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Configuration

• Implicit large eddy simulation (ILES) using the flux 
reconstruction scheme with PyFR 
• Using the provided workshop meshes 
• Convergence: P1 to P5 with coarse → fine meshes 
• Long-period: P1 to P4 with coarse → medium meshes 
• Adaptive RK45 time-stepping: rtol and atol  = 1x10-6  
• Double precision 
• Gauss-Legendre solution and flux points 
• Rusanov and LDG interface fluxes 
• Initial conditions provided from the case specification



Q-Criterion



Convergence Study



Convergence

Lift Coefficient vs Degrees of Freedom Lift Coefficient vs Work Units
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Fine Mesh P5 → CL ≈ 0.151505 



Convergence
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Drag Coefficient vs Degrees of Freedom Drag Coefficient vs Work Units
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Fine Mesh P5 → CD ≈ 0.0706037



Long-Period Simulations



Coarse P1 
39k DOF

Coarse P2 
134k DOF

Coarse P3 
319k DOF

Coarse P4 
624k DOF

Medium P2 
1,455k DOF

Medium P3 
3,450k DOF

Medium P4 
6,738k DOF

Medium P1 
431k DOF



Coarse P1 - CL Coarse P2 - CL

Coarse P3 - CL Coarse P4 - CL
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Medium P1 - CL Medium P2 - CL

Medium P3 - CL Medium P4 - CL
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Coarse P1 - CD Coarse P2 - CD

Coarse P3 - CD Coarse P4 - CD
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Medium P1 - CD Medium P2 - CD

Medium P3 - CD Medium P4 - CD
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Coarse u/U at x/D = 0.58 Coarse u/U at x/D = 1.54

Coarse u/U at x/D = 6.00 Coarse u/U at x/D = 10.00
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Medium u/U at x/D = 0.58 Medium u/U at x/D = 1.54

Medium u/U at x/D = 6.00 Medium u/U at x/D = 10.00
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Coarse u’2/U2 at x/D = 0.58 Coarse u’2/U2 at x/D = 1.54

Coarse u’2/U2 at x/D = 6.00 Coarse u’2/U2 at x/D = 10.00
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Medium u’2/U2 at x/D = 0.58 Medium u’2/U2 at x/D = 1.54

Medium u’2/U2 at x/D = 6.00 Medium u’2/U2 at x/D = 10.00
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Pressure Coefficients

Coarse Mesh Fine Mesh
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Coarse CP Spectra at x/D = 0.58 Medium CP Spectra at x/D = 0.58

Coarse CP Spectra at x/D = 1.54 Medium CP Spectra at x/D = 1.54

10−12

10−10

10−8

10−6

10−4

10−2

100

102

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4

10−12

10−10

10−8

10−6

10−4

10−2

100

102

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4

10−12

10−10

10−8

10−6

10−4

10−2

100

102

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4

10−12

10−10

10−8

10−6

10−4

10−2

100

102

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4



Coarse CP Spectra at x/D = 6.0 Medium CP Spectra at x/D = 6.0

Coarse CP Spectra at x/D = 10.0 Medium CP Spectra at x/D = 10.00

10−12

10−10

10−8

10−6

10−4

10−2

100

102

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4

10−12

10−10

10−8

10−6

10−4

10−2

100

102

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4

10−14

10−12

10−10

10−8

10−6

10−4

10−2

100

10−2 10−1 100 101 102

P
o
w

e
r

fD/U

P1
P2
P3
P4



Coarse Velocity Spectra at x/D = 0.58 Medium Velocity Spectra at x/D = 0.58

Coarse Velocity Spectra at x/D = 1.54 Medium Velocity Spectra at x/D = 1.54
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Coarse Velocity Spectra at x/D = 6.0 Medium Velocity Spectra at x/D = 6.0

Coarse Velocity Spectra at x/D = 10.0 Medium Velocity Spectra at x/D = 10.00
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Conclusions

• There is a clear advantage in going to high-order for CL  

• Both in terms of DOF’s and work units 
• Less obvious if there is an advantage for CD 

• Mean velocity components are converging with both the 
number of elements and polynomial degree 

• Reynolds stresses require more resolution or averaging 
• Pressure coefficients require more resolution or averaging 
• There is a clear advantage in going to higher-order 

observed in the spectra



Questions?


