
Supported by DOE ASCR

http://www.pnnl.gov/computing/cm4/

Multiscale Framework via Domain Decomposition

George Em Karniadakis & Xin Bian

http://www.pnnl.gov/computing/cm4/


Shock Dynamics: randomly rough surface

Surface-Driven Phenomena
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Imagine the promise of Mesoscale Science



• Sampling
• Projection
• Filtering
• Optimization

Mathematical 
Challenges

• Coarse-grained variables
• Coarse-graining for dynamic 

response and fluctuations
• Quantifying uncertainty
• Hierarchy in space and time

Reduced-
order/Coarse-

grained Models

• Colloid structure and transport
• Flow in channels and at 

material interfaces
• Macromolecular dynamics 

and energetics

Physical Model 
Problems

• Descriptions of fluctuations driven by 
correlation and confinement

• Understanding emergent phenomena
• Improved experimental interpretation
• More impact from measurements

New Physical 
Insight

• Hierarchical self-assembled materials
• Platforms for chemical separation
• Resilient bio-inspired materials

Targeted 
Material 
Design

Broken Symmetry



Equilibrium



Shear Flow



Buckling Instability due to Thermal Noise Amplification

 Thermal noise is amplified as a result of stochasticity and nonlinearity 
competition leading to buckling of elastic fibers in the stagnation flow region.
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Multiple Scales – Multiple Methods

DFT Dissipative Particle Dynamics (DPD)

Molecular Dynamics Continuum Equation



This Lecture: THEORY

Next Lecture: Implementation & MUI



Hierarchy of Mathematical & Numerical Models
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Hierarchy of Mathematical & Numerical Models
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Dissipative Particle Dynamics (DPD)

MD DPD Navier-Stokes

• MICROscopic level 
approach

• atomistic approach is 
often problematic 
because larger 
time/length scales are 
involved

• continuum fluid 
mechanics 

• MACROscopic 
modeling 

• set of point particles that 
move off-lattice through 
prescribed forces

• each particle is a 
collection of molecules

• MESOscopic scales
• momentum-conserving 
Brownian dynamics

Ref on Theory: Lei, Caswell & Karniadakis, Phys. Rev. E, 2010



Conservative
fluid / system dependent

Dissipative 
frictional force, represents viscous 
resistance within the fluid –
accounts for energy loss

Forces exerted by particle J on particle I:

Random
stochastic part, makes up for lost 
degrees of freedom eliminated 
after the coarse-graining     ri 

rj 

rij 
i
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Pairwise Interactions

Fluctuation-dissipation relation:
σ2 = 2 γ κΒΤ ωD= [ ωR]2
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Dissipative Particle Dynamics (DPD)

Original DPD Extensions of DPD

mDPDtDPD aDPD sDPDParticle 
self-assembly

Charged 
polymers

Simple 
flows

Multi-phase
flows

Advection-diffusion
-reaction systems

Mult-isized
particles

Colloidal 
suspensions

Higher-order 
EOS

Liquid 
Colloids

Flory-Huggins 
param

eter 

PPPM algorithm

Adaptive B.C.

Non-isotherm
al 

system

eDPD

Heat 
transfer

Asym
m

etric 
shaped particles

Diffusion-reaction 
equations
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Grid-Based Methods
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Red blood cell and surface interacions

RBC-surface 
interactions

Adhesion of RBCs

Vessel wall 
modelling

RBC migration



Coarse-grained multiscale 
descriptions



Triple-Decker Algorithm 

• Atomistic-Mesoscopic-Continuum Coupling

• Efficient time and space decoupling

• Subdomains are integrated independently and are coupled 
through the boundary conditions every time τ



Communication among domains

1.D. A. Fedosov and G. E. Karniadakis, "Triple-decker: Interfacing atomistic-
mesoscopic-continuum flow regimes", Journal of Computational Physics, 228(4), 
1157-1171, 2009.

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WHY-4TT36SK-1&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=32544ce42bb4bb7fb3d026cf6b90b670


Algorithm validation: 1D flows

Couette flow                         Poiseuille flow



Square cavity flow

Square cavity, upper wall is moving to the right



The Triple-Decker algorithm:Summary

 Triple-Decker algorithm is able to glue together atomistic, 
mesoscopic, and continuum regimes 

 Effective space and time decoupling

 Algorithm is tested on well-known prototype flows such as 
Couette, Poiseuille and lid-driven square cavity

 Certain types of flows allow zero thickness of domain overlap

 Extension to complex fluids…

1.D. A. Fedosov and G. E. Karniadakis, "Triple-decker: Interfacing atomistic-
mesoscopic-continuum flow regimes", Journal of Computational Physics, 228(4), 
1157-1171, 2009.

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WHY-4TT36SK-1&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=32544ce42bb4bb7fb3d026cf6b90b670


















































































































































Iteratively adjust the wall repulsion force in each 
bin based on the averaged density values. 

Adaptive Boundary Conditions

Target
density

Current
density

Locally
averaged
density

Wall
force

Adaptive BC:
• layers of particles 
• bounce back reflection
• adaptive wall force 

I.V. Pivkin and G.E. Karniadakis, PRL, vol.96, 206001, 2006



Navier-Stokes: continuum 

Incompressible Navier-Stokes equations
Spectral element method discretization 
Dirichlet boundary conditions
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Dissipative Particle Dynamics*

Force is the sum of three pair-wise additive terms:
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- (Espanol & Warren, Europhys Lett, 30:191, 1995)



Molecular Dynamics: microscopic

Lennard-Jones particle interactions

System is kept at equilibrium temperature through the 
DPD thermostat  
The particles evolve according to Newton’s second law 
of motion
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DPD and MD boundary conditions

Specular reflection at the interface in the system of coordinates at the moving 
boundary 
Deletion of particles leaving the computational domain and insertion of 
particles according to BC flux tnAvN n∆=

1) Imposition of normal velocity component

Werder et al., J Comp Phys, 205:373-390, 2005 

2) Imposition of tangential velocity component
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