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Current CFD Methodology 

specific dynamic description 
on the scale of modeling 

PDEs 

Euler, NS, …,Boltzmann 

Computation 

CFD: search for exact solution of PDEs 

No direct connection between the mesh size scale and the physical modeling scale 





Near Space flow modeling 

20km 

60km 

100km 

free molecular 

 

 
 

 

Transitional 

 

 

slip 

 

 

continuum 

Near space 
No valid  
governing  
equations 

(Boltzmann or DSMC) 

(Navier-Stokes) 

Under a reasonable number of mesh points  



Current Computational Fluid Dynamics -> Numerical PDEs 

(FDM,FEM,FVM, etc.) 

Limitations： 
1. All PDEs are valid in their modeling scales. 
2. Due to limited cell size and time step, never know the exact numerical governing eqns. 
3. Numerical cell size and time step are not dynamic quantities,  
      don’t participate flow evolution (underlying assumption), but introduce errors ONLY. 
4. mesh size scale and  modeling scale of PDE may be different  significantly.  

 
5. Where is the principle of CFD?  
    



waves particles 

Hydrodynamic scale 
Kinetic scale 

waves + particles 

       Non-equilibrium  
 irreversible hydrodynamics 
                   ? 

Direct Modeling on dynamics  

Unified Gas-kinetic Scheme (UGKS) 

GKS for NS Direct Boltzmann 
solver 

Principle of CFD: direct modeling the flow physics   
                             in mesh size and time step scale  

Boltzmann NS 
turbulence 



Turbulent 
Modeling        <->   Navier-Stokes     <->    ?      < ->   Boltzmann   ->    Molecular Dynamics 

Different physical modeling scales   

we need a continuum spectrum of governing equations 

                                           hydrodynamic                             (????)                          kinetic mean free path                  molecular diameter 
                                          dissipative layer                    



Direct Modeling for CFD  



Collision 

The way of gas molecules passing through the cell interface 
depends on the cell resolution and particle mean free path 

  

Computation: a description of flow motion in a    
                           discretized  space and time 
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Fundamental Governing Equations  

 









 





1
2/1

2/1
2/1

1

2/1
),(

1
)]()([

11
n

n

j

j
j

n

n j

t

t

x

xx

t

t x
n
j

n
j dxdtffQ

x
dttuftuf

x
ff

Marco: 

Direct modeling in discretized space 

f     :  gas distribution function， 
W   :  conservative macroscopic variables  
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Modeling:       Interface distribution function 

                        Inner cell collision term 

Micro: 



1. The above equation doesn’t require f to be a continuous function  
    of space and time. 
2.  The scales of Δ𝑥 and Δ𝑡 are independent of the  
     particle mean free path and collision time. 
3. If the above equation is considered as an integral solution of the  
     Boltzmann equation,  a common mistake is to use   
    upwind to model the interface flux, i.e., free transport mechanism.  
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Remarks: 



Unified Gas-kinetic Scheme (UGKS) 
  

(modeling for both continuum and rarefied flows) 
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        General framework of Unified Gas-kinetic Scheme (UGKS) 

 












 


1

2/1

2/1

1

),(Q
1

)]()([
1

,2/1,2/1,
1

,

n

n

j

j

n

n

t

t

x

xkj

t

t kj
n
kj

n
kj dxdtff

x
dttuftuf

x
ff

 




 



1

)(
1

,2/1,2/1

1
n

n

t

t
kkjkjk

n

j

n

j dtdduffu
x

WW 

Update of conservative variables (marco): 

Update of distribution function (micro): 

Both interface flux and inner cell collision term need to be modeled 



Experiments: full Boltzmann collision term vs Shakhov model 

Modeling of collision term in different scale (∆𝑡/𝜏) 





Inner cell collision term modeling: 

Q(f,f)= 

𝑄 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 ,            ∆𝑡 < 0.5𝜏

𝑄 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 + 𝑆ℎ𝑎𝑘ℎ𝑜𝑣 ,  0.5𝜏 ≤ ∆𝑡 ≤ 3𝜏

𝑄 𝑆ℎ𝑎𝑘ℎ𝑜𝑣 ,                   3𝜏 < ∆𝑡         
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The flux evaluation is based on the integral solution of the kinetic model: 
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Interface flux modeling: 

Kinetic scale evolution Hydrodynamic evolution 
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  taking conservative moments: 
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     mass, momentum and energy 

T

kk uu ))(
2

1
,,1( 22  

 




 



1

)(
1

,2/1,2/1

1
n

n

t

t
kkjkjk

n

j

n

j dtdduffu
x

WW 

(micro-scale) 

(macro-scale) 

UGKS:  Evolution Processes  

Scale 
up 

Scale 
   down 

1ng



20 

111   nnnn fgWf













 






































 









n

n

kj

n

kj

n

n

kj

n

kj

t

t
kjkjk

t

t
kjkjk

n

kj

t

t

x

x
kj

t

t
kj

n

kj

n

kj

fgfgt

dtffudtggu
x

f

dxdt
fg

x
dttuftuf

x
ff

n

n

n

n

n

n

j

j

n

n





,,

1

1

,

1

,

,2/1,2/1,2/1,2/1,

,2/1,2/1,

1

,

2
           

)
~~

()~~(
1

        

1
)]()([

1

11

1
2/1

2/1

1

The update of gas distribution function becomes 

with the solution: 
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Numerical path: 



Shock Structure Calculations 



M=2.8 shock structure 
(UGKS  vs  Experiments)  



M=5 shock structure:   UGKS  vs MD 



Nitrogen shock structures 



Flow passing through a cylinder 



M=20, Kn=0.01 



DSMC 

UGKS 

DSMC 

UGKS 

ma20kn01.avi


M=20, Kn=0.01 

monaco 

bird 



M=20, Kn=1 



Expansion flow from a nozzle 



Expansion flow from a nozzle 

Density ratio 
 
 10000 



Sound wave propagation in simple gases 



Absorption 



Speed 



Kn=10  Kn=1 
UGKS  vs DSMC 



Kn=0.075 cavity case 



Re=5, Kn=0.0285 

UGKS NS 



Re=10, Kn=0.0142 

UGKS 

NS 



Re=30, Kn=0.00475 



Re=50, Kn=0.00285 



Re=100, Kn=0.00142 

UGKS 
NS 

UGKS vs NS 



UGKS solutions: Re=1000,Kn=0.000142 





Diatomic Gases 

Flow passing a flat plate 
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Unified Gas-kinetic Scheme                     GKS (NS solution) 
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The flux evaluation is based on the integral solution of the kinetic model: 
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Update of conservative variables (marco): 

Update of distribution function (micro): 

Known in continuum flow regime 
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0

0.5

1

1.5

2

Present (upside)

Present (lower side)

Exp (upside)

Exp (lower side)

X

Y

Z

Cp
1
0.8
0.6
0.4
0.2
0

-0.2
-0.4
-0.6
-0.8
-1
-1.2
-1.4

x/L

-C
p

0 0.2 0.4 0.6 0.8 1

-0.8

-0.4

0

0.4

0.8

1.2

S-A

SST

Menter Transition

Exp

Exp

Section 3 z/b=0.65

   

 High Mach number flow passing through a double ellipse (J. Li, et al) 

   

M6 airfoil  (Y.H. Qian, et al) 



   M=10, Re=106, Tin=79K, Tw=294.44K, mesh 15x81x19 

Li Jing 



LDG(P1) 

BGKDG(P1) 

Heat flux pressure 

𝑀∞ = 8.03, 𝑇∞ = 124.94𝐾, 𝑇𝑤 = 294𝐾, 𝑅𝑒 = 1.835 × 105 
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 Gas kinetic scheme 

Particle free transport 

Physical process from a discontinuity 

             (continuum flow regime) 

collision 

 NS 

Euler 

Godunov method 

Euler 

NS 

? 

(infinite number of collisions) 

Riemann solver 



Mach 8 shock wave NS solution (mesh size >> particle mean free path) 

GKS Godunov (inviscid + viscous) 

Left Right 



Gauss-points: Riemann solvers 
for others 

High-order Gas-kinetic scheme: 
one step integration along the  
cell interface. 

Comparison of gas evolution model 
    Gas-Kinetic Scheme  vs  Riemann solver 

gas-kinetic evolution Riemann solver evolution 

Space & time,  
inviscid & viscous, 
direction & direction (multi),  
kinetic & Hydrodynamic,  
are fully coupled ! 



High-order Gas-kinetic Scheme  

53 

2nd-order (2001) 3rd-order (2009) 
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Laminar Boundary Layer 510Re 



800x800 mesh points 
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Couette Flow with a Temperature Gradient 
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Exact solution: 

Convergence Study Different schemes 



                     Based on the same 5th WENO reconstruction 
 
                            numerical results comparison between  
          
                       Traditional WENO scheme (characteristic splitting)   
                       WENO-GKS  (gas-kinetic evolution model) 



Cavity Flow at Re=3200 with 65 x 65 mesh points 

GKS  WENO-5 



 33x33 mesh points 



33x33 mesh points 



Direct Modeling for CFD 

Governing equations in discretized space:  
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micro 

macro 

Control volume 

𝑄(𝑓, 𝑓) 
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kinetic hydrodynamic 

+  Modeling the physical process  



Current Research Topics & Conclusion 

• Neutron and radiation transports,  

• Plasma simulation   

• Non-equilibrium thermodynamics 

   (use UGKS as a tool to explore …, such as    

    checking  Onsager reciprocal relations ) 

• … 

• UGKS is very effective to get numerical 
solutions for multiscale transport process 

 

 




