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Introduction and Background

Unstructured Grids.
ENO Ideas Introduced by Harten and Chakravarthy and Abgrall.
Ollivier-Gooch: Examined Method.
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Research Goals

o Element Neutral
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Flow Solver

o Temporal Accuracies:

o Explicit - 15-Order Forward Euler
o Implicit - 15t-Order Backward Euler, 2"¢-Order Finite Diff. App.

o Approximate Flux Linearization

o Symmetric Gauss-Seidel Linear Solver
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Reconstruction Algorithm
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Reconstruction Algorithm
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Reconstruction Algorithm

Control |Volume i
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Reconstruction Algorithm

o k-Exact Reconstruction

NNESSEE at CHATTANOOGA
_ NATIONAL CENTER PUTATIONAL ENGINEERING

Shane Edmond Sawyer (UTC) High-Order Reconstruction May 29, 2012 6/1



Reconstruction Algorithm

o k-Exact Reconstruction

o Compact Support
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Reconstruction Algorithm

Implementation

L
dy?

(%(y_f +2yi(y; — yi) + (v — yi)2)>

=
Xi

d%u

+8X8y <X_y.i+7j(y.i_)/i)+}?(xj—X,')+(X_,'—X,')(yj—y,-)>

=
Xi
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Reconstruction Algorithm

Implementation, continued

A —

— 2 —_—
Wi3yiz  Wi3X 3 Wi3yis  Wi3XYyi3

—

— 2
WinYin ~ WinXj,
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Reconstruction Algorithm

Implementation, continued

Geometric Weighting Parameter:

1
W’.I |)?J{_)?;|p7p€{7a}
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Reconstruction Algorithm

Implementation, continued

O Reconstruct Either Conserved or Primitive Variables
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Reconstruction Algorithm

Solution Reconstruction

Qintertace = Qi +VQ; -7+ 37T - V2Q; -7+ (7 (F- (F- V3@)))

—

= Xinterface — Xi
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Reconstruction Algorithm

Solution Reconstruction, continued

Value in Reconstruction (See Harten and Chakravarthy)
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Reconstruction Algorithm
High-Order Flux Integration

1 1
Parameterization - X(t) = 5 (X2 + %) + 5 (Xp —Xa) t
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High-Order Flux Integration, continued
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Reconstruction Algorithm

Curved Boundaries
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Reconstruction Algorithm

Smooth Function Test
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Reconstruction Algorithm

Smooth Function Test, continued

Q Track Maximum Error Between Exact and Reconstruction
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Reconstruction Algorithm

Smooth Function Test, continued
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Reconstruction Algorithm

Smooth Function Test, Function 3 Results

Function 3
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Reconstruction Algorithm

Smooth Function Test, Function 4 Results

Function 4

T
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Reconstruction Algorithm

Solution Monotonicity

Implemented Limiters:

O Barth and Jespersen

O Venkatakrishnan

© Nejat and Ollivier-Gooch

© Michalak and Ollivier-Gooch
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Reconstruction Algorithm

Solution Monotonicity, continued
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Reconstruction Algorithm

Solution Monotonicity, continued
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Reconstruction Algorithm

Solution Monotonicity, continued
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Reconstruction Algorithm

Solution Monotonicity, continued
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Reconstruction Algorithm

Solution Monotonicity, continued
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Reconstruction Algorithm

Solution Monotonicity, continued

Previous limiters too diffusive; Add separate limiter for H.O.T.
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Reconstruction Algorithm

Solution Monotonicity, continued

Q Nejat and
Previous limiters too diffusive; Add separate limiter for H.O.T.

Q Michalak and Ollivier-Gooch
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Reconstruction Algorithm

Solution Monotonicity, continued

Q Nejat and
Previous limiters too diffusive; Add separate limiter for H.O.T.

Q Michalak and Ollivier-Gooch
Venkatakrishnan’'s min function not sufficient
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Method of Manufactured Solutions

Modify the Right Hand Side:

Vi OR™ o m
[E’*% }AQ——%(Q )+ R(GE)
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Method of Manufactured Solutions

Continued

>+ gpcos(2mx)cos(2my)

Evaluate as Area Integral Rather Than Contour

L SIMCENTER 1 UNIVERSITYof TENNESSEE at CHATTANOOGA
_NATIONAL CENTER for COMPUTATIONAL ENGINEERING

Shane Edmond Sawyer (UTC) High-Order Reconstruction May 29, 2012 24 /1




Method of Manufactured Solutions

Linear Boundaries Results

3"4_Order
4th_QOrder
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Method of Manufactured Solutions

Linear Boundaries Results, Density Error from Aligned Triangles, L;

Density
Aligned Triangle

T T T

== 2nd - Order = 2.50
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Method of Manufactured Solutions

Linear Boundaries Results, Total Energy Error from Quadrilateral, L;

Total Energy
Quadrilateral

T T T
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Method of Manufactured Solutions

Curved Boundaries Results

Test Same Methods
Curved Boundary = Triangles with One Curved Side

Evaluate Area Integrals with Isoparametric Mapping (Quadratic)
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Method of Manufactured Solutions

Curved Boundaries Results, Density Error

Density

T T T

== 2nd - Order = 2.06
== Pseudo 3rd - Order = 1.96
== 3rd - Order =2.91
== 4th - Order = 4.75
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Method of Manufactured Solutions

Curved Boundaries Results, Convergence with Midpoint Rule

Density
Single Quadrature Node
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Steady State Solutions
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Steady State Solutions

Supersonic Annulus

P

IC: u,v =0 and p:%
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Steady State Solutions

Supersonic Annulus, Exact Solution

Exact Density

Exact X Momentum

2
18]
18]
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15|
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Steady State Solutions

Supersonic Annulus, continued

Density
Aligned Triangles
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Steady State Solutions

Supersonic Annulus, continued

Density
Unstructured
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Steady State Solutions

Supersonic Annulus, continued

Density
Aligned Triangles

T T T

=——=2nd - Order = 1.75
== Pseudo 3rd - Order = 1.77
== 3rd - Order = 1.84
== 4th - Order = 1.84
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Steady State Solutions

Supersonic Annulus, Error in Density from Aligned Triangles (Coarsest Grid)

Log of Density Erer Log of Density Ertor

25 3
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Steady State Solutions

Supersonic Annulus, Timing Results

4(0):

1700  275: 75,50,150,0

420 300: 100,50,50,100

@ 20 SGS lterations (Maximum)
o CFL: 1 = 400, 200 lterations
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Steady State Solutions

Supersonic Annulus, Timing Results continued

* Executed on an Intel® Core'" i5
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Steady State Solutions

Supersonic Annulus, Timing Results continued

— 2nd Order
— 3rd Order
—— 4th Order

L2 Norm of Update Vector

Ul v M WA APy Vv

T
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Steady State Solutions

Supersonic Annulus, Error in Density On the Compared Grids

3rd Order
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Steady State Solutions

Subsonic Circular Cylinder
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Steady State Solutions

Subsonic Circular Cylinder, Grid 0 Pressure Contours

af ab
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3rd Order x 4th Order X
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Steady State Solutions

Subsonic Circular Cylinder, Grid 1 Pressure Contours

5
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Steady State Solutions

Subsonic Circular Cylinder, Grid 2 Pressure Contours
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Steady State Solutions

Subsonic Circular Cylinder, Grid 2 Pressure Contours (Detail)

05 1
Pseudo 3rd Order

05
3rd Order 4th Order
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Steady State Solutions

Subsonic Circular Cylinder, Cp Distribution

1

VI VE

Compressible Correction - Prandtl-Glauert: Cp =
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Steady State Solutions
Subsonic Circular Cylinder, Cp Distribution for Grid 0

— Prandtl-Glauert
— 2nd Order

— Pseudo 3rd Order
— 3rd Order

— 4th Order

Coefficient of Pressure
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Steady State Solutions
Subsonic Circular Cylinder, Cp Distribution for Grid 1
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Steady State Solutions
Subsonic Circular Cylinder, Cp Distribution for Grid 2
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Steady State Solutions
Subsonic Circular Cylinder, Cp Distribution for Grid 2 Detail
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Steady State Solutions
Subsonic Circular Cylinder, Hybrid Scheme

0 x>0 = 4"-Order
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Steady State Solutions

Subsonic Circular Cylinder, Grid 0 Pressure Contours with Hybrid Scheme
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Steady State Solutions

Subsonic Circular Cylinder, Grid 1 Pressure Contours with Hybrid Scheme
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Steady State Solutions

Subsonic Circular Cylinder, Grid 2 Pressure Contours with Hybrid Scheme
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Steady State Solutions
Subsonic Circular Cylinder, Cp Distribution for Grid 2 with Hybrid Scheme

— Prandtl-Glauert
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Steady State Solutions
Subsonic Circular Cylinder, Cp Distribution for Grid 2 Detail with Hybrid Scheme

Prandtl-Glauert
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4th Order
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Steady State Solutions
NACA 0012 Airfoil
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Steady State Solutions
NACA 0012 Airfoil, Boundary Quadrature Nodes

o Newton's Method to Solve for Position
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Steady State Solutions
NACA 0012 Airfoil: M = 0.3 and a =0

P
— = Constant
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Steady State Solutions
NACA 0012 Airfoil: Mo = 0.3 and o = 0, Visual Error

Entopy Encr
0001

80E0s

Entopy Encr
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Steady State Solutions
NACA 0012 Airfoil: My, = 0.63 and oo = 2, Visual Error
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Steady State Solutions
NACA 0012 Airfoil: M., = 0.63 and o« = 2, Cp Distribution for Grid 0
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Steady State Solutions
NACA 0012 Airfoil: M = 0.8 and a = 1.25

: Limiter from Michalak and Ollivier-Gooch
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Steady State Solutions
NACA 0012 Airfoil: Mo = 0.8 and o = 1.25, Residual Plot

Norm of Residual

2nd Order
Pseudo 3rd Order
3rd Order
4th Order
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Steady State Solutions
NACA 0012 Airfoil: Mo = 0.8 and o = 1.25, Pressure Contours
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Steady State Solutions
NACA 0012 Airfoil: Mo = 0.8 and o = 1.25, Cp Distribution
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Unsteady Solutions

Vortex Convection
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Unsteady Solutions

Vortex Convection, Convergence

Density

L1 Norm of Error

=—=2nd - Order = 1.84
== Pseudo 3rd - Order = 2.18
L |=—=3rd - Order = 2.15
== 4th - Order = 4.26

!

1

Te-

0505 0.125
Uniform Spacing
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Unsteady Solutions

Vortex Convection, Density Error Contours

2nd Order- 81 pts - 5 Pseudo 3rd Order- 61 pts

3rd Order- 61 pts 4th Order- 51 pts
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Unsteady Solutions

Vortex Convection, Total Energy Error Contours

2nd Order- 81 pts 5 Pseudo 3rd Order- 61 pts

3rd Order- 61 pts 4th Order- 51 pts
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Unsteady Solutions

Vortex Convection, Timing Results

2"_order scheme, 81 Total time = 15.1 hrs”
Pseudo 3™-order scheme, 61 Total time = 8.7 hrs"
3™_order scheme, 61 Total time 13.5 hrs"

4% order scheme, 41 Total time =

* Executed on an Intel® CoreTM i5 750.
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Unsteady Solutions
Vortex Shedding Over a Wedge
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Unsteady Solutions
Vortex Shedding Over a Wedge, continued

Restart with Appropriate Order (Unsteady, At = 0.05)
Run Until Iteration 20000
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Unsteady Solutions

Vortex Shedding Over a Wedge, Pressure Contours
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Unsteady Solutions
Vortex Shedding Over a Wedge, Timing Results

2" pseudo 3@ 3rd

Newton Iterations 20 26 30
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Computational Expense
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Conclusion

Summary

Slope Limiters

Method Works for Unsteady Problems
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Conclusion
Future Work
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