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ABSTRACT

Solidification is a natural phenomenon which is inherent to a number of metallurgical and
production engineering processes and technologies which govern a wide range of domain starting
from iron and steel industries to the advanced solid-state physics devices. Processes, such as,
casting, welding, crystal growth, thermal energy storage are some of the most discernable and key
applications of solidification systems. Achieving the desired properties in a final solidified product
requires precise control of the transport of mass, momentum and energy in the solidification
system. These transport phenomena are governed by the convection in the melt which plays a
significant role in controlling the solidification characteristics and quality of the final solidified
material. Further the convection in solidification systems may be natural (thermal/solutal
buoyancy and surface tension) or forced (external forces due to system rotation, application of
electro-magnetic fields, etc.). Moreover, the convective flow in a solidification system can be a
slow laminar flow or it can be highly turbulent in the case of welding, casting and Czochralski
crystal growth. An accurate modeling of solidification phenomenon in the case of alloy
solidification requires an accurate modeling of the thermo-solutal convection in the mushy as well
as liquid regions while in processes, such as, Czochralski crystal growth it requires a precise

modeling of the melt turbulence.

With the above underlying context, the present thesis deals with exploring some of the
above-mentioned issues in different solidification systems. The first solidification system
represents a case of a binary alloy solidification governed by strong thermo-solutal buoyant
convection in a closed cavity wherein the solid, liquid and mushy zones are modeled using the

fixed grid continuum approach. To start with, a detailed comparison is performed amongst the



various mushy zone models for different morphologies of the mushy zone (columnar dendritic and
equiaxed) under the aegis of Darcy’s porous formulation. Characteristic solidification features of
different models in terms of thermal and solutal gradients in the mushy zone, shape and extent of
the mushy zone, liquidus front irregularities along with convection in the liquid region and bulk
macrosegregation are compared and discussed. Further the buoyancy level in the closed cavity
solidification system is also varied from Ra = 1x10’ to Ra = 1x10° to study the influence of
inclusion of important non-Darcian (solid boundary and inertia) effects in the porous formulation

of the mushy zone.

Another solidification system considered in the present thesis is an idealized Czochralski
melt flow in an open cylindrical crucible. Controlling the quality of the grown crystals using the
Czochralski technique narrows down to controlling the melt convection in the Czochralski melt
flow which is highly turbulent due to simultaneous interactions of centrifugal and coriolis forces
due to crystal crucible rotations along with buoyancy and surface tension induced forces. The
traditional RANS turbulence modeling approach has failed to capture the strong anisotropy and
the turbulent time and length statistics in the Czochralski melt flow. Therefore, mainly advanced
turbulent modeling approaches, such as, Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS), have been used for tackling turbulence in the Czochralski melt flow. These
approaches demand exorbitantly high computational resources. A recently proposed Partially-
Averaged Navier-Stokes (PANS) approach has been shown to provide a variable level of resolution
from the RANS to DNS based on the filtering of turbulent scales at a comparatively low
computational cost. Hence in the present thesis the PANS approach is used for the first time to

study the thermo-fluid characteristics of the Czochralski melt flow. Both qualitative and



quantitative comparisons have been performed between the PANS computed results and the

reported experimental, LES and DNS results.

First the variable resolution capability of the PANS approach is demonstrated for the
Czochralski melt flow using the PANS low-Re k-¢ model. The PANS model at an optimum filter
width is shown to capture the important Czochralski flow characteristics in terms of deciphering
the melt flow structure, generation of thermal plumes and vortical structures along with capturing
the turbulent thermo-fluid characteristics in accordance with the reported experimental, LES and
DNS results. Further to gain a thorough physical insight of the Czochralski melt flow, the thermo-
fluid dynamics obtained using the PANS variants of the low-Re k-¢ and SST k-w models at an
optimum PANS filter width are compared and discussed. The deviations by the models are
attributed to the inadequacies of the corresponding parent RANS models. Finally, suitable system
rotation and curvature corrections have been applied to both the PANS variants resulting in an
improvement in the capabilities of the models in deciphering the true characteristics of the

Czochralski melt flow.
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EeIeh0T Ueh GTohicieh Uishal § Sl S UTdeha Td 3cdicel Iifaehl quT Wi Gishani St
SEATT 3cUleed 8 o Y 3T cehiolehl SIHTGEAT 3TV & faeprd &l e el §1 shiieear
foheee fasE gafel 31 TeRel Scarie geltetor fAEeH & o Hgcdqol euder g faelr off
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St T GelehIOT 3cUTe o Sfefoll Ud IOTadm H [HGd e H Ageaqol {fAw e g1 s8h
3eTal G0l [8FeH # Hagsl Wi (Y AT a6 g Sccalraehdr 3R ddg o=ira) ar aredr
(RATea AT & FRUT, SoFel-HAiafer Fes & 3Mdes, ) T Y & Thar &1 T goliaor
eca # daga yarg T 7 ofAaR ade & a1 afeser, sifecer 3R arpreas! (Czochralski)
foreee fadma o feeH A 75 e fAeld & @Y g dohdr g1 By a1 & elietor 7 add
dur faed daga & G& Al I aTHAT @it g, SIafh Giharl, S o, diwreadn
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heres @15 Hiceog3@ T 1 3UIRT S Alsel fhdT 17 §| Y&ITT A fafdest el St
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T NG A AT A 8] GOV TeAlaoT TAECH Teh 3Tee] Alshledenl fheeer fashra

&FcH §| ihrodh! deheileh SaNT 3clee fshecel I IUTAT HEA: ged H Hagel I AR Il
g S o &g TR & BRI (YHA Scoardeshdl IJICesTol BRIt 3R Tdg daa) & THAGIOH IREIRE
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$r teArgETed R fAalH Fr aRewfad #E A fawd @1 &1 SHfAT, AET ®7 @ o6 TS RAACR
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9T RANS & DNS d& g QefiH &7 9Reelsd ey I &THar gl &1 sgfaw sg Nf{w &
PANS dasiler & 39T Ugall IR dlhledehl ged Yaig & 3ISHIY dUT gdig dIaTol I Hegded
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NOMENCLATURE

fs and f;

gs and g,
Gr

X-momentum source term

y-momentum source term

form drag constant

species concentration in solid and liquid phases of alloy
specific heat of solid and liquid alloy

species diffusion coefficient in alloy

species diffusion coefficient in liquid alloy
emissivity

PANS filter width

mass fractions of the solid and liquid phases
acceleration due to gravity

volume fractions of the solid and liquid phase
Grashoff (thermal) number

crucible height (Solidification system II)

sensible enthalpy of the alloy

latent heat of fusion of alloy

sensible enthalpy of solid and liquid phases of alloy
turbulent kinetic energy

permeability

permeability coefficient

thermal conductivity of the alloy

thermal conductivities of solid and liquid phases of alloy
equilibrium partition ratio

distance between the hot and cold walls

Marangoni number

effective pressure

Prandtl number

Rayleigh number

crucible radius (Solidification system II)
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Re Reynolds number

Rew Reynolds (rotational) number

Rs crystal radius (Solidification system II)

Sp buoyancy source term assuming Boussinesq approximation
Sh energy source term

Sc species source term

Sx form drag x momentum source term

Sy form drag y momentum source term

T temperature

Ta Taylor number

Tiiq liquidus temperature corresponding to solute concentration C
T melting point

u(y,v) velocity (x-velocity, y-velocity)

u; and ug solid and liquid velocity

Greek symbols

A average cell dimension
Ai rate of deformation
A turbulent length scale

thermal diffusivity of the alloy

B coefficient of thermal expansion
Bc coefficient of solutal expansion
€ dissipation rate

et effective viscosity of the liquid
Y dynamic viscosity of the liquid
p alloy/mixture/fluid density

ps and p; solid and liquid density of alloy
v kinematic viscosity of the liquid
T shear stress due to the surface tension induced forces
Wc crucible rotation rate

Ws crystal rotation rate

) specific dissipation rate
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Abbreviation

DNS Direct numerical simulation

LES large eddy simulation

PANS Partially-averaged Navier Stokes
RANS Reynolds-averaged Navier Stokes
SGS sub-grid stress
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