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Who is AMRDEC? ¢AMRDEC

U.S. Army Aviation and Missile Research, Development, and Engineering Center Core Competencies

~9,211 @ 2,945 16 6,250 [k,
FY17 Strength ‘ Civilian Military Contractor Development and
907 / 5343 Demonstration

+ Design and Modification
SETA  Non-SETA « Software Engineering

FY17 * Systems Integration
* Test and Evaluation

$2,904M + Qualification

60/ Colorado Springs, CO * Aerodynamics/

Aeromechanics
Joint Base » Structures
- Langley - Eustis, VA + Propulsion
Aviation S&T
%
7 0 Technology
Missile S&T * Fire Control Radar

* Guidance/Navigation
Technology
63 0/ NASA Ahos - * Image Processing
o Moffett Field, CA * Models and Simulation
Army * Cyber Security

* Autonomy and Teaming
240/ Corpus Christi, TX AMRDEC HQ
0

* Radio Frequency (RF)
Redstone Arsenal, AL

Other

WARFIGHTER FOCUSED.



AMRDEC Mission ¢AMRDEC

Deliver collaborative and innovative aviation and missile capabilities for responsive
and cost-effective research, development and life cycle engineering solutions.
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AMRDEC Priorities ¢ AMRDEC

#1: Readiness

Provide aviation and missile systems solutions to
ensure victory on the battlefield today.

#2: Future Force

Develop and mature Science and Technology to
provide technical capability to our Army’s (and
nation’s) aviation and missile systems.

#3. Soldiers and People

Develop the engineering talent to support both
Science and Technology and the aviation and
missile materiel enterprise
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UH-60 “Blackhawk”

Challenges in high fidelity rotary-wing
aeromechanics prediction

« Complex geometries

» Rotating blades
 Interactional aerodynamics

« Strong aero-structure coupling
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Helios Code

HPCMP CREATE™ AV Helios Helicopter Overset Simulations

Dual Mesh Paradigm Adaptive Mesh Refinement Moving Body Overset

mStrand
near-body
solver
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RCAS and CAMRAD Structural Python-based infrastructﬁre readily Runs on HPC hardware with
Dynamics and Trim coupling supports addition of new software focus on parallel scalability

» High-fidelity rotorcraft simulation for government and industry
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Helios and Automation

* Rotorcraft CFD steps

Legacy Surface || Near-body : Off-body J Domai_n_ | Flow | Post- :

CAD Mesh Volume [ Cartesian Connectivity [ Solution||pProcessing |

Mesh | Mesh |

Native Legacy V4 : Adaptive Mesh :
CAD [ | Surface Refinement

L o J

Mesh e mmEEETEEETE e m m s e
L ) Automation accomplished in Helios v4

\

How do we enable skilled rotorcraft
engineers to use high-fidelity CFD tools
without forcing them to become grid
generation experts?

JMR Concept
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Strand/Cartesian Overset Meshes

_ Strand Mesh Structure:
« Strand meshes allow parameterized

representation of volume meshes:

«— Single-layer

_ Strand «— Multi-layer
— surface tessellation Strand
— pointing vectors Normal cell
) . . distribution
— normal distribution _
Strand unit

vector
Example: 50 million node grid:

« Unstructured 2> 4.2 GB
« Single-layer strand -> 0.08 GB (50x less)

Surface cell
* Multi-layer strand = 0.12 GB (35x less)

« Strands provides a pathway to

— Automated scalable volume
meshing from surface tessellation

— Scalable Domain Connectivity
(compact mesh in each proc.)

— Efficient line-based solver
technology

g e FOCUSED.




Strand/Cartesian Overset Meshes ¢AMRDEC

_ Strand Mesh Structure:
« Strand meshes allow parameterized

representation of volume meshes: (\+— Single-layer \
-

_ Strand Multi-layer
— surface tessellation Strand
NN EEEE SN SN I SIS IS G B G G B S S S S S S S S .- .. ‘
Legacy| | Surface | .| Near-body : Off-bo.dy | Domai_n_ il Flow || Post- :
CAD Mesh Volume [ Cartesian Connectivity [{Solution Processing |,
Mesh | Mesh |
Native Legacy 7 : Adaptive Mesh :
caD [ Surtace 3 Refinement [
Mesh | = HF==== === ===

« Strands provides a pathway to

— Automated scalable volume ki
meshing from surface tessellation [

— Scalable Domain Connectivity CTrifquads
(compact mesh in each proc.)

— Efficient line-based solver
technology

‘Off-body:
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Strand/Cartesian Overset Meshes ¢AMRDEC

_ Strand Mesh Structure:
« Strand meshes allow parameterized

representation of volume meshes: (\+— Single-layer \
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_ Strand Multi-layer
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4®Qiicom  History of Strand Technology

Meshing and Domain Connectivity
 Proposed by R. Meakin et al.

— Sprout code by W. Chan (2007) _
Multiple
« Strand mesh generation vectors/node
— MOSS code by B. Haimes (2013-2016 4
— mStrandGen code by B. Roget (2014-) Visibility & ﬂ*
— strandGen by B. Roget (2016-) problem 8
+ Scalable domain connectivity RN
— OSCAR by J. Sitaraman (2012-) = V4
Solver technology ‘

« Many research efforts by A. Katz et al.

— Strand3D, Strand3DFC (2008-2015)

_ _ 15+ conference papers
 Production code by V. Lakshminarayan 8 journal articles

— mStrand (2015-), integral part of Helios V7
— Rotor blades can be robustly solved. WARFIGHTER FOCUSED.



@ Qiicow  History of Strand Technology

Meshing and Domain Connectivity
 Proposed by R. Meakin et al.

— Sprout code by W. Chan (2007) _
Multiple
« Strand mesh generation vectors/node
— MOSS code by B. Haimes (2013-2016 L
— mStrandGen code by B. Roget (2014-) Visibility &4 25

Objective: Simulate topologically and geometrically complex
configurations using automatically generated strand meshes and
assess the robustness and accuracy

N f 7 NN M] Wi Wl ILLCAL AT T TAT T \hv-l-h / * y

Solver technoloqy

« Many research efforts by A. Katz et al.
— Strand3D, Strand3DFC (2008-2015)

_ _ 15+ conference papers
* Production code by V. Lakshminarayan 8 journal articles

— mStrand (2015-), integral part of Helios V7
— Rotor blades can be robustly solved. WARFIGHTER FOCUSED.



Documentation

« Lakshminarayan, V. K., Sitaraman, J., Roget, B. and Wissink, A. M., “Development and
Validation of a Multi-Strand Solver for Complex Aerodynamic Flows,” Computers & Fluids
(2017).

« Lakshminarayan, V. K., Sitaraman, J., Wissink, M., “Sensitivity of Rotorcraft Hover
Predictions to Mesh Resolution in Strand Grid Framework,” AIAA Journal (2018).

« Sitaraman, J., Lakshminarayan, V. K., Roget, B., and Wissink, A. M., “Progress in
Strand Mesh Generation and Domain Connectivity for Dual-Mesh CFD Simulations,”
AlIAA paper-2017-0288, 55th AIAA Aerospace Sciences Meeting, Grapevine, TX, January
2017.

« Lakshminarayan, V. K., Sitaraman, J., Roget, B., and Wissink, A. M., “Simulation of
Complex Geometries Using Automatically Generated Strand Meshes,” AIAA paper-2018-
0028, 56th AIAA Aerospace Sciences Meeting, Kissimmee, FL, January 2018.

This presentation is a synopsis of all of the above with focus on the last
conference article.
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«AMRDEC

Meshing Methodology
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«AMRDEC
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Straight-line strands give non-optimal spacing

Multiple layers or segmented strands give much better mesh quality

No. of layers <5 at necessary regions = compact strand representation valid
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«AMRDEC
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<«— Multi-layer

Surface cell

Straight-line strands give non-optimal spacing

Multiple layers or segmented strands give much better mesh quality

No. of layers <5 at necessary regions = compact strand representation valid
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+ @@ isecow 1MpProvement of Mesh Quality : 2 RDEE

CLOVIS Method

Closest Vertex on the Isosurface of Distance Field (CLOVIS)

=

Strands created following local normal direction, length L (method 1)

Distance from strand tip to surface computed, D

If D<L, strand direction re-computed by finding closest point to iso-surface

of distance at L (method 2) MOSS mesh
4. Strand length reduced by fixed amount for all strands H ‘ ‘ ‘ ‘ H

W N

Isosurface of Distance at L Multi-strand for very
convex edges (initial layer)

IL
D=L Local "1 TIT T T~
-2 method 1 normal

%W

After strand

shortening
Closest pt. on |,

- D<L
> > method 2 d

A P S
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Mesh Smoothing Using
Elastic Spring Analogy

) S
«AMRDEC

Apply elastic smoothing algorithm,
assuming each edge is an elastic spring
with zero rest length, with constraints:

Strand extremity remains on

ACATAVAVATV LV ALV AV AN
P IN/S \ 7\ \/

SED.
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«AMRDEC

« Complex geometry cannot be meshed
without self-intersecting meshes

— Requires solution to strand collision to find
optimal clipping

— Requires strategy for interpolation to prevent
Cartesian meshes from penetrating too close
to the body where strand meshes are
strongly anisotropic
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Strand Mesh Generation

Strategy

Step 1: Generate a thin layer (inner region) with multiple strands that solves

RO, WARFIGHTER FOCUSED.



Strand Mesh Generation

Strategy

Step 3: Intra-mesh domain connectivity using OSCAR

Before domain connectivity

After domain connectivity
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Cartesian Mesh Generation

e Berger, Colella style block structured AMR

) ) o Hierarchy of
1. “Tag” cells containing feature | nested levels

2. Cluster tagged cells into blocks
3. Use blocks to create finer level

o Geometry refinement

Q=3I - 1ISIP), f=@Q
_1/lalp
[f‘ 2 (e - 1)]
‘vRefine, iff>1
= P

Coarse level Intermediate Fine
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*| @) € rbecom i
290 Strand Meshing Inputs

Primary Inputs

1. Surface tessellation - Defines the geometry (e.g. STL, VTK, TRI files)
2. Strand length - Outer extent of strand mesh

3. Wall spacing - Normal spacing at the wall

4. Wake spacing =2 Normal spacing at the strand outer boundary

5. Points in strand direction

6. Ratio of NB to OB mesh size

Additional Inputs
1. Max no. of mesh layers
2. Max no. of elastic smoothing iterations
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»| O €0 Foicom -
190 Automation Strategy

Primary Inputs

1. Surface tessellation - Has to be provided

2. Strand length - 0.4 X Reynolds reference length

3. Wall spacing - Computed based on Reynolds number & y+ =1
4. Wake spacing = 0.08 X strand length

5. Points in strand direction - 51

6. Ratio of NB to OB mesh size 2> 1

Additional Inputs
1. Max no. of mesh layers (Not exposed — set to 5)
2. Max no. of elastic smoothing iterations (Not exposed — set to 500)
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Solution Methodology

Near-body strand solver (mStrand)

Fully parallel 2" order vertex centered FV solver
Surface grid can be quads or/and triangles
General prismatic mesh in normal direction
MUSCL reconstruction + Riemann solver

2nd order full Navier-Stokes term

15t order implementation of SA turbulence model
Linear solver using preconditioned GMRES

Off-body adaptive Cartesian Solver (SAMCart)

Parallel mesh adaptive capability by SAMRAI library
Each grid block solved using CART

Higher order central difference scheme
= 6™ order with 5™ order dissipation for inviscid term
=>» 4" order for viscous terms

SA turbulence model with DES capability
LUSGS or diagonalized ADI implicit operators

B

) S
«AMRDEC

erger-Colella style block

structured AMR
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Results
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High Lift JAXA Standard Model

(JSM)

 Aircraft in landing configuration - No Nacelle/Pylon
Mach number - 0.172

Reynolds number - 1.93M
Angle of attack > 4.36°to 21.57°
SA-RANS steady simulation for 30000 steps

Strand Grid = 47M nodes
Off-body  -> 100M nodes

Surface mesh

L L AR = I
s R e S SSssasas
Interface between slat wing & flap Wing-body junction it Adapted off
FE S o o o o o e 1 e e 0 3 0 Y B S RS A i

T T JMLMJ oS
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=W QD sdicon High Lift JSM - Drag Coefficient

0.5 , . Experiment 0.51
: % mStrand/Helios
07‘ Y | e b b b 0 | 1 | 1 | J
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
C, Co
Lift coefficient vs Drag coefficient Lift coefficient vs Drag coefficient

(Workshop data)

» Drag coefficient over-predicted by all CFD
» Results predicted by auto-generated strand meshes similar to other CFD
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High Lift JSM - Surface Pressure

Coefficient

N-N Cp and Ct extraction locations
(x=2504.88mm) for JSM

* Overall good agreement of Cp S 0 o0,
B-B (eta=0.25)
s C-C (ota=0.33)

* Suction peak missed, especially on flap

D-D (eta=0.41)

 Larger separation predicted at post-
stall angle

E-E (ota=0.56)

G-G (eta=0.77)

. H-H (ota=0.89)
Section G-G o
6 A0 -10r
Experiment . . Experiment . Experiment
mStrand/Hellos 8k ! ; mStrand/Helios 8l * . mStrand/Hellos

U b | t L
& ™ b A“x .I"' s
o 2 ) 73 ar .'.q ' : o 5 .;‘.
i i '.‘ :".'w',‘ . 1
or ¢ ’: ; \ i  S—l{ I
J \-—ﬁ" o ok i'-L'/’* ol A %
" — e “ | P

1 1 J 1 J
3600 5800 3000 3200 5600 5800 3000 3200 2600 5800 3000 3200
X X X

AoA 10.47 AOA 18.58 AoA 21.57

CP
(&4
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High Lift JSM - Flow Visualization

Velocity Contours Iso-surfaces of g-criterion

 Local oscillations due to self intersections = no effect of global contours
* Tip vortices and other inboard vortices well-captured
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Penn State Rotor Hub

Test at Penn State - Hub Drag Prediction Workshop ,

Hub modeled with strand grid, stand and tunnel with - Main arms
FUN3D S

1 -
s
g _"
Unsteady run for 10 revs - 0.25° time step, 14400 steps -
SA-DES turbulence model

Overall Mesh System

Strand > 4.7M
Unstructured - 1.5M
Off-body - 64.9M

= Unstructured & Cartesian
- mesh by M. Potsdam from
FUN3D/Helios simulation

Front view Interface between various meshes WARFIGHTER FOCUSED.




Penn State Rotor Hub -

Drag Harmonics

0.15

‘ ’ : 0.08 . .
— Phése Il data (mean C,=0.8751) B Phase Il data
— Helfos-FUNBD {mean (',=0.8958) o3l B Helios-FUN3D |/
a0k - —— Helios-mStrand (mean ,=1.0175) : BEE Helios-mStrand
: 0.06
0.05} i i : 0.05f |
\ | Q
e | R
3 1 A w 2
< f Z 0.04} .
; [ 5
0.00 WA f
\ A\ { 0.03} :
“‘-I A I"“‘ ""‘ 0.02}
-0.05 . Hff
N 0.01f I l :
i ‘ L v - | 0.00
0:104 20 40 60 80 100 120 140 160 180 2 4 . 6 8
Azimuth [deg] Drag Harmonics

 Mean value over-predicted by Helios-mStrand
- Known uncertainties in the mean value from measurement.
- Two experiments (phase | and phase Ill) showed different mean values

* Oscillatory drag prediction is good
- Force that is transferred to the fixed frame as vibration

 Harmonic prediction on par with FUN3D
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Penn State Rotor Hub - Wake A RDEE

X/R=2 X/R=4 X/R=7
Y/R
S
\
LoV ’ Lov ,
PIV J
1 S/
X/R=4 X/R=17
PIV
..... e
D LOV
XIR =2 XIR=4 XIR =7
[ —— —
PSU Expt. ——=—— PSU Expt. ———— PSU Expt.
04l FUN3D/Helios 04l ’ =~ FUN3D/Helios 0.4 #}--—=--— FUN3D/Helios
mStrand/Helios cwwawnee mStrand/Helios " Lesie . mStrand/Helios
0.2 021 021
0F oF 0F
x o« x
> > > i
02f 02f 02f s
04 0.4 0.4 '.\~
0.6 06} \ 0.6} it
» L]
z/R=-0.05 z/R=-0,05 Z/R=-0,05
08 ! ! ! [ ! J 0.8k | ! ! ! ! | 08k ! ] ! ! ! J
04 0.6 0.8 1 1.2 14 1.6 0.4 0.6 0.8 1 1.2 1.4 16 0.4 06 08 1 1.2 1.4 16
u/u_ uu_ uu_

» CFD predicts lesser wake deficit

« Strand grid results better than unstructured grid in Helios
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Penn State Rotor Hub - Flow )
AMRDEC
Visualization

il _-0.05-0.03 0.01 0.01 0.03 005 0.07 002 011 0.13 0.15 B,
| By 0\ |
I A e

Velocity Contours Iso-surfaces of g-criterion

 Highly unsteady flow-field
e Clean contours

WARFIGHTER FOCUSED.



|®®xnfcam Full UH-60A High Speed Flight,

C8534 — .= 0.37

NASA/U.S. Army UH-60A Airloads Program
4-bladed rotor - 322 in radius

Rotor speed > 258 RPM

Main rotor + Fuselage + Tail rotor

Strand Grid = 6M nodes
Off-body - 270M nodes

Mesh near vertical tail Mesh near engine inlet Blade Mesh
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*| @) ) sisecom Full UH-60A High Speed Flight, N BDEE

C8534 — .= 0.37

Simulation Setup
« Time step 0.25 deg azimuth

10 sub-iterations/time step in near-body

20 sub-iterations/time step in off-body

Fully coupled CFD/CSD simulation - RCAS for structural dynamics and trim

Loose coupling strategy - Forces and deformations over a period

3 rotor revolutions for convergence - 4320 steps and 5 coupling iterations

SA-RANS turbulence model

WARFIGHTER FOCUSED.



Airloads Comparison (C8534) -

0.25
Flight Data
o2k | ceeevmeees NSU3D -MR+F
---------- mStrand - MR
0.15 mStrand- MR + F

---------- mStrand- MR + F + TR
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0.1 | 1 1 | | |
"0 60 120 180 240 300 360
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0.251
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0.15
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- | 1 1 | | )
0155——%0 720 180 240 300 360
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Normal Force

0.25
rIR=0.4
02k
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00556720 180 240 300 360
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) S
«AMRDEC

Flight Data

NSU3D -MR +F
—eemeneens mStrand - MR
mStrand- MR + F
mStrand-MR +F + TR

30— 330
60 \300
90 270
120 | 40
156\‘?56//510
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Airloads Comparison (C8534) - N BDEE

Pitching Moment

0.03 0.006 - Flight Data
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P T PomDuta L MR=0G4 | | | | e NSU3D - MR +F
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2
UH-60A Flow Visualization (C8534)

N T O T

0 0002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
- l

o "
\ 2
—t] :
\
!

Vorticity Contours Pt S8 so.surfaces of g-criterion

* Tip vortices from blade and other components captured
» Retreating blade stall evident

» Unsteady flow-field due to shedding from fuselage
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Concluding Remarks

« Final objective to attain complete automation of flow solution with high
levels of accuracy

« This work is major leap forward in demonstrating robust automatic flow
solution for a range of problems

« The accuracy of flow solution is satisfactory, but there is room for
Improvement

Future Work

« Improve meshing algorithm to push self-intersections away from surface
« Derive a conservative overset algorithm for self-intersecting meshes

« Automate surface mesh generation and adaption

« Higher order near-body flow solution

Acknowledgements
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« Mark Potsdam
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«AMRDEC

AMRDEC Web Site
www.amrdec.army.mil

Facebook
www.facebook.com/rdecom.amrdec

YouTube
www.youtube.com/user/AMRDEC

Twitter
@usarmyamrdec

Public Affairs
AMRDEC-PAO@amrdec.army.mil
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