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An investigation of computational methods 
for all speed compressible flow field for an application of the preliminary study in 

aeroacoustics 
 

Abstract 

 

With the improvement of the life quality, the noise induced by aeroacoustic becomes one 

of the most important and complicated problems of the noise control. Before resolving the 

problems of the aeroacoustics, due to the necessary of defining the aeroacoustic source, the 

aim of this study will develop a computational method for all speed regions. In order to obtain 

the accurate information of the aeroacoustic source, the preconditioning method is adopted to 

make the program is suitable for all speed regions. Besides, due to the serious effect of the 

boundary conditions on fluid and acoustic fields, the computational method should be 

matched with the non-reflection boundary condition. With the non-reflection boundary 

condition, the accuracy can be increased and the efficiency can be improved. In the turbulence 

modeling, the dissipative model is created to generalize the computational method. The extra 

equations for the motions of small scales can be elimated and the efficiency can be improved. 

Besides, this model is also available in the curvilinear coordinate without any modifications 

so it can be used more general in real applications. Finally, because the tremendous 

computational time is demanded, parallel computation by OpenMp and GPU are built to 

improve the efficiency. Therefore, the computational method developed in this study can be 

potentially a basement in the computational aeroacoustic. 
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inviscid viscidH H H= + =
2

0

zx

zy

zz

zx zy zz

w

wu

wv

w p

T u v wEw pw k
z

ρ
ρ τ
ρ τ

ρ τ
τ τ τρ

 
     
    −   

+   
   ∂ + + +   + −  ∂ 

 

 

Euler equation 0inviscid inviscid inviscidF G HU

t x y z

∂ ∂ ∂∂ + + + =
∂ ∂ ∂ ∂

 

u

U v

w

E

ρ
ρ
ρ
ρ
ρ

 
 
  =  
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2

inviscid

u

u p

uv
F

uw

T
Eu pu k

x

ρ
ρ

ρ
ρ

ρ

 
 + 
 =  
 
 ∂
 + −

∂ 

 

2

inviscid

v

vu

v p
G

vw

T
Ev pv k

y

ρ
ρ

ρ
ρ

ρ

 
 
 
 +

=  
 
 ∂+ − 

∂ 

 

2inviscid

w

wu

wv
H

w p

T
Ew pw k

z

ρ
ρ
ρ

ρ

ρ

 
 
 
 =  

+ 
 ∂
 + −

∂ 

 

 

    (hyperbolic) (conservative type)

(piecewise) (Riemann)

0
u u

a
t x

∂ ∂+ =
∂ ∂

  a Jacobian                             (4-2) 

0( ,0) ( )u x u x= =    L

R

u

u
 

0

0

x

x

<
>

                               (4-3) 

(4-2)  

0t xU AU+ =                                                       (4-4) 

A  

1A K K −= Λ Λ

1 ... 0

0 ... 0

: : :

0 ... m

λ

λ

 
 
 Λ =
 
 
  

 

(1) ( )[ ,..., ]mK K K= ( ) ( )i i
iAK Kλ=  
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W  (characteristic varibales)  

( 1)W K U−= U KW=  

t tU KW= x xU KW= (4-4)  

0t xKW AKW+ =  

0t xW W+ Λ =                                                       (4-5) 

(4-5) Canonical form Characteristic form 

 

0i i
i

w w

t x
λ∂ ∂+ =

∂ ∂

1 1 1

2 2

3 3

... 0

0 ... 0
0

: : : : :

0 ... mt x

w w

w w

w w

λ

λ

     
     
     + =
     
     
          

                        

(4-5)  

0( , ) ( )i i iw x t w x tλ= − =    i

i

α
β

 
0

0
i

i

x t

x t

λ
λ

− <
− >

                                (4-6) 

iα iβ U KW=  

0 ( )( , ) ( )
m

i
i i

i

u x t w x t Kλ= −∑  

5  
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                                  y  

 

 

 

 

 

 

 

 

 

                0x <            0x =             0x >            x  

 

5  
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( ) ( )

1 1

( , )
p m

i i
i i

i i p

u x t K Kα β
= = +

= +∑ ∑                                         (4-7) 

( , )u x t jump u∆  

( )

1

m
i

R L i
i

u u u Kα
=

∆ = − =∑ ɶ                                              (4-8) 

i i iα β α= −ɶ  

exact solution

(approximation Riemann problem)

exact solution Roe[14]

  

 

0
U F

t x

∂ ∂+ =
∂ ∂

                                                      (4-9) 

chain rule (4-9)  

0
U F U

t U x

∂ ∂ ∂+ =
∂ ∂ ∂

  ( )
F

A U
U

∂=
∂

(4-9)  

( ) 0
U U

A U
t x

∂ ∂+ =
∂ ∂

                                                (4-10) 

( )A U Jaconian  

    Roe Jaconian ( )A U Jaconian (constant Jaconian 

matrix) ( , )L RA U Uɶ  

( ) 0
U U

A U
t x

∂ ∂+ =
∂ ∂

ɶ                                                 (4-11) 

( ,0)U x =    L

R

U

U
 

0

0

x

x

<
>

                                            

(4-11)

Roe Jaconian Jaconian

(4-9)

Jaconian Roe  

1. U F  
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2. R LU U U− → ( , ) ( )L RA U U A U→ɶ
F

A
U

∂=
∂

 

3. ( )L R L RA U U F F− = −ɶ  

4. Aɶ  

Roe

Jaconian

3. conservation law Rankine-Hugoniot  

    (4-6) (4-8) 1/ 2( / )iU x t+

  

( )
1/ 2

0

( / )
i

i
i L iU x t U K

λ
α+

<

= +∑ ɶ                                          (4-12) 

  

( )
1/ 2

0

( / )
i

i
i R iU x t U K

λ
α+

>

= −∑ ɶ                                          (4-13) 

1/ 2i + (face)  

     

( )
0

U F Q

t x

∂ ∂+ =
∂ ∂

ɶɶ

(4-11) F AU= ɶɶ  

 

( ) ( ) ( ) ( )R L R LF U F U F U F U− = −ɶ ɶ                                      (4-14) 

1/ 2(0)iU + (flux)  

1/ 2 1/ 2( (0)) ( ) ( )i i R RF F U F U F U+ += − −ɶ ɶ                                  (4-15) 

F AU= ɶɶ  

1/ 2 1/2(0) ( )i i R RF AU F U AU+ += − −ɶ ɶ                                     (4-16) 

(4-12) (4-13)  

  ( ) ( )
1

0 12

( ) ( )
i

m
i i

R i R i i
i

i

F F U A K F U K
λ

α λ α+

+ > =

= − = −∑ ∑ɶ ɶ ɶɶ ɶ                       (4-17) 

 

( ) ( )
1

0 12

( ) ( )
i

m
i i

R i L i i
i

i

F F U A K F U K
λ

α λ α−

+ > =

= + = +∑ ∑ɶ ɶ ɶɶ ɶ                         (4-18) 
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(4-17) (4-18) iλ −ɶ
iλ +ɶ

1

2
i

F
+

 

( )
1

12

1
( ) ( )

2

m
i

R L i i
i

i

F F U F U Kλ α
+ =

 = + − 
 

∑ ɶ ɶ                                (4-19) 

(4-7) 1

2
i

F
+

 

1

2

1
( ) ( )

2 R L
i

F F U F U A U
+

 = + − ∆ 
ɶ                                    (4-20) 

R LU U U∆ = − 1A A A K K+ − −= − = Λɶ ɶ ɶ ɶ ɶ ɶ  

1 2( , ,..., )mdiag λ λ λΛ = ɶ ɶ ɶɶ  

 

 

( ) 0t xU F U+ =                                                    (4-21) 

1

2

u
U

u u

ρ
ρ

   
= =   

  

1
2 2

2

f u
F

f u a p

ρ
ρ

   
= =   +  

a  

(4-21) jacobian  

2 2

0 1
( )

2

F
A U

a u uU

 ∂= =  −∂  
                                        (4-22) 

1 u aλ = − 2 u aλ = +   

(1) 1
K

u a

 
=  − 

(2) 1
K

u a

 
=  + 

 

parameter vector  

1

2

q U
Q

q u

ρ
ρ ρ

  
= =   
    

                                             (4-23) 

F U Q  

2
1 1

1
2 1 2

u q
U q Q

u q q

  
= = =   
   

                                            (4-24) 

1 1 2
2 2 2

2 2 1

f q q
F

f q a q

   
= =   +   

                                             (4-25) 
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U∆ F∆ averaged vectorQɶ  

1

2

1 1
( )

2 2
L R

L R

L L R R

q
Q Q Q

q u u

ρ ρ
ρ ρ

 + 
= = + =    +    

ɶ
ɶ

ɶ
                           (4-26) 

( )B B Q= ɶɶ ɶ ( )C C Q=ɶ ɶ ɶ  

U B Q∆ = ∆ɶ F C Q∆ = ∆ɶ                                             (4-27) 

(4-27)  

1( )F CB U−∆ = ∆ɶ ɶ                                                   (4-28) 

3 Jcaobian  

1A CB−=ɶ ɶ ɶ                                                         (4-29) 

(4-29)  

1

2 1

2 0q
B

q q

 
=  
 

ɶ
ɶ

ɶ ɶ

2 1
2 2

1 22

q q
C

a q q

 
=  
 

ɶ ɶ
ɶ

ɶ ɶ
                                     (4-30) 

(4-29)  

2 2

0 1

2
A

a u u

 
=  − 
ɶ

ɶ ɶ
                                                 (4-31) 

uɶ Roe averaged velocity 

L L R R

L R

u u
u

ρ ρ
ρ ρ

+
=

+
ɶ                                                (4-32)

 preconditioning

Weiss Smith

preconditioning [15]  

0
U F G H

t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                           (4-33) 

(4-33) (conserved variables)

(primitive variables)  

0pU F G H
M

t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                        (4-34) 

[ ]T
pU P u v w T= M  
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0 0 0

0 0

0 0

0 0

1

p T

p T

p T

p
p T

p T p

u u
U

v vM
U

w w

H u v w H C

ρ ρ
ρ ρ ρ
ρ ρ ρ
ρ ρ ρ

ρ ρ ρ ρ ρ ρ

 
 
 ∂
 = =

∂  
 
 − + 

                     (4-35) 

p p

ρρ ∂=
∂ T T

ρρ ∂=
∂

 

(4-35) K  

2

1 0 0 0

1 0 0 0

0 1 0 0

0 0 1 0

( ) 0 0 0

T

p

u

vK
w

H V C

ρ

ρ

 
 − 
 −=
 − 
 − −  

                                   (4-36) 

K M  

0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1 0 0 0

p T

p

KM

C

ρ ρ
ρ

ρ
ρ

ρ

 
 
 
 =
 
 
 − 

                                      (4-37) 

(4-37) (4-34)  

( ) 0p

p u v w

t x y z

ρ ρ ρρ ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                      (4-38) 

(4-38)  

2
( ) 0

p u v w

C t x y z

γ ρ ρ ρ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                      (4-39) 

C  

(4-39) pρ (4-38)  

0
u v w

x y z

ρ ρ ρ∂ ∂ ∂+ + =
∂ ∂ ∂

                                              (4-40) 

 

    (4-37) pρ (local 

velocity)

(order) CFL
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θ pρ  

2

1 1
( )

r pU TC
θ = −                                                   (4-41) 

           maxUε ×   if u Cε< ×  

  rU =     u        if C u Cε × < <                               (4-42) 

C        if u C>  

ε 510− (stagnation point)

(singular point) rU

(local diffusion velocity) rU  

max( , )r rU U
x

ν=
∆

 

θ (4-37) ncΓ  

0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1 0 0 0

T

nc

pC

θ ρ
ρ

ρ
ρ

ρ

 
 
 
 Γ =
 
 
 − 

                                        (4-43) 

(4-34)  

( ) 0p
nc

U F G H
K

t x y z

∂ ∂ ∂ ∂Γ + + + =
∂ ∂ ∂ ∂

                                     (4-44) 

(4-44) 1K −  

1( ) 0p
nc

U F G H
K

t x y z
− ∂ ∂ ∂ ∂Γ + + + =

∂ ∂ ∂ ∂
                                   (4-45) 

(4-45)  
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1

0 0 0

0 0

0 0

0 0

1

nc

p

T
u

u
T

v
K v

T
w

w
T

H u v w H C
T

ρθ

ρθ ρ

ρθ ρ

ρθ ρ

ρθ ρ ρ ρ ρ

−

− 
 
 

− 
 
 − Γ = Γ =
 
 −
 
 
 −− +   

                    (4-46) 

 

0pU F G H

t x y z

∂ ∂ ∂ ∂Γ + + + =
∂ ∂ ∂ ∂

                                         (4-47) 

Roe

(4-20) 1/ 2iF +
1

( ( ) ( ))
2 R LF U F U+

artificial viscosity term 
1

2
A U∆ɶ preconditioning

artificial viscosity term  

1

1

1

0

( ) 0

( ) 0

( ) 0

p

p

p

p p p p

U F G H

t x y z

U F G H

t x y z

U U U U
A B C

t x y z

U U U U
AM BM CM

t x y z

−

−

−

∂ ∂ ∂ ∂Γ + + + =
∂ ∂ ∂ ∂

∂ ∂ ∂ ∂+ Γ + + =
∂ ∂ ∂ ∂

∂ ∂ ∂ ∂+ Γ + + =
∂ ∂ ∂ ∂

∂ ∂ ∂ ∂
+ Γ + + =

∂ ∂ ∂ ∂

 

p

U
M

U

∂=
∂

 

artificial viscosity terms  

1
1

2

1 1
( ) ( )

2 2
n

R L R L
i

F F F AM U U−

+
= + − Γ Γ +                              (4-48) 

 1 1AM KA DA KA− −Γ = × ×  

(4-47) Navier-Stokes

dual time 
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stepping[15]

 

    Navier-Stokes artificial time 

term  

0
U U F G H

t x y zτ
∂ ∂ ∂ ∂ ∂+ + + + =
∂ ∂ ∂ ∂ ∂

                                      (4-49) 

τ artificial time t physical time 

artificial time term preconditioning  

0pU U F G H

t x y zτ
∂ ∂ ∂ ∂ ∂Γ + + + + =
∂ ∂ ∂ ∂ ∂

                                    (4-50) 

artificial time term physical time term

 

1 1 1

1 1 1 1 1 1
, , , , , , , ,

2 2 2 2 2 2

3 4

2
1 1 1

( ) ( ) ( ) 0

k k k n n
p p

k k k k k k

i j k i j k i j k i j k k k

U U U U U

t

F F G G H H

τ

ξ η ζ

+ + −

′ ′ ′ ′ ′ ′

+ − + − + −

− − +Γ +
∆ ∆

+ − + − + − =
∆ ∆ ∆        

(4-51) 

bar 2  

k k′ =

Runge Kutta 1k k′ = + LUSGS

k ′ n

1k k
p pU U

τ

+ −
Γ

∆
(4-51) N-S

 

 Runge Kutta  

1

3

2 1 1

3 3 3

2 2
1 3 3

3
( )

2

3 1 1 3
( )

4 4 4 2

1 2 2 3
( )

3 3 3 2

k k k
p p

k k kk
p p p

k k
k k
p p p

U U M R
t

U U U M R
t

U U U M R
t

τ

τ

τ

+

+ + +

+ ++

∆= + Γ +
∆

∆= + + Γ +
∆

∆= + + Γ +
∆

                            (5-52) 

p

U
M

U

∂=
∂
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1

1 1 1 1 1 1
, , , , , , , ,

2 2 2 2 2 2

3 4
( )

2
1 1 1

[ ( ) ( ) ( )]

n n

i j k i j k i j k i j k k k

U U U
R

t

F F G G H H
ξ η ζ

Φ −
Φ

Φ Φ Φ Φ Φ Φ

+ − + − + −

− += −
∆

− − + − + −
∆ ∆ ∆

 

1 2
, ,

3 3
k k kΦ = + +  

 LUSGS  

1kU + 1kF +  

1k k
pU U M U+ = + ∆
                     

(4-53) 

p

U
M

U

∂=
∂

1k k
p p pU U U+∆ = −

 

1k k
p pF F A U+ = + ∆

                     
(4-54) 

1
k

p
p

F
A

U

∂=
∂

Jacobian
k

p
p

G
B

U

∂=
∂

  
k

p
p

H
C

U

∂=
∂

 

 1kG +   kH  

(4-53) (4-54) (4-51)  

13( ) 4

2

( ) ( ) ( ) 0

k n n
p p

k k k
p p p p p p

U U M U U U

t

F A U G B U H C Uξ η ζ

τ
δ δ δ

−∆ + ∆ − +
Γ +

∆ ∆
+ + ∆ + + ∆ + + ∆ =

    

(4-55) 

ξδ ηδ ςδ   

(4-55)  

3
[ ( )]

2
k

p p p p

I
M A B C U R

t ξ η ζδ δ δ
τ

Γ + + + + ∆ =
∆ ∆           

(4-56) 

13 4
( ) ( )

2

k n n
k k k kU U U

R F G H
t ξ η ζδ δ δ

−− += − − + +
∆

I  

Γ  

1 1 1 1 13
{ [ ( ) ( ) ( )]}

2
k

p p p p

I
M A B C U R

t ξ η ζδ δ δ
τ

− − − − −+ Γ + Γ + Γ + Γ ∆ = Γ
∆ ∆         

(4-57) 

(4-57) Yoon Jameson[30] LUSGS

 

 



 

37 
 

1

1

1

k
p p

k
p p

k
p p

A A

B B

C C

−

−

−

= Γ

= Γ

= Γ

ɶ

ɶ

ɶ

                 

(4-58) 

pAɶ pBɶ pCɶ  

p p p

p p p

p p p

A A A

B B B

C C C

+ −

+ −

+ −

= +

= +

= +

ɶ ɶ ɶ

ɶ ɶ ɶ

ɶ ɶ ɶ

                

(4-59) 

 

1
( )

2
1

( )
2
1

( )
2

p p A

p p B

p p C

A A I

B B I

C C I

λ

λ

λ

±

±

±

= ±

= ±

= ±

ɶ

ɶ

ɶ

ɶ ɶ

ɶ ɶ

ɶ ɶ

            

(4-60) 

A
λ ɶ B

λ ɶ C
λ ɶ pAɶ pBɶ pCɶ (4-57)

 

1 13
[ ( ) ( ) ( )]

2
k

p p p p p p p

I
M A A B B C C U R

t ξ η ζδ δ δ
τ

− + − + − + − −+ Γ + + + + + + ∆ = Γ
∆ ∆

ɶ ɶ ɶ ɶɶ ɶ

  
(4-61) 

( )p pA Aξδ + −+ɶ ɶ  

, , 1 , 1 ,( ) p i p i p i p i
p p p p

A A A A
A A A Aξ ξ ξδ δ δ

ξ ξ

+ + − −
− ++ − − + + − − −

+ = + = +
∆ ∆

ɶ ɶ ɶ ɶ
ɶ ɶ ɶ ɶ

     
(4-62) 

pA+ɶ
ξδ −

pA−ɶ
ξδ +

 

(4-62) (4-61) 

, , 1 , 1 ,1

, , 1 , 1 , , , 1 , 1 , 1

3
[

2

]

p i p i p i p i

p j p j p j p j p k p k p k p k k
p

A A A AI
M

t

B B B B C C C C
U R

τ ξ ξ

η η ζ ζ

+ + − −
− +−

+ + − − + + − −
− + − + −

− −
+ Γ + +

∆ ∆ ∆ ∆
− − − −

+ + + + ∆ = Γ
∆ ∆ ∆ ∆

ɶ ɶ ɶ ɶ

ɶ ɶ ɶ ɶɶ ɶ ɶ ɶ

       

(4-63) 

(4-63)  
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1( ) k
pL D U U R−+ + ∆ = Γ

            
(4-64) 

 

1, , , 1, , , 1

1 1 1
( ) ( ) ( )p i j k p i j k p i j kL A B C

ξ η ζ
+ + +

− − −
 = − + + ∆ ∆ ∆ 

ɶ ɶɶ          (4-65) 

1
, , , ,

3 1
(( ) ( ) )

2 p i j k p i j k

I
D M A A

tτ ξ
− + −= + Γ + −∆ ∆ ∆

ɶ ɶ                 

, , , , , , , ,

1 1
(( ) ( ) ) (( ) ( ) )p i j k p i j k p i j k p i j kB B C C

η ζ
+ − + − + − + − ∆ ∆ 

ɶ ɶɶ ɶ                 (4-66) 

1, , , 1, , , 1

1 1 1
( ) ( ) ( )p i j k p i j k p i j kU A B C

ξ η ζ
− − −

+ + +
 = + + ∆ ∆ ∆ 

ɶ ɶɶ       (4-67) 

(4-61)  

13 4
( ) ( )

2

k n n
k k k kU U U

R F G H
t ξ η ζδ δ δ

−− += − − + +
∆

(4-1) F

 

2

inviscid

u

u p

uv
F

uw

T
Eu pu k

x

ρ
ρ

ρ
ρ

ρ

 
 + 
 =  
 
 ∂
 + −

∂                

(4-68) 

Roe scheme (4-20)  

{ }1
1

,
2

1 1
( )

2 2R L p P
inviscid i

F F F A Uε −

+
= + − Γ ∆

        
(4-67) 

Roe scheme DNS ε 1

ε

( , , , )x y z tε ε= Roe upwinding dissipation term { }11

2 p PA Uε −Γ ∆
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 Abalakin [31] MUSCL (4-67)

PU∆  

1/ 2 1/2
L R

P i iU u u+ +∆ = −                                                 (4-68) 

1/ 2 1/ 21/ 2L L
i i iu u u+ += + ∆                (4-69) 

1/ 2 1/ 21/ 2R R
i i iu u u+ += − ∆                      (4-70) 

 

1/ 2 1 1(1 )( ) ( )L
i i i i iu u u u uβ β+ + −∆ = − − + −  

1 1 2 2 1 1( 3 3 ) ( 3 3 )c d
i i i i i i i iu u u u u u u uθ θ− + + − − ++ − + − + + − + − +            (4-71) 

1/ 2 1 2 1(1 )( ) ( )R
i i i i iu u u u uβ β+ + + +∆ = − − + −  

1 1 2 1 2 3( 3 3 ) ( 3 3 )c d
i i i i i i i iu u u u u u u uθ θ− + + + + ++ − + − + + − + − +           (4-72) 

β cθ dθ 1  

 

42 1 1 28 8
( )

12
i i i iu u u uu

o x
x x

− − + +− + −∂ = + ∆
∂ ∆

            (4-73) 

( , , )ξ η ζ  

( ) /

( ) /

( ) /

k
x y z

k
x y z

k
x y z

F F G H J

G F G H J

H F G H J

ξ ξ ξ

η η η

ς ς ς

= + +

= + +

= + +
              

(4-74) 

J Jacobian 

 

13 4
( ) { [( ) / ]

2

k n n
k

x y z

U U U
R F G H J

t ξδ ξ ξ ξ
−− += − − + + +

∆
[( ) / ] [( ) / ]}x y z x y zF G H J F G H Jη ζδ η η η δ ς ς ς+ + + + +  

(4-74) (4-64) kR

( 1, , ) ,( 1, , ) ( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1) ( , , ) ,( , , )

1
( 1, , ) ,( 1, , ) ( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1) ( , , )

k k k k
i j k p i j k i j k p i j k i j k p i j k i j k p i j k

k k k k
i j k p i j k i j k p i j k i j k p i j k i j k

L U L U L U D U

U U U U U U R

− − − − − −

−
+ + + + + +

∆ + ∆ + ∆ + ∆ +

∆ + ∆ + ∆ = Γ
  

(4-75) 
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Yoon Jameson[30] (4-64)  

1 1( ) ( ) k k
pL D D D U U R− −+ + ∆ = Γ

          
(4-76) 
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1.  (4-71) (4-72)  

β  cθ  dθ  Order 
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1/3 

1/3 

1/3 

0 

-1/6 

0 

-1/10 

0 

0 

-1/6 
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(4-76)  

1. forward sweep 

* 1( ) k
pL D U R−+ ∆ = Γ

            
(4-77) 

* 1 ( ) k
p pU D D U U−∆ = + ∆  

(4-77)  

* * 1 k
p pL U D U R−∆ + ∆ = Γ            (4-78) 

   * 1 *k
p pD U R L U−∆ = Γ − ∆                      (4-79) 

*
pU∆   

* 1 1 *( )k
p pU D R L U− −∆ = Γ − ∆ .          (4-80) 

(4-80)  

* 1 *
,( , , ) ( , , ) ( , , ) ( 1, , ) ,( 1, , )[ k

p i j k i j k i j k i j k p i j kU D R L U−
− −∆ = Γ − ∆ −  

          * *
( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1)]i j k p i j k i j k p i j kL U L U− − − −∆ − ∆                    (4-81) 

1i = 1j = 1k =  *
pU∆   

2. backward sweep 

k
pU∆ (4-77)  

( ) k
p pD U U D U ∗+ ∆ = ∆

           
(4-82) 

(4-82)  

1k k
p p pU U D U U∗ −∆ = ∆ − ∆

           
(4-83) 

k
pU∆
 

* 1
,( , , ) ,( , , ) ( , , ) ( 1, , ) ,( 1, , )[k k

p i j k p i j k i j k i j k p i j kU U D U U−
+ +∆ = ∆ − ∆ +  

( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1)]
k k

i j k p i j k i j k p i j kU U U U+ + + +∆ + ∆
      

(4-84) 

 1i = 1j = 1k =  *
pU∆   

3. 1k
pU +  

1k k k
p p pU U U+ = + ∆

            
(4-85) 
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4. 1~3
1

0
k k
p pU U

τ

+ −
≈

∆
1 1n k

p pU U+ += 1n
pU +  

LUSGS  
 

 

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

P i k P i k

u i k u i k

v i k v i k

w i k w i k

T i k T i k

=
= −
= −
= −
=

               (4-86) 

 

( , ,0) ( , ,1)

( , ,0) ( , ,1)

( , ,0) ( , ,1)

( , ,0) ( , ,1)

( , ,0) ( , ,1)

P i j P i j

u i j u i j

v i j v i j

w i j w i j

T i j T i j

=
= −
= −
= −
=

               (4-87) 

 

 

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) 2 ( ,1, )h

P i k P i k

u i k u i k

v i k v i k

w i k w i k

T i k T T i k

=
= −
= −
= −
= −

           (4-88) 

0 1  

 

 Poinsot Lele [18] LODI(local 

one-dimensional inviscid relations)

preocnditioning

LODI

Navier-Stokes  
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0pU F

xτ
∂ ∂Γ + =
∂ ∂

                                                  (4-89) 

1−Γ  

1 0pU F

xτ
−∂ ∂+ Γ =

∂ ∂
                      (4-90) 

1 F

x
− ∂Γ

∂
 

1 1 1p p
p

p

U UF F
A

x U x x
− − −∂ ∂∂ ∂Γ = Γ = Γ

∂ ∂ ∂ ∂
          (4-91) 

(4-91) (4-89) primitive form 

1 0p p
p

U U
A

xτ
−∂ ∂

+ Γ =
∂ ∂

               (4-92) 

1
pA−Γ  

1 1
pA K Kλ− −Γ =              (4-93) 

K λ 1
pA−Γ

Dennis [32]  

1

2

3

4

5

u

u

u

u c

u c

λ
λ
λλ
λ
λ

   
   
   
   = =
   ′ ′+   

   ′ ′−  

                     (4-94) 

( 1)

2

u
u

Θ +′ =  
2 2 2( 1) 4

2

u c
c

Θ − + Θ′ = 2100MΘ ≈  

 

1 pU
L K

x
λ − ∂

=
∂

                (4-95) 

L  
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1

2

3

4

5

1
( )

( )

( )[ ( ) ]

( )[ ( ) ]

T P P
u

x x x

wL u
xL

vLL u
x

L
P u

u c u c uL
x x
P u

u c u c u
x x

γ
ργ

ρ

ρ

∂ ∂ ∂ + − ∂ ∂ ∂
 

∂  
   ∂
   ∂  = = −
   ∂
   ∂ ∂   ′ ′ ′ ′+ − − −   ∂ ∂
 ∂ ∂′ ′ ′ ′ − − + −

∂ ∂ 

           (4-96) 

L  

 (4-94) 1L 2L 3L 4L 5L u u u u c′ ′+ u c′ ′−

(4-95) (4-92)  

0pU
KL

τ
∂

+ =
∂

                 (4-97) 

(4-97)  

4 5

4 5

3

2

1 4 5

1
[ ( ) ( )] 0

2
1

( ) 0
2

0

0

1 1 1
[ ( ) ( )] 0

2

p
L u c u L u c u

c
u

L L
c

v
L

w
L

T
L L u c u L u c u

c

τ

τ ρ

τ

τ
γ

τ ρ γ

∂ ′ ′ ′ ′+ + − − − − =
′∂

∂ + − =
′∂

∂ − =
∂
∂ + =
∂
∂ − ′ ′ ′ ′+ + + − − − − =

′∂

                   (4-98) 

(4-98)  

1
4 5

1
4 5

1
3

1
2

1 1
1

[ ( ) ( )]
2

( )
2

1 1
( )

k k

k k

k k

k k

k k k k

t
p p L u c u L u c u

c

t
u u L L

c

v v L t

w w L t

T T L t p p

ρ

ρ

γ
ρ γ

+

+

+

+

+ +

∆ ′ ′ ′ ′= − + − − − −
′

∆= − −
′

= + ∆

= − ∆
+= − ∆ + −

          (4-99) 

6(a) 1L 2L 3L 4L

(4-96) 1L 2L 3L 4L u c′ ′−
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5L

0
p

τ
∂ =
∂

(4-98)  

4 5

1
[ ( ) ( )] 0

2
L u c u L u c u

c
′ ′ ′ ′+ − − − − =

′
              (4-100) 

5L  

5 4

( )

( )

u c u
L L

u c u

′ ′+ −=
′ ′− −

                     (4-101) 

6(b) 4L (4-98)

1L 2L 3L 0 5L (4-101)
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6. 1L 2L 3L 4L 5L  
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(0, , ) ( , , )

(0, , ) ( , , )

(0, , ) ( , , )

(0, , ) ( , , )

(0, , ) ( , , )

P j k P nx j k

u j k u nx j k

v j k v nx j k

w j k w nx j k

T j k T nx j k

=
=
=
=
=

              (4-102) 

 

( 1, , ) (1, , )

( 1, , ) (1, , )

( 1, , ) (1, , )

( 1, , ) (1, , )

( 1, , ) (1, , )

P nx j k P j k

u nx j k u j k

v nx j k v j k

w nx j k w j k

T nx j k T j k

+ =
+ =
+ =
+ =
+ =

             (4-103) 

0 (ghost cell) 1nx + 1

nx  

driving fore

 

 

( , , ) ( , , )pP i j k x P i j kβ= +                                          (4-104) 

β pP xβ

source term  

(0, , ) ( , , )p pP j k P nx j k=                                            (4-105) 

( 1, , ) (1, , )p pP nx j k P j k+ =              (4-106) 

β β

Xu [24]  
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1 0 11
[( ) 2( ) ( ) ]n n n nm m m

t Ac Ac Ac
β β+ −= − − +

∆
ɺ ɺ ɺ

                             (4-107) 

Ac mɺ t∆ 0()

()n n 1()n+

1n +  

  

1.  

2.  

3. MUSCL (4-71) (4-72) RF LF pU∆  

4. pU∆ (4-67) Roe inviscidF  

5.  

6. LUSGS (4-76) 1k
pU +  

7. 2 6
1

3
1

10
n n

n

φ φ
φ

+
−

+

− <

, , , ,p u v w Tφ =
1

3
1

10
k k

k

φ φ
φ

+
−

+

− < 1k
pU +

pU  

 

(2-23) 

2 2 2 2 2 2 2 2

02 2 2 2 2
( ) 2

u v uv
c

t x y x y x y

ρ ρ ρ ρ ρ ρ′ ′ ′∂ ∂ ∂ ∂ ∂ ∂− + = + +
∂ ∂ ∂ ∂ ∂ ∂ ∂

                      (4-108) 

Lighthill (4-108) ρ

 

 

2
21 1

2 2

2
( )i i i o x

x x

ρ ρ ρρ + −′ ′ ′′ − +∂ = + ∆
∂ ∆

                                     (4-109) 

2
1, 1 1, 1 1, 1 1, 1 2 2( ) ( ) ( ) ( )

( , )
4

i j i j i j i juv uv uv uvuv
o x y

x y x y

ρ ρ ρ ρρ + + + − − + − −′ ′ ′ ′− − +∂ = + ∆ ∆
∂ ∂ ∆ ∆

   (4-110) 

2

2t

ρ′∂
∂
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2
1 2

2 2

2
( )t t t o t

t t

ρ ρ ρρ − −′ ′ ′′ − +∂ = + ∆
∂ ∆

            (4-111) 

(4-109)~(4-111) (4-108)

(4-109) (4-110) 1tρ −′ 2tρ −′ ρ′

 

2
0P c ρ′ ′=                 (4-112) 

(Sound Pressure Level, SPL) dB  

10
0

20logP

p
L

p
=                   (4-113) 

0p 52 10 Pa−×  
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 dissipative model

dissipative model (4-67) Roe upwinding 

dissipation term { }11

2 p PA Uε −Γ ∆  

 DNS Roe scheme( 1ε = )

7 9

Reynolds stress Re 180τ = Kim [20]

DNS DNS

Trong[27] Roe scheme Smagorinsky model

damping preconditioning

ε

ε 0.1

0.1ε =

0.1ε =  

 Truncated 

Navier-Stokes (TNS) TNS under resolved DNS

Domaradzki [33] (filter)

Tankitul Domaradzki[34] [33]
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7. Roe scheme [20]  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

The original Roe scheme 
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8. Roe scheme [20] Reynolds stress  
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

The original Roe scheme 
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9. Roe scheme [20]  
 
 
 
 
 
 
 
 
 

 

DNS by Kim et al. [20] 

 

The original Roe scheme 
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Roe upwinding dissipation term 

{ }11

2 p PA Uε −Γ ∆ TNS Roe 

upwinding dissipation term

ε

ε

[34] dissipative model

dissipative model

 

ε [34]

ER  

3
2

1
3

2

1

( )
( )

(2 ) ˆ( )

i i
i

i i
i

u u
I

ER
I

u u

=

=

−
∆= =
∆ −

∑

∑
            

(5-1) 

(5-1) iu TNS iu

(filter width) ∆ ˆiu 2∆

 

 (5-1) filter secondary filter primary filter

box filter Jeanmart Winckelmans[35] ∆ 2∆ box filter

 

1 1( ) 0.5[ ( ) ( ) ( )]n n n nu y u y u y u y
+ −

− ++ − + −

∆ ∆= + +
∆ + ∆ ∆ + ∆           

(5-2) 

1 1ˆ( ) ( ) ( )n n nu y u y u y
+ −

− ++ − + −

∆ ∆= +
∆ + ∆ ∆ + ∆          

(5-3) 

1ny − ny   1ny + 1n ny y+
+∆ = − 1n ny y−

−∆ = −

Approximate deconvolution[36] primary filter approximate deconvolution

 

1

0

( )
N

v
N

v

Q G I G−

=

≈ = −∑               (5-4) 
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NQ primary filter G approximate deconvolution G box filter  

secondary filter  

( ( ))i N iu Q G u= ∆ ∗                                                   (5-5) 

ˆ ( (2 ))i N iu Q G u= ∆ ∗               (5-6) 

 10 filter /ck π∆ = ∆ LES

nominal cutoff wave number 5N = secondary filter

2∆ ∆ 2∆

 

 (5-5) (5-6) (5-1) ER

primary filter secondary 

filter [34] ER

0.007 0.01 ε ER 0.01

ε ER

0.007 ε

ER ε

0.007 0.01ER≤ ≤ ε ER

0.1ε = ER 0.01 ε

0.5 DNS ( 1ε = ) 0.1 0.5

ER 0.01 ε

0.05 ε ER

( , , , )x y z tε ε=  

 

( , , , ) 0.5x y z tε = ,   if 0.01ER >  

( , , , ) 0.1x y z tε = ,   if 0.007 0.01ER≤ ≤        (5-7) 

( , , , ) 0.05x y z tε = ,  if 0.007ER <  
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10. filter  
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MPI 

(Message Passing Interface)OpenMP (Open Multi-Processing)

 

    (Animation)

(Video Card) (Graphics processing unitGPU)

(Central Process UnitCPU)

CUDA Compute Unified Device Architecture

(Nvidia) GPU

GPU (Stream Processor

SP)

CUDA CUDA

CUDA  

    CUDA 11 (Host)

(CPU) (Device)

CPU (serial 

code) CUDA GPU

(kernel) kernel (Grid) (Block)

(Thread) kernel

(Stream ProcessorSP) kernel

(serial code) CPU

 

    CUDA

GPU (Stream 

Multiprocessor SM) SM 8 ( )
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(Stream ProcessorSP) SM 8 SP (shared memory)

CUDA kernel

SM SM

(warp)

Tesla C1060 warp 32 SM

32 warp( 1024 ) warp CUDA

SM

512 warp ID ID 

0~31 32~63

1~512 32

warp  

   CUDA

GPU (Block) (Thread)

CPU

(i,j,k)

 

Device ( assign numbers ) = Host ( i ny nz j nz k× × + × +  )               (6-1) 

nx ny nz x y z  

    

 

GPU

 

    (Stream ProcessorSP)

CUDA (Single Instruction, Multiple 

Thread SMIT)

kernel
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kernel
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(shared memory)

(Barrier)
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7.1  

 Prandtl 0.72

1atm 298.06K  

 510Ra =

Paillere [37] local Nusselt number Rayleigh number

 

0

[ ( ) ]
( ) w

h c

L T
Nu k T

k T T y

∂=
− ∂

               (7-1) 

2 3
0

2
0

( )
Pr

( )
h cg T T L

Ra
T T

ρ
µ

−=              (7-2) 

 0 101325P Pa= 0 600T K= 0 0 0/( )P RTρ = 0k 0 600T K=

606K

594K、L 12 local Nusselt number

Paillere [37]

606K  

 Gray Giorgini[26] Bossinesq

30K

Churchill Chu[38] Fu Huang[39]

[38] [39] Boussinesq

1 1 2/ 81l l = 0 2/ 102l l = 2/ 2w l = Fu Huang[39]

 

Bossinesq Fu Huang[39]

10K  

[39]  

13 Churchill Chu[38] Fu Huang[39]

Rayleigh number  
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12. local  
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2

2
2[ ]

( ) w
h cl

l T
Nu dx l

T T y

∂=
− ∂∫                   (7-3) 

2 3
0 2

2

( )
Pr h cg T T l

Ra
ρ β

µ
−=             (7-4) 

β  

Bossinesq  

Bossinesq

30K

 

Rayleigh

 

2 3
0 2

2
0

( )
Pr

( )
h cg T T l

Ra
T T

ρ
µ

−=              (7-5) 

14 410Ra =

0t >

hT 1 2/ 19l l = 0 2/ 25l l = 2/ 2w l =

110h cT T T K∆ = − = 14(1) 0.0005t s=

14(1)c

14(1)a

0.02t s=

14(2)a

14(2)b

14(2)c  

 0.05s

14(3)a

0.1s

14(4)b
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 1s 14(5)a

Dyer [40] Bernoulli

[40]

 

 15 Rayleigh Rayleigh

 

3 2

2

3

2
0
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( )

l l

l w
h cl

L T
Nu k T dx l

k T T y

+ ∂=
− ∂∫           (7-6) 

Rayleigh  
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(a) streamlines      (b) pressure contours    (c) thermal field 
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(a) streamlines      (b) pressure contours    (c) thermal field 
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(a) streamlines      (b) pressure contours    (c) thermal field 
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(a) streamlines      (b) pressure contours    (c) thermal field 
 

 



 

71 
 

 
 
 

    
 
 
1t s=  
 

 14(5). 410Ra =  
 
 
 
 
 

 
 

 

 
 

 

 

 

(a) streamlines      (b) pressure contours    (c) thermal field 
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7.2  

 

 

 16 [41]

2 Rayleigh  

1
[ ]

2 ( ) wall
h c

W T
Nu dx

W T T y

∂=
− ∂∫               (7-8) 

2 3
0

2

( )
Pr h cg T T W

Ra
ρ β

µ
−=             (7-9) 

W β  

 16 [41]

2 410Ra =
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17 410Ra = Rayleigh
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16. Khanafer Vafai [41]  

 

 

Khanafer and Vafai [41]  
Streamlines 

Isotherms 

The present study 
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2. Khanafer Vafai [41]  

 410Ra =    

 Present study Khanafer and Vafai [41] deviation ( ) 

Nu (lower) 2.20 1.99 10.0 

Nu (upper) 1.10 1.09 0.5 

 
 
 

 510Ra =    

 Present study Khanafer and Vafai [41] Percent dif. ( ) 

Nu (lower) 3.50 3.15 11.2 

Nu (upper) 2.69 2.90 7.2 
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17(1)a 0.0001s

17(1)b 17(1)c

17(1)d y 0 1.8

3.6 5.5

 

 17(2) 0.001t s=

17(2)b

17(2)d  

 17(3) 17(2)

 

 17(4) 0.01t s=

17(4)a 17(4)b

17(4)d

(dual-reflection phenomenon) 

 18 isothermal surfaces

isothermal surfaces

 

19 local z x W= / 2x W= 0x = local 

Rayleigh  
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(d) local pressure difference distributions 
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7.3 LES Smagorinsky model  

Roe preconditioning

LES 0.005

 

δ 2700 uτ

δ 180

3 x z

- streaks [44] x 1000λ+ z

100λ+

uτ

νλ+ = x 1382.4

λ+ 3.84δ z 691.2λ+ 1.92δ  

    

 

1

1

1
(2 )( ) 2

1

1
(2 1)[1 ( ) ]

1

y h

η α
α

η α
α

βα β α β
β

βα
β

−
−

−
−

++ + −
−=

++ +
−

                                    (7-16) 

0.5α = β 1

1.1β = 0.84y+∆ = 9.39y+∆ =

x z 21.6x+∆ = 10.8z+∆ = 21  

normal 

distribution  

max

max

max

u u u R

v v R

w w R

φ
φ
φ

= + × ×
= × ×
= × ×

             (7-17) 

u R -1 1 normal distribution  

φ 0 ~ 100% maxu

φ 40%
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3. 0.005  

parameters magnitudes 

Mean Mach number, 
u

c
 0.005 

Mean streamwise velocity,u  1.51 /m s  

Average friction velocity, uτ  0.11248 /m s  

Grids distribution, i j k× ×  64×64×64 

1 2 3l l l× ×  0.192×0.096×0.05 3m  

Eddy turnover time, 20.5
e

l
t

uτ

=  0.222s  

Initial temperature 298.05k  

Time interval, t∆  45 10 s−×  
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    22

streak 100λ+ [44] Re 180τ = 3x

100λ+  

    23 25

Kim [20] DNS  

 

δ 2700

uτ δ 180

4 40%φ =

298.0592K  

    Lenormand [45] 0.5

[20] DNS [45] LES

 

 26 27 Reynolds stress [20]

[45]

 

 

28 y 298.06wT K=

28

29

[45]

 

 30 22 steak

yz
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23. LES Smagorinsky model [20]  

 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 (0.005 Mach) 
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24. LES Smagorinsky model [20] Reynolds stress  
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25. LES Smagorinsky model [20]  

 
 
 

 

 

 

 

 

 

 

 

 

DNS by Kim et al. [20] 

 

Case Re180 (0.005 Mach) 
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4. 0.5  

parameters magnitudes 

Average Mach numbers, 
u

c
 0.5 

Average streamwise velocity,u  157.06 /m s  

Average friction velocity, uτ  11.7412 /m s  

Grid, i j k× ×  64×64×64 

1 2 3l l l× ×  0.00183936×0.000091968×0.0004793m  

Eddy turnover time, 20.5
e

l
t

uτ

=  52.04 10 s−×  

Initial temperature 298.05k  

Time interval, t∆  71 10 s−×  
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26. LES Smagorinsky model [20] Reynolds stress  

 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 (0.5 Mach) 
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27. LES Smagorinsky model [20]  
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28. LES Smagorinsky model [45]  
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Case Re180 (0.5 Mach) 



 

97 
 

 

 

 

 

 

 

 

 

 

29. LES Smagorinsky model [45]  
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7.4 dissipative model  

 dissipative model

5 Re180 Re550 Re950

(4-67) ε 0.1 Re950ER Re2000ER

ER ε statistically steady 

state y 3 fy +∆

 

 Re 180τ = Re 550τ =

Reynolds stress 31 36 Kim [20] del 

Alamo Jimenez[46] DNS

Roe upwindind dissipation term ε 0.1  

 ILES Re 950τ = 37

DNS [47] 37 y z

DNS

38 Reynolds stress

Re950ER ε 40 41 42

Reynolds stress Re950

ε 42 ε

y z DNS Re950

x

41 Reynolds stress

DNS Re950ER ε 0.1

ε  

 dissipative model

Re 2000τ = DNS

(Hoyas Jimenez[48]) (Re2000ER) ε

43 44 45 43 DNS

Reynolds stress( 44)

Re950ER DNS x Re950ER
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y z DNS

dissipative model
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5. Dissipative model  

Case Dissipative model Domain size Resolution 

Re180 0.1ε =  2.5 2 2π π× ×  64 64 64× ×  

Re550 0.1ε =  2.5 2 0.5π π× ×  160 96 64× ×  

Re950 0.1ε =  2.5 2 0.5π π× ×  160 96 64× ×  

Re950ER ε  is variable 2.5 2 0.5π π× ×  160 96 64× ×  

Re2000ER ε  is variable 2.5 2 0.5π π× ×  192 128 96× ×  

 

Case fx y z+ + +∆ × ∆ × ∆  Reτ  Mean .Ma  

Re180 21.6 0.8 10.8× ×  180 0.005 

Re590 23.3 0.8 11.7× ×  550 0.018 

Re950 46.6 1.5 23.3× ×  950 0.036 

Re950ER 46.6 1.5 23.3× ×  950 0.036 

Re2000ER 77.7 1.7 31.1× ×  2000 0.085 
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31. ILES dissipative model [20]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 
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32. ILES dissipative model [20] Reynolds stress  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 
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33. ILES dissipative model [20]  
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34. ILES dissipative model [46]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by del Alamo et al. [46] 

Case Re550 
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35. ILES dissipative model [46] Reynolds stress  
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36. ILES dissipative model [46]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

DNS by del Alamo et al. [46] 

Case Re550 

 
 

 



 

108 
 

 
 
 
 
 
 
 

 
 

 
 

37. ILES dissipative model [47]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by J. C. del Alamo et al. [47] 

Case Re950 
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38. ILES dissipative model [47] Reynolds stress  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

DNS by del Alamo et al. [47] 

Case Re950 

 

 



 

110 
 

 
 
 
 
 
 
 

 

 
 

 
 

 

39. ILES dissipative model [47]  
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40. ILES dissipative model [47]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by del Alamo et al. [47] 
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41. ILES dissipative model [47] Reynolds stress  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DNS by del Alamo et al. [47] 

Case Re950ER 

 

 

 



 

113 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

42. ILES dissipative model [47]  
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43. ILES dissipative model [48]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Hoyas and Jimenez [48] 

Case Re2000ER 



 

115 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

44. ILES dissipative model [48] Reynolds stress  
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7.5  

 

7.4

500K 298.06K 200K  

uτ δ

180 500 940 2700 10000

20000   

46 Re 180τ = 500 940 46(a)

xz 1.5

temperature layer xy yz

y

 

 46(b) Re 500τ = 26(a) xz

steakline xy

yz ejection swept

 

 46(c) 940 46(a) 46(b)

xz

xy yz

46(a)  

 47 Isothermal surfaces Re 180τ = 500 940

Re 180τ =
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(a) Re 180τ = ( Re 2700= ) 

 
(b) Re 500τ = ( Re 10000= ) 

 
(c) Re 940τ = ( Re 20000= ) 
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(a) Re 180τ = ( Re 2700= ) 

 
(b) Re 500τ = ( Re 10000= ) 

 
(c) Re 940τ = ( Re 20000= ) 

 
47. Isothermal surfaces Re 180τ = 500 940 
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48 xz

xz  
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                 (7-18) 
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( ) wall
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Nu k T dxdz

A k T T y

∂=
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A  

48

thermal shock

 

49 Rayleigh

 

0.80.025 ReNu = ×                  (7-20) 

Dittus-Boelter correlation[49] Gnielinski [50]

(7-20)
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Gnielinski correlation [50] 

Present results 



 

123 
 

7.6  

 

Lighthill  

50

artificial convection velocity

preconditioning

artificial damping function

target state

 

 51

 

 52

Navier-Stokes Lighthill

N-S

Lighthill

 

 53 17 , 45R D θ= = � spectra 12000

10 55dB
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7.7  

54  

    

 

  = 4 ( 4 ., 0, 0u Ma v w= = = ) 

            = 298.06K  

            = 1 (101325Pa ) 

  

  

           Neumann  

            

  = 4 ( 4 ., 0, 0u Ma v w= = = ) 

            = 298.06K  

      = 1 (101325Pa ) 

            

5  

    900
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(blunter body)

(shock wave)  

    [51] 56 57
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 X  Y  

 -71.5 10X∆ = ×  -71.1 10Y∆ = ×  

 70 70 
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