off —— .
best hover —e— 2
© 1.251 o S
- /_\k E e
C1.00{ = C
HARTII g
0.75 - _5 | best forward flight —— 8
trade-off ——
0.501 best hover —e—
0.2 0.4 0.6 0.8 o %05 0.4 0.6 0.8 1.0
' ' /R ' ' ' ' /R ' ' Optimization setup results

* Chord distribution is the same, an overshoot of the cubic spline is noted
» Airfoils bring greatest gain in forward flight

* Twist brings hover performance

16
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Design Planform & Twist Hover DLR

2.5 2.5
= HART I
2.0 2.0 {4 = opt. airfoils
- bhest forward flight
1.5 o 159 — trade-off loads at
= S —— best hover design
v 107 ~ L0~ thrust in
=
& = hover
0.5 + 0.5 4
0.0 + 0.0 4
_0-5 | ] | | _0-5 | ] | |
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
r/R r/R

« Airfoils have little impact on hover

» Twist offset particularly well suited to offload vortex induced lift peak

17
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Design Planform & Twist Forward Flight &

2.5
——— HART Il
2.0 4 = opt. airfoils
1.0 - - pest forward flight
o 154 — trade-off averaged
S S —— best hover loads at
~ 0.5 - <~ 1.0 - '
: L design
& = forward
057 fl
ight
0.0 - 9
0.0 -
_05 I I I I | I _05 I I I I | I
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
r/R r/R

* 9% airfoil helps with compressibility effects

* Too much twist leads to strong downforce on advancing side — the thust need to be bought somewhere
else!

18
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Off-Design Analysis =

80 5.5
5.0 1
60
I
§ z:; 4.5
E 40 -~ HART Il =& 9:§ [
L opt. airfoils =—+— > 4.0 -
best forward flight =§p— I
20 A trade-off ==
best hover —@— 3.5 7
design cond. ==
0 . | | 30 ] | |
0 4 8 12 0.15 0.25 0.35
cr-1000 H

« Improved airfoils raise the Figure of Merit from 69% to 72% and improve the L/D, from 4.1 to 4.4 in the design condition

* The selected blades bring these numbers to forward flight blade=(73%, 4.6), trade-off=(74%, 4.5)
and hover (74%, 4.1) — best forward flight blade does not reach the same thrust level anymore in hover as the other blades

 Anondisclosed commercial design performs similar to the forward flight blade (based on the off-design simulation!)
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Summary & Outlook &+

* Numerical optimization used with ‘classical’ design approach — airfoils, planform & twist separated
 Through a feasible abstraction of flow conditions and goal functions, reasonable airfoil shapes could be produced

 Exchanging these on the reference rotor and optimizing its planform and twist allowed to further extend the potential

— Airfoils helped most in forward flight, more twist in hover. Tip taper always welcomed!

 The current designs are
- likely on par with current industrial design w.r.t. to the aerodynamic performance, but not superior

— Acoustic and structural dynamic design need to be included and therefore will require to use more airfoils and
parameters to offset limitations

* Next steps for the rotor design within DLR’s UrbanRescue/FutureRescue project

- Perform the aerodynamic optimization with more airfoils and planform & twist parameters, but also more off-design
conditions (likely delivers slightly more performance ~ 2-3% more over current design)

- Include remaining disciplines, aero-acoustics, vibrations, structural dynamics, manufacturing

(likely take away the 2-3% achieved from the further improved aerodynamic design)

Numerical optimization allows to tailor blades to specific requirements in exchange for weakening some design constraints

20

> VFS Forum > Wilke ¢ Successive Rotor Optimization > May 16th, 2023



6.

20.

REFERENCES

L. Wang, B. Diskin, L. V. Lopes, E. J. Nielsen, E. Lee-Rausch, and R. T. Biedron, “High-Fidelity AeroAcoustic Opti-
mization Tool for Flexible Rotors,” Journal of the American Helicopter Society, Vol. 66, (022004), 2020, pp. 1-116.

E. Fabiano, and D. Mavriplis, “Adjoint-Based Aeroacoustic Design-Optimization of Flexible Rotors in Forward Flight,”
Journal of Americal Helicopter Society, Vol. 62-4, (042005), 2017, pp. 1-17. DOIL: 10.4050/jahs.62.042005

T. A. Fitzgibbon, Advanced Rotor Blade Design based on High-Fidelity Computational Fluid Dynamics, Ph.D. thesis,
College of Science and Engineering, University of Glasgow, 2021. DOL: 10.5525/gla.thesis.81932

T. A. Fitzgibbon, M. A. Woodgate, G. N. Barakos, and R. H. Markiewicz, “Rotor-Blade Planform Design Based on
an Overset Harmonic-Balance-Adjoint Optimization Framework,” AI44 Journal, Vol. 59, (9), 2021, pp. 3431-3447.
DOI: 10.2514/1.J060175

E. Roca Leon, A. Le Pape, M. Costes, J-A. Desiderie, and D. Alfano, “Concurrent Aerodynamic Optimization of Rotor
Blades Using a Nash Game Method,” Journal of Americal Helicopter Society, 2016.

N.A. Vuand J. W. Lee, “Aerodynamic design optimization of helicopter rotor blades including airfoil shape for forward
flight,” derospace Science and Technology, Vol. 42, 2015, pp. 106-117. DOI: http://dx.doi.org/10.1016/j.ast.2014.10.020

L. U. Dadone, “Design and Analytical Study of a Rotor Airfoil,” Technical Report Contractor Report 2988, NASA, 1978,

MM. 1. J. Thibert, and J. Gallot, “A New Airfoil Family for Rotor Blades,” Third European Rotorcraft Forum and Powered
Lift Aircraft Forum, 1977.

K. Mani, B. A. Lockwood, and D. J. Mavriplis, “Adjoint-based Unsteady Airfoil Design Optimization with Application
to Dynamic Stall,” 68th Annual Forum of the American Helicopters Society, 2012.

J. W.Lim, L. D. Allen, R. H. Haehnel, and 1. D. Dettwiller, “Exploring for Aerodynamic and Structural Design Constraints
in the Multi-Objective Rotor Blade Airfoil Optimization Framework,” 48th European Rotorcraft Forum, September 2022.

G. Wilke, “A Numerical Optimization Framework for Rotor Airfoil Design,” 48th European Rotorcraft Forum, September
2022.

C. S. Johnson, and G. N. Barakos, “Development of a Framework for Optimising Aspects of Rotor Blades,” 66th Annual
Forum of the American Helicopters Society, 2010.

M. Imiela, and G. Wilke, “Passive Blade Optimization and Evaluation in Off-Design Conditions,” 39th European Rotor-
craft Forum, 2013,

J. Bailly, and D. Bailly, “Multifidelity Aerodynamic Optimization of a Helicopter Rotor Blade,” AL44 Journal, Vol. 57, (8),
August 2019, pp. 3132-3144. DOL: 10.2514/1.J056513

G. Wilke, J. Bailly, Joélle, K. Kimura, and Y. Tanabe, “JAXA-ONERA-DLR cooperation: results from rotor optimization
in hover,” CEAS Aeronautical Journal, Vol. 13, 2022, pp. 313-333. DOL: 10.1007/s13272-022-00580-8

D. R. Jones, M. Schonlau, and W. J. Welch, “Efficient Global Optimization of Expensive Black-Box Functions,” Journal
of Global Optimization, Vol. 13, 1998, pp. 455-492.

J. MacQueen, “Some methods for classification and analysis of multivariate observations,” Proceedings of the Fifth Berke-
lev Symposium on Mathematical Statistics and Probabilitv, Vol. 1, 1967, pp. 281-297.

D. Krige, A statistical approach to some mine valuation and allied problems on the Witwatersrand, Ph.D. thesis, University
of the Witwatersrand, 1951.

G. Wilke, “Variable-Fidelity Methodology for the Aerodynamic Optimization of Helicopter Rotors,” Af44 Journal,
Vol. 57, (8), 2019, pp. 3145-3158. DOL: 10.2514/1.J056486

R. Storn, and K. Price, “Differential Evolution - A simple and efficient adaptive scheme for global optimization over
continuous spaces,” Journal of Global Optimization, Vol. 11, 1997, pp. 341-359. DOL: 10.1023/A:1008202821328

K. Deb, A. Pratap, S. Agarwal, and T. Meyarivan, “A fast and elitist multiobjective genetic algorithm: NSGA-IL"” IEEE
Transactions on Evolutionary Computation, Vol. 6, (2), 2002, pp. 182-197. DOI: 10.1109/4235.996017

22

23.

24,

25.

26.

27.

28.

29.

30.

3L

32

33.

34.

35.

36.

37.

38.

39.

40.

J. A Nelder, and R. Mead, “A simplex function for minimization,” Computer Journal, Vol. 8-1, 1965, pp. 308-313.
DOI: 10.1093/comjnl/7.4.308

L. Xiaogiang, H. Jun, 8. Lei, and L. Jing, “An improved geometric parameter airfoil parameterization method.” Aerospace
Science and Technology, Vol. 78, 2018, pp. 241-247. DOI: 10.1016/j.ast.2018.04.025

C. L. Ladson, C. W. Brooks, Jr., A. S. Hill, and D. W. Sproles, “Computer Program to Obtain Ordinates for NACA
Airfoils,” Technical Memorandum 4714, National Aeronautics and Space Administration, 1996.

B. G. van der Wall, “*A Comprehensive Rotary-Wing Data Base for Code Validation: The HART Il International Work-
shop,” The Aeronautical Journal, Vol. 115, (1164), 2011, pp. 91-102.

C. Stanger, M. Hollands, M. Kessler, and E. Krimer, “Adaptation of the Dynamic Rotor Blade Modelling in CAMRAD
for Fluid-Structure Coupling within a Blade Design Process.” 18. DGLR-Fach-Symposium der STAB, 2012.

K. Richter, C. C. Wolf, A. Gardner, and C. B. Merz, “Detection of Unsteady Boundary Layer Transition Using Three
Experimental Methods,” 54th AIAA Aerospace Sciences Meeting. DOI: 10.2514/6.2016-1072

I. Raddatz, and J. K. Fassbender, “Block Structured Navier-Stokes Solver FLOWer,” MEGAFLOW - Numerical Flow
Simulation for Aircraft Design, edited by N. Kroll and J. K. Fassbender, 2005.

D. Sharov, H. Luo, J. Baum, and R. Loehner, “Implementation of unstructured grid GMRES+LU-SGS method on shared-
memory, cache-based parallel computers,” 38th Aerospace Sciences Meeting and Exhibit, 2000. DOL: 10.2514/6.2000-927

K. Kitamura, and E. Shima, “Towards shock-stable and accurate hypersonic heating computations: A new pressure flux for
AUSM-family schemes,” Journal of Computational Physics, Vol. 245, 2013, pp. 62-83. DOL: 10.1016/j.jep.2013.02.046

S. Yamamoto, S. Kano, and H. Daiguji, “An Efficient CFD Approach for Simulating Unsteady Hypersonic Shock-Shock
Interference Flows,” Computers & Fluids, Vol. 27, (5), 1998, pp. 571-580. DOL: 10.1016/S0045-7930(97)00061-3

G. Wilke, “Comparisons of Different Spatial Schemes and Limiters for Helicopter Flows,” New Results in Numerical and
Experimental Fluid Mechanics X111, edited by A. Dillmann, G. Heller, E. Krimer, and C. Wagner, 2021. DOI: 10.1007/978-
3-030-79561-0

S. Allmaras, F. T. Johnson, and P. Spalart, “Modifications and clarifications for the implementation of the Spalart-Allmaras
turbulence model,” Seventh International Conference on Computational Fluid Dynamics (ICCFD7),, January 2012.

D. Amal, R. Houdeville, A. Seraudie, and O. Vermeersch, “Overview of laminar-turbulent transition investigations at
ONERA Toulouse,” 41st AIAA Fluid Dynamics Conference and Exhibit, 2011. DOIL: 10.2514/6.2011-3074

C. B. Allen, “CHIMERA volume grid generation within the EROS code,” Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, Vol. 214, 2000, pp. 125-140. DOI: 10.1243/0954410001531962
URL: http://pig.sagepub.com/content/214/3/125

A. Klein, Th.Lutz, E.Kriimer, K. Richter, A. D. Gardner, and A. R. M. Altmikus, “Numerical Comparison of Dynamie
Stall for Two-Dimensional Airfoils and an Airfoil Model in the DNW-TWG,” Journal of American Helicopter Society,
2012.

P. Kiifmann, R. Bartels, B. G. van der Wall, O. Schneider, H. Holthusen, J. Gomes, and J. Postma, “The First Wind Tunnel
Test of the DLR’s Multiple Swashplate System: Test Procedure and Preliminary Results,” AHS 72nd Annual Forum,
2016.

S. Yoon, and A. Jameson, “Lower-upper Symmetric-Gauss-Seidel method for the Euler and Navier-Stokes equations,”
AIAA Jowrnal, Vol. 26, (9), 1988, pp. 1025-1026. DOL: 10.2514/3.10007

1. Dacles-Mariani, D. Kwak, and G. Zilliac, “On numerical errors and turbulence modeling in tip vortex flow predic-
tion,” International Journal for Numerical Methods in Fluids, Vol. 30, (1), 1999, pp. 65-82. DOI: 10.1002/SICI)1097-
0363(19990515)30:1<65:: AID-FLD839=3.0.CO;2-Y

P. R. Spalart, S. Deck, M. Shur, K. D. Squires, M. Kh. Strelets, and A. Travin, “A New Version of Detached-eddy Simu-
lation, Resistant to Ambiguous Grid Densities,” Theoretical and Computational Fluid Dynamics, Vol. 20, (3), May 2006,
pp- 181. DOI: 10.1007/s00162-006-0015-0

a General Helicopter

“HOST.

" 56th Annual Forum of the American Helicopters Society, May 2000.

5
-]
=
g
]
2
w
=
@
=
e
o
=0
-
i
=]
E
S
]
=
g
=
=
-]
]
]
‘5
o
o
2
=

L
-
5
m
o

Simulation Tool for Germany and France,”

41.

Y CEAS Aeronautical

“Quieter and Greener Rotorcraft: Concurrent Aerodynamic and Acoustic Optimization

G. Wilke,

42,

2021, pp. 495-508. DOI: 10.1007/513272-021-00513-x

Journal, Vol. 12, (1),

g
=]
=]
(2]
]
w
2
2
Z
w
-2
=
-
v
o0
=
=
L
E
L]
W~
]
2
E

1. G. Leishman, Principles of Helicopter Aero

43

DLR

April 2019. URL: https://blogs.mathworks.com/cleve/2019/04/29/makima-

lonita, C., “Makima Piecewise Cubic Interpolation,”,

piecewise-cubic-interpolation

44,



