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a  b  s  t  r  a  c  t

The metal–matrix-nano-composites (MMNCs) in this study consist of a 6061 alloy matrix

reinforced  with 1.0 wt.% SiC nanoparticles that are dispersed within the matrix using an

ultrasonic  cavitation dispersion technique available in the Solidification Laboratory at the

University  of Alabama.

The  required ultrasonic parameters to achieve (i) the required stirring and cavitation

for  suitable degassing and refining of the aluminum alloy and (ii) the adequate fluid flow

characteristics  for uniform dispersion of the nanoparticles into the 6061 matrix are being

investigated  in this study by using an in-house developed CFD ultrasonic cavitation model.

The  multiphase CFD model accounts for turbulent fluid flow, heat transfer, and the complex

interaction  between the molten alloy and nanoparticles by using the ANSYS’s Fluent DDPM.

The  modeling parametric study includes the effects of the fluid flow, the ultrasonic probe

location, nanoparticle size distribution, and initial location where the nanoparticles are

released  into the molten alloy. It was determined that the nanoparticles can be distributed

quickly  and uniformly into the molten 6061 alloy.
©  2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. 

strength, stiffness, good wear resistance, fatigue resistance
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1.  Introduction
Aluminum-based metal matrix composites (MMCs) have
been  extensively studied and widely used in the aerospace,
automotive and military industries due to their high
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and  improved thermal stability [1–3]. However, the particles
commonly used are micron-sized which has a counterpart
that  the ductility of the MMCs deteriorates with high ceramic
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Fig. 1 – Geometry model.

article concentration [4]. Consequently, more  attention has
een drawn to metal matrix nanocomposites (MMNCs),
ince the properties of metallic alloys reinforced by ceramic
anoparticles (with dimensions less than 100 nm)  would be
nhanced  considerably while the ductility of the matrix is
etained  [5–12].

However,  it is extremely difficult to obtain uniform dis-
ersion  of nano-sized ceramic particles in liquid metals due
o  high viscosity, poor wettability in the metal matrix, and a
arge surface-to-volume ratio, which results in agglomeration
nd  clustering [4]. Currently, several fabrication technologies
ncluding high-energy ball milling [9,12], in situ synthesis [8],
lectroplating [13], and ultrasonic technology (UST) [4–6] are
ost  commonly used, among which UST is supposed to be
ore  reliable and cost effective.
Ansys’s Fluent Dense Discrete Phase Model (DDPM) [14]

as  adapted in this study. The DDPM accounts for turbu-
ent  fluid flow, heat transfer, and the complex interaction
etween the molten alloy and nanoparticles. The dispersion of
iC  nanoparticles with different injection positions and probe

ocations  were  investigated in detail.

.  Model  description

he geometry of the model is shown in Fig. 1. The ultra-
onic  probe has a diameter of 40 mm.  The liquid aluminum
s  A6061. It has a density of 2700 kg/m3 and a viscosity of
.0  × 10−3 kg/(ms). The SiC nanoparticles with an average par-
icle  size of 55 nm and density of 3216 kg/m3 are treated as

nert-particles. The mass flow rate of the SiC nanoparticles is
.014 kg/s. Thus, 1.0 wt.% of SiC nanoparticles can be injected
t  about 20 mm above the bottom of the furnace for 1 s.
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The multiphase computational fluid dynamics (CFD) model
accounts  for turbulent fluid flow, heat transfer, and the com-
plex  interaction between the molten alloy and nanoparticles
by  using the ANSYS Fluent DDPM and k − ω turbulence model
[14].  The CFD model is described in detail below.

2.1.  Fluid  flow  model

In the Eulerian DDPM multiphase model an Eulerian treatment
is  used for each phase, and the discrete phase (nanoparti-
cles) is designated as a granular phase. The volume fraction
of  the particulate phase is accounted for in the conservation
equations.

The continuity equation for the phase q is

∂

∂t
(aq�q) + ∇ · (aq�quq) = ṁpq − ṁqp (1)

The momentum balance for the phase q yields

∂

∂t
(aq�quq) + ∇ · (aq�ququq)

= −aq∇P + ∇ · [aq�q(∇uq + ∇uT
q )] + aq�qg + fDPM + fother (2)

where aq is the phase volume fraction, �q is the density, uq is
the  velocity, �q is the molecular viscosity, and P is the pressure
shared  by all phases. ṁpq characterizes the mass transfer from
the  pth to qth phase, and ṁqp characterizes the mass transfer
from  phase q to phase p. The momentum exchange term, fDPM,
is  considered only in the primary phase equations. The source
term,  fother, includes the virtual mass force, lift force, turbulent
dispersion force, etc.

Eqs.  (1) and (2) do not solve for the velocity field and volume
fraction of the discrete phase. Their values are obtained from
the  Lagrangian tracking solution.

2.2.  Particle  tracking  model

The trajectory of a discrete phase particle is predicted by inte-
grating  the force balance on the particle. The force balance
equates  the particle inertia with the forces acting on the par-
ticle,  and can be written as

dup

dt
=  FD + FG + FB + Fvirtual-mass

+ Fpressure-gradient + Flift + Finteraction (3)

where up is the particle velocity, and all the terms at the
right-hand are with a unit of force/unit particle mass.

The  drag force, FD, exerted on the particle by the viscous
liquid tends to make it follow the fluid flow, and is calculated
by
FD = 18�

�pd2
p

CD Re

24
(u − up) (4)
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Fig. 2 – Velocity inlet profile.

The  distribution of the particle diameters varying from 45 nm
to  65 nm follows the Rosin–Rammler expression. Particles are
298  j m a t e r r e s t e c h

where u is the fluid phase velocity, �p is the density of the par-
ticle,  and dp is the particle diameter. Re is the relative Reynolds
number, which is defined as

Re =
�dp

∣∣u − up

∣∣
�

(5)

where � is the fluid density.
CD is the drag coefficient which is calculated by the model

of  Wen  and Yu:

CD = 24
Re

(1  + 0.15Re0.687) (6)

The net effect of the buoyancy force, FB, and the gravita-
tional force, FG, is

FG + FB = g(�p − �)
�p

(7)

The virtual mass force, Fvirtual-mass, is an unsteady force due
to a change of the relative velocity of the particle submerged
in  the fluid, and can be calculated as

Fvirtual-mass = 1
2

�

�p

d

dt
(u − up) (8)

An additional force arises due to the pressure gradient in
the  fluid:

Fpressure-gradient =
(

�

�p

)
up∇u (9)

The Saffman’s lift force due to shear is generated by the
local  velocity gradients across the particle, and is calculated
as

Flift = 2Kv1/2�dij

�pdp(dlkdkl)
1/4

(u − up) (10)

where K = 2.594 and dij is the deformation tensor.
The term, Finteraction, models the additional acceleration act-

ing  on a particle, resulting from interparticle interaction. It is
computed from the stress tensor given by the Kinetic Theory
of  Granular Flows as

Finteraction = − 1
�p

∇ · �̄s (11)

where �̄s is the stress-strain tensor of the granular phase.
The  chaotic effect of turbulence on the particle trajectories

is  accounted for using the stochastic tracking approach, i.e.,
the  discrete random walk (DRW) model:

u = ū + �

√
2k

3
(12)
where ū is the mean fluid velocity in the trajectory Eq. (3), �

is  a normally distributed random number, and k is the local
turbulent  kinetic energy.
Eq. (3) can be cast into the following general form:

dup

dt
= 1

�p
(u-up) + a (13)

where the term a includes accelerations due to other forces
except  drag force.

Integrating the transport Eq. (13) for the path of each par-
ticle  yields

dxp

dt
=  u (14)

where xp is the particle position.
With Euler implicit discretization of Eq. (13), we  get

un+1
p =

un
p + �t(a + (un/�p))

1 + (�t/�p)
(15)

The new particle location is computed by a trapezoidal dis-
cretization  of Eq. (14):

xn+1
p = xn

p + 1
2

�t(un
p + un+1

p ) (16)

2.3.  Boundary  conditions

The ultrasonic probe surface is set as velocity inlet, and the
interface  between liquid aluminum and air is pressure outlet.
The  other boundaries are set as wall. All of the Discrete Phase
BC  Types are set as reflect. The velocity inlet profile is defined
in  UDF, which is dependent on time as shown in Fig. 2.

2.4.  Solution  procedure

The SiC nanoparticles are injected at every fluid flow time
step  with a mass flow rate of 0.014 kg/s in the first second.
tracked  at every time step after the fluid velocity field is solved.
Because  of the low volume fraction of the discrete phase, one-
way  coupling is employed, which neglects the effect of the
discrete  phase on the fluid turbulence.
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Fig. 3 – Fluid flow and particle distribu

.  Simulation  results  and  discussion

ig. 3 shows the fluid flow (colored by velocity magnitude (in
/s),  similarly hereinafter) and particle distribution (colored

y  particle residence time (in seconds), similarly hereinafter)
fter  1s and 3s, respectively, when the injection is stopped. It
an be seen from Fig. 3a and b that the flow is much  stronger
t  the center of the furnace. Meanwhile, the particles are dis-

ersed  well from the bottom to the top, but more  particles
end  to stay near the wall. The fluid flow and particle dis-
ribution  after 3s are shown in Fig. 3c and d. It is confirmed
after 1s ((a) and (b)) and 3s ((c) and (d)).

that  the particles have little effect on the fluid flow because
of  the one-way coupling, as we can see that the flow field
is  almost the same as that after 1s. As time goes on after
the  injection is stopped, the uniformity of the particle dis-
tribution  becomes even better. However, there are still fewer
particles  at the center where the flow is stronger, which indi-
cates  that the nanoparticles could not disperse well in strong
flows.  Additionally, the particle distribution stays almost the
same  henceforth. When the particles are injected from a dif-

ferent  position which is about 15 mm beneath the probe, the
distributions  of the particles after 1s and 3s are shown in
Fig.  4.
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It is obvious that the particles are following the fluid flow.
In  the beginning, they are carried by the flow in the center to
the  bottom, and then back to the top near the wall. Nonethe-
less,  after 3s when the distribution becomes stable, it has little

difference  with that when the particles are injected at the bot-
tom,  which demonstrates that the injection position will not
affect  the final distribution of the SiC nanoparticles.
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vector up).
3s (b) with a different injection location.

Fig. 5 presents the fluid flow and particle distribution after
3s  when the ultrasonic probe is placed at the bottom of the
furnace.  The flow pattern is changed due to the gravitational
acceleration orientation, thus resulting in a different distribu-

tion  of the particles. However, the general trend is basically the
same,  i.e., where the flow is stronger, there are fewer particles,
and  vice versa.
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To investigate the effect of the magnitude of the fluid flow
n  the dispersion of nanoparticles, the velocity magnitude is
hanged to be 1/10th of the original one. As the fluid flow is
uch  weaker, the dispersion of the particles is much  slower.
fter  20s, the distributions of the nanoparticles with different

njection  positions, which are shown in Fig. 6, become almost
table.  When the particles are injected at the bottom of the
urnace,  plenty of them aggregate at the bottom because the
uid  flow near the wall is too weak to take them to the top.
n  the contrary, when they are injected at the top, they can
e  taken to the bottom by the relatively stronger flow at the
iddle  of the furnace, which results in a much  more  uniform

istribution of the particles.

.  Conclusions  and  future  work

he DDPM model coupled with the k − ω turbulence model is
sed to investigate the distribution of SiC nanoparticles with
ifferent  injection positions and probe locations in the liquid
luminum  under the ultrasonic stirring. Several forces acting
n  a particle including transverse drag force, buoyancy and
ravitational force, virtual mass force, pressure gradient force,
nd  lift force are accounted for to predict the trajectory of the
article.  The results reveal the following:

. The particles are dispersed pretty well in the liquid pool
except  that there are fewer particles at the center of the

furnace  where the fluid flow is stronger.

. The injection position will not affect the final distribution
of  the SiC nanoparticles as long as the flow is strong enough
to  disperse the particles, otherwise, the injection position
ion positions and a weaker flow (gravity vector down).

will have a significant effect on the distribution of the par-
ticles.

3.  When the ultrasonic probe is positioned at the bottom
of  the furnace, i.e., the gravity direction is changed, the
nanoparticles have a different distribution due to a new
flow  pattern.

4.  For the fluid flow, there is no doubt that the stronger the
flow,  the faster the particles are dispersed; however, the
uniformity of the fluid flow (and not the intensity of the
fluid  flow) is crucial to the final distribution of the nanopar-
ticles.

The  effects of ultrasonic cavitation and acoustic energy
attenuation as well as the furnace wall (lining) trapping of
various  type of nanoparticles will be determined in a future
study.
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