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UKCOMES Objectives

To advance the emerging mesoscale science and engineering through exploitation of
national high-end computing (HEC) and tier-2 resources

To bring together world-leading and multidisciplinary expertise to make critical
theoretical discoveries and model developments, and translate them into software
codes that are able to exploit current and emerging computing architectures

To improve and maintain open-source community codes of mesoscale modelling and
simulation for both the research and end-user communities

To enable cutting-edge simulations on national HEC and tier-2 services in strategically
Important areas ranging from net zero energy technologies to healthcare

To act as the focal point for the mesoscale research and application communities in the
UK and the world through leadership and active engagement

To provide a stimulating, collaborative and interdisciplinary environment to train
research students and early career researchers as well as future leaders in the field
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UKCOMES Work Packages

Community Codes Development, Optimisation & Dissemination
(Leader: David Emerson)

Simulation & Optimisation of Net Zero Energy Systems
(Leader: Qiong Cal)

Mesoscale Simulation & Design in Advanced Manufacturing
(Leader: Rongshan Qin)

Simulation & Application of Multiphase & Interfacial Flows
(Leader: Halim Kusumaatmaja)

Hemodynamics Simulation & Application in Healthcare
(Leader: Miguel Bernabeu)

VVUQ, Machine Learning & Data Analytics
(Leader: Peter Coveney)

Engagement, Outreach, Dissemination and Impact Delivery
(Leader: Kai Luo)



A Hierarchy of Modelling and Simulation Approaches

.E Increasing modelling, decreasing first-principle fidelity
= QM
=
= : MD _
E Continuum-hased methods ‘ DSMC % -5
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e LES Particle dynamics-hased methods 2
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= V| Euler solvers LBM =
o < Re,0 « Kn Re > 0,Kn > o
Continuum flow Slip flow Transitional flow Free-molecule flow
Euler Equations Navier-Stokes Equations
Boltzmann Equation Schrodinger equation

COMES - - - " . e
@ Luo et al., J. Multiscale Modelling, 1 (2009); Li et al., Progress in Energy and Combustion Science, 52 (2016)

Consortium on Mesoscale Engineering Sciences



The Hierarchy of Governing Equations

Newton’s Law Schrodinger equation
— d\_i g d A
—mar Ih— |y (t))=H|w(t

Ewin Schrodinger
(1886—1961)

The Boltzmann equation

of _of _ of
C e E L _qat, 1
ot o o (f. 1)

Sir Issac Newton PRS
(1642—-1726)

Ludwig Boltzmann
|| (1844 — 1906)

Navier-Stokes equation
&
Macroscopic Properties

Claude-Louis Navier
(1785-1836)
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Lattice Boltzmann Method — A Mesoscale Approach

Kinetic-based particle distribution functions (PDFs): Recovering macroscopic quantities:
At
f(t+At,x+e At) -, X)=Af“ —f)+F A=—1I p:mz f
T o @
Equilibrium PDF: =m) e,.f
e,u uufepe, =m fo—
f;q:Wp1+ > > : _505 T Za alaj( )
C. CS C.
Recovering NS equations with:
p=c.p
V= Cf(r—%)At
DdQOn
TN
D209 Spatial dimension Lattice velocity number
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LBM Algorithm: Interactions between Lattice Sites
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The Unified Lattice Boltzmann Model (ULBM) Framework

Single-relaxation- time model: ULBM (SRT) Multiple relaxation time model: ULBM (MRT)

| | I | >

fi = (1= 1/0f(x,0) + 1/f ) fi = M7X(1 - S)Mf; + M'SM£
A& .
~ When: S=diag(0,1,1,1s,,S,,S,,S,:S,S,S3sS3+ S3» 3, S3s S3+ S3p» S4 When: .
"G =30/m1 S4)S41Samr Sab» Sap» e Se» e S )- N=1,

» Unified Lattice Boltzmann Method (ULBM):
filx + eiAt, t + At) = " (x,t) =
M IN"Y(1—S)NMf;(x,t) + M IN"ISNMf " (x,1)
f - distribution functions S - relaxation matrix
M - transformation matrix, transfer the distribution function to raw moments
N - shift matrix, shift the raw moments into the central moments

V4
2 9
) / |n Central moment Space: S =d|ag(01111111 SvlsvlSvlsvylsvisvlsvy’svy’ SV}/’SVJ/’ SV}/’SVJ/’ SV}/’SV}/’ When Introduce ‘
o Ti> = N|T;) = MN|f;). S.1,8,7, 8870887, 8 887 entropic stabilizer in S %
I
Cascaded lattice Boltzmann model: ULBM (CLBM) v Entropic lattice Boltzmann model: ULBM (KBC)
ff=MN11-5) Ti> +M~IN"1S TeQ> —=> fif=MN11-5) Ti> + M IN"1S T“I>

lJ—K—m UCL: Luo, Fei and Wang, Phil. Trans. Royal Society, A 379 (2021)



LB Simulation of Splashing of Droplet Impingement on a Liquid Film
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2ms 4 ms 6ms 8 ms

» Case (a): h*=0.16 » Case (b): h* =0.07

» Water droplet splashing on liquid

film with different film thickness
(We = 380, Re = 6000)

The simulations are conducted
on ARCHERZ2, typically with
2048 cores running over 10
hours.

Realistic water — air density ratio
IS achieved

Excellent quantitative and
qualitative agreement with
experimental data
Applications: printing, cooling,
etc.

U K K Experiment - Zhu, J., et . Experiments in Fluids, 62, 1-13. (2021) LBM — UCL: Luo, Wang et al., Int. J. Multiphase Flow 168, 104582 (2023)



LB Simulation of Droplet Impingement on a Heated Porous Hydrophilic Substrate
(T > Leidenfrost point)
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» Influence of Weber number: contact time, bouncing height, droplet shape, etc. are affected
» Influence of evaporation: The vapour formed by the evaporation of the penetrated liquid provides additional
lift force and promotes droplet rebound

U K COMES - UCL: Luo, Wang et al., Phys. Fluids, 5.0118079 (2022)
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Lattice Boltzmann Simulation of Liquid Jet Spray

— 1.0e+00 1

© v O A Experiment Saito et al. (2017)
08 - A @ v TCurrent simulation
0.6
0.4 0.1
0.2 -
o
— 0.0e+00
0.01
0.001 = - SEEe—
10 100 1000 10000
Re
» The number of lattice sites exceeds 500 million
» The LB simulations are conducted on ARCHERZ2, with 2048
cores running over 22 hours
(a) Sinuous case: (b) Atomization case: » Various Instabilities in liquid jet spray are naturally captured
Re = 2200 Re = 3400 » Effects of Reynolds number and Ohnesorge number revealed

= Oh =0.03
U K Experiment - Saito et al., Phys. Rev. E 96, 013317 (2017) UCL: Simulation — Luo, Wang et al., Int. J. Multiphase Flow 168, 104582 (2023)
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Lattice Boltzmann Simulation of Droplet Equatorial Streaming in Electric Field

» Droplet equatorial streaming (a) A
The droplet forms a lens shape, and liquid rings = U W v w6 T
continuously detach from its equatorial plane and o y o8
i ) liquid lamella e S Y ,* . i / \v\:
subsequently break up into satellite droplets 5 U \\v’ ™ .- \C\ o O
» Application - E// \// \v
- electrospray mass spectrometry t=0s  t=028s  t=039s £=051s t=0.685

» Electrospray lonization (b)
« Electrospinning

» Simulation requirements

* in a strong electric field,
« a weakly conductive, low-viscosity droplet
* immersed in a highly conductive, high-

viscosity medium (a) evolution process of droplet equatorial streaming (b) comparison of
experiment! result and simulation? result.

» The LB simulation reproduces, for the first time, the complete process of droplet equatorial streaming,

ﬁ%’contmuous ejection and breakup of liquid rings on the equatorial plane.
U K ™ | Experiment - Brosseau & Vlahovska, Physical review letters 119(3), 034501 (2017) Simulation — UCL: Luo, Wang et al. (2024)
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Battery Research & Design:
LB Simulation of Discharge of Li-Air Battery

Bl Gas bubble

Anode Separator Cathode 7 B Carbon fiber it+0.+2e —Li.O
. . 2 2
Li Electrolyte Air (porous)
(a) Li-Air battery (b) Computational domain (¢) Electrochemical reaction

« Domain size: 0.64 um * 1.92 um * 0.5 um (Grid: 128*384*100, 5.0 nm/grid); Fiber diameter: 50 nm (10 grids);
« Maximum thickness of Li,O, on cathode: 10 nm (2 grids); Cathode porosity: ¢ = 0.8; Current density: I, = 2.5 A/m?;

Parallel simulations on Archer2: 3-hour computation of 3840 cores for 100% DoD

U K COMES '; UCL: Luo, Lei et al. (2024)

Consortium on Mesoscale Engineering Sciences



Battery Research & Design:
LB Simulation of Discharge of Li-Air Battery

Rational
design

)

Carbon fiber  Electrolyte  Gas bubble
Step 2: Filling middle hole with gas bubble (MHG)

UCL: Luo, Lei et al. (2024)



Battery Research & Design:
LB Simulation of Discharge of Li-Air Battery

Base case

—— Base case

- L0 —— MHG case

I [ (S DoD, = 0.96
F<|7 0, =2154.6 mAh/g

Hl Gas bubble

= DD D
oo M B o
|

[ (b)

B Carbon fiber

Depth of discharge, DoD  Cell voltage, £./V

0.8 :

T.c(.i. .......... . DODm =0.78
6] - 0., = 1836.7 mAh/g
04
02|
0.0 .

e R N IS S -

0 500 1000 1500 2000 2500
Discharge capacity, O,/mAh/g

« Rational design MHG can reach DoD,,=0.96

« Battery capacity is improved

U K CO M ES UCL: Luo, Lei et al. (2024)
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Cryogenic Carbon Capture (CCC):
LB Simulation of CO, Desublimation & Sublimation

I Solid CO, B Solid packings Flow paths Stainless-stell jacket
% ' \ :
* ®_0._0_0_0_0_0_0_0_0_0_0_0 e_0
00,0 _0_0_0_o o 0 o >OANE - 2
' ..............._ ,...... ....
Feed in 90 © ¢ 0 0 °0°0 0 000 O o0 Feed out
_____________ Cryogenic packed bed
f(:'_' ___________________________________________ >
Flue gas i Flue gas feed in: >

Bottom

U K [EelU=EES

Back

Packing cylinder |

+ - Pressure: p,
+ - Temperature: 7,
1 - Velocity: u,

+ - Component: CO,

i - Mass fraction: Y,

Back

Front view (2D)

N . CO,(g) — CO,(s) + O
Initial >

Desublimation of CO, on the cylinder surface

0 05. I 0 /

X z
Side view

CO,-desublimated

Domain size
Single: 14.7 mm * 14.7 mm * 0.7 um
Bed: 124.8 mm * 20.8 mm * 0.7 mm
Grid size
Single: 640 * 640 * 30
Bed: 5400 * 900 * 30
CO, desublimation & sublimation
CO, (g) =2 CO, (s) + heat
CO, (s) + heat - CO, (s)
Parallel simulations on Archer2
Single: 2-hour computation of 384 cores

Bed: 14-hour computation of 7040 cores

UCL: Luo, Lei et al, Journal of Fluid Mechanics 964:A1 (2023)



Cryogenic Carbon Capture (CCC):
LB Simulation of CO, Desublimation & Sublimation

Solid CO, HEE Solid particle Bl Solid CO, HE Solid particle Bl Solid CO, HE Solid particle Hll  Solid CO, Il  Solid particle Il

I: Dendritic structure; II: Cluster structure; [Il: Dense structure; IV: Incomplete-coated structure;
Joint-controlled regime  Diffusion-controlled regime  Desublimation-controlled Convection-controlled regime

v 4 microscale structures of solid CO, are identified, corresponding to 4 desublimation regimes

U K CO M ES ': UCL: Luo, Lei et al, Journal of Fluid Mechanics 964:A1 (2023)
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Cryogenic Carbon Capture (CCC):
LB Simulation of CO, Desublimation & Sublimation
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1.75 2.0

(a) Solid CO,

(b) Temperature, 777,

Sublimation front, / /] Desublimation front, / /]
A s 'x A dx

0.2F

20 — = 80.74 s
—_—t=322175

0.1F -

1.5}
¢x [ TfrTu
-
0.0 . 1 . 1 . 1 . 1.0 1 1 1 .
0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00

Position. x/7.

Position. x//,

(¢) Transversely averaged temperature (7) and solid CO, volume fraction (4,)

U K s

Consortium on Mesoscale Engineering Sciences

C,O;(g)% State 1: Initial

¥ co@-co.0+0 capture

Heat O3 State 2:
s Solid CO,(s) coated

¢ CO,(s)+0 —CO,(2 Recovery

. State 3: Final
O © 06 0 O
A

A A A
Solid CO, 1IN Solid particle N

150 175 200 225 250 275

v The capture and recovery steps of CCC
are successfully modelled
UCL: Luo, Lei et al, Journal of Fluid Mechanics 964:A1 (2023)



Multiscale Multiphysics Undersurface Engineering:
LBM of Geological CO, Storage & Fuel Extraction

O Pore-scale understanding of multiphysics mechanisms is significant in the subsurface engineering

Multiphase flow

: Hydrate dissociation

Multi-scale

Multiphase

| Multiphysics |

e 0 8.5 o0 ® o
so. ..eo‘9 e
o 2e
@..0 ®..°@.

o
.'.09&'. ° (] o @

Multiphysics process during methane hydrate exploitation

» Multiphysics mechanisms

« Transport in porous media
* Multiphase flow

« Conjugate heat transfer
 Interfacial mass transfer

« Heterogenous reaction

» Complex pore structures

« Micrometer-sized pores
« Various phase distribution

» Tough numerical challenges

« Hundreds of millions of grids
« Multiple governing equations coupled
« Complicated boundary treatment

High-performance numerical simulation!

UCL: Luo, Yang et al, The Innovation Energy 1, 100015 (2024)



Advanced Manufacturing:
Multi-physics Modelling and Simulation of Solidification

Additive Manufacturing (AM): Control of Solidification Microstructures:
Thermoelectric magnetohydrodynamic control of Thermoelectric magnetohydrodynamic control of
melt pool dynamics & microstructure evolution microstructure evolution

B Off

2
3
=
2
o
=
scanning 5 § —» TE current
direction l = Buoyancy force
i — ! L s
o nermg % — & : """i‘:‘; =¥ Lorentz force
S 3 i N L R 3 S e AR PR s (SR . = 5 _\in liquid
22 cmoid o L (TEMHD+Maungonifiow) . Heat & mass transfer | Bz
c = yer) 30 .
g 09 e e = powder Ph 1 ™ OB
ase change s AN
23 B g s :
d ;5)" g previous layer: partially remelts Z- g o= Y r"_ \- Lorentz forces i
:|g 3 — PTERS Marangoni flow N KX
| - =3 ; ! 1 Interdendirtic = b X 7
| Splattering flow = &
- 8 2 Return flow '
Denudation #0413 Incident flow v v | v

University of Greenwich: Kao et al.
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Advanced Manufacturing:
Single Crystal Superalloy Casting

Polycrystalline Solidification Modelling: § :

= 8 billion cell calculation representing a 40 mm cube |, : -

= Component, grain and dendritic scales, all captured
from a microscale perspective over realistic
solidification times (500 s)

A AN L

University of Greenwich: Kao et al.

U K [EelEEES
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Blood Flow In Virtual Human:
Towards a digital replica of an individual and its physiological processes

o
(=4

1.0x10°6

1.0x10”7

-
vel_ma,

1.0x10°8

R it

1.0x1073

1.0x10#

1.0x10°5 by
: /i 2

1.0x10°6
<

1.0x10”7

[ Venous domain

Human vasculature e
(450 million lattice sites, 75 micron resolution, 10,080 cores) ol

U K E UCL: Coveney et al.
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Placental Haemodynamics and Artificial Placentas
Towards a digital replica of an individual and its phyS|oIog|caI processes

2023

Red blood cell transport in .
materno-placental tissues #Biophysical
Journal

'
) 2
| 4

Placenta
LB simulation with 30
million lattice sites,
6,000 cores

Microflwdlcs

Q/\(\ ;Cd

ey

@ CelPress
Partner Joumnal

Soft Matter

Placental haemodynamics and artificial placentas

U K C O M ES University of Edinburgh: Zhou, Kriger and Bernabeu et al.

Consortium on Mesoscale Engineering Scient




2D and 3D LBM Simulations of Pool Boiling over a Heated Surface

AT =0.0135 AT =0.015

U K OMES UCL.: Luo, Fei and Wang, Phil. Trans. Royal Society, A 379 (2021)



Interactive MD Simulations in Virtual Reality (VRMD)

VR Client Network Communication MD Simulator H transfer Ring-opening

S T T T T,

Net { \
Command | E} |
Input | : |
Queue | |
| | ]:Il'hebl VRMD | aIIows]c
' exible manipulation o
Command nterna |
Processor ' L 05 | molecular structures
| s | and VR forces to
: m : accelerate the reaction
processes.
| o ta |
e :
S, . . —
Feature

extraction

Ab initio molecular
dynamics (AIMD)
+
VRMD

Neural
network
potential

Model
validation

Training
datasets

U K ' ~ UCL: Luo, Chu et al., The Journal of Physical Chemistry Letters, 13 (2022)




Summary

« UKCOMES is alarge and enlarging community advancing the
emerging mesoscale science and engineering

« Using ARCHERZ2, cutting-edge simulations have been performed,
providing unprecedented insights into and guidance for energy,
healthcare, advanced manufacturing, multiphase, and
multiphysics processses

« UKCOMES is uniquely positioned, in a global context, to exploit

emerging science and technology at the interfaces of traditional
disciplines, including data-driven modelling and Al

Engineering and
COMES == - st N(0)) archer 2
Consortium on Mesoscale Engineering Sciences ResearCh COU nCiI - 4
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