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Coupled Simulation

Toward a consistent framework
« Constrained Dynamics
« Large scale computations and cpl-library

* Turbulent Molecular Dynamics
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Discrete molecules in continuous space
« Molecular position evolves continuously in time
 Position and velocity from acceleration

Q /G

Py = ri(8) o/ |

Acceleration obtained from forces
* Governed by Newton’s law for an N-body system
 Point particles with pairwise interactions only
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« Mass conservation
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« Momentum Balance
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Direct Numerical Simulation of

Turbulent Couette Flow
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Table Lookup or Embedded Models (HMM) Domain Decomposition
Coefficients MD — embedded in a CFD MD —CFD linked along an
MD parameter study simulation interface
stored in table and CFD Used for Non-Newtonian
uses data

Local features e.g. contact

effects 1) line 2
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Domain Decomposition

MD —CFD linked along an
interface

Local features e.g. contact
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Boundary force and
Insertion of molecules
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Irving and Kirkwood (1930]
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The Control volume function is the integral of the Dirac delta

function in 3 dimensions
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0000000
| © @ |
o= Q. ° 99
Q0 0 O '
7 GEN dchE_a z
o ‘0@ Ti

e 1

0000000



Imperial College
London

A CV based on the length of intermolecular interaction inside the

volume (used in the volume average stress)
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Its derivative gives the forces over the surface (as in the method
of planes stress)
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The Gontrol Volume Equations

Mass Conservation
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Momentum

. Results from any arbitrary volume

Accumulation = Forcing + Advection
Momentum evolution is the integral of accumulation
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Key Points

We can’t get molecular values at an infinitesimal
point in space

But, by integrating over a known control volume
average changes inside a volume and flux over
the surface can be related

Exactly satisfaction of the conservation laws in
both descriptions

Only meaningful way to relate the two systems



Imperial College
London

Both in Control Volume form
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. Non-unique solution

Continuum field properties must specify N molecules

Hamilton’s principle (subject to a constraint) used in the first fluids coupling
scheme (O’Connell and Thompson 1995)

. But now we want to apply a constraint localised using the
control volume function

CV function takes care of the localisation for us

Non-holonomic constraint

'rza Tz Z mzrz — / pudV =0
|4

. Gauss Principle of Least Constraint Applied

Valid for any form of constraint
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Least Action
Principle

O’Connell &
Thompson, 1995

CV Momentum
Constraint

Gauss’

Principle

Hamiltonan form

Egs. (5.9a) & (5.9b)

—-

Flekkay et al,
2000

Newton's law

with constraint
Eq. (5.27)

’/_/

Flux form

Eq. (5.38)

Delgado-Buscalioni

& Coveney, 2003a

Nie et al, 2004a

Borg et al, 2010
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Momentum

Advection Forcing
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Momentum sinusoid
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Advection Forcing
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Forcing applies an arbitrary 18 component 3D stress field
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Constrained Control Volume
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Large Scale Simulation : cpl-library

Open Source (www.cpl-library.org) Fortran, c, c++ and python bindings

Designed to facilitate the linking of massively parallel codes with minimal
Impact on performance of each code

Continuous integrated build testing, no external dependencies beyond
standard packages and suite of python unit tests

Minimal set of function based on MPI to remove learning curve and lower
barrier to entry for coupled simulation

1000F

CPL LI B RA RY ABOUT DOWNLOAD DOCUMENTATION FAQ  CONTACT

s 8 8

Speedup vs one core

g

0 200 400 600 800 1000
Numbet of Cores

(a) Parallel speedup of the MD solver only (x ), coupled code (o) against the ideal
speedup (——)
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Large Scale Simulation : cpl-library

| Create CFD INTRA_COMM | [Create MD InTRA COMM] TP iexec -n 32./md.exe : -n 16 ./cfd.exe
| Create INTER COMM b — - - —— —~| Create INTER_COMM |
| 16 CFD
[CPLCFD_init (.. ) - -—————~ [CPLD_init(. ) Processors
MD ietup I
Send CFD to MD}— ————— | Constraint force
| !
CFD Main MD Main

'
Average & Send

MD to CFD MP

L -
| Write restart I lm Phoces&;ors

}

W

Boundary condition f=—-—-——+
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Large Scale Simulation : cpl-library

Dummy python test routines to plot grid or display coupled exchange to
encourage the tested modular development of codes

Interfaces to LAMMPS and OpenFOAM provided with the library

Works for domain decomposition overlap region and fully overlapping
case to facilitate HMM as a possible extension??

Aim is to allow large scale coupled MD and CFD simulation

rrrrr 25/82/2015 so assuning mbins uses integers
rfore 25/02/2815 so assunina mhins uses intecers
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4 pyDataViewer
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The Minimum Scale of Turbulence

* The minim
um domain si '
ain size required to sustain turbulent fl
nt flow

Poiseuille flow, Re = 2000
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From Hamilton et al (1995)
e Turbulent structures observed

* The u (stream-wise) velocity at
the y centreline

* One regeneration cycle
(100 flow through times)

The minimal unit of turbulent
flow

» Turbulent Streak like
structures become wavy

 Break down into smaller
turbulent structures

« Reform into straight streaks

Key to the fundamental
m eCh an IS m Of tu rb u I e n Ce FiGure 2. Iso-contours of w-velocity in the f;;,z]-p]ane centred between the walls; solid contours

positive, dashed contours negative. Contour interval 0.032. (a) t = 757.5, (b} ¢ = T64.8, (c) t = TT20,
(d) 1 ="TT78, (e) t = 7830, (F) 1 = 794.1, (g) t = 808.2, (h) 1 = 8302,
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« Simulation Setup
 Sliding top and bottom wallsiny withu==+1
* Periodic in x and z directions
« Walls are tethered, sliding molecules with NH thermostat

with T=0.4

- Domain in reduced units: x = 1560.4, y =566.7, z = 1069.9
at a density of 0.3 — about 300 million molecules
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Molecular Turbulent Couette Flow

 We have the system parameters for Re=400, an
optimised code and now we need an initial condition

« |nitial velocity is obtained by a series of CFD runs at Re=4000,
2000, 1000, 700, 500 and then 400 in stages

« A very long run at Re=400 to wash out any artefacts

« Equivalent continuum and molecular simulation using
the same Iinitial condition
 Velocity field is enforced on the MD system using cell by cell
rescaling which keeps the initial molecular fluctuations
« Channelflow spectral code used for CFD

 Both allowed to evolve naturally for 28,000 time units (100 flow
through times or one regeneration cycle)
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ondon http://arxiv.org/pdf/1508.01163v1.pdf

* Vortex breakdown and reformation u=1.0

N I N =

e — ————
u=-1.0

 Simulation time

« MD 6 months on
360 cores

supercomputer
-0.600 -0.429 -0.257 -0.0857 0.0857 0.257 0.429 0.600

- _  CFD overnight on a

laptop
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LA (21 http://arxiv.org/pdf/1508.01163v1.pdf
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 Simulation time

« MD 6 months on

. 1500 ¢ . L 360 cores
0 200 400 600 500 1000 0 200 400 600 500 1000
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Averaged velocity profile

« Taking average velocity in X
and z

» Over all time (28,000 time
units)

No longer Laminar profile

across domain

» Turbulent promotes mixing,
increasing velocity near the
walls

Good agreement with

literature

 Numerical continuum studies

« Experimental results from
turbulent simulations

i 1 1

D L 1 1 1 L
L AL

0 0.5
vh
By KNUT H. BECH', NILS TILLMARK?,
P. HENRIK ALFREDS SON? axnp HELGE I. ANDERSSON!
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Reynolds Decomposition

Split the motion into time average and fluctuating

part
Wy oon-

Rewrite the Navier-Stokes using this and time average to
get the Reynold Averaged Navier-Stokes (RANS)

* [Reynolds stress tensorfdoesn’t disappear

« Approximating this is central to most industrial CFD

— 1 —
%ﬂ+ﬂ.Vﬂ:-VP+R—V2ﬁ+ — u'u ~ u,Vu
e
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Observed velocity profiles match literature

* Numerical results match very well
» General profile is consistent with experimental data

L

By KNUT H. BECH!, NILS TILLMARK?,
P. HENRIK ALFREDS SON? axp HELGE I. ANDERSSON!
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Turbulent Stresses or Molecular Stresses
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Kinetic Configurational
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N

An investigation of turbulent plane Couette flow
at low Reynolds numbers

By ENUT H. BECH!. NILS TILLMAREK?.
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Pressure Tensor in an MD Simulation

« Pressure definition in a dense molecular system has a long history
* Virial form given by Rudolf Clausius in 1870
* Irving and Kirkwood (1950) gave a full localised description,
» Expressed as forces/fluxes over a plane (Todd, Evans and Daivis,1995)

N DD, 1 N N
frmeas =3 (0 ase) 3 323 (rm o)
\%:1 , i=1 j#i
Kinetic Conﬁgutational

Kinetic
theory part
Momentum due
to average of
molecules N s .
crossing a plane © T SASERT

_ V| rn=—+u stretched spring
and returning m;

Configurational
part

> Inter-molecular
- 0/0

bonds act like the
: stress in a
Pi
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 Reynolds Decomposition

wu=a+u
« Peculiar velocity — ()
u = \r.
. Di - ‘
1i =—+4Uu
m; B,

« Kinetic part of the pressure tensor and Reynolds stress appear to
be the same thing on different length/time scales

S (mirir) = Y (pipi/mi) + uu + u/'u

Molecular average times < . > Continuum average time
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Big whirls have little whirls that feed on their velocity,
and little whirls have lesser whirls and so on to viseesity-MD?
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Coupled Simulation

Toward a consistent framework
« Constrained Dynamics
« Large scale computations and cpl-library

* Turbulent Molecular Dynamics
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Thank you, Any Questions

Coupling theory work with David Heyes, Daniele Dini and Tamer Zaki
Open source CPL_LIBRARY with David Trevelyan and Lucian Anton

Funding by an EPSRC DTA in Mechanical Engineering at Imperial College
and one year of postdoctoral research time funded by an EPSRC
postdoctoral prize fellowship



