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Metal Additive Manufacturing Background () i,

IR movies of LENS build (D. Dagel, Different Powder Bed Scan Paths for
SNL) Cylinder (B. Jared, SNL)

= A 3D CAD model is sliced into 2D layers, which are segmented into individual heat
source (laser, electron beam, etc) paths.

= The path file is programmed into a build machine that constructs the component
layer-by-layer.
= There are 2 general categories of AM machines: powder bed and powder/wire fed.
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AM builds have many sources of variation.

Variation with differing geometries

Variation through build domain
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AM material simulation methods exist at ()
many length and time scales
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Simulation Framework -

SPPARKS

Kinetic Monte Carlo via Stochastic Parallel PARticle Kinetic Simulator

* Open source kinetic Monte Carlo
platform with user-editable “apps” for
specific applications

R
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e Used to study several mesoscale S
:“I‘}'Y’{r(“ ..;'::. _:: A‘.‘ .

phenomena including sintering,
recrystallization, vacancy diffusion, grain
growth and welding

Tikare & Garcia-Cardona
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Rodgers, Madison, & Tikare

* Problems are easily parallelized and a
range of Monte Carlo solvers are
available

Sandia
National
Laboratories

spparks.sandia.gov




SNL Modeling Work
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The KMC method & AM =

M(T) = Myexp (Cﬁ?))

Solidification
boundary (T=T )

Grain Mobility

growth - 1 - 16+06
(T<T,) j 075 Molten zone | 78045
0.5 (T > Tm) Se+5
l 0.25 ‘ . 2.50+5
b) Mobility field 0 a) Microstructure 0

The molten zone randomizes grain identities when it enters a region.

Along the trailing surface, voxels either join existing columnar grains or form new
grains.

The temperature gradient creates a corresponding gradient of grain boundary
mobilities via an Arrhenius relationship.
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Heat source interactions

=
L

Solidification Scan
boundary direction
Small grain
/ formation

Epitaxial
columnar
grains

Equiaxed grains



AM & Weld models avail at spparks.sandia.gov (1)

SPPARKS WWW Site - SPPARKS Documentation - SPPARKS Commands

app_style potts/additive command
Syntax:

app_style potts/additive nspins spot_width melt_tail length melt depth cap_height HAZ tail HAZ depth HAZ cap HAZ exp_factor

. . o potts/additive = application style name
SPPARKS WWW Site - SPPARKS Documentation - SPPARKS Commands < Peping = number ofpossible pins
o spot_width = maximum width of the melt pool
o melt_tail_length=maximum length of the melt pool trailing the melt spot
o melt_depth = maximum depth of the melt pool
le potts/weld command o cap_height = maximum length of the melt pool leading the melt spot

« HAZ =width of the heat affected zone (haz) surrounding the melt pool (must be larger than width)
o tail_HAZ = Length of the haz trailing the meltpool (must be larger than tail_length)

Syntax: « depth_HAZ = depth of the heat affect zone (haz) below the melt pool (must be larger than depth)
« cap_HAZ = Length of haz leading the melt pool (must be larger than cap_length)

. . o exp_factor = Coefficicnt that controls the ratc of exponential decay of the haz mobility gradient

app_style style nspins yp alpha beta velocity haz
Examples:

o style = potts/weld app_style potts/additive 1000 30 40 20 5 50 60 30 7 0.1

* nspins = number of possible Potts model spins Description:

. = -

yp = initial melt pool position along y-axis ‘This is an on-lattice application derived from the app_style potts/neighonly application that simulates the rastering of a molten pool and its
o alpha = controls relative size of melt pool shape at bottom compared to top accompanying heat-affected zone (HAZ) through a domain. Rastering is achieved through the specification of layer-by-layer patterns, which can be
» beta = Bezier control point parameter that defines curvature of melt pool shape through thickness combined into an overall pattern specifying the translation of the molten zone through the entire simulation domain. The application allows for
. . . o arbitrary numbers of paths in cach layer and an arbitrary number of layers in cach pattern. Thus, the user can construct any scan strategy desired by

* velocity = velocity of melt pool motion (lattice sites per Monte Carlo step) specifying individual layer patterns and how these patterns should be repeated.

e haz = width of the heat affected zone (haz) surrounding the melt pool The molten pool is defined as a double ellipsoid. The ellipsoids share identical values for two of their axes (defined by the melr_width and melr_depth
parameters). The third axis of each cllipsoid is defined by either the mel_tail_length or cap_height parameters. The haz s also defined by four

Examples: cquivalent parameters: HAZ, tail_HAZ, depth_HAZ, and cap_HAZ. A schematic of these eight parameters is shown below.

app_style potts/weld 10000 0 0.5 0.75 7.0 50.0
weld_shape_ellipse 100.0 150.0

This defines a potts/weld model with 10000 spins. An elliptical pool shape is specified with width and length
of 100 and 150 sites respectively; note these are pool dimensions at the top surface of the weld. The value
alpha=0.5 scales the elliptical pool width and length at the top surface to 50 and 75 sites respectively at the
bottom (root) surface of the weld. The Bezier control point parameter specifies an outwardly curved pool; the
weld speed is 7 MCS and the heat effect zone is 50 sites wide.

This application also requires one of the following commands to specify pool geometry:

weld shape ellipse [specify elliptical pool shape parameters

eld shape teardrop [specify teardrop pool shape parameters

Description: The model also requires specification of the exp_factor variable, which determines the value of the coefficient in the mobility equation, M = exp(-

exp_factor *x), where x is the shortest distance from the lattice sitc to the molten pool boundary.

‘This application was used in the paper by Rodgers and collaborators.

The following additional commands are defined by this application, and in fact must be specified to setup a simulation.

lam pass Definc the parameters for cach type of single-track pass.

crse_pass [Define the parameters for the transvers increment (a.k.a. hatch spacing) between cach pass.

Definc the combination of passes and transverse_passcs that comprise a layer. Limited to passcs aligned along the +/-X or Y
axes.

artesian_layer

lam pattern Definc the combination of layers that comprise a pattern.

The examples/potts_additive directory has input files which illustrate how to use these additional commands.

Restrictions:
‘This application is only compatible with square and square cubic latticcs.

‘This application can only be evolved by a rejection KMC (rKMC) algorithm. See the sweep command for more details.

The settings for melt pool width + haz must be <= xhi & yhi.
Related commands:

app_style potts/weld, app_style potts/weld/jom

Default: none

(Rodgers) T.M. Rodgers, J.D. Madison and V. Tikare, "Simulation of Metal Additive Manufacturing Microstructures Using Kinetic Monte Carlo"
Computational Materials Science (2017).
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Details of the model

= @Grains are randomized upon entry to melt region
=  New grains solidify along trailing edge of melt region

= Grain growth occurs in hot zone surrounding melt region

Solidified region Melt pool Initial microstructure
| | P 1 |

e -




Details of the model

= @Grains are randomized upon entry to melt region

= New grains solidify along trailing edge of melt region

= Grain growth occurs in hot zone surrounding melt region




Electron Beam weld cross-sections

Single Pass Double Pass

Rodgers, et al., JOM 2016



Application to welding (i)
Rodgers et al., MSMSE 2017
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Columnar vs equiaxed microstructures () ===,

(G) Thermal Gradient / (K/m)

Solidification grain morphology can be predicted through the ratio of temperature gradient (G) and
solidification front velocity (R).

For many melt pool geometries, G is smaller at the top (where curvature is lowest) and larger at the
bottom. Resulting in smaller, equiaxed grains at the top and larger, columnar grains at the bottom.
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Application to various processes: - =

= Thin Wall Builds of Inconel 718 by DED
(Parimi et al., Mater. Charact. 2014)

= Two-pass build of Ti-6V-4Al by Electron Beam Melting
(A. Antonysamy et al., Mater. Charact. 2013)

= High-power LENS build of 304L Stainless Steel
(Nishida et al., Proc. of DYMAT 2015)




Thin Wall Build Comparison (In718) (]

Boam)

. direction .

Parimi et al. demonstrated microstructure
variation in three thin wall builds of
Inconel 718.

Builds 1 & 2 used similar heat source
specifications, but varying scan patterns.

Build 3 used a much higher power, but
identical scan pattern as Build 2

N Bl

l Buildl
resetion

&) Bulld 1 Low-powsy b Bulld 2: Low-power < Bulld 3: High-power
unidiectional bidinectibnal idisectional




Dream.3D was used to measure grain tilt angles for
the experimental and simulation images.

Simulated microstructures show similar trends in angle
distribution, but with less scatter.

a) Build 1 Angle Distributions b} Build 2 Angle Distribution c) Build 3 Angle Distributions
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Two-pass quantitative comparison

Experimental and
simulated
microstructures were
divided into three
regions along the x-
axis.

The central region
had vertically aligned
grains while either
edge region had
grains tilted towards
the domain’s
centerline.
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304L LENS Brick M

Grain shape aspect ratios were measured along each of the three orthogonal
planes.

Experimental and simulated distributions showed similar trends w.r.t. each plane,
but simulation distributions remained narrower and more sharply peaked.

a) Experimental 2D aspect ratios
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Workflow to extract Process-Structure Linkage .

/ Extraction of

Process-Structure Linkage

~N

Options to change:
* Number of features
* Model type
* Segmentation
* Quantification method




Microstructure Quantification: @)
Chord Length Distribution (CLD)

0.025
— X direction
= == mm = Y direction

0.02F

0.015

>

O

C

U

>

(o

@ )
o 001f §i

0.005 oY :

Ty iy o ...\.‘
0 1 1 L L p—
0 25 30 35 40




Chord Length Distribution (CLD) ) =

a) Simulation Number
_ 0.25

Frequency

View Perspective

0.05 « V&

0 5 10 15 20 25 | 30
Chord Length

b)
CLDs calculated in X,Y and Z directions

* After calculating CLD for all structures, the feature
vector is 800 long
* The final data matrix is 1599x800 matrix

Parameter
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Dimensionality Reduction: () e,
Principal Component Analysis (PCA)
Original Axes Principal Axes Reduced Axis
1
y P P’ P
A
_____ S oo o°
| @9 P2 =) o® =
o
: ) O
| I X p2

Principal component analysis identifies the most objective (data-driven) rotational
transformation that re-organizes the data in prioritized directions of maximum variance




Principal Component Analysis (PCA) .

Aj -5

Variance (%)

100

80 r

()]
(=]
T

e
o
T

[
o
T

N
CLDp ~ ) o Aj + Ag

J

principal component (each A; is a vector of 800 statistics),
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; -] t PC score (for the microstructure indexed by m).

N - the truncation level selected based on the variance captured by the principal components
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Extraction of PS Linkage: W)
Model Selection and Validation

Evaluate the Performance of the Linkage

Establish Process Structure Linkage through a 0.3f g

Metamodel Learned via Regression PC1(T,V,W,D,L,HAZ)

a; = f;(T,V,W,D, L, HAZ) %2 S Training Data
0.1 @ Test Data -

Principal Components as £ Do
a Function of Process % 0f .
Full Dataset Parameters ERE ;
1599 -0.2
0.3 R2 = 0.9945
Mean Error = 1.18%

-03 02 01 0 0.1 02 03
Model Prediction

_ _ For Each Principal Component
Use the Newly Established Linkage

to Predict the Structure of New Data,
Given Only Process Parameters




Validation of the model with Test set
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Using Synthetic Microstructures in Mechanics ()&=,
simulations

5 voxels/MCS 10 voxels/MCS 12.5 voxels/MCS 20 voxels/MCS

Additive simulations were
performed at four scan
velocities.

Scan patterns consisted of two
concentric circular scans per
layer.

|dealized molten pool was used
again but with curvature along
the scan path.

>

Build direction

Microstructure variation
occurred with changing scan Increasing
velocities and at various

[=5

Build direcg \

locations in the wall thickness. e >




Interpolating from voxelized to conformal )
mesh




Stress response under tension h
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Von Mises Stress
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Stress response under tension
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Homogenous Tension

Von Mises Stress
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Stress response under torsion )

5voxelsiMCS 10 voxelsiMCS 12.5 voxels/MCS 20 voxelsiMCS

Homogenous Torsion

Von Mises Stress
2.00

g
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w
R

Buil

increasing scan speed
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Stress response under torsion
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304L Tube Example

Case 2
8 second delay added
between layers
(double build)

Case 1l
No inter-layer delay
(continuous build)

Can we capture the difference in
microstructure and residual stress
due to changing thermal gradients?

* LENS process

e Laser diameter =4 mm

* Laser Speed =8.46 mm/s

* Layer Thickness =0.9 mm

* Laser Power =2000>1750> 1500 > 1250 W
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Thermal Comparison

Double Build — 8 Second Inter-

Single Build
layer Delay

Time: 0.00 s
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Delay Time Lowers Global Part Temperature

Double Build — 8 Second Inter-

Single Build
& layer Delay

Temperature (K) Temperature (K)

~3000 3000
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Residual Stress Comparison

Single Build

von Mises (Pa)

-5.000e+08
3.75e+8
2.5e+8
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~0.000e+00

Double Build — 8 Second Inter-

layer Delay

von Mises (Pa)
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Delay time causes lower overall von Mises )&,
stress

Double Build — 8 Second Inter-
layer Delay

Single Build

von Mises von Mises (Pa)
5.000e+08 5.000e+08
E3.75e+8 E3.759+8
22-59““8 éz.5e+8
E 1.950+8 é 1.25e+8
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Microstructure Comparison

Double Build — 8 Second Inter-
layer Delay

Single Build

46

Johnson, Rodgers et al, JCM 2017



Delay time inhibits equiaxed to columnar @&
transition

Double Build — 8 Second Inter-
layer Delay

Single Build




Experimental Comparison - Microstructure

Experiment

Simulation
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Texture variation often coincides with grain ()&
morphology variation

m

001 101

Niendorf et al., Metall.
Mater. Trans. B 2013

Dehoff et al., Materials Science and

E Technology 2015




Select fast-solidifying directions

Y

G

A

S

(OOEE;: SX base
(100])

(a)

SD <101> Jj2

(b)
Liu and To, Additive Manufacturing 2017

: 053

O .._. N (%) .h

G

Melt pool

PX base
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Incorporating anisotropy at the solid/liquid ()
interface

@ Vhit* G
M(T) — MoeXp ﬁ Q — QO cosa = QO |G|

= Introduce anisotropy through Q, activation energy.
= Anisotropy is limited to the “mushy zone” near the solid/liquid interface (no solid/solid
anisotropy).
= Qisdetermined by the alignment between <100> crystal directions and temperature
gradient.
= Highly aligned grains are given large values of Q, resulting in low mobilities
= Low-alignment grains are given small values of Q, resulting in high mobilities
= Highly aligned, low-mobility grains serve as seeds for the formation of large high-
alignment grains.

52
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Preliminary Results — Simulation set up () i,

« Build geometry of a thin wall with 1
pass per layer.

 Intended to simulate materials with
cubic-symmetries, but not
parameterized in detail to any specific
one.

+ Used MTEX Matlab toolbox to analyze
results.

4 \/IMCS, 25 V/layer 53




Constructing EBSD-like coloring

[001]




Comparison with experiment ()

Simulation
(100) (110)

Experiment

(100}
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Coupling thermal diffusion and microstructure
evolution

= Solve the heat equation with finite

differences

oT
— —aV2T =0
ot

= Heat source modeled as 3D Gaussian.

= Calculate convection radiation or constant

T boundary conditions in relevant regions.
" |ncludes latent heat

= Laser path defined externally and

implemented with G-code

* |Includes “laser off” and recoating times



Incorporating complicated scan strategies

= Use path generation software such as Slic3r or Cura to

generate G-code tool paths for heat source.

Use a Python script to translate G-code into a set of points,
which are linearly interpolated between.
Allows the possibility of simulations using the exact tool

paths as experiments.
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Lattice Boltzmann method: short ==

background

LBM is derived from cellular automata (CA) algorithms

=  Frisch-Hasslacher-Pomeau discovered that a lattice with hexagonal
symmetry can reproduce Navier-Stokes equations

= Previous square lattices did not have rotational invariance
= Rotational invariance makes stress tensor isotropic

= Microdynamics for CA are incorrect but they produce correct
macroscopic dynamics

= Cellular automata’s scheme is Boolean
= Algorithm deals with individual particles

— Agiven site is either occupied by a particle or it is
empty (yes/no)
— Leads to large statistical noise

LBM is an improvement over CA
= Solves Boltzmann equation

= Kinetic equation describing thermodynamic systems that are
out of equilibrium

= |BMis not Boolean in nature
= Uses probability distribution functions

)

4-link square lattice
3 2

) 6
6-link hexagonal lattice

Succi, Sauro. The lattice Boltzmann equation: for fluid
dynamics and beyond. Oxford university press, 2001.
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Thermal Lattice Boltzmann model: 3D
results (modeling laser)

Cross-sectional view

Convective heat transfer
boundary condition, 4 =

100 W/ m°C \

Melt pool

phase temperature, °C
solid - m liquid 470 N - 700

Walls and edges are kept Heat generation boundary
at 590°C condition, g = 100,000 W / m?
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Thermal Lattice Boltzmann model: 3D )
results (solidification)

Cross sectional cut through liquid phase

62




Coupling Hydrodynamic and Thermal )
models: 2D preliminary results

Temperature, °C Velocity, LBM units

700 690 680 670 660 650 640 630 620 610 600 01 0.5 0
— ‘m— .
. 1 .

——




Conclusions

An open-source 3D microstructure simulation method
has been demonstrated for various additive

manufacturing and we

The simulations can uti

ding applications.

ize various types of heat

sources depending on computational constraints and

available data.

Resulting microstructures can be used in simulations of
material performance or as calibration for reduced-

order models.

Additional physics are currently being incorporated

into the model.
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Johnson et al., Under review
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= Boltzman equation with BGK collision

» L v =y (- )

= Discrete Boltzmann equation with BGK collision

= (Collision — Streaming — Boundary cond.

Hydrodynamic LBM

Luo, K. H,, J. Xia, and E.

Monaco. "Multiscale modeling

of multiphase flow with
complex interactions

= ( 1s microscopic velocity
= v is relaxation parameter D3Q19 lattice
= f€4 is a Boltzmann-Maxwellian distribution function

; — f. — eq Discretization of .
filx, t + At) = fi(x, ) (A —y) + v/ (x;t)/ Bl D2Q09 lattice
U (w2 (W?

fieq = a;p(x,t) [1 + eéz + >, v b where a; 1s a weighing function, p is the

density, u is the velocity vector, c is the lattice speed, and e; is the direction vector

p=XL.f; » t l
_ 154
U =2 eifi N 7
pressure = ¢2p FAAY ’ N
viscosity = c2p(1/y — 1/2)
v ! N
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View Perspective

Simulation Number

ength distributions (CLDs).

h;g;::z::: Validation with
Regression festset
Predintion of
PCs+ CllDs
5= HFrocess Parameters)
60

S0F

b Simulation Number
3 4
XIXY XY XY
' 70 90
[}
© Vv 5 7.5
&
1 D 62.5 62.5
a
L 60 70
HAZ 20 35
T 20 35

F
.

”
T

Number of Structures

2
=

10F

0 0.0% 0.1 0.15

0.2 025 03
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Thermal Lattice Boltzmann model: 2D
results

Tinme: 1 (e

= Top and right walls are kept
at 1000°C and left and
bottom walls are kept at
500°C

= Solidus and liquidus

temperatures are set at ~
596°C and 652°C o g
respectively 2 5
€ :

=

" ¢,=5007J/kg’C

" k=30W/m°C

= [ =2713x10%J/kg

= Mushy region represents

solid-liquid interface
= [nterface size /

properties strongly
dependent on liquidus
and solidus
temperatures

100 | ] E1 )] i a0 (2T} Til Tl arl

Width, w



Thermal Lattice Boltzmann model: 3D o
results (solidification)

temp
oo N oo

Liquid phase

temp
temp soofll N oo

so0 [ T oo :
Cross sectional cut

Cross sectional cut through solid phase through liquid phase
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Thermal Lattice Boltzmann model: 3D =
results (melting)

Initial temperature is 500°C and walls are
kept at 800°C

phase
solid I Bl liquid

temperature, °C
Cross-sectional view of domain 506 W B 652

Cross-sectional view of interface
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Coupling Hydrodynamic and Thermal
models

= Thermo-fluid coupling
* Thermal equilibrium distribution function

u (e;W?  (W)?

2 2¢c? 2¢?

= g1 =a;T(x,t) [1 + e(’;
= Natural convection formulation
- F=a (1 —%y) (ei—u+ e; - uei) : p(Gﬁ(T— Tref))

c? c?

= Where f is the volume expansivity and G is the acceleration of gravity
= Forcing term, AtF; added to collision of hydrodynamic model
= Boundary conditions for solid liquid interface
= Collision operator is modified according to method developed by Noble ef al.
— Including modification by Holdych et al.
" filot+AD) = fi(rt) —yAt(1 - B) (fi(x,£) — £°9(x,6)) + (1 — B)ALF; + BOf

. Qf = f—i(xr t) _f_eiq(p;uS) +ﬁeq(p;u5) _ﬁ(xr t)
= B is weighing function which depends on volume fraction
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