
𝜕𝜕𝜌𝜌 ̅
𝜕𝜕𝜕𝜕 + ∇ ⋅ (𝜌𝜌�̅�𝒗)̃ = ∇ ⋅ (𝛼𝛼∇𝜌𝜌)̅ (1)

𝜕𝜕𝜌𝜌�̅�𝒗̃
𝜕𝜕𝜕𝜕 + ∇ ⋅ (𝜌𝜌�̅�𝒗̃ ⊗ 𝒗𝒗̃ + 𝑝𝑝̅) = ∇ ⋅ (𝜏𝜏 ̅ + 𝜏𝜏SGS) + ∇ ⋅ [𝒗𝒗̃ ⊗ (𝛼𝛼∇𝜌𝜌)̅ + (𝛽𝛽∇ ⋅ 𝒗𝒗)̃𝐼𝐼𝐼 (2)
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𝜕𝜕𝜌𝜌�̅�𝑒�̃�𝑡
𝜕𝜕𝜕𝜕 + ∇ ⋅ (𝜌𝜌ℎ̃̅𝑡𝑡𝒗𝒗)̃ = ∇ ⋅ (𝜏𝜏 ̅𝒗𝒗̃ − 𝒒𝒒 ̅− 𝒒𝒒SGS) + ∇ ⋅ [𝑣𝑣

2̃

2 𝛼𝛼∇𝜌𝜌 ̅+ (𝛽𝛽∇ ⋅ 𝒗𝒗)̃𝒗𝒗]̃ (3)

𝑒𝑒�̃�𝑡 = 𝑒𝑒 ̃+ 𝒗𝒗̃ ⋅ 𝒗𝒗̃
2 + 𝑘𝑘SGS, ℎ̃𝑡𝑡 = ℎ̃ + 𝒗𝒗̃ ⋅ 𝒗𝒗̃

2 + 𝑘𝑘SGS (4)

𝑘𝑘SGS = 𝑣𝑣�̃�𝑣 − 𝒗𝒗̃ ⋅ 𝒗𝒗̃
2 , 𝜏𝜏SGS = −𝜌𝜌(̅𝒗𝒗 𝒗 �̃�𝒗 − 𝒗𝒗̃ 𝒗 𝒗𝒗)̃, 𝒒𝒒SGS = 𝜌𝜌(̅ℎ�̃�𝒗 − ℎ̃𝒗𝒗)̃ + 𝜌𝜌 ̅𝑣𝑣𝑣𝑣�̃�𝒗 − 𝑣𝑣�̃�𝑣𝒗𝒗̃

2 (5)

(a) Cascade configuration (b) Density gradient magnitude

Fig.1. An example of numerical setup and result by overset mesh
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λ

𝑓𝑓 𝜙𝜙𝜙𝜙𝜙𝜙 𝜙𝜙𝑖𝑖) 𝑤𝑤

𝜀𝜀 𝜀𝜀 𝜀 𝜀𝜀𝜀𝜀

𝑁𝑁 L∞

𝑓𝑓𝜙𝜙𝜙) 𝜀 𝑓 𝜙𝜙𝜙𝜙𝜙𝜙 𝜙𝜙𝑖𝑖)𝑤𝑤𝑖𝑖
𝑁𝑁
𝑖𝑖𝜀𝑖

𝜀 𝝓𝝓𝜙𝜙𝜙)𝑇𝑇 𝒘𝒘 (6)

𝜙𝜙𝜙𝜙𝜙𝜙 𝜙𝜙𝑖𝑖) 𝜀 𝑒𝑒−𝜙𝜀𝜀|𝝃𝝃−𝝃𝝃𝑖𝑖|)2 (7)

𝑓𝑓 𝑤𝑤

(b) Overset mesh (Δx = 1/3)

Periodic
boundary

L

L

x
y

U

r

θ

0

p0

ρ
0

ξ

η

Halo

Mesh1 (size L L, N N cells)

Mesh2
(size L/2 L/2, N/2 N/2 cells)

(a) Schematic on the wavy mesh, Δx = 1/3)

Fig. 2. Schematic of the vortex advection test case
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𝝓𝝓𝝓𝝓𝝓0)𝑇𝑇 Φ−1 𝒇𝒇

𝜙𝜙𝜙𝝓𝝓𝑖𝑖, 𝝓𝝓𝑗𝑗)𝑤𝑤𝑗𝑗 = 𝑓𝑓𝝓𝝓𝝓𝑖𝑖)   for   𝑖𝑖 = 𝑖,𝑖,𝑖 , 𝑁𝑁 
Φ𝒘𝒘 = 𝒇𝒇

(8)

𝑓𝑓𝝓𝝓𝝓0) = 𝝓𝝓𝝓𝝓𝝓0)𝑇𝑇 Φ−1𝒇𝒇 (9)

𝑀𝑀0 𝜀𝜀0 𝑅𝑅0

𝑣𝑣1 = 𝑉𝑉0 − 𝑉𝑉𝑟𝑟exp ( 𝑟𝑟2
2𝑅𝑅0

2) 𝑦𝑦
𝑟𝑟  ,   𝑣𝑣2 = 𝑉𝑉𝑟𝑟exp ( 𝑟𝑟2

2𝑅𝑅0
2) 𝑥𝑥

𝑟𝑟, (10)

Fig. 3. Numerical error in the vortex advection test case
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Fig. 4. Behavior of numerical error around the overset boundary  
(pressure coefficient and entropy, Δx = 1/3)
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𝑝𝑝 𝑝 𝑝𝑝0 − 𝜌𝜌0𝑉𝑉𝑟𝑟2

2 exp (𝑟𝑟2
𝑅𝑅0

2)  ,  𝑉𝑉0 𝑝 𝑀𝑀0√𝛾𝛾 𝑝𝑝0
𝜌𝜌0

  ,  𝑉𝑉𝑟𝑟 𝑝 𝜀𝜀0𝑉𝑉0

𝑖𝑖 𝑝 𝑖𝑖𝑖𝑖𝑖𝑖 𝑀𝑀 𝑝 𝑀𝑀𝑀𝑖𝑖𝑖𝑖𝑀𝑀

𝑅𝑅𝑅𝑅 𝑝 𝑖𝑀𝑅 𝑅 𝑖𝑀6

γ

Fig. 5. Schematic of STCF5 cascade

Table 1. STCF5 specifications in this study 

Pitch/Chord s/c 0.95 

Span/Chord l/c 1.33 

Stagger angle γ 59.3deg 

Incidence i 10deg 

Inlet Mach No. M 0.5, 0.8, 0.9, 1.0 

Reynolds No. Re 300k 
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𝑅𝑅𝑅𝑅 𝑅 𝑅𝑅𝑅 𝑅 𝑅𝑅5

𝑀𝑀 𝑅 𝑅𝑅𝑀 𝑀𝑀 𝑅 𝑅𝑅𝑀 𝑀𝑀 𝑅 𝑅𝑅𝑀
𝑀𝑀 𝑅 𝑅𝑅𝑅

𝑀𝑀 𝑅 𝑅𝑅𝑅

𝑀𝑀 𝑅 𝑅𝑅𝑀𝑅

Fig. 6. Computational setup of STCF5 cascade

(Periodic)

(Periodic)
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Background mesh
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BC
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(a) CFD mesh and boundary conditions (b) Near the leading edge

スーパーコンピューティングニュース� Vol.�20,�No.�Special�Issue�2,��2018-  32  -



𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀 𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀

𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀

𝑀𝑀 𝑀 𝑀𝑀𝑀 𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀
𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀

𝑀𝑀 𝑀 𝑀𝑀𝑀𝑀

Fig. 7. Effect of Mach number on the flow field. Chordwise density gradient is shown by grayscale 
contour. The vortical structure is visualized by the positive isosurface of Q criterion colored with local 

Mach number.

(a) Mach 0.50 

(c) Mach 0.93 (d) Mach 1.07(b) Mach 0.81
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