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This study focuses on the flow-solidification interaction during the solidification of NH4Cl -
70.43 wt.%H,0 solution in a water-cooled mould with a large sample thickness (100 x 80 x 10 mm?3).
First part of the paper is to use a volume-average-based dendritic solidification model to reproduce an
experiment in which transient flow is monitored in-situ using particle image velocimetry, and the solidifi-
cation sequence is recorded with a light camera. The striking features of the solidification experiment are

Keywords: that the crystal morphology is dominant in a columnar structure, and four typical flow regimes appear in
Flow-solidification interaction the bulk solution during cooling/solidification, namely pure thermal convection, unstable turbulent flow
2"“5123’ zone caused by double diffusive convection, turbulent-stratified flow, and meandering flow. The results show
reckle

that there is quantitative agreement between the simulation and experiment results. The focus of this pa-
per (second part) is to study the flow-solidification interaction by correlating the above flow regimes with
the solidification quantities in the mushy zone. Owing to the enhanced mass (solute) and energy trans-
port by advection, flow suppresses the growth of the mushy zone, while speeding up the solidification
inside the mushy zone, leading to the formation of dense mush and massive columnar dendrite trunks.
The crystalline morphology of NH4Cl, as presented by a dendritic envelope and described by morpholog-
ical parameters, is an important factor that influences the flow; as a feedback, the flow further influences
the solidification inside the mushy zone. The numerical model also provides valuable information about
the formation of freckle trails.
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1. Introduction vation of the flow during solidification was first introduced in the

1970s to investigate the formation of channel segregates/freckles

Although the art of making casting is several thousand years
old, the flow-solidification interaction in the advancing mushy
zone and its impact on the casting quality, as characterized by the
as-solidified microstructure and accompanying defects, remain rel-
atively unknown. The flow may play a more important role than
the thermal fields in the development of the mushy zone, induc-
tion of macrosegregation, and modification of the crystalline den-
dritic morphology through coarsening/ripening; in turn, the ad-
vancing mushy zone can dampen the flow or modify the flow pat-
tern.

Based on the transparent analogues (e.g., aqueous solution of
ammonium chloride, NH4Cl - H,0), the method of in-situ obser-
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[1-3]. Channel segregates/freckles are a typical casting defect, as
found in many engineering castings, and they were believed to
have been the direct result of the flow-solidification interaction
in/near the mushy zone; this was subsequently verified by many
follow-up studies [4-6]. Nowadays, the in-situ observation of the
solidification of the metal alloys using X-ray radioscopy or syn-
chrotron X-ray radiography has been made possible, and it was
applied to study the formation of plumes/chimneys, i.e., the on-
set of freckles or channel segregates [7-9]. One drawback of the
X-ray techniques is that the solidification sample has to be lim-
ited to a thickness of 100 ~ 150 um (Hele-Shaw cell). With this
limitation, the three-dimensional (3D) nature of the flow dynam-
ics, which plays a crucial role in some engineering castings, cannot
be properly investigated. Therefore, NH4Cl - H,0 solutions are still
used to study the formation mechanism of freckles in 3D samples,
e.g., under the modified flow condition [10] and under the static

0017-9310/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.ijheatmasstransfer.2020.120566
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120566&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:menghuai.wu@unileoben.ac.at
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120566
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Wu, M. Stefan-Kharicha, A. Kharicha et al.

magnetic field [11]. The NH4Cl - H,O solution was also used to
study the equiaxed solidification, where the motion of crystals is of
primary interest [12-14]. The significant advantages of the exper-
iments with NH4Cl - H,O solution are that (1) the solidification
sample can be designed in a dimension relevant to engineering
castings, and (2) the recently developed particle image velocime-
try (PIV) technique allows the transient flow field to be monitored
with good quantitative accuracy.

A recent experiment has monitored the flow dynamics using
the PIV technique during solidification of the NH4Cl - H,0 so-
lution in a water-cooled mould with a large sample thickness
(10 mm) [15]. Interestingly, four flow regimes were observed in the
bulk solution during cooling/solidification, namely pure thermal
convection (TH), unstable/turbulent flow (TU), turbulent-stratified
flow (TU-ST), and meandering flow (MF). The thermal and solu-
tal Rayleigh number (R;) in different flow regimes were analysed
[13,15]. For a vertical wall, the critical R, for the occurrence of tur-
bulence is 10°. In the TH stage the R, is too small (~108) to induce
a transition from laminar to turbulence. As soon as solidification
starts (stages TU and TU-ST), the solutal buoyancy becomes dom-
inant, and the R, reaches 1.32 x 10'0. The flow is highly instable
and turbulent. The aforementioned four flow regimes in this ex-
periment correspond to different cooling/solidification stages and
were assumed to reflect their interactions with the developing
mushy zone. In order to explain above flow regimes corresponding
to the evolution of the solidifying mushy zone, a numerical mod-
elling study is needed. The in-situ observed experimental informa-
tion is not sufficient for that purpose.

The volume-average-based multiphase approach, which was
first introduced by Beckermann et al., was successfully used to
model the solidification problem by bridging the transport phe-
nomena at different length scales [16-17]. The concept of a ‘den-
drite envelope’, as proposed by Rappaz et al. [18-19], was incor-
porated into the volume-averaged approach by Wang and Beck-
ermann to consider the dendritic crystal morphology [20]. Re-
cently, this work was extended by Wu and Ludwig to consider
the mixed columnar-equiaxed solidification in a five-phase solid-
ification model [21-22]. This model was also partially evaluated
against the in-situ solidification experiments on organic materials
[23] and against metal castings [24-25]. It is worth mentioning
that large numbers of pioneering works have be devoted to the
flow-solidification interaction issue, using volume-average-based or
similar approaches, with most emphasis on the freckle formation
in the mush zone [26-29]. The freckle is a typical phenomenon
of many engineering castings and it is the outcome of the flow-
solidification interaction in/near the mushy zone. The interested
readers are referred to some previous and recent reviews of this
topic [4, 16-17, 30].

The objective of the current work is to simulate the in-situ
solidification experiment using an NH4Cl - H,O solution with
the five-phase volume-average-based dendritic solidification model
[15]. A part of the study on the simulation-experiment comparison
is to be presented at a conference [31]. This paper focuses on the
analysis of the flow-solidification interaction, and hence aims to
improve the understanding of the embedded mechanisms related
to the formation of the as-solidified structure and freckle trails.

2. Experimental setup

The solidification experiment with the NH4Cl - 70.43 wt.%H,0
solution was published previously [15]. As shown in Fig. 1(a),
the dimension of the mould cavity is 100 x 80 x 10 mm?3. The
side/bottom walls (copper) of the mould were water-cooled; the
front/back walls (glass plates) were isolated; the top surface was
open to the air. The NH4Cl - H,O solution was poured in the
mould and heated initially, after which it was maintained at a con-
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stant temperature Ty (314.15 K) until the solution became quies-
cent. Cooling started by circulating the cooling water in the copper
mould and the cooling history of the side/bottom walls was mon-
itored with instrumented thermal couples (C1 - C3), as shown in
Fig. 1(b). Thermocouples, as marked in Fig. 1(a), are instrumented
inside the mould and 5 mm from the mould/cell interface. The
particle image velocimetry (PIV) technique was used to record the
flow dynamics on the large symmetry plane of the cell. A solid-
ification front of the mushy zone was recorded by a light cam-
era. The image from the light camera could also give some indica-
tion about the solid phase distribution in the mushy zone through
its brightness, i.e. the brighter region corresponds to the location
where the solid phase is less densely distributed.

3. Numerical model and simulation settings

The mixed columnar-equiaxed solidification model developed
by the current author considers five phases [21-22, 30]. As a dom-
inant columnar dendrite structure of NH4Cl is observed in this ex-
periment, a simplified version with columnar (dendritic) growth
is applied. Two hydrodynamic phases are considered: the primary
melt (¢) and columnar phase (c), and their volume fractions sum
up to a unit (f; + fc = 1.0). The columnar phase includes the solid
dendrites and enclosed interdendritic melt. As shown in Fig. 2, a
hypothetical contour connecting primary (or secondary and ter-
tiary) dendrite tips, which is called a dendrite envelope, is con-
structed to separate the inter-dendritic melt from the primary or
extra-dendritic melt. Following this concept, the system includes
three model phases: the solid dendrites (fs), the inter-dendritic
melt inside the envelope (f}), and the extra-dendritic melt (iden-
tical to the primary melt f;), where f&+f¢ =f.. The volume frac-
tion of the solid (or interdendritic melt) inside the envelope is
ag = fs/fe (or af = f§/fc). The shape of the columnar dendrite en-
velope is further simplified as a volume-equivalent cylinder; the
contour of the dendrite envelope near the primary dendrite tip is
simplified as a paraboloid. Assuming that the growth kinetics of
the dendrite tips follows the Lipton-Glicksman-Kurz model [32],

* sk
v, = 200 Do 6 QD g1 gy (1)
where the stability constant (also called as selection constant)
is o* = 1/(4n%) and  is the compositional undercooling
(c; —co)/(c; — ck). We assume that vfip above applies for both vfip,
and ufip,/. From the growth velocity of the primary dendrite tip
(vgip, ), one can track the columnar primary dendrite tip front ex-
plicitly [30]. Two morphological parameters are necessarily defined
to describe the geometry of the dendrite envelope: the shape fac-
tor ®¢,,and circularity factor®g, . From the tip growth velocity
of the secondary dendrite tips (vfip,,), one can calculate the lateral

growth velocity of the volume-equivalent cylinder:

Ugnv = q)gnv ’ Ufip”‘ (2)
The diffusion area of the columnar envelope (Sg ) is es-
timated according to the surface area of the volume-equivalent

cylinder (S by considering a circularity factor ®; ., where

Sgnv,D = S(Cenv,M/cI:‘C (3)

circ*

C
env.M)

Here, the shape factor and the circulatory factor are assumed,
and they are further verified for this experiment for each numer-
ical parameter study: ®g,,= 0.7979, & = 0.33. From vg,, and
SgnV,M, one can calculate the growth rate of the columnar dendrite
envelope, i.e., the mass transfer rate from extra-dendritic melt into
inter-dendritic meltM,..

The solidification rate of the interdendritic melt (Mg,) is deter-
mined by the growth velocity of the interface between the solid
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Fig. 1. Sketch of the experimental setup (a) and cooling conditions on mould walls (b). The front/back glass walls (plates) can be treated as adiabatic.

Fig. 2. The columnar dendrite envelope (dashed line), which connects the secondary and tertiary dendrite tips, is simplified as a volume-equivalent cylinder (solid line, A-A).
The contour of the columnar envelope near the primary dendrite tip (dashed line connecting the primary and secondary dendrite tips) is simplified as a paraboloid (solid

line).

dendrite and the interdendritic melt v, and its interface area con-
centration SY. Solidification of the interdendritic melt is driven by
supersaturation, (c; —c)/(c; —¢), and it is governed by solute
diffusion in the interdendritic melt region. The diffusion length in
the interdendritic melt ljis related to the secondary dendrite arm
spacing A, by Iy = B, - (A, —d3)/2, where B, is a constant of the
order of unity, and d, is the diameter of the secondary dendrite
arms. It is assumed that d; is correlated to Ay by A3 —dy = A5 - .
Thus,

* _ ~C
= 2.D, GG
B hy-af -«

The interface area in an enclosed dendrite envelope is also re-

lated to the secondary dendrite arm spacing (o«2/A,). Considering

an impingement factor d>15mp (=a§), the interface area concentra-

tion, with reference to the total volume, can be calculated as
2.3

Im
T" fe. (5)

Only one set of Navier-Stokes equations are solved to determine
the velocity of the primary or extra-dendritic melt (u,); the colum-
nar phase is stationary (uc= 0.0). The mushy zone is treated as a

(4)

v,

S

permeable porous medium which is constructed with dendrite net-
work filled with liquid channels. The flow permeability (K) of the
mushy zone depends on both liquid volume fraction and the char-
acter length of the dendritic structure. When considered isotropic,
referring to Ramirez et al. [33], the permeability tensor reduces to
a scalar value:

_oap
1667(1 — f,)°

where A; is the primary dendrite arm spacing. To study its influ-
ence on the flow, an alternative permeability formulation [34] is
used for the numerical parameter study:

¢ — A3 f?
20m2(1 - f,)?

where A, is the secondary dendrite arm spacing. As both A; and
Ay are assumed constant during solidification, the permeability
calculated by Eq. (7) is ca. 1/4 of the one by Eq. (6). Further dis-
cussion on the permeability is made in the discussion section (§.6).

For further modelling details, global transport equations, and
solution strategy, refer to [21-22, 30]. The calculation domain,
which is 100 x 80 x 10 mm?3, is shown in Fig. 1(a). The thermal

(6)

(7)
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Table 1
Material properties and other parameters.
Symbol  Units Value Sources
Thermodynamic parameter (local linearized phase diagram)
Nominal concentration Co wt.% H,O0 70.43 [35]
Liquidus temperature Tiiq K 304.15 [35]
Melting point of solvent T¢ K 638.7 extrapolation
Eutectic composition Ceu wt.% 80.3 [35]
Eutectic temperature Teu K 257.267 [35]
Liquidus slope m K (wt.%)! —4.75 [35]
Equilibrium partition coefficient k - 0.0 [35]
Gibbs Thomson coefficient r K.m 4.0 x 1078 [36]
Thermo-physical properties
Reference density Pes Ps kg -m -3 1073 [37]
Specific heat ChiCh Jkg T K- 1 3249 [12]
Thermal conductivity of liquid k, Wm-1K-1' 0468 [12]
Thermal conductivity of solid ks Wm-1K-1' 27 [12]
Latent heat Ahg ] kg™! 3.18 x 10° [12]
Viscosity e Kgm-1s-1 13 x 1073 [12]
Diffusion coefficient (liquid) D, m?s ! 4.8 x 107° [12]
Boussinesq parameters
Liquid thermal expansion coefficient Bt K-1 39 x 10~ [37]
Liquid solutal expansion coefficient Bc wt.% 1 2.87 x 103 [37]
Dendrite morphology
Primary dendritic arm spacing M m 6.0 x 107 [15]
Secondary dendritic arm spacing Ao m 1.0 x 104 [15]
Table 2
Numerical parameter study.
Simulation cases Description

Ia with flow
Ib without flow
Ila with flow
IIb without flow
Illa with flow
IlIb  without flow
IVa with flow

Identical to Case I, but the circularity factor of the columnar dendrite envelope ®¢

This is a reference case; all simulation settings are described in §2-3.

Identical to Case I, but the shape factor of the columnar dendrite envelope ®¢, is changed to 0.399 (0.7979 for Case I).

is changed to 0.67 (0.33 for Case I).

circ

Identical to Case I, but the permeability of the mushy zone is modified according to Ref. [34] using Eq. (7). Eq. (6) was used for Case I.

boundary condition is shown in Fig. 1(b). For the flow, non-slip
boundary conditions were applied for all walls except for the top
surface (free-slip). In addition, solidification shrinkage is ignored,
and the Boussinesq approximation is made for the thermo-solutal
buoyancy flow. Material properties are listed in Table 1. The pri-
mary and secondary dendrite arm spacings (A;andA,) were de-
termined experimentally. Seven simulation cases were defined in
Table 2. All simulations were made in full 3D with a mesh size
of 0.7 mm. Following Felicelli et al. [26-27], some flow-interaction
phenomena such as the formation of channel/freckle are typical
three directional, and they can only be well resolved in 3D sim-
ulation.

4. Solidification sequence: simulation vs. experiment

Results of a section of the simulation-experiment comparison
study have been presented at a conference [31]. This paper fo-
cuses on the theoretical analysis of flow-solidification interaction.
A comparison of experimental results with the calculated solidi-
fication sequence and flow patterns for the reference Case Ia is
shown in Fig. 3. Fig. 4 shows the following solidification quanti-
ties: temperature (T;), solute (H,O) concentration in the melt (c,
in mass fraction), density of the melt (p,), and volume fraction of
the solid dendrite (fS). As measured in the experiment [15], four
typical bulk flow regimes were successfully reproduced by the nu-
merical model. The time of the starting point for each flow regime
was predicted to be slightly different from that of the experiment
because the thermal boundary conditions as applied for the simu-
lation were not perfectly in agreement with the real condition. It
was assumed that the temperatures on cell-mould interfaces (side
and bottom) are uniform, and they are determined by thermocou-

ples (C1 - C3), as shown in Fig. 1(a). The temperature at the corner
may be different from that on the middle cell-mould interface. An-
other assumption, i.e. adiabatic for the front and back (glass) walls,
may also cause error.

As shown in Fig. 3(a), the thermal convection regime corre-
sponds to the early cooling stage before solidification. The flow is
laminar and symmetrical. Note that the PIV technique is not able
to detect the velocity near the side wall; hence, the largest veloc-
ity along the side walls, as calculated by the simulation, cannot be
detected experimentally.

The turbulent regime (TU) corresponds to the start of solid-
ification. As shown in Fig. 3(b), NH4Cl crystals grow from the
side/bottom walls. The mushy zone is very porous; the maximum
f§ is about 0.12. The rejection of solute (H,0) in the mushy region
leads to the ‘density reversion’ [2], i.e., the melt density along the
side wall becomes lighter than that in the bulk region. Then, at
900 s, the flow direction along the side wall reverses. The tem-
perature along the side wall is lower, while the solute concen-
tration (H,0) is higher, Fig. 4(a1)-(a4). The solute rejection from
the mushy zone along the bottom wall leads to rising plumes,
i.e., the onset of freckle trails. A typical double-diffusive convec-
tion pattern occurs. At this moment, the flow pattern becomes
chaotic.

As the solidification proceeds to ca. 1380s, as shown in Fig. 3(c),
a turbulent - stratified flow (TU-ST) forms. The bulk flow is di-
vided into two parts: the lower part is similar to the previous TU
region, i.e., chaotic with coherent structures, while the upper part
starts a stratification with two circulation loops. The upward melt
flow in the mushy zone along the side wall continuously brings
the lighter melt (segregated with H,0) from the lower to the up-
per parts, leading to a separation of the bulk melt into two parts,
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Experiment Simulation

a) TH
f;c
0.17
b) TU 00
ﬂc
0.20
¢) TU-ST
0.0
j;c
0.27

d)MF | t=1920s f= 2495 s 8

Fig. 3. Solidification sequence and flow patterns (Case la): simulation-experiment comparison. Experiment (left): the grey area represents the mushy zone and vectors for the
measured velocity field using the PIV technique. Simulation (right): grey scale represents f¢ (volume fraction of solid dendrites) and vectors for the liquid velocity U,. Four
different flow patterns, which correspond to four different cooling/solidification stages, are: a) TH (thermal convection), b) TU (turbulence), c¢) TU-ST (turbulence-stratified
flow), and d) MF (meandering flow). All of the simulation results and the flow measurement (flow) were obtained from the large symmetry section.
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t=900s t=1382s 1=2495s

al)7,:293.9~3058K bl)7 :284.9~299.8 K cl) 7,:276.6 ~291.1K

T
S %

ad) f*:0.000.12

b4) £°:0.00020

Fig. 4. Some key solidification quantities (T,,c;,p..f) for Case Ia are shown in a sequence at 900, 1382, and 2495s. The results are shown in 3D; therefore, one can only see
the distribution of each quantity in selected sections. All quantities are shown in the colour scale with blue and red for the minimum and maximum values, which are given
below each figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Effect of the flow on the mushy zone: Case la (right half, with flow) vs. Case Ib (left half, without flow). (a) f¢ contours on the symmetry plane in grey scale and
isolines (t = 2495s); (b) evolution of total solid in the entire mould volume (¢f f<dV); (c) evolution of average f, fS, and «f in the mush and the volume ratio of the mush
over the entire mould. As a comparison, other simulation cases are also shown in Fig. 5(b).

Fig. 4(b1)-(b4). The upper part is lighter and the lower part is
denser. Along the bottom wall, plumes continue to develop. The
non-uniform distribution off{ in the simulation result shows the
freckle trails [2]. The plumes in the experimental result appear to
indicate the freckle trails, but no clear freckle trail is seen in the
mush. The small difference in f§ in and surround freckle trails may
not be detected by the light camera.

A meandering flow (MF) develops during the late stage of so-
lidification, as shown in Figs. 3(d) and 4(c1)-(c4). The stratification
flow in the upper part is gradually organized horizontally in sev-
eral layers. The upper region of the lighter melt becomes broader;
several circulation loops appear from two sides of the mould. The
circulation loops from two sides are gradually merged, and the
flow pattern is rearranged to form the MF. The experiment appears
to show more flow layers than those of the simulation, which may
be because the numerical grid resolution is not sufficiently high.

5. Flow-solidification interactions
5.1. Effect of the flow on the mushy zone

In order to understand the flow effect on the mushy zone evo-
lution, two simulations are made: Case la considering the thermo-
solutal convection, and Case Ib considering a pure diffusive case
without any flow. Fig. 5(a) shows the solidification profile (f$ dis-
tribution) on the symmetry plane at 2495s. The mushy zone of

Case Ia is significantly smaller than that of Case Ib. The mushy
zone thickness (depth) is reduced by the flow, i.e., the flow hin-
ders the growth of columnar primary dendrite tips. However, the
mushy zone of Case la is denser than Case Ib, i.e.,, f§ in Case la
is higher than that of Case Ib. In Case Ib, ff contours are more
uniformly distributed, while in Case la, f§ contours are irregular.
By summing up all solid phases (fS) over the entire mould vol-
ume, i.e., performing ¢f fSdV, one obtains the time evolution of the
total solid (Fig. 5(b)): Case Ia solidifies much faster than Case Ib.
Some volume-averaged quantities as a function of time are shown
in Fig. 5(c). The total volume of the experiment cell is V; the vol-
ume of the mush zone region is V5. The volume fraction of the
columnar dendrite envelopef. averaged in the mush region (black
curves) is calculated as ¢f fcdV/V;,sn; The volume fraction of solid
f¢& averaged in the mush region (blue curves) is calculated as
¢ fsdV/Viushs The solid fraction inside the envelope of averaged
in the mush region (green curves) is calculated as ¢f a$dV/Viysh.
The volume ratio of the mush zone region over the entire mould is
calculated as Vi,qn/V. The growth of the columnar dendrite enve-
lope (fcblack lines) and the solidification of NH4CI crystals (fSblue
lines) averaged in the much zone region are much faster in Case
Ia than those in Case Ib. In addition, the solid fraction inside the
dendrite envelope («$ green lines) averaged in the mush zone re-
gion in Case Ia is also larger (the columnar trunk is more mas-
sive) than that in Case Ib. The red lines in Fig. 5(c) show the ratio
of the total volume of the mushy zone to the entire mould vol-



M. Wu, M. Stefan-Kharicha, A. Kharicha et al.

315.0
—— CaseIa (A-A)
3100 + ---- Case Ib (A-A) S e
I —— Casela(B-B).-~~ o

70T -~ Case Ib (B-B)
o 300.0 1 {/ },’
g 3 . p
® 295.0 ’ i
g 3
529040
F ass0 £

2800 +

2750 + ; ' t ' t t

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
a) Distance from the starting point [mm]
0.35

—— Case [a(A-A)

:7030 ---- CaseIb (A-A)
g —— Case Ia (B-B)
[=]
=025 ---- Case Ib (B-B)
z
9 0.20
s
=
£0.15
=
=)
2 0.10 =
= ~ao
S 5
g 0.05 \\
= N
0.00 . -+
0.0 10.0 20.0 30.0 40.0
C) Distance from the starting point [mm|
0.30
—— Case Ia (A-A)
0.25 A ---- Case Ib (A-A)

—— Case Ia(B-B)
---- Case Ib (B-B)

S
%}
S

Fraction solid /° [-]
=]

0.10
0.05 + ———
0.00 F————2y ——— ;
0.0 10.0 20.0 30.0 40.0
C) Distance from the starting point [mm|

International Journal of Heat and Mass Transfer 164 (2021) 120566

o
9
N

—— Case Ia (A-A)
---- Case Ib (A-A)
—— Case Ia (B-B)
---- Case Ib (B-B)

e e S e e
= ~ ~ ~ =
() v EN v N
' 4 4 ' '

Mass fraction of solute in liquid ¢, [-]

=1
~
|
——

1

|

|

|

|

|

|

|

|

1

|

1

|

070 1 1 1 1 = 1 1 1 1 : 1 1 1 1 : 1 1 1 1
0.0 10.0 20.0 30.0 40.0
b) Distance from the starting point [mm]|
12 1
[ 0.4 T
T ;
~ 10 F 03 i
E I ’ i
2 [ 02 .':
=08 ; %
2 o1 | |
‘50 0.6 & i A
o  F 0.0 -+ e
8—4 C 0.0 10.0 20.0 30.0 40.0
T 04 T -
= I —— CaseIa (A-A)
© i ---- CasecIb (A-A)
e '| —— Casela(B-B)

1 1
j\ : L J '\\ ---- Case Ib (B-B)

0.3 - —— Cascla (A-A)
oa £ ---- CaseIb (A-A)
—— CaseIa (B-B)
---- Case Ib (B-B)

0.0 T t
d 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
) Distance from the starting point [mm]
1.0 ¢
E 0.15
_ 09+
Q E
"’E 0.8 0.10
20-7 _E 0.05
806+ -
E o, =
g 0.5 E 0.00 et
= £ 0.0 30.0 40.0
5041
Q
h=!
2
S
%)

0.0 + oo -

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
D Distance from the starting point [mm]

Fig. 6. Effect of flow on the solidification parameters along two lines, A-A and B-B (made on the symmetry plane) as marked in Fig. 5(a) - comparison between Case la (with
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ume. It expresses the same result of Fig. 5(a) in a different way,
i.e., the flow reduces the mushy zone. The flow tends to hinder
the growth of the columnar primary dendrite tips and reduce the
mushy zone thickness, but the flow speeds up the solidification in-
side the mushy zone and leads to the formation of more massive
columnar dendrite trunks.

Some solidification quantities along two lines, A-A and B-B as
marked in Fig. 5(a), are presented in Fig. 6. These results, together
with the solidification sequence of Fig. 4, further explain the ef-
fect of the aforementioned flow on the solidification. As shown in
Figs. 6(a) and 4(c1), at 2495s, most superheat in the bulk melt is
released through advection heat transfer (Case la), while a large
amount of superheat remains in the bulk melt when no flow is
present (Case Ib). The positions of the columnar primary dendrite
tip front are marked with red lines (short red bars). The corre-
sponding temperatures at the columnar tip positions are very dif-

ferent for the two cases, and they even vary with position when
flow is present. The main reason is that the flow causes signifi-
cant solute enrichment (c,) in the bulk melt, Figs. 6(b) and 4(c2),
which reduces the local liquidus temperature. However, in the pure
diffusive case (Case Ib), solute enrichment in the bulk is negli-
gible and the columnar tip positions are located at a tempera-
ture of ca. 298.5 K, i.e., 5.65 K (undercooling) below the initial
liquidus. The phase distributions, fcin Fig. 6(c) and f€in Fig. 6(e),
are highly nonuniform for Case la: there are relatively low volume
fractions near the casting surface/corner and relatively high vol-
ume fractions in the middle-distance regions between the solid-
ification front and casting surface/corner. Without flow (Case Ib),
both fc and ffincrease monotonically from the solidification front
towards the surface/corner. The above phase distributions in the
mushy zone can be explained by the growth rate of the colum-
nar dendrite envelopeM,. in Fig. 6(d) and the solidification rate
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Mg, in Fig. 6(f). In principle, the largest M,c and Mg, occur near
the columnar tip front for both cases. However, for Case la (flow),
bothM,c.and Mg, are accumulated near the columnar tip front (Case
[a), while for Case Ib, they reduce gradually from the columnar
tip front towards the casting surface/corner. Further discussions are
made in section §5.3.

As seen in Figs. 6(e) and 4(c4), an additional flow effect is the
phase distribution (f$) between lower (A-A) and upper (B-B) parts
of the casting. A larger number of solid phase forms in the lower
part compared with the upper part. The global flow pattern was
described in the previous section (§4); the bulk melt enters the
mush from the bottom/corner region, then rises along the side wall
and returns to the upper part of the bulk region. The flow brings
solute-enriched melt from the bottom mushy zone along the side
wall to the upper part. This kind of flow modifies the melt concen-
tration distribution (c,) (Fig. 4(c2), Fig. 6(b)). Compared with Case
Ib, ¢, is significantly reduced along A-A (in the lower part) and it is
enhanced along B-B (in the upper part) by the flow (Case Ia). c,is a
key parameter that influences the growth of the columnar dendrite
envelope (M) and solidification of the interdendritic melt (Mg;).

5.2. Effect of the mushy zone on the flow

The mushy zone is modelled as a solid-liquid mixture, where
the solid phase is enclosed in an envelope whose shape is de-
scribed by two model input parameters (Fig. 2): the shape factor
®g,y and circularity factor®g . ®¢,, correlates the growth of the
envelope with the dendrite tip growth kinetics [30], and hence im-
pacts the calculation of fc (orf;); @, . aids in determining the sur-
face area of the envelope, and hence impacts the calculation of the
melt concentration (c,). In this sense, ®¢,, and ®¢_ should influ-
ence the flow because the mush permeability (K) depends largely
onfy, and the melt density p, (i.e., the buoyancy term) depends
on ¢,. In Case I, ®S,,(= 0.7979) was taken from Ref. [21] by con-
sidering the cross section of the columnar dendrite envelop as a
square rod; ®¢ (= 0.33) was determined by performing a para-
metric study by fitting a numerically simulated solidification se-
quence and flow pattern with the experimental results (Fig. 3). In
order to understand the impact of ®¢,, and @ . on the flow, two
more simulation cases (Table 2) are defined as: (1) Case Ila by re-
ducing ®¢,,from 0.7979 to 0.399, and (2) Case Illa by increasing
¢, from 0.33 to 0.67. Reducing ®g,, implies the slowing down of
the envelope growth (Eq. (2) and Fig. 2); increasing ®¢; means the
reduction of the envelope diffusion area (Eq. (3) and Fig. 2).

Simulations for the pure diffusive cases are also performed:
Case IIb and IlIb, which is compared with Case Ib. The influence
of the morphological parameters on T, c¢;, and f{ appears to be
very minor, but their influence on f; is significant. Reducing ¥,
in Case IIb slows down the envelope growth, and hence there is a
smaller f. compared with that of Case Ib. Increasing ®¢, .in Case
IlIb reduces the envelope diffusion area, and hence slows down
the solute enrichment in the melt and in favour of the envelope
growth. Fig. 5(b) shows the total as-solidified phase in the mould
as a function of time, and all cases with and without flow are com-
pared. With the exception of Case IlIb, all other cases are similar,
implying that the total solidification rate in the system is mainly
controlled by the cooling boundary condition, and it is indepen-
dent of the above morphological parameters. By increasing ®¢,.,
the total solid is slightly increased for the pure diffusive case (Case
IlIb), while it is slightly decreased when the flow is activated (Case
1la).

Modelling results on the flow and solidification sequence for
the above cases are compared in Fig. 7. An additional case (Case
IVa) is added here by considering an alternative permeability (K)
law [34], i.e., Eq. (7). Given A, (100 pm) in Table 1, the calculated
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permeability (Eq. (7)) is about 1/4 of that according to Eq. (6) in
Case la. Fig. 7 shows only three late stages of solidification, corre-
sponding to three late flow regimes (TU, TU-ST, and MF). The first
flow regime (TH), which corresponds to the initial thermal con-
vection before solidification, is not shown. At first glance, all cases
show quite similar flow behaviors, and they can capture three typ-
ical flow regimes, as what were observed experimentally (Fig. 3).
However, details about their behaviors are different. Actually, the
MF (at 2495s) as observed in the experiment is best ‘reproduced’
by Case Ia. Case Ila shows some similarities of the MF, but its
agreement with the experiment is not as good as Case la. This in-
dicates that the flow is sensitive to the aforementioned morpho-
logical parameters and the mush permeability. The authors have
actually performed more simulations by varying the above param-
eters compared with what is listed in Table 2. It is found that it is
almost impossible for simulations with parameters that are differ-
ent from the range of parameters given in Table 2 to reproduce the
experimentally measured flow pattern in Fig. 3.

To get more insight into the formation of the MF, the temper-
ature (T) and liquid concentration (c,) fields for the moment of
2495s are shown in Fig. 8, and a comparison between all cases
(Case Ia - IVa) is made. Evolution of the T and c,fields (only for
Case Ia) can be found in Fig. 4. Both T and ¢, serve as the driv-
ing force (buoyancy) for the bulk flow. The solute-enriched melt
(high ¢,), as emanated from the upper part of the mushy zone
(side walls), tends to float on the top, building up the stratifica-
tion. The melt with initially high temperature is ‘pushed’ down-
wards below the stratification. The role of c,in the buoyancy force
overwhelms that of T. As seen in Fig. 4, the stratification flow
does not build up MF directly, but it firstly creates several circu-
lation loops from two sides of the mould region. During the late
stage of solidification, the circulation loops from both sides are
merged/rearranged to form the MF. The stratification flow in the
upper part is consistently interacting with, or disturbed by, the
plumes coming from the bottom mushy zone. The plumes origi-
nate from the freckle trails of the bottom mushy zone (Section 5.3).
The interaction between the stratification and the plumes explains
the sensitivity of the MF formation to the morphological parame-
ters (&g, and ®¢ ) and the mush permeability (K). The numbers
and the flow intensity of the plumes depends on ®g,,, @¢, . and
K. From Figs. 7 and 8, it is found that for Cases Illa and IVa, which
do not build up well-recognized MF, the stratification flow and the
layering distribution of T and ¢, are broken by the plumes com-
ing from below. The number of plumes of Cases Illa and IVa is less
than that of Case Ia, but the velocity magnitude of the plumes is
larger than that of Case Ia. Note that current study cannot suggest
a criterion for the formation and stabilization of MF. However, it
seems clear that the MF is the outcome of the flow-solidification
interaction, more precisely the interaction between the stratifica-
tion and the plumes.

Interestingly, by influencing the flow, &g, and ®¢ . influence
the solidification in the mush zone. Evolutions of volume-averaged
mushy zone quantities for Case I-Ill are summarized in Figs. 9 and
5(b). The simulation cases with and without the flow were com-
pared. A reduced ®¢,, (Case II) does not influence the total so-
lidification rate significantly. However, a reduced ®S,, suppresses
the columnar envelope growth, i.e., leads to a smaller f. or larger
fe; and promotes interdendritic solidification, leading to a larger o$
(columnar trunks become more massive). An increased ®¢; . (Case
Ill) is in favour of the columnar envelope growth, i.e., leads to a
larger f. or smaller f;, and suppresses the interdendritic solidifi-
cation, i.e., leads to a smaller «§ (columnar trunks become more
porous). Independent of the above morphological parameters, the
flow suppresses the mushy zone, makes the mushy zone denser,
and the columnar trunks more massive.
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a) Case la b) Case Ila
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c¢) Case Illa d) Case IVa

Fig. 7. Effect of morphological parameters of the columnar dendrite envelope on the flow pattern in the bulk. Four simulation cases defined in Table 2 are compared: a)
Case Ia; b) Case Ila; c) Case Illa; and d) Case IVa. The modelling results, f¢ (grey scale) overlaid with u,(vectors), are evaluated at three moments corresponding to three
typical flow regimes during solidification: 900 s, TU (turbulence); 1382s, TU-ST (turbulence - stratified flow), 2495, MF (meandering flow).

&

- - -

c) Case Illa

a) Case la b) Case Ila

I290.1

276.6
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d) Case IVa

Fig. 8. Effect of morphological parameters of the columnar dendrite envelope on the temperature (upper row) and the liquid concentration (lower row) fields in the bulk at
t = 2495s. Four simulation cases defined in Table 2 are compared: a) Case la; b) Case Ila; c) Case Illa; and d) Case IVa. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

5.3. Formation of freckle trails

The evolution of freckle trails for Case Ia is shown in Fig. 10.
Plumes are formed as a typical double-diffusive convection is in-
duced by the initial solidification from the bottom. Note that the
freckle trail does not indicate the presence of an open and stable
channel. The difference in f{ inside and surrounding the freckle
trail is very small. It is difficult to detect the structure of the freckle
trail experimentally using a light camera [15]. The plume is mea-
surable using experiments. It is anticipated that one plume roots
from one freckle trail. The freckle trails are not stable. Initially, a
large number of them are formed from the bottom wall, and they
are distributed randomly with a quasi-equal distance. Plumes com-
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pete with each other, causing some small freckle trails to die off
or merge into a large one. The total number of them decline with
time.

In order to understand the formation mechanism of freckle
trails, Chen performed an experiment with similar solutions
(NH4Cl - 74 wt.%H,0 and NH4Cl - 70 wt.%H,0) [38]. Chen used
dye (KMnQy,) injection and X-ray tomography methods to observe
the flow pattern and fraction solid distribution in the mushy zone
during solidification. He reported that ‘The upward plume flow in
the chimneys (channels) induces a downward flow into the mush,
thus reducing the upward flow of the finger convection. As the
chimney develops, solid fraction around the rim of the chimney in-
creases. However, through a mechanism not understood at present,
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simulation cases without flow (Case Ib, IIb, IlIb).
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the solid fraction at the bottom of the mushy layer remains low.
As a consequence, the flow in the chimney is maintained by draw-
ing liquid downward through the mush, then in the horizontal
streams along the bottom’. The current modelling results can be
used to confirm and explain the above experimental observation.
Freckle trails in the current experiment are simulated and shown
in Figs. 10 and 11(a). Solidification quantities/parameters along
three vertical lines (A, B, and C in Fig. 11(a)) are also shown
in Fig. 11(b)-(d). First, the simulation confirms the experimental
phenomena that (1) the liquid velocity component in the bottom
mushy zone is downward (negative value), except for that which
is exactly located in the freckle trails and near the solidification
front; (2) the solid fraction increases from the solidification front
into the middle of the mush, and it then decreases towards the
bottom wall. Secondly, the above unknown mechanism for the un-
even phase distribution in the mushy zone (lower fraction solid
near the casting surface) can be explained. As already described in
§5.1, Fig. 6, it is the flow in the mush that modifies the solidifica-

1

tion and growth kinetics by adapting the local melt concentration
(constitutional undercooling). According to the Flemings’ local so-
lute redistribution/conservation theory [39], the flow in the oppo-
site direction to the temperature gradient, i.e. corresponding to the
downward flow in the bottom mushy region of the present config-
uration, should increase the local solidification rate. That is true,
if one refers to Fig. 6(f), the solidification rate (Mg,) in the mushy
zone for Case la (with flow) is much larger than that of Case Ib
(without flow). However, the solidification rate along the solidifi-
cation direction inside the mushy zone is non-uniform for Case la
with flow. As shown in Fig. 11(b), exactly at the solidification front
the solidification rate (Mg) can increase or decrease depending on
the flow if it is leaving or entering the mushy zone. In the middle
of the mushy, where the flow is mostly downwards, Mg reaches its
maximum. Then Mj.decreases towards deep mushy zone until it
reaches the wall, where the flow is gradually conducted horizon-
tally, or even reverse its direction. The lowest solidification rate is
found near the bottom surface. ‘Density reversion’ [2], the origin
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Fig. 11. Freckle trails at 2495s. (a) Iso-surface of f¢ (= 0.18) indicating the position of the solidification front and freckle trails; (b)-(d) distributions of six different quantities
along three vertical lines (Lines A, B, and C, as marked in Fig. (a)) in the y-coordinate direction are shown: fraction solid f{[-], solidification rate M, (kg/m3/s), H,0 mass
fraction in liquid ¢, [-], temperature [K], density of the liquid p, [kg/m?], and velocity component in y-coordinate direction u,, [m/s]. Line C is located in the position of a

freckle trail.

and driving force for the plume and freckle trail, can also be veri-
fied near the solidification front.

6. Discussions

The reported NH4Cl - H,O experiment presents a good exam-
ple of flow-solidification interaction. Understanding this interaction
belongs to a comprehensive research field which includes many
subtopics. Few examples of on-going research are mentioned be-
low. Flow can influence the mushy zone thickness [40], lead to
macrosegregation of different types [4, 7-8, 30], cause fragmen-
tation [41-42], even modify the microstructure (primary and sec-
ondary arm space) [43-44]. The permeability of the mushy zone
is a key parameter for the flow calculation. The current paper,
through parameter study by comparison of two different perme-
ability formulations [33-34], can only demonstrate its importance.
Great research effort has been made on this topic recently [45-50].
As the above phenomena are fully coupled, a comprehensive model
is demanded. This paper presents an attempt in this regard.

The NH4Cl - H,O experiment was successfully reproduced by
a volume-average based model. Despite of some uncertainties re-
garding to the modelling parameters such as ®g,,and ®; , which
need further verification, this model provides a new possibil-
ity to study the flow-solidification interaction. For example, the
experimentally-reported flow regimes in the NH4Cl - H,O exper-
iment [15] are well explained; the unknown mechanism regard-
ing the formation of freckle trails as reported by Chen [38] is
successfully explained. Of course, the model needs further exten-
sions/improvements. The aforementioned &g, and ®¢; may be ob-
tained with the assistance of phase field modelling, or determined
experimentally with real-time observation (synchrotron X-ray) to
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track the evolution of the crystal envelope [51]. They may be
treated as time-variable quantities. Additionally, the physical prop-
erties may be set as temperature even composition dependant. An-
other point which is not considered in the current simulation cases
is the possible formation of equiaxed crystals by fragmentation.

7. Conclusions

A volume-average-based dendritic solidification model is ap-
plied to study the flow-solidification interaction during the solid-
ification of an NH4Cl - 70.43 wt.%H,0 solution in a water-cooled
mould with a large sample thickness. Four typical flow regimes,
which were experimentally measured using the PIV technique,
were quantitatively reproduced by a numerical model. They are
(1) pure thermal convection, (2) unstable (turbulent) flow caused
by double-diffusive convection, (3) turbulent-stratified flow, and
(4) meandering flow. The origin and evolution of the above flow
regimes were successfully explained using a numerical model.
Some deep insights about the flow-solidification interaction were
explored.

- The model has illustrated following flow effect on the develop-
ing mushy zone: flow hinders the growth of columnar primary
dendrite tips and suppresses the mushy zone, but it speeds up
the solidification inside the mushy zone and leads to the forma-
tion of a dense mush and massive columnar dendrite trunks.
The reason for the above flow effect is (1) the enhanced re-
moval rate of superheat through advection heat transfer, and
(2) the transport of solute from the mushy zone into the bulk
region by the flow. The latter plays a dominant role.

Solidification mushy zone of NH4Cl - H,O solution is very
porous and dendritic. The morphology of the dendrite is de-
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scribed by morphological parameters ®§,, and ®¢

Sirer The flow
pattern is sensitive to ®g,, and ®¢, . By influencing the flow,
PE,, and PC

¢irc influence the formation of the mushy zone sig-
nificantly.

- The proposed model confirmed and explained the results of an
experiment that was carried out by Chen to observe the flow in
a mushy zone [38]: (1) the flow direction in the bottom mush
is in the downward direction, except for that located exactly in
the freckle trails; and (2) the solid fraction increases from the
solidification front to the middle of the mush, then it decreases
towards the bottom wall. The flow in the mush modifies the so-
lidification and growth kinetics by adapting the local melt con-
centration.
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