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a b s t r a c t 

A series of solidification benchmark experiments based on Sn-10wt.% Pb alloy were performed at the 

SIMAP Laboratory in Grenoble, France (Hachani et al., 2015) to study the effect of different types 

of forced convection on the as-cast structure and macrosegregation. Forced convection was achieved 

by using a traveling magnetic field (TMF). Four cases were investigated: without TMF; TMF in the 

same direction as natural convection; TMF in the opposite direction as natural convection; and TMF 

periodically reversed with respect to natural convection. In the current study, a three-phase mixed 

columnar-equiaxed solidification model was used to “reproduce” the above experiments to understand 

the flow effect on the as-cast structure formation. The dendrite fragmentation is regarded as the only 

source of equiaxed grains. Remelting/destruction of equiaxed grains in the superheated melt is con- 

sidered. The continuous growth of the surviving equiaxed grains and further competition with the as- 

developed columnar dendrites, leading to columnar-to-equiaxed transition (CET), are included. Except for 

Case III (i.e., a TMF in the opposite direction as natural convection), satisfactory simulation-experiment 

agreements in terms of the temperature field, as-cast structure and macrosegregation are obtained for 

the remaining three cases. Based on the simulation results, it is found that 1) TMF plays an impor- 

tant role in homogenizing the temperature field and promoting the formation of equiaxed grains via 

fragmentation, consequently facilitating the appearance of CET; 2) TMF tends to generally intensify 

macrosegregation and increase the number of channel segregations; and 3) the simultaneous solidifica- 

tion/remelting process represents a significant species/energy transport mechanism. Ignoring the remelt- 

ing of equiaxed grains would lead to an overestimate of the local temperature in the remelting zone. 

The reason for the mismatch between the simulation and experimental results obtained for Case III is 

discussed. 

© 2023 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The electromagnetic field (EMF) has been widely used during 

he casting process because of its multiple benefits for improving 

he casting quality: the well-controlled flow field, the homoge- 

ization of the temperature/solute field, the promotion of grain 

ucleation and dendrite fragmentation, the extension of the 

quiaxed structure and the improvement of the segregation inten- 

ity, etc. [1–3] . One typical EMF, i.e., the traveling magnetic field 

TMF), which can produce a Lorentz force in one direction, is often 

sed to control the flow pattern (forming the so-called “butterfly”

ype of flow) and grain structure both in slab continuous casting 

rocesses [4–8] and laboratory experiments [9–10] . 
∗ Corresponding author. 

E-mail address: menghuai.wu@unileoben.ac.at (M. Wu) . 
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Various experiments have been performed to investigate the 

olidification of pure tin and its alloys, e.g., tin-lead (Sn-3 wt.% 

b, Sn-5 wt.% Pb, Pb-48 wt.% Sn) and tin-zinc (Sn-5 wt.% Zn), on 

he laboratory scale in a rectangular cavity under natural con- 

ection [11–17] . The experimental results show that the channel 

egregations are intensified with increasing cooling rate and initial 

olute concentration. To investigate the effect of forced convection 

n the as-cast structure and macrosegregation, similar experi- 

ents were performed under TMF conditions [18–21] . Specifically, 

achani et al. [20] performed a series of experiments to study 

he effect of different types of forced convection on the as-cast 

tructure and macrosegregation. Forced convection was achieved 

y using the TMF. Four different solidification experiments based 

n Sn-10wt.%Pb alloy were investigated: without TMF (Case I); 

MF in the same direction as natural convection (Case II); TMF in 

he opposite direction as natural convection (Case III); and TMF 

eriodically reversed with respect to natural convection (Case IV). 
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he temperature field, as-cast structure, and solute distribution of 

he four cases were analyzed comprehensively, which provided an 

xcellent reference case to validate the simulation model. 

Many numerical studies [22–35] have attempted to “repro- 

uce” the above benchmark experiments [ 11 , 15 , 17 , 20 ]. A cellular 

utomaton-finite element (CA-FE) solidification model [22–23] was 

sed to simulate the solidification of the benchmark experiment 

15] . Satisfactory agreement of the grain morphology was obtained, 

ut the segregation channels could not be predicted. Two-phase 

olume-averaged (VA) numerical models [24–32] were also used 

o simulate the benchmark [ 11 , 17 ]. The segregation channels were 

xcellently reproduced, but because the second solid phase, the 

quiaxed grains, were ignored, the credibility of the calculation re- 

ults was weakened. Direct application of the two-phase VA nu- 

erical model to the cases under a TMF, makes it more diffi- 

ult to “reproduce” the as-cast structure and segregation profiles 

33–34] . Recently, a three-phase mixed-columnar-equiaxed VA 

odel [35–36] was used to model benchmark Case I of Hachani 

t al. [20] . The numerical simulation results proved that the mo- 

ion of equiaxed grains significantly affects the final distribution of 

he equiaxed grains and macrosegregation profiles. However, both 

f them ignored the remelting/destruction phenomenon occurred 

uring the casting process. Additionally, compared to benchmark 

ase I, the cases under the TMF are of high interest and signifi- 

ance, but the simulations raise more challenges under forced con- 

ection conditions. 

This study continues the work of the current authors [36–37] by 

ncluding the effect of the TMF. The three-phase mixed columnar- 

quiaxed solidification model was extended with improved ap- 

roaches for remelting and grain destruction. The extended model 

as used to “reproduce” the four cases of Hachani’s benchmark ex- 

eriments [20] . On this basis, this study focuses on explaining the 

ormation mechanism for the as-cast structure and macrosegrega- 

ion under the effect of TMFs. 

. Model description 

A three-phase mixed columnar-equiaxed solidification model 

38–41] was used to investigate the formation of the as-cast struc- 

ure and macrosegregation of Sn-10wt.% Pb alloy in an experi- 

ental benchmark under forced convection conditions [20] . The 

overning equations for the model have been presented in detail 

lsewhere [ 38 , 41 ]. Three phases are considered: liquid melt ( � ),

quiaxed grains (e) and columnar dendrites (c). Their volume frac- 

ions ( f � , f e , f c ) sum up to one. Both the liquid melt and equiaxed

rains are treated as moving phases, for which the correspond- 

ng Navier–Stokes equations are solved to obtain the liquid veloc- 

ty ( 
⇀ 

u � ) and equiaxed velocity ( 
⇀ 

u e ). The columnar dendrites are 

ssumed to be composed of a rigid phase, for which the veloc- 

ty is zero ( 
⇀ 

u c ≡ 0 ). Simple morphologies are assumed for the two 

olid phases: stepwise cylinders for columnar trunks and spheres 

or equiaxed grains. To address the drag force and other hydrody- 

amic interactions between phases, a dendritic envelope ( f env 
e ) is 

onsidered for equiaxed grains. The volume ratio of the solid ‘den- 

rite’ to the dendritic envelop is defined as f si ( = f e / f env 
e ), which

as set as a constant in this study. A diffusion-governed growth ki- 

etic is considered to treat the solidification for both solid phases. 

he difference between the equilibrium and volume-averaged liq- 

id concentrations ( c ∗� − c � ) served as the driving force for solidifi- 

ation. The position of the columnar tip front was traced dynami- 

ally based on the Lipton-Glicksman-Kurz (LGK) model [42] . A so- 

alled effective equiaxed viscosity ( μe ), which increases with f env 
e , 

as used to model the interaction between the equiaxed grains 

43] . When f env 
e reached a packing limit f e , packing , a rigid network 

f equiaxed grains was built. Additionally, the equiaxed grains were 
2

aptured by the columnar dendrites and fixed there when the lo- 

al volume fraction of the columnar phase f c ≥ 0.2. Solidification 

hrinkage was ignored. Both thermal-solutal convection and grain 

edimentation were modeled using the Boussinesq approach. The 

olume-averaged concentrations for each phase, i.e., c � , c e , and c c , 

ere calculated. The macrosegregation was characterized by the 

egregation index: c index 
mix 

= (c mix − c 0 ) × 100 /c 0 , in which c 0 is the

nitial concentration and c mix is the mixture concentration with 

 mix = ( f � ρ� c � + f e ρe c e + f c ρc c c ) / ( f � ρ� + f e ρe + f c ρc ) , where ρ� ,

e , ρc are the densities for each phase. Some important relevant 

odeling features for the current benchmark are described below. 

.1. Dendrite fragmentation 

Dendrite fragmentation [44] is considered as the only source 

f equiaxed grains. The net mass transfer rate from the columnar 

endrites to the equiaxed grains due to fragmentation can be cal- 

ulated using 

 ce = −γ ·
(

⇀ 

u � −
⇀ 

u c 

)
· ∇c � · ρe , (1) 

here γ is the fragmentation coefficient and ∇c � is the liquid con- 

entration gradient. All other contributions to fragmentation, e.g., 

he curvature effect of the dendrites, latent heat-induced thermal 

uctuation, and diffusion in the interdendritic melt, are included in 

he single fragmentation coefficient γ . The production rate of the 

umber density of fragments is calculated via 

 ce = 

M ce 

ρe · π
6 

(
d 0 

e , frag 

)3 
, (2) 

here d 0 
e , frag 

(= λ2 · f c ) is the initial diameter of the fragment and 

2 is the secondary dendrite arm spacing, which must be deter- 

ined experimentally. Heterogeneous nucleation is ignored here. 

.2. Solidification and remelting/destruction of equiaxed grains 

The solidification and remelting of equiaxed grains are treated 

s two asymmetric processes [45] , i.e., the remelting process is not 

imply “inverse solidification”. Schematics of the solute partition- 

ng at the liquid–solid interface and the solute distribution in the 

iquid and solid during solidification and remelting processes are 

hown in Fig. 1 . 

1) Solidification : the growth of the equiaxed grains is governed by 

diffusion. The net mass transfer rate between the liquid melt 

and the equiaxed grains during the solidification process is de- 

scribed as 

M � e = v R ·
(
n eq πd 2 e 

)
· ρe · f � , (3) 

here n eq is the number density of equiaxed grains, d e is the grain 

iameter, and v R is the growth speed of equiaxed grains, which 

ields 

 R = 

D � 

l � 
· ( c ∗� − c � ) (

c ∗� − c ∗e 
) , (4) 

here D � is the solute diffusion coefficient in the liquid, c ∗e is 

he equilibrium equiaxed concentration at the liquid/solid interface 

 Fig. 1 (a)), and l � is the diffusion length, which is calculated using 

 � = 

d e 

2 

(
1 − f 

1 
3 

e 

)
. (5) 

1) Remelting and destruction of the equiaxed grains : the remelting 

of the equiaxed grains is also governed by solute diffusion [46] . 

The geometrical impingement factor ( f � ) is unnecessary during 
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Fig. 1. Schematic of solute partitioning at the liquid–solid interface and the solute distribution in the liquid and solid: (a) solidification process; (b) remelting process. 
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the remelting process, and thereby, Eq. (3) is updated for the 

remelting process. 

M � e = v R ·
(
n eq πd 2 e 

)
· ρe . (6) 

Unlike the solidification process, the equilibrium concentrations 

 c ∗� and c ∗e ) are lower than the volume-averaged concentrations ( c � 
nd c e ) during the remelting process ( Fig. 1 (b)); thus, it is as-

umed that the equiaxed concentration at the liquid/solid interface 

 c interface 
e ) is equal to c e , and v R is calculated using 

 R = 

D � 

l � 
· ( c ∗� − c � ) (

c ∗� − c e 
) . (7) 

A significant remelting process occurs when the equiaxed grains 

re transported into the bulk melt region, where flow might be 

uite turbulent. The turbulent flow effect on the remelting pro- 

ess is considered based on the modified diffusion length [47–48] , 

hich yields 

 � = d e / 
(
2 + 0 . 6 · Sc 1 / 3 Re 1 / 2 

)
, (8) 

here Sc = μ/ρ� D � is the Schmidt number, Re = d e ρ� | ⇀ 

u � −
⇀ 

u e | /μ
s the local Reynolds number, and μ is the dynamic viscosity of 

he liquid melt. 

To model the grain destruction, the equiaxed grains are as- 

umed to follow a lognormal size distribution [45] . If a grain is 

xposed to a superheated liquid, remelting will first lead to a de- 

rease in the diameter of the grain. Once the size class of the 

quiaxed grains due to remelting becomes smaller than the crit- 

cal value of the grain size ( d e,critical ), the equiaxed grains will be

estructed. The destruction rate for the grains can be calculated 

sing 

 des = v R 
dn eq 

dx 
| x = d e , critical 

, (9) 

ith 

dn eq 

dx 
= 

n eq √ 

2 π · σ · x 
· e 

− 1 
2 ·

(
ln ( x ) −ln ( ˆ d e ) 

σ

)2 

, (10) 

here σ is the geometric standard deviation of the lognormal 

istribution, the dummy variable ( x ) corresponds to the equiaxed 

rain diameter of different size classes, and 

ˆ d e is the geometri- 

al mean of the grain size. However, only the volume-averaged 

rains diameter d e , which is not equal to ˆ d e , could be obtained 

hrough the volume-averaged method. Thus, a further assumption 

as made in this study, the variation in d e and 

ˆ d e due to remelt- 

ng follows the same trend, i.e., d ( ̂  d e ) / dt ≈ d (d e ) / dt , which can be

stimated by remelting rate of equiaxed grains ( v ). 
R 

3 
.3. One-way coupling of the electromagnetic field and flow field 

A one-way coupling approach between the electromagnetic 

eld and flow field was adopted. The electromagnetic field was cal- 

ulated using ANSYS Maxwell, and the flow field was solved using 

NSYS Fluent. 

Firstly, the time-averaged Lorentz force was calculated using 

NSYS Maxwell, 

 

 = 

1 

2 

(
⇀ 

J ×
⇀ 

B 

∗)
. (11) 

The Lorentz force is composed of the forces in three directions 

 F x , F y , and F z ), but it acts mainly in the x direction. Thus, to con-

ider the relative motion between the Lorentz force in the x direc- 

ion ( F x ) and the x-velocity component of the melt/equiaxed phase, 

 x was modified using 

 

’ 
x = F x ·

(
1 − u x 

u B , x 

)
, (12) 

here F ’ x is the modified Lorentz force in the x direction, u x is 

he x-velocity of the melt/equiaxed phases, and u B , x is the mov- 

ng velocity of the TMF. The Lorentz forces in other two directions 

 F y , F z ) would keep as original. Then, the Lorentz forces ( F ’ x , F y ,

 z ) were weighted by the corresponding phase volume fraction ( f � , 

f e ) and finally used as the source terms ( F ’ x ,� , F ′ x , e , F y ,� , F y , e , F z ,� ,

 z , e ) for the momentum conservation equations of each phase via 

ser-Defined Functions (UDFs). 

 

’ 
x ,� = F ’ x · f � , F ’ x , e = F ’ x · f e , (13) 

 y ,� = F y · f � , F y , e = F y · f e , (14) 

 z ,� = F z · f � , F z , e = F z · f e , (15) 

. Benchmark configuration 

.1. Experimental procedure 

The experiments were conducted by another research group at 

he SIMAP Laboratory in Grenoble, France [20] . The Sn-10 wt.% 

b alloy was solidified in a quasi-two-dimensional rectangular 

100 × 60 × 10 mm 

3 ) mold. As shown in Fig. 2 (a), two heat ex-

hangers were arranged beside the two lateral walls of the sample 

o control the input/extraction of the heat. The heating and cool- 

ng history of the two exchangers designed for the experiment is 
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Fig. 2. (a) Schematic view of the experimental facility used for the benchmark [20] ; (b) heating and cooling history of the two exchangers; (c) four different stirring modes. 

(c.1) Case I: natural convection only; (c.2) Case II: TMF aligned along the same direction as the natural convection; (c.3) Case III: TMF aligned along the opposite direction 

as the natural convection; (c.4) Case IV: TMF imposed in an alternative direction with a frequency of 0.0625 Hz (stirring in one direction for 8 s) 
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emonstrated in Fig. 2 (b). A temperature difference of 40 K was as- 

igned between the two exchangers during the cooling stage, and 

he cooling rates were equal to 0.03 K/s. An array of fifty thermo- 

ouples was placed onto the front surface of the sample to record 

he temperature evolution. A second array of sixteen thermocou- 

les was arranged onto the back surface to confirm that the tem- 

erature variations in the thickness direction remain small, i.e., the 

emperature field of the sample follows a quasi-two-dimensional 

attern. Nine thermocouples were arranged onto the left and right 

xchangers, respectively, to measure the heat flux extracted from 

he sample. As presented in Fig. 2 (a), the linear motor used to 

enerate the TMF was placed 5 mm beneath the sample. A three- 

hase alternative current (AC) with a constant frequency ( f = 50 

z) and current intensity ( I = 8.2 A) was used to feed the power.

or a more detailed introduction of the benchmark setup, refer to 

20] . 

Once the coils were charged, a magnetic field was produced. If 

 conductive casting sample was loaded, an induced current was 

enerated in the sample. The interaction between the magnetic 

eld and induced current produced a Lorentz force, which drove 

he liquid to flow. The magnetic flux density ( B ) was measured 

long the x-axis (3 mm above the motor) without loading the sam- 

le. As schematically shown in Fig. 2 (c), four different solidification 

xperiments for Sn-10 wt.% Pb alloy were performed to investigate 

he effect of different types of forced convection on the as-cast 

tructure and macrosegregation. 

During the solidification process, evolutions of the temperature 

eld were recorded and analyzed. Temperature maps for the se- 

ected area ( x : 0.5 cm–9.5 cm; y : 1–5 cm) of the front surface

 Fig. 2 (a)) at three different solidification times ( t = 540 s, t = 900

, and t = 1440 s) were revealed [20] . t = 0 s corresponds to the

rst appearance of the liquidus of the alloy with an initial com- 

osition of c 0 . After the castings completely solidified, the as-cast 

tructures for the four cases were obtained through metallurgic 

nalyses, which consisted of several passes of polishing with abra- 

ive paper and chemical attack with a mixture of 75% Vol HCl (37 

ol%/v) and 25% Vol HNO 3 (69.5%) [15] . A chemical method cou- 

led using the Inductive Coupled Plasma (ICP) technique was used 

o obtain the quantitative results for the solute distribution, and 

he profiles for the macrosegregation were revealed by X-ray anal- 

sis along the thickness direction [20] . 
4 
.2. Numerical procedure 

A full-scale inductor ( Fig. 2 (a)) was built to perform the elec- 

romagnetic calculation using the commercial software ANSYS 

axwell. Firstly, the magnetic field ( B ) along the x-axis without 

ample loading was calculated and compared with the measure- 

ents. Then, the conductive casting sample ( σ = 1.86 × 10 6 	−1 

 

−1 ) was loaded 5 mm above the linear motor. The time-averaged 

 

 was calculated by solving Maxwell’s equations, and the ex- 

racted 

⇀ 

F was interpolated into the mesh system of ANSYS Flu- 

nt. F x was modified by multiplying (1- u x / u B , x ) to consider the 

elative motion between the Lorentz force in the x direction and 

he x-velocity component of the corresponding phase ( Eq. (12) ). 

t was then weighted by the corresponding phase volume fraction 

 f � , f e ) and used as a source term in the momentum conserva-

ion equations for each phase ( Eqs. (13) to (15) ). Unlike the elec- 

romagnetic field calculation, only the casting domain was solved 

or the flow and solidification. Four simulations corresponding to 

achani’s four experiments (Cases I-IV) [20] were conducted. The 

imulations started from the last stage (solidification) in Fig. 2 (b), 

nd the melt was assumed to have a homogeneous temperature 

 T = 533.15 K) and concentration (Sn – 10 wt.% Pb) distribution 

efore solidification. A convective heat transfer boundary condi- 

ion ( h = 20 0 0 W/m 

2 ·K) was used for the two lateral walls. At

he beginning of the simulation, the left exchanger temperature 

as set as 553.15 K, and the right exchanger was set as 513.15 

. The cooling rate for the right exchanger was set to be 0.03 

/s, which is identical to the experimental value. The cooling rate 

or the left exchanger was experimentally reported to be 0.03 K/s, 

ut here it was set to be 0.033 K/s. The reason for this modifica- 

ion will be discussed in detail in §5.4. Adiabatic boundary con- 

itions were used for the remaining four walls. The liquid was 

ssumed to be incompressible with a constant density and vis- 

osity. The no-slip flow boundary condition was applied for the 

elt and equiaxed grains along all the sample walls. The ther- 

odynamic/physical properties used in the current simulations are 

isted in Table 1 . 

A hexahedron mesh with a mesh size of 1 mm was used 

n the current study, and the total mesh number was 60,0 0 0. 

egarding the flow calculation, for each timestep ( �t = 0.005 s), 
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Table 1 

Thermo-dynamic/physical properties. 

Property/parameters Symbol Units Values Ref. 

Nominal Pb concentration of the alloy c 0 wt.%Pb 10.0 [20] 

Liquidus temperature (Sn-10 wt.%Pb) T liq K 492.61 [20] 

Melting temperature of pure Sn T f K 505.15 [20] 

Initial temperature T 0 K 533.15 [20] 

Partition coefficient k - 6.56 × 10 −2 [20] 

Liquidus slope m K (wt.%Pb) −1 -1.2826 [20] 

Eutectic temperature T eut K 456.57 [20] 

Eutectic concentration c eut wt.%Pb 38.1 [20] 

Reference density ρref kg m 

−3 7000.0 [20] 

Liquid density (buoyancy force) ρ� kg m 

−3 ρref (1 − βT (T � − T ref ) − βC (c � − c ref )) 

Solid density for both solid phases ρe, ρc kg m 

−3 7310.0 

Thermal expansion coefficient βT K −1 6.0 × 10 −5 [17] 

Solutal expansion coefficient βC (wt.%Pb) −1 -5.3 × 10 −3 [17] 

Primary dendrite arm spacing λ1 m 2.25 × 10 −4 [35] 

Secondary dendrite arm spacing λ2 m 6.5 × 10 −5 [17] 

Diffusion coefficient in liquid D � m 

2 s −1 4.5 × 10 −9 [35] 

Latent heat L J kg −1 6.1 × 10 4 [17] 

Specific heat c � p , c 
e 
p , c 

c 
p J (kg K) −1 260.0 [17] 

Thermal conductivity k � , k e , k c W(m K) −1 55.0 [17] 

Viscosity μ� Pa s 1.0 × 10 −3 [20] 

Gibbs-Thomson coefficient � m K 6.5 × 10 −8 [35] 

Solid fraction in the dendritic envelope f si - 0.5 [35] 

Packing limit - 0.637 [35] 

∗Super/subscripts � , e, and c indicate different phases. 
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0 iterations were needed to decrease the normalized residuals for 

he continuity, momentum conservation equations to values below 

he convergence limit of 10 −4 and those for the enthalpy conser- 

ation equations to below 10 −7 . All simulations were performed in 

arallel using a high-performance computing cluster (2.6 GHz, 28 

ores). One three-dimensional (3D) calculation required 7 days of 

omputing time. 

. Simulation results 

.1. B field and distribution of the Lorentz force 

Fig. 3 (a) shows a comparison of the B field along the x-axis (3

m above the motor) determined by calculation and measurement 

n the absence of the casting sample. Satisfactory agreement is ob- 

ained between the two datasets. The oscillation of the B field is 

aused by the arrangement of the magnets at the bottom of the 

evice. The distribution of the time-averaged Lorentz force on the 

asting (solid-state with no movement) surface of Case II is shown 

n Fig. 3 (b). The profile of the magnitude ( | F | ) of the Lorentz force

long Line 1 ( Fig. 3 (b)) is plotted in Fig. 3 (c). The maximal | F |
728 N/m 

3 ) appears at the bottom of the sample, and it exponen- 

ially declines along the sample height. The effective zone for the 

orentz force is limited to within a distance of 10 mm above the 

ample bottom. 
ig. 3. (a) Comparison of the measured and calculated B in the absence of the casting

ime-averaged Lorentz force on the casting surface of Case II; (c) profile of the magnitude

5

.2. Solidification sequence 

To illustrate the TMF-induced flow and its effect on the forma- 

ion of the as-cast structure and macrosegregation, the solidifica- 

ion sequence was analyzed for the middle vertical section based 

n Case II shown in Fig. 4 . In this case, the Lorentz force acts in the

ame direction as natural convection. Schematic views of the liq- 

id flow pattern and solidification process are shown in Fig. 4 (a.x). 

ig. 4 (b.x) shows the calculated temperature field. The liquid ve- 

ocity overlaid with f c and the equiaxed velocity overlaid with f e 
re presented in Fig. 4 (c.x),(d.x), respectively. Fig. 4 (e.x) shows the 

ontour of M � e to demonstrate the simultaneous solidification and 

emelting phenomena. The induced macrosegregation profiles are 

isplayed in Fig. 4 (f.x). 

The simulation results at 180 s are shown in Fig. 4 (a.1)–(f.1). 

s the superheat dissipates from the right wall, the tempera- 

ure gradually drops below the liquidus temperature on the right 

ide ( Fig. 4 (b.1)). The red isoline of the constitutional undercool- 

ng ( �T = T f + m ·c � - T ) that equals 0 K is plotted to sepa-

ate the superheated and undercooling zones. The columnar den- 

rites initialize from the right wall and grow along the direction of 

he temperature gradient ( Fig. 4 (c.1)). A clockwise flow pattern is 

ormed under a combination of the thermo-solutal buoyancy and 

orentz force of the TMF ( Fig. 4 (c.1)). The maximum liquid ve- 

ocity ( 
⇀ 

u �, max = 0 . 1 m / s ) is observed near the bottom-left corner. 
 sample along the x-axis (3 mm above the linear motor); (b) distribution of the 

 ( | F | ) of the Lorentz force along Line 1 shown in (b). 
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Fig. 4. Solidification sequence (on the middle vertical plane) of Case II: (a.x) Schematic views of the liquid flow pattern and dendrite growth; (b.x) contour and isolines (in 

black) of T (in K) overlaid with the red isoline of �T = 0 K; (c.x) liquid velocity overlaid with the isolines of f c ; (d.x) velocity of equiaxed grains overlaid with the isolines of 

f e ; (e.x) contours of M � e , red for solidification and blue for remelting; (f.x) contours of c index 
mix 

[%] , red for positive segregation and blue for negative segregation. 
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n the columnar-liquid mushy zone, especially near the columnar 

ip region, the equiaxed grains are generated through fragmenta- 

ion ( Fig. 4 (d.1)). At this moment, because the equiaxed grains are 

uch heavier than the liquid melt, i.e., the density difference be- 

ween the equiaxed grains and liquid melt ( �ρ) is positive ( �ρ = 

e − ρ� > 0 ), the grains tend to sediment to the bottom of the 

ample. Due to the strong TMF-induced flow, some equiaxed grains 

re brought to the left superheated region ( Fig. 4 (d.1)), whereas the 

rains that are generated in or are brought to the deep mushy zone 

 f c > 0.2) are captured by the columnar phase. From Fig. 4 (b.1) and

(e.1), the equiaxed grains grow ( M � e > 0) in the undercooled melt 

ear the solidification front and remelt ( M � e < 0) in the left super-

eated liquid. A slightly negative segregation is observed along the 

ight wall ( Fig. 4 (f.1)). 

At 540 s, the sample is further cooled down ( Fig 4 (b.2)). The

olumnar dendrites grow to 1/3 of the sample width, and f e is 

ncreased to 20% ( Fig. 4 (c.2),(d.2)). Although the superheated re- 
6

ion (e.g., the lower-right and upper-left corners) is extended due 

o the enrichment of the solute in the bulk liquid, the maximum 

uperheat is decreased by 1.29 K compared to the results obtained 

t 180 s. Similar to the results shown in Fig. 4 (e.1), remelting of 

quiaxed grains occurs mainly near the left wall, but the remelting 

ate is significantly reduced in Fig. 4 (e.2). At this moment, some 

hannel segregations initialize from the right-bottom region of the 

ushy zone ( Fig. 4 (f.2)). 

The superheat is totally dissipated from the sample ( Fig. 4 (b.3)) 

t 900 s. The columnar dendrites and equiaxed grains grow com- 

etitively in the remaining undercooled melt. The enrichment of 

he solute element (Pb) in the melt ( Fig. 4 (f.3)) makes the liq-

id melt denser, which decreases the �ρ and even reverses it 

 �ρ< 0), i.e., the liquid melt is heavier than the equiaxed grains. 

t becomes easier for equiaxed grains to float upwards along the 

eft wall of the sample ( Fig. 4 (d.3)). Some of the equiaxed grains

re brought back to the columnar tip front. The growth of such 
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Fig. 5. Comparison of the temperature field (in °C) for the four cases (I - IV) determined by measurements and the simulation for the front surface of the sample at 540 s, 

(a.x) the measurement results, (b.x) the simulation results. The black dashed lines show the direction of the liquid convection, and the red dashed lines show the position 

of the solidification front (isoline of f c = 0.1). (a.x) is reprinted from publication [20] , with permission from Elsevier. 

Fig. 6. Comparison of the temperature field (in °C) for the four cases (I - IV) determined by measurements and simulation for the front surface of the sample at 900 s, (a.x) 

the measurement results, (b.x) the simulation results. The black dashed lines show the direction of the liquid convection, and the red dashed lines show the position of the 

solidification front (isoline of f c = 0.1). (a.x) is reprinted from publication [20] , with permission from Elsevier. 
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quiaxed grains inhibits the advancement of the columnar den- 

rites accordingly ( Fig. 4 (c.3)), leading to the columnar-to-equiaxed 

ransition (CET). 

The sample is fully solidified at 1920 s. As presented in 

ig. 4 (c.4), the columnar dendrites take the right side, and the re- 

aining part is mostly occupied by the equiaxed grains. In the up- 

er left corner of the sample ( Fig. 4 (d.4)), the sample is solidified

s a fully equiaxed grain structure. Serious positive segregation is 

ound in the lower-left corner, which indicates the presence of a 

igh-volume fraction of eutectics. Several channel segregations can 

e observed in the lower-right corner ( Fig. 4 (f.4)). 

.3. Calculated temperature fields and comparison with 

xperiments 

Comparison of the temperature field determined from the mea- 

urement and simulation results for all four cases (I - IV) for the 

elected area of the front surface ( x : 0.5 cm–9.5 cm; y : 1 cm–5 cm)

t three different solidification times are shown in Fig. 5 –7 . The 
7 
T is defined as the difference between the maximum temperature 

nd the minimum temperature of the measured region. The solid- 

fication front is indicated by the isoline of f c = 0.1 in the simu- 

ation results. Satisfactory agreements between the measurements 

nd simulation results are obtained. 

As shown in Fig. 5 (a.1)–5(b.1), in Case I, the isotherms are dis- 

orted following the direction (clockwise) of the fluid flow. The 

aximum temperature appears at the top-left corner, and the 

easured and calculated DT values are equal to 18.7 °C and 18.3 °C 

 Fig. 5 (a.1),(b.1)), respectively. Compared to Case I, the enhanced 

onvection due to the TMF in Case II leads to a more uniform tem- 

erature field, i.e., the measured DT is decreased from 18.7 to 15 °C 

 Fig. 5 (a.2)), and the calculated DT is decreased from 18.3 to 12 °C
 Fig. 5 (b.2)). For Case III, the reversed forced convection (the an- 

iclockwise vortex at the lower part of the sample in Fig. 5 (b.3)) 

ends the isotherms to the right side in the lower part of the sam- 

le. The DT for this case is decreased to 14 °C. According to the sim-

lation results, the maximum temperature in the top-left corner of 

ase III is caused by another small clockwise vortex, which is de- 
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Fig. 7. Comparison of the temperature field (in °C) for the four cases (I - IV) determined by measurements and simulation for the front surface of the sample: (a.x) the 

measured results at 1440 s, (b.1) the simulation results at 1440 s, (b.2) the simulation results at 1280 s, (b.3) the simulation results at 1200 s, and (b.4) the simulation 

results at 1300 s. The black dashed lines show the direction of the liquid convection, and the red dashed lines show the position of the solidification front (isoline of 

f c = 0.1). (a.x) is reprinted from publication [20] , with permission from Elsevier. 
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eloped in the top-left part ( Fig. 5 (b.3)). For Case IV, two vortices

ith different flow directions are predicted. Their flow directions 

ary with time due to the periodic change in the Lorentz force. 

omparing the DT for the four cases, the periodically reversed stir- 

ing mode shows the highest efficiency in homogenizing the tem- 

erature field. 

The measured and calculated temperature field at 900 s is 

hown in Fig. 6 . The measured temperature field (isotherms and 

T ) for the four cases can also be well “reproduced” by the sim- 

lations. Because of the reduced liquid flow velocity in the mushy 

one, the isotherms are almost vertical on the right side. Regarding 

T , a similar trend to that for the previous time (540 s) is found,

.e., the TMF tends to homogenize the temperature by decreasing 

T . 

At 1440 s ( Fig. 7 ), it is interesting to note the existence of

sotherms corresponding to the temperature level ranging from 

04 to 210 °C on the left side, which indicates that the initial heat 

ux flowing into the sample from the left wall is reversed to flow 

ut of the sample. This condition is favorable for the onset of the 

econd solidification front from the left wall. 

Notably, the indicated flow patterns at three solidification times 

n Case III are different for the experiment and the simulation. One 

ore vortex is found in the liquid pool by the simulation. 

.4. As-cast structure 

The metallographic analysis of the as-cast structures in the lab- 

ratory experiment is shown in Fig. 8 (a.x). The calculated distri- 

utions of f c and f e are depicted in Fig. 8 (b.x),(c.x). Satisfactory 

imulation-experiment agreements are achieved for Cases I, II, and 

V but not for Case III. The mismatch for Case III will be discussed

n detail in §5.3. For Case I, Fig. 8 (a.1),(b.1), the upwind tilting of

he columnar dendrites dominates the as-cast structure, and the 

quiaxed grains are mainly distributed in the segregation channels 

nd in a band on the left part of the sample ( Fig. 8 (c.1)). For Case

I, the equiaxed zone is greatly extended ( Fig. 8 (a.2)) compared to 

ase I. The left half of the sample is solidified as equiaxed grains 

 Fig. 8 (c.2)), and the right half is solidified as columnar dendrites 

 Fig. 8 (b.2)). For Case IV, the equiaxed region is further extended 

 Fig. 8 (a.4) and (c.4)), and columnar dendrites are facilitated in the 

wo right-hand corners ( Fig. 8 (b.4)). 
8 
.5. Macrosegregation 

The experimentally measured macrosegregation profiles ob- 

ained by X-radiography and digital processing methods are shown 

n Fig. 9 (a.x), (b.x), respectively. The calculated segregation profiles 

btained by averaging the Pb concentrations for ten cross-section 

lanes along the thickness direction are presented in Fig. 9 (c.x). 

he simulation results agree well with the experimental measure- 

ents except for Case III. The possible reason for this mismatch in 

ase III will be discussed in detail in §5.3. For Cases I, II, and IV,

everal channel segregations [ 24–25 , 49–50 ] are formed in the right 

art of the sample. Negative segregation is mainly observed in the 

pper right region, and positive segregation locates in the left- 

ottom region. Compared to the result of Case I ( Fig. 9 (a.1),(c.1)), 

he location of the strongest positive segregation is pushed to 

he left-bottom corner in Case II ( Fig. 9 (a.2),(c.2)), while the pe- 

iodically reversed convection (Case IV) is observed to shift this 

ositive segregation to the central-bottom area ( Fig. 9 (a.4),(c.4)). 

y integrating the macrosegregation index in the calculation do- 

ain, the global macrosegregation index ( GMI = 

∫ ∫ ∫ 
vol | c index 

mix 
| dv ) 

s determined to be 38.17% for Case I. By applying the TMF, 

he GMI is increased to 39.45% for Case II and 39.77% for Case 

V. It is found that macrosegregation is generally intensified by 

he TMF. 

3D views of the simulated channel segregations for the four 

ases are revealed by the isosurface of c mix = 11 wt . % Pb , as shown

n Fig. 10 . The results are colored by c mix from 2 wt.% Pb to 18 wt.%

b. Channel segregations are clearly observed for the four cases. 

he TMF leads to an increase in the number of channel segrega- 

ions ( Fig. 10 (b), (d)). 

As mentioned above, Case III cannot be well reproduced in the 

urrent study. Good agreement has been achieved for Case I, as 

eported previously [39] . Here, a quantitative comparison of the 

b concentration determined from simulation results and measure- 

ents focuses on Case II and Case IV, as shown in Fig. 11 and 12 .

ifty cores (yellow dots in Fig. 11 (a) and 12 (a)) distributed along 

ve horizontal lines were extracted by drilling holes ( φ 0.5 cm × 1 

m) from the as-solidified sample along the thickness direction. A 

hemical method coupled with the Inductive Coupled Plasma (ICP) 

echnique was used to determine the mean value for the Pb con- 

entration at each point. The simulated Pb concentrations (blue 
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Fig. 8. Comparison of the as-cast structure for the four cases (I - IV) based on metallographic analysis in laboratory experiments (a.x) and the simulated volume fraction of 

columnar dendrites (b.x) and equiaxed grains (c.x). (a.x) is reprinted from publication [20] , with permission from Elsevier. 

Fig. 9. Macrosegregation maps obtained for the sample under the effect of different electromagnetic stirring modes: (a.x) X-radiography of the as-solidified ingot; (b.x) Pb 

concentration map digitally processed from (a.x); (c.x) simulated mean Pb concentration through the thickness direction. (a.x) and (b.x) are reprinted from publication [20] , 

with permission from Elsevier. 
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ox), averaged in the volumes (0.4 cm × 0.4 cm × 1 cm) corre- 

ponding to the same positions of the experiment, are compared 

ith those of the experiment in Fig. 11 and 12 . The simulated re-

ults coincide with the measurement results very well. A similar 

endency for the macrosegregation distribution determined by the 

imulations and measurements is observed. To capture more infor- 

ation about the segregation, the mean concentrations along the 
9 
ve horizontal lines ( Fig. 11 (a), 12 (a)) are also plotted. The simula-

ion curves also show a good agreement with the measurement re- 

ults. Nevertheless, the fluctuation of the red lines, which indicates 

he channel segregation, cannot be detected by using this analysis 

ethod. The reason for this is due to the core size ( φ 0.5 cm) of

he chemical analysis, which is too large for capturing the channel 

egregation phenomena. 
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Fig. 10. 3D views of the isosurfaces of c mix = 11 wt . % Pb for the four cases (I - IV). The results are colored by c mix . 

Fig. 11. Quantitative comparison of the Pb concentration ( c mix ) for Case II determined from the measurement data obtained using the ICP (Inductive Coupled Plasma) 

technique and simulation results. (a) Contour of the simulated Pb concentration; (b)–(f) correspond to the results obtained at five different horizontal lines, y = 0.05, 0.04, 

0.03, 0.02, and 0.01 m. The experimental points show the averaged Pb concentrations in the drilling holes ( φ 0.5 cm × 1 cm). The points of simulation show the averaged 

Pb concentrations in the volumes (0.4 cm × 0.4 cm × 1 cm) corresponding to the experimental positions. 
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. Discussion 

.1. Effect of TMF-induced convection on the evolution of the 

olumnar tip front 

Fig. 13 shows the profiles of the columnar tip front ( f c = 0.01)

t the early stage of solidification ( t = 120 s) for the four different

ases. The isotherms overlaid with the liquid velocity in vector are 

lotted on the central vertical section. 

For Case I, natural convection acts in the sample. The isotherms 

re distorted, and the lowest temperature appears at the bottom- 

ight corner. The columnar dendrites solidify and extend to the 

eft side ( Fig. 13 (a)). The profile of the columnar tip front is con-

istent with that of the isotherm. For Case II, natural convection 

s strengthened by the TMF. The isotherms are more distorted. 

he high-temperature melt coming from the upper-left corner im- 

inges the middle part of the right cold wall. It, consequently, in- 

uences the isotherms near the columnar tip front, i.e., the tem- 

erature in the middle part of the right-cold wall is slightly higher 

han that at the two right-hand corners. Thus, the growth speed 

f the columnar tip front at the two right-hand corners is faster 

han that at the middle part of the right wall ( Fig. 13 (b)). Two vor-

ices with opposite directions are formed in Case III ( Fig. 13 (c)): 

he first vortex locates on the left side in the clockwise direc- 

ion, while the other one locates on the right side in the anti- 
10 
lockwise direction. This kind of flow pattern in Case III is not in- 

icated by the experiment ( Figs. 5 (a.3), 6 (a.3), 7 (a.3)). The right- 

nticlockwise convection transports the cooler melt to the upper- 

ight corner along the right wall. The lowest temperature appears 

t the upper-right corner, where the columnar tip front is facili- 

ated to grow ( Fig. 13 (c)). When the periodically reversed stirring 

s applied (Case IV), the flow direction near the columnar tip front 

s also reversed periodically. When an anticlockwise flow is in- 

uced, the aggregation of the cooler melt at the upper-right cor- 

er promotes the growth of the columnar dendrites in this area. 

hen a clockwise flow is induced, the growth of columnar den- 

rites at the bottom-right corner is accelerated. Thus, the colum- 

ar tip front preferentially grows from the two corners of the right 

all ( Fig. 13 (d)). 

Through the above analysis, it should be noted that the forced 

onvection plays an important role in changing the temperature 

eld and further influencing the evolution of the columnar tip 

ront. The final as-cast structure and macrosegregation are closely 

ssociated with the flow patterns induced by different types of 

MFs. 

.2. Importance of remelting/destruction of equiaxed grains 

An additional simulation (Case II-A) was conducted to demon- 

trate the importance of the remelting/destruction of equiaxed 
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Fig. 12. Quantitative comparison of the Pb concentration ( c mix ) for Case IV determined from the measurement data obtained using the ICP (Inductive Coupled Plasma) 

technique and simulation results. (a) Contour of the simulated Pb-concentration; (b)–(f) correspond to the results at five different horizontal lines, y = 0.05 m, 0.04 m, 0.03 

m, 0.02 m, and 0.01 m. The experimental points show the averaged Pb concentrations in the drilling holes ( φ 0.5 cm × 1 cm). The points of simulation show the averaged 

Pb concentrations in the volumes (0.4 cm × 0.4 cm × 1 cm) corresponding to the experimental positions. 

Fig. 13. Influence of TMF-induced convection on the columnar tip front, which is defined by the isosurface of f c = 0.01 at the early stage of solidification ( t = 120 s) for 

the four cases: (a) Case I; (b) Case II; (c) Case III; and (d) Case IV. The isotherms overlaid with the liquid velocity in vector are plotted on the central vertical plane of the 

sample. 

11 
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Fig. 14. Comparison of the simulation results obtained for the two cases (Case II and Case II-A) with (a.x) and without remelting of equiaxed grains (b.x); (a.1)-(b.1) contours 

of M � e (negative value due to remelting only) overlaid with isotherms at 120 s; (a.2)-(b.2) as-solidified structure of equiaxed grains ( f e ) at 1920 s; (a.3)-(b.3) contours of the 

c mix at 1920 s. 
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rains and its further impact on the temperature field, formation 

f the as-cast structure and macrosegregation. All the settings for 

ase II-A were the same as those for Case II except for ignoring the 

emelting/destruction of equiaxed grains. The simulation results 

btained for Case II and a comparison with Case II-A are shown 

n Fig. 14 . The net mass transfer rate from liquid to equiaxed ( M � e )

ue to remelting overlaid with the isotherms obtained at 120 s is 

hown in Fig. 14 (a.1),(b.1). Only the range with a negative value, 

ndicating the remelting process, is displayed. The equiaxed grains 

tart to remelt if they are exposed in the superheated melt. By in- 

egrating M � e over the whole sample region, the remelting rate is 

etermined to reach up to 4.8 × 10 −4 kg/s. Correspondingly, the 

eat dissipation rate due to the consumption of the latent heat 

rom the liquid melt by remelting is equal to 29.3 J/s. As shown in

ig. 14 (a.1), the isotherms (e.g., 492.6 K and 492.7 K) are distorted 

n the area where remelting occurs. The average temperature of the 

iquid is overestimated by 5.13 K in Case II-A, ignoring remelting, 

ompared to Case II, considering remelting of the equiaxed grains. 

he simulated distributions of f e and c mix in the as-solidified sam- 

le for the two cases are shown in Figs. 14 (a.2),(b.2) and (a.3),(b.3), 

espectively. In comparison to Case II, (1) ignoring the remelting 

f equiaxed grains (Case II-A) leads to an overestimation of f e by 

5.3% (30.4 g) and an underestimation of f c by 34.1% (30.6 g); 

2) although some segregation channels are also predicted to be 

resent, as shown in Fig. 14 (b.3), the experimentally observed seg- 

egation pattern (i.e., the serious positive segregation at the left- 

ottom corner and the negative segregation at the left-top region, 

ig. 9 (b.2)), cannot be reproduced by Case II-A; (3) the GMI is un- 

erestimated by 48% for Case II-A. The accompanying remelting of 

quiaxed grains during the solidification process represents a sig- 

ificant species/energy transport mechanism. Ignoring the remelt- 

ng phenomenon would lead to an overestimation of the temper- 

ture in the liquid melt. This leads to a further overestimation of 

he mass of the equiaxed grains and underestimation of macroseg- 

egation. 

.3. Simulation-experiment mismatch in Case III 

Based on the current numerical model, the experimental re- 

ults, e.g., the temperature field, as-cast structure and macroseg- 

egation, cannot be “reproduced” for Case III. One reason for this 

ismatch could be the avalanche phenomenon [51] , which proba- 

ly occurs when the columnar dendrites solidify from the upper- 

ight corner of the ingot in the early stage of solidification. The 

urrent model cannot be used to consider this phenomenon. 

The evolution of the columnar structure (Case III), which is rep- 

esented by the isosurface of f c = 0.05, is shown in Fig. 15 . The
12 
emperature field overlaid with the liquid velocity in vector is dis- 

layed on the central vertical plane. At 50 s, the TMF-induced 

orced convection, which is in the anti-clockwise direction, trans- 

orts the high temperature melt along the bottom toward the right 

old wall. The melt impinges the bottom-right corner, and then 

ows to the upper part of the ingot along the right cold wall. The 

owest temperature ( T low 

= 4 90.4 9 K), and the associated solid- 

fication of the columnar structure should start at the upper-right 

orner, as shown in Fig. 15 (a). At 100 s, the columnar tip front con-

inually grows and extends downwards along the cold wall. The 

ow pattern is slightly different from that found previously, i.e., 

he vortex in the upper-left corner is enlarged, while the main vor- 

ex is compressed to the right side ( Fig. 15 (b)). A zoomed view

f the distribution of 
⇀ 

u � · ∇c � near the upper-right corner (Zone 

 marked in Fig. 15 (b)) on the central vertical plane is shown in

ig. 15 (c). The interdendritic flow ( 
⇀ 

u � ) in the direction opposite 

o the liquid concentration gradient ( ∇c � ) leads to local remelt- 

ng. The ‘blue’ region with a negative value of 
⇀ 

u � · ∇c � , where the 

ngle between 

⇀ 

u � and ∇c � is larger than 90 °, is observed near 

he right wall. If the remelting of columnar dendrite roots causes 

assive dendrites to fall off from the right wall, as schematically 

hown in Fig. 15 (d), the avalanche phenomenon is likely to oc- 

ur. However, this phenomenon is still far more complex for the 

ecent model. According to the current model, the growth of the 

olumnar dendrites in the upper-right part is further promoted 

uring the later solidification stage. Finally, the as-solidified colum- 

ar dendrites capture the upper-right part of the sample in Case 

II ( Fig. 8 (b.3)), leading to a mismatch to the measurement result 

 Fig. 8 (a.3)). 

Another possible reason why the simulation result for Case III 

annot reproduce the as-cast structure is that the heterogeneous 

ucleation is ignored. The significant role of fragmentation in the 

eneration of equiaxed grains in this benchmark experiment has 

een addressed by Hachani et al. [20] . Thus, only the fragmen- 

ation of columnar dendrites is considered as the source of the 

quiaxed grains in the current study. However, heterogeneous nu- 

leation, which can serve as another source of equiaxed grains, is 

ikely to occur when the inoculants are exposed to the undercool- 

ng environment. Specifically, when the lowest temperature ap- 

ears at the upper-right corner in the early solidification stage of 

ase III, the first solid phase can consist of columnar dendrites 

r equiaxed grains, which are formed through heterogeneous nu- 

leation. If the equiaxed grains can occupy the upper-right cor- 

er during the later solidification process, the simulated final as- 

ast structure will show good agreement with the measurement 

esult. 
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Fig. 15. Solidification sequence of the columnar dendrites (iso-surface of f c = 0.05) for Case III: (a) t = 50 s; (b) t = 100 s; (c) zoom view of the 
⇀ 

u � · ∇c � distribution in Zone 

A shown in (b). Temperature field overlaid with liquid velocity vector is shown on the central vertical plane; (d) schematic view of the avalanche phenomenon. 
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.4. Boundary conditions for the two lateral walls 

The temperature history for the two exchangers was monitored 

uring the solidification process [20] . However, due to the ther- 

al contact resistance between the exchangers and sample walls, 

hich is not always constant, the exact temperatures of the two 

ateral walls ( T wall ) are unknown and need to be determined. The 

xtrapolation method based on the heat reservation law can be 

sed to calculate T wall [31–32] . However, because the exact exper- 

mental temperature for the two exchangers is unknown, the use 

f this method is greatly limited for researchers. 

The convective heat transfer boundary condition ( q = 20 0 0 

 T wall – T exch )) was used in the current study, where q is the heat

ux between the sample and exchanger and T exch is the defined 

xchanger temperature in Fig. 2 (b). Based on the cooling rates 

0.03 K/s) for the two exchangers provided by Hachani et al. [20] , 

he isotherms corresponding to the temperature level ranging from 

04 to 210 °C on the left side of the four cases (I-IV) cannot be “re-

roduced”. Numerical parameter studies were performed by vary- 

ng the cooling rate for the left exchanger. The best fit to the tem- 

erature fields for all four cases is obtained for a cooling rate value 

f 0.033 K/s (9% higher than 0.03 K/s). Consequently, this cooling 

ate was used in this study. 

. Conclusion 

An extended three-phase mixed columnar-equiaxed solidifica- 

ion model was used to simulate the benchmark experiments for 

n-10wt.% Pb alloy [20] . Four cases under different flow condi- 

ions (natural convection and/or forced convection with differ- 

nt modes) were investigated. Except for Case III, satisfactory 

imulation-experiment agreements in terms of the temperature 

eld, as-cast structure and macrosegregation were obtained for the 

emaining three cases. Based on the simulation results, the follow- 

ng conclusions are drawn. 

1) To ‘reproduce’ the benchmark experiments [20] , the model 

must at least have the following features: i) three phases (liq- 

uid melt, equiaxed grains, and columnar dendrites); ii) den- 

drite fragmentation, which gives birth to the equiaxed grains; 
13 
iii) movement of equiaxed grains; iv) growth and remelt- 

ing/destruction of equiaxed grains exposed to undercooled and 

superheated liquid; and v) coupling between the TMF and mul- 

tiphase flow. 

2) The simultaneous solidification and remelting of equiaxed crys- 

tals represent an important species/energy transport mecha- 

nism in this laboratory benchmark. Ignoring the remelting of 

equiaxed grains in the superheated region in a numerical model 

will lead to an error in the estimation of the as-cast structure 

and macrosegregation. 

3) TMF plays an important role in homogenizing the temperature 

field and promoting equiaxed grain formation through the frag- 

mentation mechanism, and, consequently, facilitates CET. 

4) TMF is found to generally intensify macrosegregation and in- 

crease the number of channel segregations. 

The simulation and experimental measurement results obtained 

or Case III show a mismatch most likely because the avalanche 

henomenon and/or heterogeneous nucleation was not taken into 

ccount. Further modeling effort is still needed to ‘reproduce’ 

ase III. 
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