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Current CFD Methodology

dynamic description
on a specific modeling scale

PDEs

Euler, NS, …,Boltzmann

Computation

Current CFD: search for exact solution of PDE

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



HYDRODYNAMIC

NAVIER-STOKES

KINETIC

BOLTZMANN EQUATION

MICROSCOPIC

MOLECULAR DYNAMICS

(continuum description)

The 10 orders of magnitude hierarchy
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English Translation: 
On the partial difference equations of mathematical physics



(CFL condition)





Current CFD principle  -> Numerical PDEs

Limitations：
1. To get  convergent solution of the PDEs as mesh size and time step 

go to zero.  With limited cell size and time step,  theoretically 
never know the exact underlying governing equations.

2.  All PDEs are valid in their modeling scales. It is hard to study multiple scale problem
if there is no such a governing equation valid in all scales.

3.   In certain scales, we don’t have the corresponding PDEs at all.



D.W. Jiang



Near Space flow modeling

20km

60km

100km

free molecular

Transitional

slip

continuum

Near space
No valid 
governing 
equations

(Boltzmann or DSMC)

(Navier-Stokes)



I. Boyd



waves particles

Hydrodynamic scale！
Kinetic scale

waves + particles

Non-equilibrium 
irreversible hydrodynamics

?

Direct Physical Modeling 

unified description

NS Boltzmann

BoltzmannNS
turbulence

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



Computational fluid dynamics 

Navier-Stokes equations

Theoretical fluid dynamics

Euler equations

Boltzmann equation 

…
…

Distinct
governing 
equations in
different 
scale modeling

Aim:

A continuous
spectrum of
governing 
Equations



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 
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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:



Unified Gas-kinetic Scheme (UGKS)

(modeling for both continuum and rarefied flows)
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General framework of Unified Gas-kinetic Scheme (UGKS)
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Update of conservative variables (marco):

Update of distribution function (micro):

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

K. Xu and J.C. Huang



Collision term treatment:

𝑄 𝑓, 𝑓 =  𝑅3  𝑆2(𝑓∗
′𝑓′ − 𝑓∗𝑓) 𝑢𝑟 σ 𝑑Ω𝑑𝑢∗.
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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 evolutionHydrodynamic evolution
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taking conservative moments:
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(micro-scale)

(macro-scale)

UGKS:  Evolution Processes 

Scale
up

Scale
down

1ng
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The update of gas distribution function becomes

with the solution:
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Numerical path:



M=2.8 shock structure
(UGKS  vs  Experiments) 

C. Liu



M=5 shock structure:   UGKS  vs MD

C. Liu



Shakhov model only:





M=20, Kn=0.01

s

P.B. Yu



DSMC

UGKS

DSMC

UGKS

ma20kn01.avi
ma20kn01.avi


M=20, Kn=1



A continuous spectrum of gas dynamics description



Shear Layer

Time step:









8x8 Gauss points





Enlarged view 
on next page 



Comparison with other schemes: GKS (NS), UGKS, AP-KFVS



Kn=10 Kn=1
UGKS  vs DSMC

temp

Heat flux

Macro-caivity_kn10.0.avi
Macro-caivity_kn10.0.avi
micro-mesh.avi
micro-mesh.avi


Kn=0.075 cavity case

temp

Heat flux

C. Liu



Re=5, Kn=0.0285

UGKS NS



Re=10, Kn=0.0142

UGKS

NS



Re=30, Kn=0.00475

UGKS NS



Re=50, Kn=0.00285

UGKS
NS



Re=100, Kn=0.00142

UGKS
NS

UGKS vs NS



UGKS solutions: Re=1000,Kn=0.000142



UGKS with gravity:

Without
gravity

Gravity



UGKS vs DSMC

1. Time step determined by the CFL 
condition

2. No limitation on the mesh size
3. No statistical noise
4. Suitable for all Knudsen regimes
5. Unsteady flow simulation
6. High efficiency for low speed flow
7. Massive memory requirement for 

hypersonic flow
8. Implicit and multigrid can 

accelerate the computation greatly 
9. Validated in the past 5 years and 

the validation and development will 
be continuously conducted 

1. Time step should be less than 
the particle collision time

2. Cell size should be less than 
the particle mean free path

3. Significant statistical noise
4. Suitable in rarefied regime 

and high speed
5. Validating in the past 5 

decades!

UGKS DSMC



推向实战：





















Modeling and Computation in   
Multiscale Transport Processes

• Rarefied Flow

• Radiative and Neutron Transport

• Plasma Physics  

• Non-equilibrium Thermodynamics



Multiple frequency radiative transfer equations

W.J. Sun, S. Jiang, S. Li



Macroscopic equations

Evaluate macroscopic variables first 

Interface radiation intensity



Microscopic equation for the update of radiation intensity



Homogeneous problems













Plasma Simulation
Vlasov-BGK system for ion and electron:

Maxwell equations for electro-magnetic fields

C. Liu









Linear Landau damping



Nonlinear Landau Damping





Linear two stream instability



Velocity distribution contours at t=70



Nonlinear two stream instability











t=0.1





Magnetic Reconnection

y-component absolute magnetic field 

magnetic field distribution

NASA's MMS Captures Magnetic Reconnection in Action.mp4


ion density electron density x-momentum of ion 

x-momentum of electronz-direction magnetic field z-direction electric field



specific scale 
for  modeling

PDEs

Euler, NS, …,Boltzmann

computation

DIRECTION OF COMPUTATIONAL FLUID DYNAMICS

Numerical PDE

Direct modeling



Direct Modeling for CFD

Control volume ∆𝑥 0, ∆𝑡 0 

Consistency ?
Convergence ?
Order of accuracy (numerical, physical) ?
…



Direct Modeling for Computations
Direct description of transport process in a discretized 
space; Construction of the evolution model; 
Development of the algorithm
Recover a Multiple Scale Transporting Process    

Non-equilibrium Gas Dynamics:  Boltzmann          Navier-Stokes equations
Radiative transfer:  ray transport          diffusion equations
Plasma:  Valsov equation          Magneto-hydrodynamics
turbulence ?

UGKS


