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The phase-field method is used to study the free dendritic crystal growth under forced convection with hypergravity,
the hypergravity term is introduced into the liquid-phase momentum equation to examine the dendritic growth. The paper
focuses on the morphology of dendrite growth as well as the tip radius of the upstream dendritic arm and the average growth
velocity of dendrite tips under different hypergravity levels. The results show that the morphology of dendrite changes
significantly under represent simulation conditions when the hypergravity reaches 35gg, the upstream dendritic arm will
bifurcate and the horizontal dendrite arms gradually tilt upwards. This change is mainly caused by the hypergravity and flow
changing the temperature field near the dendrite interface. In addition, before the morphology of the dendrite is significantly
altered, the radius of the tip of the dendrite upstream arm becomes larger with the increase in hypergravity, and the average
growth velocity will increase linearly with it. The morphology of dendritic growth under different hypergravity and the
changes in the tip radius along with the average growth velocity of the upstream dendritic tip with hypergravity are given
in this paper. Finally, the reasons for these phenomena are analyzed.
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1. Introduction

The convection phenomenon inevitably exists in the so-
lidification process of metallic material melts. In fact, convec-
tion is present in almost all solidified dendritic growth experi-
ments of metal melts on the ground. The problem of dendrite
growth under flow has been a popular research theme for a
long time, and many results have been achieved by the aca-
demic community in the study of the effect of flow on den-
dritic growth. Phase-field modeling of coupled flow was first
developed by Beckermann et al.!'! They explored the free den-
drite growth under flow and systematically studied the dendrite
growth velocity, dendrite tip radius and selection parameters
under flow. Tong et al.!”! performed similar simulations and
introduced the effect of noise in the energy equation in the
phase-field model to study the impact of flow on the growth of
secondary dendrite arms. The results show that the flow causes
asymmetric growth of dendrites, and it has a promoting effect
on the growth of the upstream dendrite arms, has almost no im-
pact on the growth of the dendrite arms normal to flow, and has
an inhibiting effect on the growth of the downstream dendrite
arm. Subsequently, the phase-field method has been widely
used to simulate the 2D dendritic growth in alloys. Zhang
et al.B! studied the pattern selection in crystal growth under
melt flows using the anisotropic lattice Boltzmann phase-field
method. The results demonstrate that melt flows can affect the
growth process and change the final crystal morphology. The
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melt flow promotes the growth of crystal upstream arms while
it retards the growth of downstream arms. The interface nor-
mal angle distribution reflects symmetrical and asymmetrical
features of crystal morphologies, and the interface curvature
distribution reflects the complexity and variation of growth ve-
locities. Zhu et al.'*! simulated the competitive crystal growth
of binary alloy for directional solidification using the multi-
phase field method. The results show that the thermal gradient
has a great influence on the growth of dendrites. In the low
thermal gradient state, the number of dendrites within the in-
terface is fewer, the morphological levels of the dendrites at
the two different angles are more distinct, and the dendrites
have a strong branching capability. However, in the high ther-
mal gradient state, the number of dendrites in the interface
gradually increases and the branching capability of two differ-
ent angles of dendrites decreases.

In recent decades, numerical simulations of 3D dendritic
growth under melt flow have been widely conducted. Lul”!
and Jeong et al.'! simulated the growth of pure-substance den-
drites under 3D flow conditions using the phase-field method.
It was found that in the 3D simulation, the side branching in-
duced by the flow appears along the upstream arm, and some
at the upstream side of the horizontal dendrite arms when the
flow velocity is significantly large with low undercooling. Re-
cently, Chen et al.l”! and Gong et al.'® conducted 2D simu-
lation of dendritic growth and found that the flow will cause
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a large temperature difference near the tips of the upstream
dendrite arms. This temperature difference will result in a
significant difference in the morphology of the dendrite, and
the horizontal dendrite arms will tilt under the high flow ve-
locity. Qiu et al.®! studied the fully coupled thermal-solute-
convection dendrite growth of Al-Cu alloy. Their study shows
that dendrite tilting and tip splitting may be attributed to the
strong convection effect in the melt, which weakens the in-
herent anisotropy during dendrite growth. By dendrite tilting
and tip splitting, the dendrite growth tries to adapt to the local
thermodynamic conditions.

Different forms of solidification correspond to different
types of dendritic growth, and these microstructures signif-
icantly affect the physical and mechanical properties of the

(101 Therefore, during the solidification process, ad-

materials.
ditional physical fields are used, such as hypergravity fields,
which are often applied to improve the microstructure of
materials during solidification to obtain materials with good
properties.!':12] In recent years, it has been shown that hyper-
gravity has a significant effect on the microstructure dendritic
growth during the solidification process of materials.[!3-15]
The problem of dendritic growth under forced convection with
hypergravity has attracted extensive attention in the academic
community. Li e al.l'% and Jin et al.'"”! conducted experi-
ments on the growth of dendrites and cellular crystals under
normal gravity flow. The results show that the gravity-induced
flow causes downstream deflection of dendrites and cellular
crystals, while gravity-induced flow causes bifurcation of the
tip of the cellular crystals. Zimmermann et al.!'8! conducted
experiments on the growth of NPG-37.5 wt% DC alloy den-
drites under hypergravity. The results show that the quantity of
nucleation of equiaxed dendrites increases significantly with
increasing hypergravity, and the settling rate is also acceler-
ated significantly. At the same hypergravity level, increasing
the cooling rate will accelerate the growth velocity of the den-
drite tip.

Due to the high cost and the difficulty in observing
changes in physical quantities during the solidification process
under hypergravity conditions, hypergravity experiments are
rarely conducted. Numerical simulation, as an efficient tech-
nical method, can effectively restore various fields, such as
temperature and velocity fields, during the solidification pro-
cess. This capability allows one to have a deeper understand-
ing of the microscopic mechanisms involved in solidification
and it has been widely used. Zhang et al.l'”! used the phase-
field method to simulate steady-state free dendrite growth un-
der hypergravity conditions by coupling the hypergravity into
the heat transfer coefficient. They explored the growth mor-
phology of dendrites under different hypergravity and found
that the hypergravity caused the dendrites to show asymmetric
growth. Along the direction of the hypergravity, the growth

rate of the dendrites accelerated, perpendicular to the direc-
tion of the hypergravity growth, the growth rate slowed down,
and the dendrites produced numerous secondary dendrites that
grew along the direction of the hypergravity. Steinbach!?’!
simulated the vertically oriented dendrite growth of Al-Cu al-
loys under horizontal flow with the vertical hypergravity, and
found that the hypergravity induces convection loops. When
the loops are opposite to the direction of the dendrite growth,
it promotes the dendrite growth, and the convection loops in-
duced by the hypergravity affect the horizontal spacing of the
stabilized growth between the dendrites. Viardin er al.?!) per-
formed numerical simulations of dendrite growth of Ti—Al al-
loys under different flow conditions with hypergravity. The re-
sults show that hypergravity inhibits the growth of Ti columnar
dendrites when the hypergravity is in the opposite direction to
the dendritic growth. Furthermore, the dendrites will split dur-
ing their growth when the hypergravity reaches a certain level.
However, when the hypergravity is in the same direction as the
dendrite growth, the hypergravity can promote the growth. In
addition, the hypergravity will affect the spacing of the sec-
ondary dendrite arms. Zhang er al.[*?! investigated the effect
of hypergravity on the dendritic growth characteristics of alu-
minum alloy using the numerical simulation. It shows that the
hypergravity changed the symmetry of the solute distribution
and the morphology of dendrites. With increasing hypergrav-
ity, the asymmetry of dendrites increased. In addition, hyper-
gravity greatly increased the flow rate of the solute-rich liquid
phase between dendrites, resulting in channel segregation.

These experiments successfully explored the impact of
forced convection under hypergravity on dendrite growth.
However, the experimental phenomena have not yet been un-
derstood from a mechanistic perspective. The numerical sim-
ulations successfully explained the experimental phenomena
in certain aspects and simulated the growth of dendrites under
the effect of hypergravity, but they did not rigorously derive a
phase-field model for coupled hypergravity under convection
in detail. Furthermore, they did not explain the effect of hyper-
gravity on the dendritic interface specifically to further inves-
tigate the impact of hypergravity and flow pattern on dendrite
growth.

In this paper, the phase-field model of coupled hypergrav-
ity is rigorously derived, and the forced flow free dendrite
growth under hypergravity is simulated to investigate the ef-
fect of hypergravity on the dendrite growth. The morpholo-
gies of dendritic growth under different hypergravity are given
in the paper, and the reasons for some typical morphologies
are explained. It is found that the morphology of dendrite
changes significantly when the hypergravity reaches a certain
level, and the upstream dendritic arm will bifurcate and the
horizontal arms will gradually tilt upwards. These phenom-
ena are consistent with the equiaxed dendrite growth observed
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under hypergravity!!® and columnar dendritic growth under
hypergravity convection, >3l as shown in Fig. 1. Finally, the
hypergravity will affect the tip radius and average growth rate
of the upstream dendritic arm.

The structure of this paper is as follows. The introduc-
tion is first, followed by Section 2, which discusses how to
introduce the hypergravity term in the momentum equation,
respectively. Section 3 mainly shows the numerical method,
computational domain, mesh, and initial and boundary condi-
tions used in the simulation. Section 4 focuses on the current
simulation results, mainly including the reliability verification
of the numerical simulation results, the growth morphologies
of dendrites under different hypergravity effects, the effects of
hypergravity on the tip radius of the upstream dendrite arm
and the average growth rate. Section 5 provides the main con-
clusions and some future prospects.

5

AN
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Fig. 1. Experimental results of Abou-Khalil e al.!*3] Dendritic arm
bifurcate growth under hypergravity.

2. Phase-field modeling of dendrite growth cou-
pled with hypergravity

The phase-field model used in this study is mainly based
on the pure matter dendrite growth model under flow proposed

1.24.251 and Tong et al.”?! based on phenomenol-

by Karma et a
ogy, which couples the melt flow and temperature field and is a
commonly used model to simulate the pure substance dendrite
growth under the melt flow. Based on this model, this paper
investigates the effect of hypergravity on dendrite growth by
introducing a hypergravity term in the momentum equation.
The anisotropic phase-field equation established based on

the free energy can be expressed as

(n) %(f — V. [W (n)2V¢] + 9, {'Vq’zw(") M]
2 oW (n)
+9, {IW win) a(ayq))]
+¢*¢37}Lu(17¢2)2’ M

where ¢ denotes the phase-field variable, ¢ = 1 for the solid
phase and ¢ = —1 for the liquid phase. When ¢ is in the
range of —1 to 1, this indicates the interfacial region be-
tween the solid phase and the liquid phase. ¢ varies con-

tinuously and smoothly between —1 and 1 as a function of

time and space. W (n) denotes the thickness of the diffu-
sion interface with respect to the interfacial normal direction,
W (n) =Woas (n), as(n) =1+ €cos(40), T (n) is the re-
laxation time, 7 (1) = Ty [as (n)]* and A denotes the coupling
coefficient of the phase field and the temperature field.

The energy equation coupled with the phase-field vari-
ables can be expressed as

du 1 _ 2, 100
= T3 1=V -Vu=DVZiu+ =", @

where u denotes the dimensionless temperature, u = ZCT:‘, Tm
is the melt equilibrium temperature, L and C, denote latent
heat and specific heat capacity, respectively, D is the thermal
diffusion coefficient, and V' denotes the melt flow velocity.
The continuity equation coupled with the phase-field vari-

ables can be expressed as

v. B(l—mpV] 0. @)

The momentum equation introducing the hypergravity
term can be obtained from the convective diffusion equation in
a general form. The convective diffusion equation at a point,

d(p9)
ot

where p indicates the density, v indicates the velocity of dif-

+V - (pve)+V-J =0, “

fusion, J indicates the diffusion flux, and ¢ denotes any con-
served quantity.
For any phase k, integrate over the control body:

(X,
500) .1 pup) 9.5

—(lpo(v—v;) + I VX;) =0, Q)

where v; is the velocity of interfacial motion, X; is the phase
rate of a microscopic arbitrary k phase, and the phase-field
variable can be expressed as the microscopic solid-phase ratio
d=¢,=1—¢, = ﬁszdV = (X;), (X;) expresses the av-
erage volume of X;, ¢, indicates the solid-phase ratio and ¢;
indicates the liquid-phase ratio.

Now, there is conserved quantity ¢ = V" and source term

XP &y
J=-G+P—7,where G = | ypg, | is the gravitational
P8,
Px
potential function (GPF), P, = | p, | is the pressure and
Pz
Tx
T = | Ty | is the shear stress. Substituting them into the
Tz

equation gives

2 (1-0)pV]+V-[(1-9)pVV]
= V[(1-9)G]~V[(1-9) P+ V-[(1- )7
+{([pV(w—v)—G+P—71]-Vx). (6)
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We use the same assumptions as Beckermann ez al.[!]

(1) The flow velocity of the solid phase is zero, i.e., the
flow velocity of the liquid phase is the relative flow velocity
based on the solid phase.

(2) The liquid phase is incompressible and in microscopic
pressure equilibrium.

(3) The liquid-phase flow velocity V' decays linearly to
zero from the liquid phase to the solid phase.

For the equations in V- [(1—¢)7;], assuming that the
fluid is incompressible and Newtonian, and the kinematic vis-
cosity of fluid y; is constant, there would be V-[(1 —¢) 7] =
V- (V(1-9)V)).

The last term in the above equation is now analyzed one
by one.

For ([P]'- VX)), the above assumption (2) is applied,
there would be ([P)' - VX)) = P,-V¢; = P;-V(1—¢), com-
bined with V[(1—¢)P;], and the pressure term will be
(1-9) VP,

For ([t]'- VX)), there is ([7]'- VX)) = 7 - V¢ = 7, -
V(il—-¢)=M l‘l , Since the viscous stress is generally propor-
tional to the fluid kinematic viscosity and velocity gradient,
adopting assumption (3), analogous to the force of the dissipa-
tion term for porous media flow, using the first-order approxi-
mation, we have M = h[.l,l(pwlo [Vol.

For ([G]' - VX;), similarly, there is ([G]'- VX)) = G -
V(1 —¢), combining and simplifying with V[(1—¢)G],
V((1-9)G]-G-V(1-9) = (1-9)pg.

Thus, the above equation eventually becomes
d
5;[(1=0)pV]+V-[(1-¢)pVV]
= (1=¢)pg—(1-9)VP,
V- (uV[(1-9) V) - MY, @

where g is the hypergravity term, g = Ngo and gy is the accel-
eration of gravity. M [d indicates the dissipative force term due
to solidification during melt flow:

\%
Mld = hIJZ(PWO Vo

_ thu(1492(1-9)V ®
- i 7

where i was determined by plane flow analysis, h =2.757 is a
dimensionless constant and the velocity V' decays linearly to
zero from the liquid phase to the solid phase.

3. Establishment of the numerical model

The data visualization was performed in MATLAB
(R2024a). The simulation area is shown in Fig. 2. The shape
of the computational domain is rectangular with dimensionless
width and height of 240 and 360, respectively, and the meshes
are uniform quadrilateral. The number of grid nodes N, =400,

N, = 600 and the distance of meshes dx = dy = 0.6. The
hypergravity directions in this paper are all vertically down-
wards along the y-axis. Initially, a round grain is placed in
the center of the rectangular computational domain, and the
supercooled melt flows in from the upper boundary at a uni-
form vertical flow velocity U with zero horizontal velocity
and flows out from the lower boundary. The upper and lower
boundaries of the computational domain use forced boundary
conditions. The upper boundary is given the melt inflow ve-
locity, the lower boundary is not limited to the melt outflow
velocity, and the temperature and pressure of the upper and
lower boundaries use constant temperature and constant pres-
sure boundary conditions. The left and right boundaries are
characterized by natural boundary conditions, i.e., the gradi-
ent of each variable along the boundary normal is zero. The
following are the initial conditions:

)62—&—yz<R27 ¢0=1, u=0, V=0, p=0,
Xy >R, 9=—1, u=—A, V=—1, p=pNgoy.

The initial conditions of the pressure are adopted to be dis-
tributed with gradient Ngo gradually increasing along the ver-
tical direction, in order to prevent the numerical calculations
caused by the instantaneously applied hypergravity from being
difficult to converge. The initial values of the rest of the vari-
ables are basically the same as the simulation of free dendritic
growth under flow conditions.

u= —A,Uy =-1,p=0] yaxis

du_dp u_d_
ax  ox ax  ox
~— | —
Crystal X axis
Ngo

[T
u=—A, p=pNgoy

Fig. 2. Schematic diagram of the simulation area and boundary conditions.

In order to save computing time and improve efficiency,
this paper is based on symmetry, and only calculates the right
half of the computational domain along the y-direction sym-
metry axis. The diffusion interface thickness W, and relax-
ation time Ty are chosen as reference values, and the param-
eters are dimensionless. The anisotropy coefficient was cal-
culated for two cases: € = 0.03 and € = 0.05, corresponding
to the anisotropic interfacial energies of copper and nickel, re-
spectively. The computational parameters used in the paper
are shown in Table 1.
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Table 1. The values and nondimensionalization of all physical quantities.

Physical quantity Nondimensionalization Parameter value
Interface thickness Wy 1
Relaxion time T, 1

Velocity V' \4 (

Fle
S—

2
fd P (1%

Pressure term B ( 5 ) (Wo>

2
Gravitational acceleration gg g0 (f‘,—%) 9.81
Heat diffusion coefficient D D (%) 4

0
Kinematic viscosity v \ (%) 92.4

0
Initial grain radius R W% 4.07dy
Degree of supercooling A 0.55
Coupling parameter A 6.383
Anisotropy coefficient € 0.03/0.05
Capillary length dy 0.139
Density p 8.9

4. Results and discussion
4.1. Free dendrite growth under flow

In order to verify the accuracy of the current simulation
results, free dendrite growth under flow conditions was first
simulated. Subsequently, our results were compared with the
Ossen—Ivantsov solution,?®! which is the analytical solution
of 2D dendrite growth under flow condition. The analyti-
cal solution for 2D dendrite growth under flow condition was

27281 In their theory, the flow

given by Bouissou and Pelcé.!
is confined to the region of a small Reynolds number. In this
premise, Navier—Stokes equations can be reduced to the Ossen
flow equations. Based on the tip velocity of dendrite growth
V; and the tip radius of the dendrite R, the number of grow-
ing Péclet number P, = V;R/(2D) and flow Péclet number
P; =UR/(2D) are defined. Neglecting the interfacial energy
and assuming that the shape of the dendrite tip is parabolic, as
shown in Fig. 3, they derived the relationships between growth
Péclet number (Fy), flow Péclet number () and degree of su-

percooling (A),
A = Pyexp(PRy) It (). )

Here, Py = P, + P,

o
—
B
|
_l’_
| —]
o
>
hel
/T\
2|
N———

/2
(_CRe) } erfc m. (10)
erfcy / %

Here, Re is the Reynolds number (Re = UR/Vv) and Vv is the
kinematic viscosity.

Liquid
T
U
Dendrite tip R &——— \%
9 DU
Vo

Fig. 3. Schematic diagram of the upstream dendrite arm tip.

Table 2 shows the average growth rates corresponding to
the tips of the upstream dendrite arm for different anisotropies
and flow velocities, respectively. For € = 0.03, which is as-
signed to copper, the growth of dendrites corresponding to the
three flow velocities U = 1, U = 2 and U = 3.885 are sim-
ulated. For € = 0.05 which is assigned to nickel, the growth
of dendrites corresponding to the two flow velocities U = 1
and U = 2 are simulated. The results show that for the same
anisotropic strength, the higher the flow velocity, the faster the
growth rate of the upstream dendrite arm. With the same flow
velocities U = 1 and U = 2, the growth rate of the dendritic
upstream tips corresponding to anisotropic strength € = 0.05
is 22.37% and 21.18% faster than € = 0.03 respectively. The
dendrite growth pattern is consistent with the simulation re-
sults of Tong et al.'”! and Chen et al.!”]

Table 2. The average growth rate of dendrite upstream arm tip under
forced convection.

Parameters £ 0.03 0.03 0.03 0.05 0.05
U 1 2 3.885 1 2
\Z 0.9395 1.0193  1.0555 1.1497 1.2352

Table 3. Dendrite tip growth rate and tip radius of the upstream den-
drite arms under forced convection, using a quadratic parabola fitted to
the tip radius of the dendrite with a fitting width of 10W,,®! calculation
parameters: A =0.55,€ =0.03 or € =0.05, D =4, Pr=23.1.

Parameters & 0.03 0.03 0.03 0.05 0.05

U 1 2 3.885 1 2
Vi 0.8020 0.9830 0.9200 1.0850 1.0580
R 3.2068 3.4799 4.6804 2.9887 3.1467
Py 0.3215 0.4276 0.5382 0.4053 0.7867
o 0.1348 0.0934 0.0552 0.1147 0.1061

Figure 4 shows that when the anisotropy coefficient € =
0.05 and the dimensionless time t = 100, the relationship be-
tween the corresponding flow Péclet number Pr and growth
Péclet number P, for flow velocities is U = 1 and U = 2.
The current simulation results are compared with the simu-
lation results of other scholars and analytical solution. Fig-
ure 5 shows the anisotropy coefficient € = 0.03 and the flow
velocities U = 1, U = 2 and U = 3.885, simulation results
corresponding to the stabilization of the dendrite tip growth
rate, and comparisons are made with the result of Tong et al.
and the analytical solution. It can be seen from the figures that
the current simulation results are more accurate and closer to
the analytical solution, indicating the reliability of the current
numerical simulation. Table 3 shows an intensive display of
the current simulation results.
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o7 Analytical : .
* Present U=2
0.6} © Present U=1 |
O Jeong etal. U=1 o
A Tuetal. U=1
0.5} V Chenetal. U=1 v -
. vV Chenetal. U=1
oA
0.4r o . -
&0
A — T
0.3 B I — _
0.2} -
0.1 -
0 | . . |
0 02 04 06 08 10

P

Fig. 4. Anisotropy coefficient € = 0.05 and the flow velocities U = 1
and U = 2, the corresponding flow Péclet number P and growth Péclet
number Py.

0.7 " .

Analytical
*  Present U=1
0.6 O Present U=2 |
. O  Present U=3.885
O  Tong et al. U=3.885 D
0.5f |
0.41 . -
Q‘bﬂ N V/VVV"VV/Vmrm/mw/”'/w/
R S |
0.2} | |
0.1t |
0 | | | |
0 0.5 1.0 1.5 50 1

P

Fig. 5. Anisotropy coefficient € = 0.03 and the flow velocities U =1,
U =2 and U = 3.885, the corresponding flow Péclet number P and
growth Péclet number Py.

4.2. Free dendritic growth under forced flow with hyper-

gravity

This section investigates the effect of hypergravity on
dendrite growth by introducing hypergravity with a flow veloc-
ity of U = 1 and anisotropy intensity € = 0.03 as the baseline.
Figure 6 shows the dendritic growth morphologies and flow
at a dimensionless time of ¢+ = 70 under different hypergrav-
ity conditions. The results indicate that as the hypergravity
increases, the flow pattern of the melt will change. Hyper-
gravity reaches 20gy, and the small vortices gradually form on
the backflow side. The greater the hypergravity, the more pro-
nounced the vortices will become. When hypergravity reaches
35gp under present simulation conditions, the dendritic mor-
phology undergoes significant changes. The upstream arm of
the dendrite transitions from upward growth to gradual bifur-
cation, while the horizontal arms gradually tilt upwards. These
phenomena are consistent with the dendrite growth experiment
observed under hypergravity.[!®23] As the simulation time in-
creases, the bifurcation regions further develop secondary den-
drite branches. In simulations of equiaxed dendritic growth
under forced convection in alloys, the deflection of the hor-
izontal dendritic arms and the splitting of the upstream den-
dritic tip are also clearly observed.!

1.0
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0.4
110.2

1g0
—0.2
—0.4
—0.6
—0.8
—-1.0

T
SRS

3590

40g0 50go

Fig. 6. Dendritic growth morphology and velocity field under different
hypergravity conditions at dimensionless time ¢ = 70.

Figure 7 shows the dendritic growth phase field, tempera-
ture field and velocity field of the simulation region at different
time under 50g( hypergravity. In the initial stage, the grain
is circular, and under the combined effects of hypergravity
and flow, the grain gradually exhibits asymmetric growth. It
evolves from circular to a vertically asymmetrical shape, with
bifurcation beginning to form at the top when time # = 10. At
the same time, the horizontal dendritic arms start to tilt up-
wards. After a period of growth, this asymmetric growth trend
becomes more pronounced, and secondary dendrites begin to
form on the main dendritic arms, which arise from bifurcation
in the upstream dendritic arm at ¢ = 70.

Dendritic growth is primarily driven by the temperature
gradient, with regions of larger temperature gradient resulting
in faster growth rates. By analyzing the temperature gradi-
ent and velocity, it can be observed that under vertical flow,
the flow speed rapidly decreases at the center of the upstream
dendrite tip. This region has difficulty dissipating heat, leading
to a smaller temperature gradient. Consequently, there is sup-
pressed dendrite growth. On the other hand, the flow speed on
either side of the tip does not slow down, allowing heat to be
carried away along the edges of the dendrite, resulting in larger
temperature gradients on both sides. As a result, the dendrite
grows more quickly in these areas, causing bifurcation. In the
backflow growth region, the small vortices gradually form and
heat is carried away by vortices, leading to a steep tempera-
ture gradient at the dendritic tip, which promotes growth to-
wards the backflow side. This exhibits an inverse trend with
downstream dendritic growth under flow.>”! For the horizon-
tal dendritic arms, the vortex effect causes a lower temperature
gradient on the backflow side, while the temperature gradient
on the upstream side is higher due to the flow. This results in

the horizontal dendritic arms bending upwards as they grow.
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Hypergravity and the flow alter the distribution of the temper-
ature field, creating a significant difference between the tem-

perature fields on the upstream and backflow sides. This trend
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of temperature field variation causes the horizontal dendritic
arms to tilt upwards, the upstream arm to bifurcate and the

growth of the downstream dendritic arm is promoted.
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Fig. 7. Dendritic growth under 50g¢ hypergravity at different times. (a) Phase field and velocity field of the simulation region. (b) Temperature
gradient magnitude of the simulation region. (c) Velocity magnitude of the simulation region.

4.3. Effect of hypergravity on dendrite tip interface

The simulation results show that when the hypergravity
reaches 35go, as shown in Fig. 6, the dendrite upstream arm
will change from upward growth to bifurcation growth. Due to
the huge difference in morphology after the bifurcation growth
of the dendrite, it is not conducive to quantitatively character-
ize the effect of hypergravity on the dendrite interface. There-
fore, in this paper, only the simulation results before the criti-
cal hypergravity of the dendrite morphology transition are con-
sidered to analyze the effect of hypergravity on the dendrite tip

interface.
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Fig. 8. Variation in the radius at the tip of the upstream dendrite arm
(R/Wy) with hypergravity (Ngo) at the dimensionless time # = 80.

The experimental results of Abou-Khalil et al.>>! showed
that at the same cooling rate, the growth rate of dendrite tips
accelerate with the increase in hypergravity and the growth
rate slows down with the decrease in hypergravity. In this
section, we quantitatively examine the upstream dendrite tip
growth rate changes with hypergravity and analyze the under-
lying causes of this phenomenon by the temperature field and
flow. Figures 8 and 9 show the variation in the tip radius and
the average tip growth rate of the upstream dendrite arm with
hypergravity at the moment r = 80 respectively. With the in-
crease in hypergravity, the radius of the tip of the upstream

dendrite arm exhibits an approximately linear increase, while
the average growth rate of the tip is linearly increasing, which
fits linearly well. The dendrite tip growth rate trend is con-
sistent with the experimental phenomenon and the simulation
of equiaxed dendritic growth in Al-Cu alloy.!???3] Before the
hypergravity reaches 30gop, both the average tip growth rate of
the upstream dendrite arm and radius of the tip of the upstream
dendrite arm exhibit a linear increase with the enhancement of
the hypergravity.

0.06

0.05¢1

0.04r

0.03r1

V,do/D

0.02}

0.01r

0 5 10 15 20 25 30
Ngo
Fig. 9. Variation in the average growth rate at the tip of the upstream
dendrite arm (V,dy/D) with hypergravity (Ngo) at the dimensionless
time ¢ = 80.

The causes of these phenomena are mainly hypergravity
and flow, which change the temperature field near the dendrite
tip interface. Under the effect of hypergravity and flow, the
temperature gradient in the vicinity of the dendrite tip of the
upstream arm starts to increase, as shown in Fig. 10, and the
growth rate of the dendrite tip is accelerated.[®!%!8] With the
increase in hypergravity, as shown in Fig. 10, the region of
large temperature gradient near the tip of the dendrites begins
to gradually flatten from the sharp-type distribution, instead of
being concentrated in a smaller area near the tip. The larger
temperature gradient begins to spread out on both sides of the
tip, which causes the dendrite tip radius to increase and start
bifurcating after reaching a critical radius. At the same time,
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the tip of the dendritic upstream arm consistently maintains a
high temperature gradient. This results in the growth rate of
the dendrite tip increasing continuously with the enhancement
of hypergravity and will not be affected by this trend of dis-
persion of the large temperature gradient to the sides of the
temperature field. The greater the hypergravity, the more pro-
nounced this tendency becomes and ultimately results in large
differences in dendrite morphology.

Aol
“§\

30g0

Fig. 10. Temperature gradient magnitude of the upstream dendrite arm
under flow and hypergravity at the dimensionless time # = 80.

5. Conclusion

Under the hypergravity and melt convection, the temper-
ature field near the dendrite interface will be changed. The
greater the hypergravity, the more significant the change in
the flow field and temperature field, which leads to large
changes in the dendrite morphology. When the hypergravity
reaches 359, the morphology of the dendrite changes signif-
icantly. The upstream dendrite arm begins to bifurcate and
grows many secondary dendrites, horizontal dendritic arms
also grow tilted upwards, and this trend of morphology change
becomes more pronounced with increasing hypergravity. The
temperature distribution at the tip of the upstream dendritic
arm will gradually become smoother from a sharp profile,
while backflow will generate vortices with hypergravity in-
creasing. These temperature distribution differences caused by
hypergravity and melt convection ultimately lead to significant
changes in the dendritic morphology. In addition, the hyper-
gravity and the convection can affect the tip radius and growth
rate of the upstream dendrite arm. Before the hypergravity
reaches 30gy, the greater the hypergravity, the tip radius of the
upstream arm tip will gradually increase, while the tip growth
rate will be approximately linear.

Future research can be carried out on the following as-
pect. In practice, due to the difference in solid-liquid phase
density, there will be solute buoyancy generated, and the den-
drites are moving during the growth process. According to
Stokes law, the greater the hypergravity, the faster the rate of

dendrite settling, a process that has yet to be investigated using
numerical simulation.

Appendix A

The derivation of the hypergravity discontinuous condi-
tion at the solid-liquid interface in the momentum equation
is based on poromechanics.*’! For the control volume shown
in the figure, component 1 represents the solid phase, com-
ponent 2 represents the liquid phase, 2; represents the solid
phase volume, £, represents the liquid phase volume, X rep-
resents the interface, dQ; U X represents the solid phase sur-
face, d€0, U X represents the liquid phase surface and 9€2, rep-
resents the outer surface of the entire control volume. A dis-
continuity exists between the solid and liquid phases, with g
representing an arbitrary conserved quantity. [[g]] = g2 — g1
denotes the discontinuity of the conserved quantity across the
interface.

Fig. Al. Schematic diagram of physical quantities (Coussy, 2003).

There is a volume integral over the control volume €2;:

T

d P)
bl ngt:/ —gd_Q,+/ ¢V7 nda.
o ot e

Al
i o (A1)

Coussy volume integral after introducing the interface:
d” d

7/ ng,:/ —gd.o,+/ ¢V™.nda
dr Jo, Qq Ot EYo e ToN

- [ lighie-nda.

Here, Q, represents the volume of any phase, where @ = 1

(A2)

or 2, c represents the velocity of the interface, n represents
the outward unit normal vector of the surface 02, NJQ,;, V"
represents the velocity of the solid or liquid phase, with 7 =1
or 2, and da represents an infinitesimal area on the interface.

For [o V.- (gV”)d€, applying the divergence theorem
gives the following relationship:

Vx . (gvn) d'Qt
Qq

:/ gV”~nda—/ [g]] V* -nda.
00QaMNI; Jx

(A3)
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Based on geometric relationships, €, = Q; U €, and
002, = (02, NJL) U (02, NA). In the solid or liquid
phase, substituting Eq. (3) into Eq. (2) gives

d* B dg x
E/Qagd!)t—/ga <at+vx-(gv )) 49,

+ [le(vr=c)ll-nda. (a4

Substitute the conserved quantity g = pV, and use the
integral form of the momentum equation:

d
— | pvdQ = ]{T-nda+/ pbdQ,.  (AS)
Qu

dr Jo, Y
o

Here, p is the density, V is the flow velocity, T' is the shear
stress and b is the gravitational acceleration. Substituting
Eq. (5) into Eq. (4), in the liquid phase with volume(2;, we

have

/Q2 (a(gtV) +Vx~(pVV)) ae,

= [V (v ~)))-nda
X

— mzmm{T.nda+/2[[T]].(fn) da+/92pbd.(2,.
(A6)

Note that in the momentum equation, the direction of
V is taken as the positive direction. When substituting
[[¢(V*—¢)]]=][pV (V — ¢)]], the direction of ¢ remains un-
changed, meaning the direction of the velocity is aligned with
the normal to the interface. The direction of the interface is
opposite to the normal of d02; N d2,. Therefore, when substi-
tuting g = pV into Eq. (4), n should be replaced with —n to
maintain consistency in the directions of the vectors. Simpli-
fying, we obtain

/92 (3(52/) +Vx-(pVV)) 40,

~ [lpV (V=¢)~T]-nda

= T -nda+ | pbdQ,.
X arion 2

(AT)

For [o pbd£2, a treatment similar to that for the shear
stress is applied. The volume integral of the body force over
the control volume is transformed into a surface integral over
the control volume surface. By applying the Gauss divergence
theorem, we obtain

/ pbdQ, :/ div(G@)d@, = }{ G-nddQ,. (A8)
Q Q VA
2

Here, G = (G.,Gy,G;) = ([ pbydx, [ pbydy, [ pb.dz),
where by, b, and b; are the components of the gravitational

acceleration in the three directions. The remaining steps fol-
low the same treatment as for the shear stress:

/92 (8(5:/) +Vx~(pVV)) dQ,

- [pV (V=) ~T)| -nda

- 8920897G~nda+/2[[G]]-(—n) da

+/ T -nda. (A9)
002,NI
Simplifying, we obtain
a(pV
/ ( (PV) +Vx-(pVV)> dQ,
Q ot
= G -nda+ T -nda
02,N3 J QNI
+/ [PV (V —¢)-T - G]]-nda. (A10)
z

The above equation is the general form of the momentum
equation with an interface, after introducing body force into
the momentum equation. Since the solid and liquid phases are
assumed to have equal density and the fluid is incompressible,
p is a constant. Therefore, the integral of the body force can be
calculated by simply finding an antiderivative of the integrand

G = ([ pb.dx, [ pbydy, [ pb.dz) = (xpby,ypby,zpb;). (All)
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