Water, water everywhere...
How can we understand it!?

An exploration of water using physical
models and computer simulation

Chandler A. Becker, PhD
Material Measurement Laboratory
NIST
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Outline

* Goals/Introduction

* Water molecules

* Many water molecules + other stuff
* TJoo many water molecules

e Resources

Bob Burkhardt, wikimedia commons
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Goals

* Discuss water as something that hopefully fits into
the middle-school curriculum

* Introduce materials science, and how computers
can be used to complement experiments

* Examples of tools that can be used in the
classroom or by advanced students
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A bit of background about me...

» Materials Scientist @ NIST

* B.S.in physics, Ph.D.in materials science and
engineering, worked as a programmer

* Adventure in Science organizer and mentor

* Interested in how materials behave and why, how
they can be improved, and how we use(d) them

* For fun: Scottish fiddle, read mysteries and
archaeology/history

xxxxxx
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What is “‘Materials Science?”’
* The study of stuff

» Stuff is everything around us -- biological,
metallurgical, ceramic, polymer, molecular, ...

* and all the combinations of these things

* Overlaps with physics, chemistry, biology,
metallurgy, ceramics, engineering fields

* Different from traditional chemistry in the
emphasis on solids, but the lines are very blurry

* Nice introduction: NOVA series “Making Stuff” on
PBS (video.pbs.org)
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Application areas

* consumer products
* electronics, plastics

e construction/infrastructure
e concrete, steel

* transportation (e.g., jet engines)

wikipedia.org

* nanotechnology

* biomedical applications (e.g., hip
replacements)

E. Cadel, et al.,Acta Mat. (2002)
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Approaches used to study materials

* Microscopy
e X-rays
* Chemical analysis

* Thermal behavior (melting, changes in density,
latent heat)

* Stretching/bending/compressing/breaking them
* Mathematical models

* Any others?
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Why computer simulations and models?

 Computer simulations and models can be used to
complement and understand experiments

* They can be used to explore a wide range of
variables without needing to do a separate
experiment for each case

* We use them to test our understanding of physical
processes. If the simulation does not agree with
the experiment, we need to figure out why

* Practical applications: movies, video games, etc.

* More generally: companies rely increasingly on
computers, and computer literacy is crucial for
most careers
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Metals and VWater?

* “You study metals. What does that have to do with
water?”

* Water and many metals share certain basic properties,
so understanding one can provide insight into the other

* Example:

e Dendrites

* However, many things are very different (crystal
structure, chemical bonding, melting temperatures,
strength, etc.), so they can’t be treated exactly the same.
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Why is water important!?

* Crucial for most life
* Drinking supplies
* Cooling for manufacturing, combustion, etc.

* Medium for many reactions (mdustrlal medical,

etc., applications) ZUSGS Water Cycle
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Eyone,Wikimedia Commons
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http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html

What are properties of water?

* Solid water (ice) floats. Usually.

* What consequences does that have for
eCOSYSte m S ? Wikimedia Commons

* liquid from 32 F (0 C) to 212 (100 C) if pure and
at sea level

e Polar molecule

e “Universal solvent”

EnDumEn,Wikimedia Commons

Water is weird.
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Molecules of H,O

Water Molecule Wikipeditore

e g
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\ e’ \@H
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Wikimedia Commons

Key: protons neutrons electrons
© e

http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/
PSgraphics/SD.PS.LG.Water.html

Hydrogen
tlectrons from hy
(a) Electron shells in a (b) Distribution of partial
water molecule charges in a water
craziestgadgets.com molecule

Wednesday, March 16, 2011


http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html

Water Kit

* Build your own water molecules with the kit
from 3-D Molecular Designs

* |2 water molecules (24 white H + |2 red O),
| Na (blue), | Cl (green)

* http://www.3dmoleculardesigns.com

* Basic lesson plans:

* http://www.3dmoleculardesigns.com/
Water Kit_ Basic_Lesson_Plans.pdf

e Additional Resources:

* http://www.3dmoleculardesigns.com/
resources.php#water
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WebMO Demo Server

€A http: / /www.webmo.net/demo/index

® WebMO Home Page
¥ Eeatures
® Pro Features
- Enterprise Features
® Compare Features
® Systemn Requirements
¥ Screen Shots
® Working Demo
® Support

- Support Forum
¥ Testimonials

¥ Revision History

® Mailing List

® Curriculum Examples
® Workshops

® License Info

® Pricing

® Buy WebMO Pro/Ent
¥ Obtain Free License
® Download
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January 25, 2011
ebMO Demo Server

The WebMO Demo Server is now up and running! Log in as follows:

Username: guest
Password: guest

Recent news

WebMO 10.1 Is now avallable
for free download!

WebMD 10.1 Pro and
Enterprise have a variety of
additional features and |s
avallable for purchase.

WebMO can now be Installed
on Windows, Mac, and Unix
SErVErs

Job Time Limit: Because the WebMO Demo Server is a shared resource, jobs are limited to one minute (60

seconds) of CPU time!

ava Requirements for WebMO

WebMO requires a web browser to support Java 2, LiveConnect, and Cascading Style Sheet technology.

« Windows 9X/ME/NT/2000/XP/Vista: WebMO works with Internet Explorer, Firefox, and other browsers.

Sun’'s Java engine version 1.4 or higher is required.

Mac 0S5 X: WebMO works with Safari, Firefox, and other browsers on 0S5 X 10.3 and higher. Java 1.4.2 or
higher is required (available from Apple as a System Update). Some browser versions require a plug-in to
enable LiveConnect {available from SourceForge.net). Instructions for pre-10.3 are linked below.

o Unix/Linux: WebMO works with Firefox and other browsers. Sun's java engine and a plug-in are required.

See WebMO supported web browsers for details and Java installation instructions.

—~—— Useful tutorial




WebMO Login
|- .| | > | |+ o http://buchner.chem.hope.edu/~webmodemao /cgi-bin/webmo/login.cgi ¢ | l'CL' Google

WebMO Login

Version: 10.1.002e
Computational Chemistry on the WWW

Username: guest
Password: guest

Username

Password

Webho o
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WebMO Job Manager

™ http:/ /buchner.chem.hope.edu/~webmodemo /cqgi-bin/webmo/jobmagr.cgi

% ] If_Cl: Google

Status € 4" New Job =

E guissl |L LShow all ﬂ

qﬁwebmﬂ
& 1:00 ]
@ unlimited
-—.ﬂ".ﬂ jobs

Folders

i, Inbox
| SCF_DFT_CMPR...
™y Trash

Manage folders
Empty trash

Search

. Displayed jobs ﬂ

= 3 1
( Search )
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% Logout
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To make a water molecule in WebMO

* Choose “New |ob”

e Under “Build”, select “O”

* Click somewhere in the middle. A red oxygen
atom will appear.

* Under “Clean-Up”, select “Comprehensive --
idealized”. Hydrogens (white) will be added at the
correct angle.

* Click on the right arrow in the bottom right
corner to continue.

(Lost? There is a tutorial on www.webmo.net/demo/index)
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Build Molecule

€4 http: / /buchner.chem.hope.edu /~webmodemao /cgi-bin /webmo/build_molecule.cgi ¢ | FCL' Google

Status

5 guest
webmo

'@; 1:00
.@, unlimited
;ﬂ.ﬂ jobs

File Edit Tools View Build Adjust Clean-Up Help

[+ §

Progress

« Job manager
= Build molecule

Build a new molecule
using the WebMO
editor, or import an
existing molecule from
a file. Additionally, you
can export the
molacule to a vanety
of file formats.

« Choose engine
« Job options
« Submit job

J Editar help

Build Mode - O (click = add atom; drag = add bond; click & drag = add atom & bond; letter = change atom)

"q :::Imp::rrt MGlEEulE:j ':_:E:-:pur‘t I"-"In::rlecule::j
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Choose Computational Engine

¢ | (Qr Google

Tradeoffs: the most accurate calculations

™ Quest N . L .
_;'L"'.: g Ab initio and semi-empirical calculations

e webmo are generally the most expensive (time,
_d 1:00 ) Ab initio and semi-empirical calculations resources) The question iS often “what iS
i@ unlimited o _ A ’
S 0 job = the minimum accuracy | need to answer my
Progress o) Semi-empirical calculations q u esti on ?’ ’
« Job manager ) Ab initio calculations
= Build molecule . . . .
¢ Choose engine Ab initio, semi-empirical, and mechanics Ab initio = you tell it which atom types to
Choose the desired 1 M
competatinarersas Ab Initio calculations use, and it will treat the electrons (charge)
| - | realistically. It is the most accurate, but it is
«» Job options [ ) QChem Ab initio calculations . L
+ Submitjob also expensive, limiting the number of

() Tinker Molecular mechanics calculations

Select Server buchner.chem.hope.edu ' 5

< )l Semi-empirical = an approximation that still
treats individual atoms/molecules but is less
accurate than “ab initio.” It is faster. This
allows calculations with larger numbers of
molecules.

s ) Help

atoms in a calculation.

A
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Configure Mopac Job Options

¢ | (Qr Google

Status Job Options Advanced Custom Freview Motes

g oues i TR Other calculation options

ﬂwebmn

& 1:00 Calculation | | : .
.@ unlimited InCIUde'
- Theory

#,0obs —— Molecular Energy

Charge

Progress . . .
Muttplicity ( singlet 3 Vibrational Frequencies

« Job manager

» Build molecule .
 Choose engine Thermochemistry
« Job options

. Molecular Orbitals

the selected jpob and
computational engine.

» Submit job

Q Help There are also lots of
options under the tabs.
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WebMO Job Manager

€A http: / /buchner.chem.hope.edu /~webmodemao /cgi-bin /webmo/jobmar.cgi

WebMO Job Manager

Status % " NewJob ~ | | Refresh

.r] If_Cl: Google

When the status says “Complete”, click the “Name” (H20)

£ Download ~ | /% Move To = | () Delete | <7 Utilities » | % Logout
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+ [#4 hitp:/ /buchner.chem.hope.edu/~webmodemo/cgi-bin/webmo/jobmgr.cgi v Ck' Google

View Job 74242: H20, Geometry Optimization - Mopac

Status &«

E guest
wiebmo

}3 1:00
.@ unlimited
=i 0 jobs

Molecule Viewer

File Edit View Help

Summary

s H20

= Job# 74242
o 1/25/2011

» 0.0 5ec

Actions

{it Job Manager
=) Raw output
— Al files

View Mode - Rotate (drag = rotate XY, alt-drag = rotate Z)

-ﬂ [ Reset Viewer | [ Mew Job Using This Geometry | | Export Molecule |
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{ /buchner.chem.hope.edu/~webmodemo/cgi-bin/webmo/jobmgr.cgi & .___Cb Coogle

Calculated Quantities

Geometry Sequence

4217675
-48.02339
-52.96029
-53.36703
-53.42500
-03.43282
-53.43283

Animation speed

Loop

Route
Symmetry C2v
FM3 Heat of Formation -53.43283 kcal/maol

Dipole Moment 1.739 Debye -

Partial Charges

-0.358562
0.179281
0.179281

Bond Order

1935716
0967858 0967858
0967858 0.000000 0967858

Server buchner.chem.hope.edu (0)

CPU time 0.01 sec

w
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+ [#4 hitp:/ /buchner.chem.hope.edu/~webmodemo/cgi-bin/webmo/jobmgr.cgi v KQ" Google

View Job 74242: H20, Geometry Optimization - Mopac

Status &

guest
%w&bmﬂ & Q =

& 1:00
@ unlimited
s, 0 Jobs Ceometry Sequence Energies

Molecule Viewer

Summary

» H20

o Job # 74242
« 1/25/2011

« 0.0 5ec

Actions
jﬁan Manager

E] Raw output
— Al files

Step

-ﬁ" Reset Viewer Mew Job Using This Geometry Export Molecule
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+ [#4 hitp:/ /buchner.chem.hope.edu/~webmodemo/cgi-bin/webmo/jobmgr.cgi v Ck' Google

View Job 74242: H20, Geometry Optimization - Mopac

Status &«

E guest
wiebmo

}3 1:00
.@ unlimited
=i 0 jobs

Molecule Viewer

File Edit View Help

Summary

s H20

= Job# 74242
o 1/25/2011

» 0.0 5ec

Actions

{it Job Manager
=) Raw output
— Al files

View Mode - Rotate (drag = rotate XY, alt-drag = rotate Z)

-ﬂ [ Reset Viewer | [ Mew Job Using This Geometry | | Export Molecule |
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& | Qr Google

File Edit View Help

@ unlimited
1 0 jobs

o Job # 74242
» 1/25/2011
« 0.0 s5ec

Actions

@an Manager
=) Raw output
— Al files

& Print

*J‘Help

View Mode - Rotate (drag = rotate XY, alt-drag = rotate Z)

-ﬂ [ Reset Viewer | [ New Job Using This Geometry | [ Export Molecule )

Calculated Quantities

Quantity Value |
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Many H>0 molecules + other stuff

* Molecular simulation can be used to look at groups of
water molecules and their interactions with other ions/
molecules.
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SNO Formation of water shells around ions

- ] | &+ |89 http://mw2.concord.org/public/student/solution/watershell.htmi C

|
e —

Formation of Water Shells Around Ions

Charge on the purple ion Charge on the green ion
— O ()
S5e Oe Se -Se Oe
how Hydrogen Bonds Show Charges ,Uj Cool 'Ui Heat, Spacefilling

Water is a great solvent, but all
substances that water can dissolve

must be either polar or ionic 0
(either positively or negatively ’
charged). The polar water ‘
molecules attract charged
particles and push out
non-charged particles. Water is
attracted to itself, to other polar

molecules, ionic substances, and
to polar substances.

P Run N Reset

In solution, water molecules form a "shell" around ions. This model illustrates how ions solvated by water molecules move. Note,
however, this 2D model does not depict the real shell structure, which in reality is 3D.

Molecular Workbench
http: //mw.concord.org A
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;MM

i

Key concept: solubility. The simulation demonstrates that dissolution occurs because the electrostatic interactions between water and salt ions
compete with the electrostatic interactions among the salt ions themselves and therefore cause the structure of ionic crystal to fall apart.

4 | l Lt f“ http: //mw2.concord.org/public/student/solution/dissolve. html

Dissolving Salt in Water

Dissolving Salt in Water

Run the model first. You
should see that the salt
crystal does not change
shape. Then use the following
button to add water to the
salt crystal:

~ Add water

Use the following button to
return to the starting salt

rructal:

MNacroscopic
View

S
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- | 4 |89 http://mw2.concord.org/public/student/nano /waterrace.htmi

Note about this model:

A race of water molecules through a cluster of carbon nanotubes

C Q-

A race of water molecules through a cluster of carbon nanotubes

Edit View Template Options

Ball and Stick ' ¢ 1

This model has 998 atoms, just 2 atoms under the current limit we set (1000). It has 1342 radial bonds,

-0
2 > h

“

6 an Ql)mf' bOfT dQ

and 910 torsional bonds. If we had taken into account of the calculations for all the atoms and bonds, it would have been so slow that it will probably take
a few hours to simulation 100 picoseconds. To simplify the simulation, we fix the seven nanotubes all together and let only the water molecules move.

We think this is a good approximation, because nanotubes must be rigid in real world applications so that they can remain stable

» water molecules are still calculated. Therefore, such a simplification can be thought of a

Although the nanotubes are fixed, their interactions with the we
water molecules moving in the static force fields formed by the carbon atoms of the nanotubes.

LS
o
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- Yala

Lipid molecules form a monolayer at an oil-water interface

| | 4+ | http://mw2.concord.org/public/student/biomodels/monolayer.htmi ¢ HQr

Lipid molecules form a monolayer at an oil-water interface

Water
» Run | M Reset
5@ the [ Nnthe € YNME r DDS5E ) e5f
[ n Ne Mokcues away e € € | c f
s ¢ Y ! D 1h [ € [ ) €
Flip * Take a snapshot

Molecular

hittp://mw.concord.org

Norkbench

-
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Snowflakes

* We are fascinated by snowflakes
* are no two really alike?

* But,itis not well understood exactly how they
form or what controls their shapes

* Applications: understanding effects of pollution,
antifreeze (ice cream, cellular damage)

* Great website: snowcrystals.com
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What happens to make a snowflake!?

* phase transition when liquid freezes into solid
* seed with crystal growth as water droplets attach

 different faces have different energy (generally,
systems want to minimize the energy)

* What are the effects of temperature? solute!
freezing rate! other variables!?

www.its.caltech.edu

Lawrence Berkeley Laboratory
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http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.brooklyn.cuny.edu/bc/ahp/SDgraphics/PSgraphics/SD.PS.LG.Water.html
http://www.its.caltech.edu
http://www.its.caltech.edu

Snowflake morphologies

Plates Columns Plates Columns and Plates
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www.its.caltech.edu/~atomic/snowcr
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http://www.its.caltech.edu/~atomic/snowcrystals/primer/morphologydiagram.jpg
http://www.its.caltech.edu/~atomic/snowcrystals/primer/morphologydiagram.jpg

Snowflakes

Experiment (photo) Computer simulation

David Griffeaths, U.Wisc.; Antoine Clappier
Kenneth G. Libbrecht, Caltech
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David Griffeaths, U.Wisc, http://psoup.math.wisc.edu/Snowfakes
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We can model many of
the processes:

Virtual Kinetics of Materials
Laboratory: Dendritic Growth
https://nanohub.org/tools/vkmlggs

Mouse over each parameter name
to see a description

See what happens when you change:

Enthalpy of Melting
Fold symmetry
Anisotropy Strength

These equations describe how the
dendrite grows.

Don’t worry about the details.
They are an example of the kinds of
problem that is hard for humans to
solve, but for which computers are

great.

Wednesday, March 16, 2011

M ™ Y nanoHUB.org - Resources: Tools: Virtual ... Materials Laboratory: Dendritic Growth"
-

\ 1
|| + (") https://nanohub.org/tools/vkmiggs/session/ 3" CHQr

i VKML : Dendritic Growth VO.1

Physical Parameters |Numenca| Parameters |

Size of Simulation Cell:| J[)|8
Enthalpy of Melting [Th
Thermal Diffusivity 2.25
Gradient Energy Coeflicient [ o ]0.015
Fold Symmetry G
Anisotropy Strength E0.0Z
Undercooling .5
Phase Change Coeficient [ 7. ]0.0003
Kappa 1:[ K1 |0.9
Kappa 2 ?(l

Seed Radius m(l?
Seed Angle 0.0
X Position uﬂ.ﬁ
Y Position DO.S

This programs iteratively solves the following kinetic equation for the phase variable and the heat

conduction below it simultaneously
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The two kinetic equations above rely on the following definitions
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Physical Parameters | Numerical Parameters | :  Emadaton
! w Queshons

Size of Simulation Cell:| 7|8
Enthalpy of Melting: | /1

Thermal Diffusivity 2.25

Gradient Energy Coeflicient | «x [0.015

| CESE—

Fold Symmetry s

Anisotropy Strength 0.0? Solidified Fraction

Undercooling:| T |.5

Phase Change Coefficient [ T, ‘|0.0003

Result TM.:n--l»? of Solidification

).88888889

Kappa1:| N1 |09

P-’.appa 4 ZU 1066666667

Seed Radius: | { - (0.2
Seed angle:[ A\ 0.0

X Position:| ___|0.5

v Position:[] |05

This programs iteratively solves the following kinetic equation for the phase variable and the heat
conduc tion below it simultarsously
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The two kinetic eguations above rely on the following definitions
2results Parameters..

_l. : .hl arctan (k»1) Simulation = #2
2 0 : » Anisotropy Strength « 0.02
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% VKML : Dendritic Growth V0.1

Physical Parameters | Numerical Parameters |

Size of Simulation Cell U_QJB B : -
Enthalpy of Melting ‘ jo=t Result IMovie of Solidification
Thermal Diffusivity [L)I]Z.ZS
Gradient Energy Coefficient [I]0.0IS

Fold Symmetry 8

Anisotropy Strength I c |0.5 Solidified Fraction

Undercooling .5

Phase Change Coefficient E]0.000I!

Kappa 1 0.9 : - 40.77777778

Kappa 2 ?0

1066666667

Seed Radius: | ( < 10.2

Seed Angle | A 10.0
X Posmonl 0.5
Y Position II 0.5

This programs iteratively solves the following kinetic aquation for the phase variable and the heat
conduction below it simultaneously

l’/ln

’7 - -[I)V-» + \V{] + &1 —o)ym(o.T)

4‘/.]A O

et X ! 4 A b
Ot Drv-1 +H — | Tme = 033350

L ] Options

The two kinetic equations above rely on the folowing definitions
l 2 results Parameters...
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m(o,T) = ¢ — — — — arctan (k1) Simulation = #1
9 = » Anisotropy Strength = 05
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Additional resources

e Model kits:

* http://3dmoleculardesigns.com

e Snhowflakes:

* showcrystals.com

* http://psoup.math.wisc.edu/3dMovies/3dMovies.htm

* Lots of great simulation tools:

* http://mw.concord.org/modeler/showcase/index.html
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Contact Information

e Chandler A. Becker, Ph.D.

* Materials Research Engineer
Material Measurement Laboratory

National Institute of Standards and Technology
Gaithersburg, MD 20899

* Tel:301-975-5344

* Email: chandler.becker@nist.gov

* Feel free to contact me with questions
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