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Introduction
General

INDUSTRY (casting, remelting, ...) demends
materials with BETTER STRUCTUAL QUALITY and
ADVANCED PHYSICAL PROPERTIES.

SOLIDIFICATION is a phase change transformation
process that is accompanied by undesired side
effects such as:

e MACROSEGREGATION
* inclusions

* porosity
* shrinkage

Such effects can greatIY affect the quality of
manufactured material.
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Introduction

Numerical modelling I
The experimental work in complex industrial T o

examples (Continuous casting, Direct chill a
casting) can be very expensive and time =1

consuming. Some of the key mechanism of fluid =1 = ‘) 5
transport and solidification are difficult to iy g8 E, o
measure and observe. AR I "

B T i. | J(, | 120 I\u};u F 2[{|u 1 ‘Q.}l.. r [mm] 000001 02 03 04 05 06 07 08 05 1000

Direct chill casting of aluminium

These processes can be predicted by Hatic et al. App. math, model. 2015)
NUMERICAL MODELLING.

Continuous casting of steel
Vertnik et al. EABE (2019)
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Introduction
Diffuse Approximate
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nodes.

TEST CASE - solidification of
binary alloy (Sn 10% Pb)

TEST CASE - solidification of
binary alloy (Al 4.5 wt % Cu)
with moving grains p

Concentration
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Problem description

» Solidification of binary alloy with moving
grains

e Al4.5 wt% Cu
* Domainsize: 0.02 mx0.02m

* Computational domain size: 0.01 m x 0.02
m

* Solidification of binary alloy without the
motion of grains [Kosec et al. CMC, 2011,
HaticC et al. J. Num. Meth. Heat & Fluid Flow
(2018)]
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Property Symbol  Value Unit
Specific heat capacity Cp 1-10° J/kg/K
Thermal conductivity A 1.92 - 102 W/m/K
Density P 2.45-10° kg /m?>
Dynamic viscosity 7 1.2-107° kg/m/s
Gravity acceleration g 9.80 m/s?
Darcy constant Ky 5.56 - 10711 m?
Latent heat Ly 4.00-107° J/kg
Fusion temperature T 933.15 K
Eutectic temperature 1. 821.15 K
Reference temperature Tres 738.15 K
Eutectic concentration Cout 32.60 wt%
Reference concentration Cref 4.50 wt%
Liquidus slope mr, 3.43 K/wt%
Partition coefficient kp 0.173 /
Thermal expansion coefficient G 1.3-1074 1/K
Solutal expansion coefficient Be —7.3.1073 1/wt%
Initial grain radius Tg 1-107° m
Dendrite arm spacing ApAs 100.035-107% m
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Model formulation
Volume averaged model

Porous region: grains form porous matrix Slurry region: grains move freely in the fluid
gs >gs vs=0 gs<gs vs#0
Mass Mass
8(g"p"'(;; gsps) +V- (PLgLVL> =0 6(&“{; gsps) + V- (PLgLVL + Psgsvs) =0
Energy Energy
8(PLthL8‘|; pseshs) | o . (guvihy) = A\FV2T a(PLthL(;; psgshs) | o . (pLavihy + psgsvshs) = ArV2T
Species Species

IpLgLCL + psgsCs)
Ot

A(pLgLCL + psgsCs
+ V- (p;_g;_\l;_ CL) =0 ( ot ) +V- (pLgLVLCL + pSgSVSCS) =0
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Model formulation
Volume averaged model

Porous region: grains form porous matrix

C
gs > gs vs =0
Momentum
a(pgig:m + V- (pgvive) = —gtVp+ V- (ugV(ve))
—+ ngpref(]- - 6T(T — Tref) - BC(C - Cref))
n gri(vy)
8L

K
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Slurry region: grains move freely in the fluid
gs<gs Vvs#0

Momentum

0
a(PLgLVL) + V- (PLgLVLVL> =-Vp

)

+ ngpref(]- + JBT(T - Tref) + JBC(C - Cref))

Pref
+
gsglfﬁsL
4d2gL ps
S YR
3CquLRe P 1—55Lg
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Model formulation
Volume averaged model
Cy= 8%l a) | c,
: : : : Re = LLEtds|y; — vg|
Slurry region: grains move freely in the fluid E = 0.261Re%9 — 0,105Re0431 — [ 0124
C
gs<8 vs#0 2 gL = 0.5,
6’ -
Cke - 3
1 gL 1 + 47(1 — g;_)
> (1 gJ 1 —183(1_g) &%
7
4d2gL Ps P 8L < 05:
Vs Vi 3Cd,uLRe ( P 1-— ﬁs;_g) Cie = 24(105 _ 1)

Re(1 —0.9(g, — 0.25)1/3(1 — g;)2/3)3’ g

. 3 gs 1/3
dg = min (ng,Z(ZW)

ON
— 4+ V- (vsN)=0
o (vsN)
Coupling between macroscopic model and grain growth 3

Zaloznik PhD thesis (2006), Zaloznik et al. Comput Mater Sci (2010)
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Model formulation 1ovoozooc=q

Boundary and initial : 9y
conditions -

oL —( or _ a(p _
Schematic representation of In =0 on = 3 (I — Tenw)
boundary conditions vy =0, 5, =0 ¢ v =

=0 . C =0,

0 v=0,9L =0,C = Cp
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Model formulation
Microscopic model

Microsegregation model
Lever rule

TS — max( Tf — m5C0, Teut)

TL — max( Tf — mLCo, Teut)

Cs =k,

my
kp —_— —
mg

for Fluid Dynamics ® :’: za dinami
and Thermodynamics plp - Ol

Linearized phase diagram for
Al 4.5 wt% Cu

Al 4.5 wt% Cu
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Numerical model
Discretization

Time disretization

Euler explicit method

A(pp) _ pp — poco
o At
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Space disretization

Diffuse approximate method

J
fl(r) = p(r,r) o = ij(ra I,

j=1

11
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Numerical model
DAM

GLOBAL DOMAIN is devided into k LOCAL SUBDOMAINS

Local subdomain has N computational nodes and J basis
functions(N2J); N=14,)=6

p(I‘,I‘g) — [17(371 o 5%11)7 (372 o 5%21)7

(w1 — @1,) (22 — Ta,), (w1 — £1,)%, (22 — T3,)7]

Approximation function

filr) = p(r,1) - v = ij r, 1o,

7=1
|r; —

r|”
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Gaussian weight function  6(r;,r;) = exp | —cg

o

c.2
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Solution procedure

Pressure-velocity coupling
Fractional step method

- Calculate velocity without
pressure

- Solve Poisson equation for
pressure

- Update velocity with pressure

Post-processing
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Form node arrangement
Initialize variables

Update ﬂ Solve
variables — set intermediate

to initial state

No

Steady state ?

Calculate
temperature,
liquid fraction,
concentration

S

velocity

Solve energy
and
concentration
equations

Solve pressure

=

13
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Results

The test case solidification of
binary alloy with moving
grains has previously been

compared to the

solidification of binary alloy

test case.

In this presentation we focus
on node arrangement

density.

Horizontal cross section

434 © RBF hl + FVMh2 --- DAM h3
© RBFh2 + FVMh3 —— DAM sf=0.001 h1
© RBFh3 -=- DAMhl —— DAMsf=0.001 h2
+ FVMhl --- DAMh2 —— DAM sf=0.001h3
4.2
0.000 0.002 0.004 0.006 0.008 0.010
X
o Vertcal cross section
) O RBFvl + FVMwv2 ——- DAM v3
O RBFv2 + FVMv3  —— DAM sf=0.001 vl
491 O RBFv3 ==- DAM V1 —— DAM sf=0.001 v2

+ FVMvl ——. DAMv2 —— DAM sf=0.001v3

Concentration

42
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
y

Solidification of binary alloy without
the motion of grains

COMPARISON with

RBF, FVM: [Kosec et al. CMC, 2011]
DAM: [Hatic¢ et al. J. Num. Meth.
Heat & Fluid Flow (2018)] 14
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Average node distance
Node arrangements construction o
0.00045 -
The points in the calculational domain are 0.00040 -
constructed in such a way that we have 0003
Nx points in x direction and = 0.00030 1 ©
2Nx points in y direction. S 0.00025 - o
The 4 corner points are not included due to the 0:000207 o
o e . O
specifics of the numerical procedure. 0.00015 ; 5
0.00010 A O o
NOde arrangements (I) 50I00 10600 15(I)00 20600 25600 30600
- 878 - 5198 - 20398 N

- 1918 - 7438 - 29278
- 3358 - 13118 s
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Results

Parametric study for node arrangements

878 1918 3358 5198

8.2e+00 8.2e+00 8.2e+00 8.2e+00
7 7 7 7
5 5 & §
= = = =
g g g 2
I} c 6 S 6 £ I} 5
5] Q 8 o
c c = c
G S <3 G
5 o 5 Q 5 o 5 o
_ 3.7e+00 — 3.7e+00 — 3.7e+00 — 3.7e+00
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Results

Parametric study for node arrangements

7438 13118 20398 29278
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Vertical cross - sections

vl

Vertical cross section
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v2

Vertical cross section
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Vertical cross section

3

0.00000.00250.00500.00750.01000.01250.01500.01750.0200
y
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Results

Horizontal cross - sections

hl h2

Horizontal cross section Horizontal cross section

8 - 8 -

7 — 878 7 —
..... 1918
——- 3358 ———

6 1 —-= 5198 6 1 —_

© 7438

------ 13118

51 —— 20398 51

g | —— 29278
E R AR A e e T 4
31+ . . . . . 31 . . . . .
0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010
X X
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Conclusions

Conclusions

A meshless method has been applied to the
solidification of binary alloy with moving grains

A parametric study has been performed for various
node arrangements

In comparison to the binary alloy solidification
without the moving grains, a finer node arrangement
is needed to achieve node convergence

Smaller node arrangements give a general idea of the
final macrosegregation

A finer node arrangement needs to be applied for
more accurate results
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Future work

Test the method on industrial
cases:

- Apply the method to the DCC
of aluminum and CC of steel
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Submitted ABSTRACT

This work describes the application of the discrete approximate meshless method
with an explicit Euler time scheme for simulating grain motion during
solidification of binary alloy in a square cavity. The performance of the method
has previously been verified by comparing the results with reference results from
literature. The volume averaged scheme based physical model couples mass,
momentum, species, and energy transport equations by dividing the flow into
porous region with stationary solid phase and into slurry region with free motion
of solid grains. On the microscopic scale the assumption of infinitely slow
diffusion is made by using the lever rule model. The coupling between pressure
and velocity is solved by using the fractional step method. The effect of node
arrangement density on macrosegregation pattern is analysed and discussed for
the presented case.



