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Motivation

Overset Grid Technology (OVERFLOW)
Complex geometry

—fficient data structures

Versatile for moving-body configurations

Time-Spectral Method
Periodic flow —» steady In frequency domain

Avold time-accurate transient
Few temporal DOF
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Space-Time Domain

|_ocal support in space (finite differences)
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The Time-Spectral Method

Space-Time Domain

Time

|_ocal support in space (finite differences)
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The Time-Spectral Method

Space-Time Domain

Infinite support in time (Fourier series)
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The Time-Spectral Method

Fourier Collocation in Time - Problem Statement |
Time-periodic PDE e s i e e e e
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The Time-Spectral Method

Fourier Collocation in Time - Differentiation Operator

Analytically differentiate Fourier series
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The Time-Spectral Method

Fourier Collocation in Time - Differentiation Operator
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The Time-Spectral Method

Fourier Collocation in Time

Semi-discrete form

Fully discrete form

Pseudotime integration

2UIN( ) + Dyun (x) + R (uy (x)) =

Ot

Interpolation/Reconstruction Postprocessing

N —

1
N

7=0

1 K
uN —zwktj —_—)

Time

@ @ *—>

uy (X, 1) = Y ik (x) ¢ ()

——K

O
oK J [ [ { [ [ [

Ye o o (8 o o o

Q

.~ 9 [ [ J [ [ o -,
4 A Y



Outline

Hybrid Time-Spectral Scheme



Hybrid Time-Spectral Method

Rigid Motion
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Hybrid Time-Spectral Method

Relative Motion

Points in hole-cut regions have an incomplete set of time samples
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Hybrid Time-Spectral Method

Proposed Approach

Osclillating Piston Example
e Node a never covered by piston
e Node b covered once per period

e Node ¢ covered twice per period

f u (t)
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Hybrid Time-Spectral Method

Proposed Approach

T hree primary approaches: Oscillating Piston Example

e Node a never covered by piston

1. Global expansion of the solution |
e Node b covered once per period

2. Local expansion of the solution e Node ¢ covered twice per period
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Hybrid Time-Spectral Method

Local Expansion of the Solution - Bounded Interval

Barycentric Rational Interpolation
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Hybrid Time-Spectral Method

Local Expansion of the Solution - Bounded Interval

Barycentric Rational Interpolation

N
up (t) =Y up (tr) dr (t)
k=0
(% =
o (1) = -
W
];O t—t;
Analytic differentiation operator
]_ . .
zj (tj—tx) it j # k S
D.; — N L]
Ik — Y Dy ifj=k
i=0,i#£k

0.58

0.56

0.54

0.02

N = 15 Global Time Samples

s L[,
o UN.1
- | UN,Q |
0.25 0.5 0.75
102 tT
| 61
€2
0.25 0.5 0.75
t/T

k Leffell, J. ., Murman, S. M., and Pulliam, T. H. , “An Extension of the Time-Spectral Method to Overset Solvers,” AIAA Paper 0637, Grapevine, Texas, January 2013

Leffell, J. |., “An Overset Time-Spectral Method for Relative Motion”, PhD Thesis, Stanford University, June 2014



Hybrid Time-Spectral Method

Differentiation Properties
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OVERFLOW

Augmented Time-Spectral Flow Solver

Time-derivative: finite-difference
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OVERFLOW

Augmented Time-Spectral Flow Solver

Time-derivative: finite-difference ———p spectrally-accurate global operator
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OVERFLOW

High-level Comparison

Initialize Flowfield

RHS - Evaluate R (Q)

v

LHS - Solve for AQ

I+ ATA[I + ATA[I + ATAL)AQ = R (Q)

Update Solution
Q=Q+AQ
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High-level Comparison
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Numerical Results
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Two-Dimensional Oscillating Airfolls

Laminar Plunging NACA 0012 airfoil at M = 0.2, Re = 1850
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Two-Dimensional Oscillating Airfolls

Laminar Plunging NACA 0012 airfoil at M = 0.2, Re = 1850
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Two-Dimensional Oscillating Airfolls

Laminar Plunging NACA 0012 airfoil at M = 0.2, Re = 1850
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Two-Dimensional Oscillating Airfolls

Laminar Plunging NACA 0012 airfoil at M = 0.2, Re = 1850
Thrust Producing Case, St = 0.6, k=6.0, h=0.1
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Two-Dimensional Oscillating Airfolls

Laminar Plunging NACA 0012 airfoil at M = 0.2, |
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Three-Dimensional V22 TRAM
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Two-Dimensional Oscillating Airfolls

Inviscid Plunging NACA 0012 airfoll at Me = 0.5 —e—Near-Body Grid
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Two-Dimensional Oscillating Airfolls
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Two-Dimensional Oscillating Airfolls
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Three-Dimensional V22 TRAM

Hover - M, = 0.625, Re = 2.1 x 10°, 14 degree collective
Rigid Motior Relative Motior

All cases run on 10 20-core lvy-bridge nodes on Plelades supercomputer
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Three-Dimensional V22 TRAM

Hover - M, = 0.625, Re = 2.1 x 10°, 14 degree collective
Vorticity Magnitude

Time Accurate Time Spectral

Single harmonic, N = 3

All cases run on 10 20-core lvy-bridge nodes on Plelades supercomputer
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Three-Dimensional V22 TRAM

Hover - M, = 0.625, Re = 2.1 x 10°, 14 degree collective
Vorticity Magnitude

Time Accurate Time Spectral

Cr Cq
TS 0.11379 x 10~1 0.15320 x 102 0.5602
TA 0.11382 x 1071 0.15320 x 1072 0.5605

Single harmonic, N = 3

All cases run on 10 20-core lvy-bridge nodes on Plelades supercomputer
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Three-Dimensional V22 TRAM

Forward Flight - Advance ratio, u = 0.2, Msp= 0.625, Re = 2.1 x 10°

Voo — ,u‘/jcip W= 90
0 (V) =0y+60.cos (V) + 0sin (V)

S U = 270°

o = 10.0°, . =3.0°, B, = —5.0°

All cases run on 10 20-core lvy-bridge nodes on Plelades supercomputer



Three-Dimensional V22 TRAM

Forward Flight - Advance ratio, u = 0.2, My, = 0.625, Re = 2.1 x 10°

Convergence of Thrust Coefficient
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Three-Dimensional V22 TRAM

Forward Flight - Advance ratio, u = 0.2, Msp= 0.625, Re = 2.1 x 10°

Convergence of Thrust Coefficient

I, ~\
/ -~ S\
7NN --- N =21
’I, \\ \\
3 f TS oN -
o y \ "~
= N\
>< \\ \\
\ \\
~ \
Q \\ \\ . ,~w‘
\ 1 Y A
2 Yo ’ \
\\ /A ~~"s /,
N VS ’
-~ A S /
- \\\\ ’ (4
R\ VagNY £
4
Sy
1 | | |
0 90 180 270 360
1\

All cases run on 10 20-core lvy-bridge nodes on Plelades supercomputer



Three-Dimensional V22 TRAM

Forward Flight - Advance ratio, u = 0.2, My, = 0.625, Re = 2.1 x 10°

Convergence of Thrust Coefficient
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Three-Dimensional V22 TRAM

Forward Flight - Advance ratio, u = 0.2, My, = 0.625, Re = 2.1 x 10°
N =11 N =21 N =31 Time Accurate, N = 1440

All cases run on 10 20-core lvy-bridge nodes on Plelades supercomputer 32



Future Work

e Space-time multigird

e Paralle
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in time for periodic problems (e.g. hover or straight & level forward flight)
in time for non-periodic problems
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