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Computational Fluid Dynamics

A Fields assumed to be continuous at every point in space
AMass Conservation

3/) g
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AMomentum Bal ance (
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AEnergy Conservation

O Direct Numerical Simulation of

a‘g(_c,'dv = -V - [pgu +1II-u+ q] Turbulent Couette Flow
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Computational Fluid Dynamics

A The Incompressible Navier-Stokes Equation

%pu—l—V-puu=—VP+uV2u V.u=0
A Non dimensional form

0 1 pUL

— - Vu=-VP+ —V-* Re = ——

8tu+u v + ReV ¢ U

A Reynolds number
ARatio of convection to diffusion
A Scaling argument applied to any scale -- is there a minimum?

%ﬂ%—}
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Computational Fluid Dynamics
A The Incompressible Navier-Stokes Equation

%pu—l—V-puu=—VP+uV2u V.u=0
A Non dimensional form

0 1 pUL

— - Vu=-VP+ —V-* Re = ——

8tu+u v + ReV ¢ U

A Reynolds number
A Scaling argument applied to any scale
A Is there a minimum?

ATravis et al (1997) single phase valid down to nanometers
ALocal thermodynamic equilibrium vs. hydrodynamic scales
AKnudsen Number fairly useless for dense fluids
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TheContinuum

N Big whirls have little whirls that feed on their velocity,
and little whirls have lesser whirls and so on to VISCOSity
Lewiss Fryy Richardsen
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Big whirls have little whirls that feed on their velocity,
and little whirls have lesser whirls and so on to viseosity—MD
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Section 1

MOLECULAR DYNAMICS
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Molecular Dynamics

ASolving just Newtonds | aw
AEnergy is automatically conserved A total = kinetic + potential

Potential

dE
dt

APressure, viscosity, heat flux and surface tension do not need to
be specified and, are in fact, all outputs of the simulation

APhase change (evaporation, condensation) occur with no
additional models needed

A Solid-liquid surface constructed with molecular roughness

ACan model complex molecules, water, polymers, biomolecules 10



University
London

Brunel ‘

Molecular Dynamics

Discrete molecules in continuous space ©Q
AMolecular position evolves continuously in time
APosition and velocity from acceleration «

Ty =T i

Acceleration obtained from forces
AGoverned by Newt-bodysgstemaw f or an
APoint particles with pairwise interactions only

mi; = F; = i fij = ZN: Ve Blry) = de [(i)m i (i)j

i7] ]



Molecular Dynamics

Liquid
structure

causes
viscosity

Stick -slip
near walls
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Avﬁge behaviour

produces
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/

Reynolds Number

Re ~ 15
with
4096 molecules
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MD Computing

A Force Calculation

A All pairs simulation uses local cell and neighbour lists to reduce
the N2 calculation to order N

Fi=) fi . | KL

® @ ® ¢ : T a .. L o L
A Move particles (leapfrog in time)
m; d’l)i ~ m; Uf,;(t + At/Q) — ’Ui(t — At/2) _ Fz
dt At
d’l’i - r; (t + At) — T@'(t)
dt At
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MD Computing Parallel optimisations

Localisations lends itself to parallel computing using MPI
ASpatial decomposition employed as in CFD

AHalo cells (ghost molecules) are used to link adjacent
regions

od ef 9 o p®

:
S

L L R

*

Halo exchange of variable amounts
AMPI_Send
AMPI_Probe and MPI_Recv

of data

14
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NEMDBTethering andlrhermostatting

A Non Equilibrium Molecular Dynamics (NEMD) is the study
of cases beyond thermodynamic equilibrium, with:

ATemperature gradients
AFlow of fluid (e.g. Couette or Poiseuille flow)
A We induce temperature gradients and flows
AThermostats (e.g. Nosé Hoover)  m#; = F; + F _yhmie;
ARemove heat from system b = 5 T = 3Tiarged
ATethered molecules g

A(An)harmonic spring to tether site
AWith sliding %

ASlide site and (optionally) molecules §

’v@-:h—u
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NEMDBTethering andlrhermostatting

A Non Equilibrium Molecular Dynamics (NEMD) is the study
of cases beyond thermodynamic equilibrium, with:

AAn MD system is completely described by position 7; and velocity v
of all N molecules in the system

ATheoretical underpinning in the form of the Liouville equationi a
continuity equation in 6N degrees f = f(r;,v;)which gives,

Z or; Of 81),,; of
ot c’)'r'Z ot Ov;
A Just awarded a spemal Interest group (SIG) in NEMD
APl ease |l et me know if youdre inte

APotential applications in a wide range of problems in fluid dynamics
so need help identifying interesting challenges

AThe microscopic underpinnings of fluid dynamics

16
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Oil, water and textured surface
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Shockwave
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Droplet Formation
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A Momentum in a cell

|
U= > (miv;)
i=1
A Temperature in a cell
| N
_ 2
I'=35 2(’00
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Pressure (stress) in an MD Simulation

A Pressure definition in a dense molecular system
AKinetic part due to fluctuations

A Configurational part due to liquid structure

f 1, -ds, -
S —

Kinetic

theory part
Momentum due
to average of
molecules NG &
crossing a plane " T
and returning

<mi’Um”Uy7;dSyz' > + =

Brunel
University
London

Kinetic

N N
523 ( fesdSii )
i=1 j#i
Configurational
Configurational
e part
Inter-molecular
bonds act like the
stress in a
stretched spring
20
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Viscosity

A Good agreement with experiments
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Work with Billy Todd and Peter Daivis
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Multiphase Flows
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Work with Carlos Braga and Serafim Kalliadasis
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A Intrinsic Surface by minimising a penalty function
®e
(4]
()
(w: — &(y,2))" +AC
©

g(ya Z) — Z a,uufu(x)fv(y)

P & /
Function of sines and cosines

Chacon & Tarazona (2003) PRL 91, 166103 24
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Work with Carlos Braga and Serafim Kalliadasis
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Work with Carlos Braga and Serafim Kalliadasis
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Results for Surface Tension

A Good agreement with experiments

1.6
T 1.4}
7:/ Oy —1IIr]dz 19}
— 0
> 1.0}
Y
Integrate 0'4
over |
L. d 0.2¢
Iqui Tl
Vapour ool
interface(s) b5 06 0.7 08 O.QTI.O 1.1 1.2 13 14
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Strain Stress

0.211 . _

im o n p=p(rt)

048 5.5

[LRRC T RY SR ‘

Table Lookup or Embedded Models (HMM) Domain Decomposition
Coefficients MD ¢ embedded in a CFD MD 7 CFD linked along an
MD parameter study simulation?) interface 2
stored in table and CFD
uses data
1) Ren (2007), E et al (2003), Borg et al (2013) 2) O 6 Co n ara THompson (1995), Flekkgy at al (2000), Nie etal

(2004), Hadjiconstantinou et al (1999), Delgado -Buscalioni & Coveney , (2003), Mohamed & Mohamad , (2009)
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FlowMol va.cpl-libraer E E E OpenVFOAM
™ libcpl.90
CPI—imiCOMM, realn)
CPL ology)
CPL_reef; f F nU, P)

CPL_sétitk

i CPL teC(F, )
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Work with David Heyes, Tamer Zaki and Daniele Dini
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AFinite Volume Solver
2/ dV——jg - dS —}(l’[-dS
5 Vpu = Spuu 2 CED
CFDY>MD I
mz"'f‘z':Fq;-I—Fz-C i € cell Boundary { ‘ ‘ ‘ ‘
condition
} Buffer
uBC = Z v; MDY-CFD —_—
iccell  Boundary
ADiscrete molecules condition 4
mz”f'z = Fz for alliin N 32

O6Connel |

T h o rHadpconstan(indu( 1B M), Flekkoy (2000), Nie et al (2004).
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Coupling Result® CouetteFlow
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Coupling Result® CouetteFlow
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Coupling Result® CouetteFlow
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Coupled Simulation of Boiling
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Section 2

THE MINIMAL CHANNEL
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Molecular Simulation of Turbulence

A Turbulent flow
AFluid flow which is spatially and temporally varying
Alnertial effects dominate viscous
ANo clear order and not simply chaotic motions

A Some standard characteristics
A Statistics are reproducible
AThe law of the wall E
ARange of scales

A Minimal Channel flow

Alnsight into fundamental mechanisms

AFor molecular dynamics this is all we
can do with current computers

39



A From Hamilton et al (1995)

A Turbulent structures observed

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

A One regeneration cycle
(100 flow through times)

A The minimal unit of turbulent flow

A Turbulent streak like structures
become wavy

A Break down into smaller turbulent
structures

A Reform into straight streaks
Insight into the fundamental

mechanism of near-wall
turbulence

= X

Figure 2. Iso-contours of w-velocity in the (x,z)}-plane centred between the walls; solid contours
positive, dashed contours negative. Contour imterval 0,032, (a) t = 757.5, (b} ¢ = T64.8, (c) t = TT20,
(d) 0 =T778, (e) 1 =T83.0, (f) 1 =741, (g) + = 8OR.2, (h) + = §30.2,
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Molecular Simulation of Turbulence

A The minimum domain size required to sustain turbulent flow

Poiseuille fow, Re & 2000 Couette Flow R e 4@0
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A Obtain viscosity from a range of 660 simulations for the  p/u
WCA potential 0.8

2.4
I b 2.1
Re = 2~ 01
: 0.6 |+
Re > 400 115
¢~ 205

= 11.2
A The target value Q2 0.4} 109

u = =+1 0.3F e

0.6
0.3

L =560 05 1.0 15 2.0 25 3.0 35 40 OU
Temperature 42

p/p > 1.4 0.2}
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Domain Overview

A Simulation Setup
A All Molecular Dynamics
A Sliding top and bottom walls at y=0 and y=L with ux = N1
A Periodic in x and z directions
A Walls are tethered, sliding molecules with Nosé Hoover
thermostat at T=0.4

A Domain in reduced units: x = 1560.4, y = 566.7, z = 1069.9

at density=0.3, ~300 million molecules on 256+ processors 43
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Three plots of decreasing Reynolds NumBe

A From Jimenez and Moin (1991):
At t hese Reynolds number s, [ €] any
Under these circumstances the question of initial conditions may become
| mportant [ é&] The v er aneksentdahtrandomn wa
finite amplitude perturbation|[ ¢ ] at a fairly | ar
number and subsequent runs were started incrementally
from the results of that simulation.
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000000000006
200000000000
000000000006
:::::::::::: Reynolds Number
2000000000060
000000000006 Re ~ 400
2000000000060
00000000000CFC with

200000000000 .

0000000000060 M 300 million
200000000000 molecules
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Minimal channel Couette
flow
L =~ 523nm
<€ >
A
H =~ 190nm
. \4

W =~ 359nm

Reynolds Number

Re ~ 400
with

300 million

molecules

47



University
London

Minimal channel Couette
flow

Reynolds Number

Re ~ 400
with

300 million

molecules

Isosurfaces of turbulent kinetic
energy coloured by velocity

48
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Reynolds Number

Re ~ 400
with

300 million

molecules

Isosurfaces of turbulent kinetic
energy coloured by velocity
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Centreeslica-valeéityity
05 -04 -03 -0.2 -0.1 0 01 02 03 04 05
0 0
500 ¢ 500 b !
MID CFD
Own code (C o I')
written in 1000 s | - F Glibso_nA
Fortran and anlns ow !
parallelised SSDECUa_ aIVIer -
using MPI tokes simulator
in C++.
Technical report
IS(X) L 1 X 1
> 4 1 1500 ] | 3 U. New
280 200 400 6_00 800 1000 0 200 400 600 800 1000 Hampshire
. . : ' ' ' : ' ' 2012.

Channelflow.org.
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Statistical Results

Averaged velocity profile

No longer Laminar profile
across domain

Good agreement with

literature

A Numerical continuum studies
(points)

A Experimental results from
turbulent simulations
(bottom graph)
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Statistical Results

A Observed RMS velocity profiles match literature

A Numerical results match well (coloured crosses are Channelflow and
symbols are CFD literature)

A General profile is consistent with experimental data (right)

L

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

A Observed stress/pressure profiles match literature
A Continuum averaged properties agree (symbols)

L2 T

3 By KNUT H. BECH', NILS TILLMARK?,
P. HENRIKALFREDS SON’ axp HELGE I. ANDERSSON!
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— _E u.ﬁ

A Observed stress/pressure profiles match literature
A Continuum averaged properties agree (symbols) d

A The molecular pressure provides insight — Hmy d

not possible with CFD
du

Reynolds shear stress  u/v’ — u— =1  Viscous shear stress

dy

L2 T

+ By KNUT H. BECH!, NILS TILLMARK?,
P. HENRIK ALFREDS SON’ axp HELGE L ANDERSSON
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Pressure Tensor in an MD Simulation

A Pressure definition in a dense molecular system
AKinetic part due to fluctuations

A Configurational part due to liquid structure

1

Kinetic

theory part
Momentum due
to average of
molecules NG &
crossing a plane " T
and returning

<mi’Um”Uy7;dSyz' > + =

My - dSy =

University
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Kinetic

N N
523 ( fesdSii )
i=1 j#i
Configurational
Configurational
e part
Inter-molecular
bonds act like the
stress in a
stretched spring
56
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An investigation of turbulent plane Couette flow
at low Reynolds numbers
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Reynolds Decomposition

A Inspired by kinetic theory, Osborne Reynolds split fluid

motion into average and fluctuating part

N

Wy

u=-

University
London

Brunel ‘

A Time average to get the Reynold Averaged Navier-Stokes equations

ARe y

nol ds s{ress

A Approximated by eddy viscosity

o_  _

ot

— 1
Vu=-VP+ —V%u -+
Re

tensor doesnot d i

) u'u - Vu
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Same Concept, Different Scales

Peculiar velocity

\ \ 14

l U o

ReynoQdso C

14 14 14

O O 0

A Kinetic part of the pressure tensor and Reynolds stress same
mathematical quantity averaged over different length/time scales

N N
E (1T4715) = E (v;v;) + vy’ + uu
Molecular average time ( e > Continuum average time
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Is Reynolds Stress just Kinetic Pressure” 7

and little whirls have lesser whirls and so on to

= ‘(: \ u'u N
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Big whirls have little whirls that feed on their velocity,

viseosity—MD
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Dotted lines
laminar initial condition at same Re
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Molecular Dynamics

Increasing
resolution
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Spectra
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Dotted lines - laminar initial condition at same Re g3



