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Advanced CFD and Multiphysics Software
BasePack

b

Fluid
. . Structural >Dyn:r|nics Heat
Understanding, Implementation and Dynamics Transfer

Analysis of Multiphysics simulations : DSMC Turbulence

Multiphysics s
Customers in various industry : Suite
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Excellent Engineers in KWEnC ‘&
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Boltzmann
Kinetics

ACE+

aid

Has many Industrial Partners !! Bio-
Chemistry
4
% Maxwell Free
Equation Surface
Solver (VOF)
Two Spray/
Fluid o Particles
Cavitation
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CFD-GEOM (*.GGD) CFED-ACE-GUI (*.DTF) CFD-VIEW
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Computational Grid and I )
telaiave BC / VC Locations Input Files

Graphical Results

Batch Solver
CFD-ACE-
SOLVER

Text Results
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« Implications of Mean Free Path

® o ° o /.

p = po p = po/5
High collision probability with each other Low collision probability with each other
Low collision probability with boundary High collision probability with boundary
Diffusive Transport Ballistic Transport
Equilibrium Non-Equilibrium
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 Applicability of N-S equation D
— Kn = Mean Free Path / Characteristic length = I/L

Kn < 0.01 : Continuum

NS equation with conventional no-slip condition

CFD-ACE+
. . M2 7=
0.01 < Kn < 0.1 : Slip Flow Regime e tie
NS with slip-velocity BC
0.1 < Kn < 3 : Transitional Regime Discontinuum &<

Continuum assumption breaks down

3 < Kn: Continuum assumption approach breaks down completely

Free Molecular Regime

X CFD-ACE+2| T1& SiM 7ts &EHE 1mTorr Ol & SN ME IS
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« Example(Low pressure reactor)
Gas o.(m)
VelocityMagnitude - m/s > Conditions Air 3-66X10_10
; | » Gas = Argon 10
R | * Pressure = 45 mTorr Ar 3.58X10-
i N 7 10
i”;e?/’ %{if.» ; > Boundary condition CO, | 453X10
Y, = i ; « Wall = “No slip condition ” H, 2 71X10-10
"f i 1} ! 3 & “lsothermal = 300 K"
e H i * Inlet= "Fix Mass.(Normal) : Argon 200 SCCM" He 2.15X10-10
: i A « Outlet = “Fixed Pressure”
=> Kr 4.08X10-10
N, 3.70X10-10
Mean free path: 1= RT __ K
2726%PN,,  [2705°P NH, | 4.32X10-10
o collision diameter of molecule Ne 2 54X10-10

N,: avogardro's number
O, 3.55X10-1°

P : local pressure
k : Boltzmann constant (1.380622 +0.00043) x10?* J/K Xe 4.78X101°
From CRC handbook

258mm X 2, TISMEM(ESE A 2 3.58X10-19m) 2|
-23
P 1.38x10™° x 298 _1152x10°°m
V2 x3.14%(3.58x107°)2 x 6
_ A 1152x107°m

L 0.258m

Kn

=4.465x10° ——> Continuum regime

KWENC CAE solutions provider -7 -



Low Pressure Simulation T

.-. Communication
. ° ——-‘—‘—-——-—-_..___‘_—\-
« Validation Study (Performed by Novellus)
AZ
: Inlet
—> R —> 2H
6H 14H
Centerline
— 1000 -
o
S 100 -
o
=
> 10 -
o
= 17 2 -
° — Analytical Solut
IE . -.""-\..\
E 0.01 - A CFD,sllp. .
5 --=--CFD, noslip
Z 0.001 | | | | | |
0.0001  0.001 0.01 0.1 1 10 100

Knudsen Number
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« Validation Study (Performed by Novellus) - T

Velocity contours for Kn = 1.0

DSMC Slip

W Y
E 51.8 30.4
49,7 20,0
4B.B 277
44,0 2B.5
41.4 250
58,9 2% 7
SB35 223
33,7 21.0
311 19.E
28.6 18.3
250 17.0
23.4 15.E
20,8 14,3

18.3 I 12.9 ‘

15.7 11.6 ||| |

I |||||”

||.'.||.|. I ||

X} CFD-ACE+E Slip YNX| siM 7ts
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 Richardson Number -

— For a given reactor geometry, the Richardson number indicates if

natural convection is going to be influential or not !!!
— Non-dimensional Numbers

_ Buoyancy Force  Gr

Ri : 5
Inertia Force Re
Re = Inertia Force  pUD,
Viscous Force u
Gr = Buoyancy Force  gBATh®p?
Viscous Force 1’
COLD

lIJ::> 9 l h —

I A 4
HOT

h=10cm, U = 0.1 m/s, g = 9.8 m/s?, m = 10-°kg/m/s, Mol. Wt. = 29 kg/kmol
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Convection : Forced vs Natural Amm -l
B P — L [ ] ] c';?,f:,fﬁ[,'i';?ﬂon
 Baseline Case T

Re :&, p:M’ Dh:2h

2]
p=1.1325E +5, M =29, R=8314, T =300, #©=10"°, U=0.1, h=0.1
D, =2h=02, p=1.178

Re=1178
3 .2
Gr :W; p= L ; AT =T, =T,
u (TH +TC)/2
T, =310, T, =300
= AT =10, Gr =446337
TH AT Ri=Gr/Re>
; 310 10 3.2
350 50 15.1
. Gr
Ri = =3.2 400 100 28
Re’
450 150 39.2
500 200 49.1
550 250 57.7
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Convection : Forced vs Natural .
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RIi =3

Ri =15
Ri =28
Ri =39
Ri =49
Ri =57

Conclusion: If Ri > 10, Natural Convection will be important
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 Effect of Pressure e

 Significance of non-dimensional parameters

Ri=57 Pr=0.5 Re=1178

k = 0.00236
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« Validation Study : rotating solids i

\
No Rotation

500

500K
I3
300K
~N

x Prove point

300

Rotation, 1RPM
Rotating Disk
300K

500

R
300K

400-

300
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Effect of Rotating EEE
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+ CFD-ACE+O|M H& 7H53 2| T K| I —
— Rotating wall : wall boundary0f| rotating dAH =1 H&

Solid moving : Conjugatedfi&d 1t rotating SIS SA|0 213 & H 2

Spes
MRF : 2| M| HAAE] 8|A > Fan, blade sljA40f X3t

Arbitrary interface : 2| M A H|’d & &FEff Sl A
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Effect of Rotating B 20|21 A
e [ ] ] C';?T'.,':S;'izgti on
:\
Rotating wall Moving solid

Inlet(Air : 3m/s) Cyclic/Periodic

Inlet(Air : 3m/s) Cyclic/Periodic

2.9 3203
o-E
aile
PERES
30mm S
2
E
S
20mm
10
0
40 Solid(rotation disk)
me Rotating wall(1000rad/s) . = Aluminum alloy
T=500K Outlet density = 2700kg/m?
specific heat = 880J/kg-K
thermal conductivity = 190W/m-K
l S QM| - water
Ro=103mm - density : 997kg/m? .
Ri=83mm Outlet - viscosity(kinematic) : 0.01589m?/s < A% HAIX1000 HEFH : water
. X Outlet - density : 997kg/m?
- specific heat : 4179J/kg-K iccositviki P 2 T E]
- thermal conductivity : 0.613W/m-K - :0.01 /s € 4| H3X1000
s - specific heat : 4179J/kg-K

VelocityMagritude - thermal conductivity : 0.613W/m-K

WVelocityMagnitude

52,98
62,98 80
0
B o E
° ]
< 5 |
E -
H E
= 40 o
2 -}
2 g
2 i
=
a4 |$
v 10
— 0
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. MRF(Multiple Reference Frame) : HAAEY 8] ———————

40 T 1 171 ‘ L ‘ T T 1 T ‘ T 1T T 1 | T 1 171
3 # Meosurement
—~ T —— Computation with Covitation Model
Z.0 —— Computation w/o Cavitotion Model
o K
v
5 |
84 -
; 20
2t
PO . t 0 .
E [ (]
s |
>O 10 [ /.
0

0 1000 2000 3000 4000 5000
Rotation Speed (RPM)
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« Surface Emissivity -
Blackbody, /; ,,
- %ggl —Tl—‘lc')r 5@ Hand book jél'_;lt_ i Real surface
L A Ik (}L,G,T)=
R \“x &0 o W)
* ' \ T &
4
P
- "v

« Response to Surface Irradiation: Absorption, Reflection and Transmission

Reflection &)
G . Irradiation
A ref & S G;\

> Reflection from the medium (Gﬂ’ref )

R ‘; "Gy = Gk,abs * Gk.ref + Gk.tr

> Absorption within the medium(GLabs).

Semitransparent - _. . Absorption
medium ' Gy abs

» Transmission through the medium (G/I tr).
’ S Transmission
Gk.tr

Radiation balance ——
le = Gl,ref + G/1,abs + Gl,tr

 In contrast to the foregoing volumetric effects, the response of an opaque material
to irradiation is governed by surface phenomena andG,,, = 0.

Gi - G/1,ref + Gﬂp,tr
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Radiation Effect WA 72 51091
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Discrete Ordinate Method (DOM) Monte Carlo Method

(SIH2CI2 + H2)

Inlet
Wafer

wEi‘it- -Exit

dier nu art:
Layer indow

Lamp Heating Zone
Substrate

CFD-ACE+ Simulation of SEMATECH Benchmark . . )

Case with Radiative heating of a wafer via a quartz gggc f/gff;h i p hz%/o/i?g%afo/g ;a & dia i .Z /;

window with water cooling model g

Radiation model= DOM, Monte Carlo Moethod, STS(surface to surface), P1 22 50| @
O YHIM O Z DOM model2 FTE AFET
=4 72242l density, specific heat, thermal conductivity 0| 2|0 Absorption

coefficient, Emissivitys2| =80| 2+ .
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« Effect of Specular Reflection (vs Diffuse) e

»
‘Perfect Reflector,

300K, £ = 0.3 300K, ¢ = 0
Filament, Wafer,
«—— 2000K,e=0.3 Adiabatic, £ =0.7] } T = 227?

No Radiation: 300.03 K
DOM, Diffuse: 993.5 K
MC, Diffuse: 1115.5 K

MC, partial specular (0.5): 1127.2 K

MC, specular: 1259.9 K
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« Non-Gray Effects

--- ~__ .

Heat Loss Heat Loss

Glass/SIab

1 Heat Loss With Glass
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. Eh= %g!' or 2"2!' li'_l'a
« Mixing

« Gas phase reaction(homogeneous)
 Surface reaction(heterogeneous)

— =ae
Oeposited F|Im>

Woids in Hgh AR Trenches Substrae —j

CVD chamber - chemistry mixing

Electroplating SEEA M= S oA
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« Species Continuity (or Transport) Equation e
opY. .
LLvplY, =V, +6
ot
@, is the rate of production of the i-th species
due to chemical reaction in the bulk
N Is the diffusion flux of the i-th species
J=J"+J3'+J°
J¢ = pDVY, Fick’s Law
VT
JiT = ,ODiT T Soret diffustion
P P VP ° °
J” = pD. ? Pressure diffusion, usually neglected
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Chemistry Mixing & reaction EEE

« Species Diffusion Coefficient
— The rate of diffusion of each specie depends on the background species
— The overall diffusion coefficient of a specie in a given mixture is some
combination of the diffusion rates of that specie in each specie of the mixture

o Diffusion Coefficient Calculations

— Method 1 : Schmidt Number
— Method 2 : Multi-Component Diffusion A&

) ( = |
/—[ 1Torr 23} | | 1Torr 0|5} | \

Multi-Component Diffusion Al
Schmidt Number A&
Sc Momentum Diffusivity v Phys - Mass Diffusivity
= X . = Fluid — Multi-C t Diffusi
Mass Diffusivity D Therm e e
Chem [ Thermo Diffusion
= D= i Rad [ Conservation of Species
Sc

\ /
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« Applications(Gas & surface reaction)
De K b
Deosion 1000 CFD-ACE: MOCVD Reactor Model
(microns/imin) Multi-Step Gas Phase and Surface Chemistry
0.2
MMG _—
{Mass Fraction) 7 e
0.0016 |

.

Galium Arsenide Epitaxy
Case B : 0.1 atm, 5000 sccm

J ® Exporimonta
= 020 i 1step
§ » ——— Multistep
> Il
oa '
T us
Inlet: Hydrogen (9976 sccm ) g o
(1atm) TMG (1.2 scem) 2 | - o
Arsine ( 23 scem) t
.! iy S
0.00 e

5 0 5 10 1€
Distance from Leadng Edge (cm)
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« Plasma Applications e

Cmazo )
o H_ﬁ__g___”_;{f’o

SRaNsE AN

oL "B O
&F A O

81 HOIZ 4 20 S DMLR AR

= ENEEP T ED FAL0 M=

Plasma Display Pancls

2 =20l
Rl HE

Science

Cold Atmospheric
Plasmas (DBD)

— h “:
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Plasma
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Plasma Simulation Logic.

20 Cartesian

Mon- Equilibrium

HEN
... Engineering &

20 Cartesian or
Cylindrical

|

10 Positive
column

Plasma Model

.-. Communication

—_—

00 Well stirred
Global

Local Thermodynamic Equilibrium (LTE)

i Flow i Chemistry i Flasma i Flow i Heat i Radiation i
Heat Magnetic Electric Kinetic Electric Magnetic Turbulence
T ]
ICP CCP PC Global User Subroutine
Reaction Manager
! Dashed lines indicate an
Arrh. Rate Cross-Sections optional or alternative choice

Maxw EEDF

Mon-Maxw EEDF
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Plasma

CFD-ACE+ Plasma Model

N

Fast : steady-state
solution (several
thousand iterations)

NN 7 20|04 4|
H Engineering &

.-. Communication

Heavy Particle

Transport & Chemistry

Electron & Gas
Temperatures

ICP

Electromagnetic Fields
(frequency domain)

Quasineutrality condition:
electron density &
ambipolar field

Sheath model

The Electromagnetic effects on
plasma are considered only for
Joule heating of electron

] CCP
Joule heating

The CCP model can also
be employed for ICP
problems
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Inductively Coupled Plasma (ICP) Capacitively Coupled Plasma (CCP)
CFD-ACE+ - Simulation of SiO2 deposition in  CFD-ACE+ 3D - Simulation of Capacitively Coupled
an Inductively Coupled Plasma (ICP) reactor Plasma (CCP) for Oxygen at 400 millitorr

Showerhead: 100 sin(wt) Volts @ 13.56 MHz
300 K

. Electric field
Power absorption

Gas Injectors
(SiH4/AI/05)

Outlet
(10mtorr)

Streamlines

Inductively Coupled Plasma(lCP) Reactor Capacitively Coupled Plasma(CCP) Reactor
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