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Process modeling of metal melt flow in porous media plays an important role in casting of metal matrix composites. In this 
work, a mathematical model of the metal melt flow in preform ceramic particles was used to simulate the flow behavior 
in a mold cavity. The effects of fluid viscosity and permeability (mainly affected by porosity of ceramic preforms) on the 
flow behavior were analyzed. The results indicate that ceramic porous media have a significant effect on the flow behavior 
by contributing to a low filling velocity and sharp pressure drop in the cavity. The pressure drop has a linear relationship 
with the fluid velocity, and a nonlinear relationship with porosity. When the porosity is relatively small, the pressure drop 
is extremely large. When porosity exceeds a certain value, the pressure drop is independent of porosity. The relationship 
between viscosity and porosity is described, and it is shown that the critical porosity changes when the viscosity of the melt 
changes. However, due to the limited viscosity change, the critical porosity changes by less than 0.043.

Introduction

	 Metal matrix composites (MMCs) have received 
increasing attention in recent years due to their relatively 
high elastic modulus, tensile strength, temperature sta-
bility and wear resistance [1, 2]. These mechanical 
properties give MMCs potential for applications in the 
automotive, medical and aerospace fields. MMCs are 
primarily reinforced using fibers, whiskers or particles. 
Porous ceramic preforms are one type of particle rein-
forcement used in MMCs, and play a paramount role 
among various types of MMCs [3, 4]. The dispersion 
strengthening properties of ceramics give these MMCs 
better resistance, tensile strength and dimensional 
stability relative to the parent metal, and higher fracture 
toughness compared to parent ceramics.
	 Infiltration routes are commonly used in the manu-
facturing of MMCs [5, 6]. During the manufacturing 
process, liquid metal is pushed through a preformed 
porous ceramic by an external pressure, yielding MMCs 
after solidification. The infiltration process has a direct 
effect on the formation and quality of MMCs. Therefore 
it is crucial to study the flow of immiscible fluids in 
porous media. Numerical simulation is the most com-
monly used method for mathematical modeling of 
multiphase flows [7].
	 Currently, research on fluid flow in porous media has 
attracted extensive interest. The reactivity of polymers 
has been studied by Liu et al. [8] by simulating the fluid 
flow in heterogeneous porous media, but, of course, 

the reactivity makes the simulation conditions more 
complicated. Chang et al. [9] found that the flow rate de-
creases exponentially with increasing infiltration time. 
Moreover, they also studied infiltration time in various 
boundary conditions. Sampath et al. [10] simulated uni-
directional flow in squeeze casting. They concluded that 
the three main factors affecting the infiltration were the 
liquid superheating temperature, the preform preheating 
temperature and the inlet pressure. Jung et al. [11] 
simulated the infiltration of liquid steel into the porous 
region, with coupled simulation of temperature fields. 
This simulation yielded reasonable inlet pressures and 
mold preheating temperatures. Klostermann et al. [12] 
investigated the infiltration of liquid steel into porous 
ceramic structures at the pore-size scale of the porous 
structures, and obtained both temperature fields and flow 
fields. Liu et al. [13] calculated the flow rate of argon gas 
into the liquid steel by using a three-dimensional porous-
flow model. The model determined the flow distribution 
and estimated the initial mean bubble size in the nozzle. 
Preform infiltration is an alternative of the casting 
process, but both share the common characteristic of 
fluid flow, which is necessary to enable flow of the metal 
melt in the porous ceramic.
	 In this work, numerical simulation was used to com-
prehensively investigate fluid flow in a mold cavity with 
a porous ceramic preform. Unlike previous models, this 
simulation is implemented by using a specially designed 
geometry. It aims at explaining the basic principle of the 
flow process and the mechanism of infiltration in the 
specified cavity with porous media.
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Theoretical

Physical basis assumptions

	 The multiphase model used in this work is the so-
called “Volume of Fluid” (VOF) model. The VOF model 
is carried out in two phases: (1) metal melt, (2) gas. There 
are three components (phase regions) in the system: (1) 
metal melt, (2) gas, and (3) ceramic particles. Since it is 
impossible to establish the ceramic particles geometry 
in detail and generate the meshes, the area where the 
ceramic particles located is treated as a porous zone. 
The fluid flow in the porous zone is exposed to a much 
more powerful resistance than in air. The viscosity of 
metal melt is mainly dependent on two factors: tempe-
rature and alloy elements. In general, viscosity decreases 
with increasing temperature. From this, the following 
assumptions are proposed:
a)	The viscosity of the metal melt is between 1.5 mPa∙s 

and 2.5 mPa∙s [14].
b)	The velocity of the gas is kept at a low level, so that 

both the gas and the liquid metal are incompressible.
c)	Capillary pressure is negligible when compared with 

the infiltration pressure.
d)	The ceramic porous preform is isotropic. The porous 

medium momentum resistance is calculated separately 
for each phase.

Governing equations

	 Common equations used to solve fluid flow are the 
continuity equation and Navier-Stokes equations [15]. 
From the above assumptions, both the gas and the liquid 
metal are incompressible, and since the density of both 
fluids is constant, the continuity equations can be written 
as 

div u = 0,                             (1)

where u is the fluid velocity.
	 The Navier-Stokes equations can be written as 
follows:

 ,  (2a)

 ,  (2b)

 ,  (2c)

where u, v and w is the velocity for the x, y and z direction, 
respectively, μ is the dynamic viscosity of the fluid, gx, 
gy and gz is the gravity acceleration for the x, y and z 
direction, respectively, and Sx, Sy and Sz is the source 
term for the x, y and z component of the Navier-Stokes 
equations, respectively.
	 In this study, porous media are modeled by the 
addition of a momentum source term to the standard 

Navier–Stokes equations (see Equation 2, the Navier–
Stokes equations without S term are the standard Navier–
Stokes equations). The source term is composed of two 
parts: a viscous loss term,              and an inertial loss 
term,                       , i.e.

,           (3a)  

,           (3b)

,            (3c)

where |u| is the magnitude of the velocity, Dij is a matrix 
related to the permeability of the ceramic preform, these 
two quantities being reciprocal to each other, i.e. Dij =
= 1/kij, and Cij is the inertia resistance factor, a constant 
that can be viewed as a loss coefficient per unit length 
along flow direction.
	 Unlike fiber reinforcement, isometric ceramic par-
ticles usually have no preferential direction. Therefore, 
ceramic particle porous media can usually be considered 
as isotropic porous media, and this Equation 3 can be 
simplified as (see Appendix A)

  ,                    (4a)

  ,                    (4b)

  ,                    (4c)

where, k is the permeability of the ceramic preform. The 
value of permeability can be written as Equation 5 [16] 
and C can be expressed as Equation 6 [17]:

 ,                            (5)

 ,                          (6)

where, ε is the porosity of the ceramic preform, rp is the 
radius of the pores and dp is the mean particle diameter 
of the ceramic preform.

EXPERIMENTAL

Calculation parameters

	 In order to observe the effect of porous media on the 
flow field, a geometric model with a porous medium in 
the middle area has been created (Figure 1). Figure 1a) 
is a three-dimensional geometric model, which contains 
an inlet, outlet, porous medium zone, while the rest of 
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the region represents the cavity. In the actual production, 
the porous medium zone in Figure 1a usually represents 
the ceramic preform particles. This geometric model 
can be used to model the flow process involved in the 
manufacturing of MMCs. Metal melt is injected from 
the inlet, then liquid metal flows through the cavity. The 
flow process is finished when the cavity is completely 
filled. Due to the axisymmetric characteristics of this 3-D 
model, a longitudinal section is used to demonstrate the 
geometric size of the 3-D model, as depicted in Figure 
1b. The diameters of the inlet and outlet are both 50 mm 
while the diameters of cavity and ceramic preform are 
both 150 mm. The length of every section is also labeled 
in the figure.
	 The axisymmetric model is used in this calculation, 
and the mesh of the model is shown in Figure 2. The size 
of the mesh is 2.5 mm × 2.5 mm, and the total number of 

the mesh is 4000. In the following numerical simulation, 
both transient and steady flows were performed to 
observe flow behaviors in the calculation domains. 
The commercial CFD code ANSYS Fluent was used 
to implement the flow simulation in the porous media. 
The velocity and pressure gradients of fluid flow were 
calculated in the porous medium. The magnitudes of 
viscosity and different porosity were also considered in 
fluid flow simulation.

Numerical experiments

Transient flow in the mold cavity
	 A multiphase flow in the cavity was simulated. The 
model was applied to an infiltration-casting processing, 

Figure 2.  Mesh figure of the calculation model: normal lines = 
default cavity zone; bold lines = porous medium zone.

	 a)	 b)

	 c)	 d)

	 a)	 b)

Figure 1.  Schematic of 3-D geometry (a) and main dimensions 
(b).

Figure 3.  Flow behavior in the mold cavity: a) t = 0.5 s, 
b) t = 5.0 s, c) t = 9.0 s, d) t = 11.5 s.
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where inlet velocity = 0.2 m∙s-1, outlet pressure = 0 Pa 
(absolute pressure minus atmospheric pressure is 0 Pa), 
porosity = 0.5 and gravity = 9.8 m∙s-2. Figure 3 shows 
the casting process of the model containing the porous 
media and the velocity distribution of the liquid metal. 
Before the metal melt reached the ceramic preforms, the 
flow front had tiny fluctuations and was not flat. When 
the infiltration started, the flow front reached the porous 
medium. Due to the viscous loss caused by the porous 
medium, the flow front became very flat.

Velocity and pressure in the mold cavity

	 Figure 4a illustrates the fluid velocity vector when 
the mold cavity is fulfilled with liquid metal. It shows 
that a vortex formed between inner wall of the mold and 
wall of the ceramic preform that at the mold inlet side. 
The formation of vortices can be explained as follows: 
since the mold cavity is filled with liquid metal, the fluid 
flows from the inlet with an external pressure comes into 
contact with the ceramic porous medium. Due to the 
blocking effect of the ceramic porous medium, a portion 
of the fluid infiltrated the porous medium, and the rest 
flows to the inner wall of the mold. The fluid portion that 
flows to the inner wall of the mold then falls down by its 
own weight. When it reaches the inner wall of the mold 
at the bottom, it meets the fluid from the mold inlet, and 
then they flow forward together. As a result, vortices are 
formed. There is no porous medium in the mold cavity 
when the porosity = 1.0. As can be seen in Figure 4b, 
in this case the vortex formed in the top of the cavity. 
Comparing these two conditions, we found that the 
porous medium can greatly change the flow behavior in 
the cavity. For this specific example, the porous medium 
changed the fluid fields and moved the vortex from the 
top of the cavity to the bottom of the cavity. 
	 Figure 5 shows the pressure distribution in the cavity 
at a steady state. In the porous zone, the pressure dropped 
sharply. The pressure drop was mainly attributed to the 
viscous loss of the fluid caused by the porous structure. 
Figure 5 also shows the detailed pressure distribution of 
the rectangular area. When compared with the porous 
medium, the pressure drop in the rectangle area was very 
low. This is expected because the fluid flow had much 
lower resistance in air than that in the porous medium. 
However, the pressure distribution in the rectangular 
area is not uniform, and experiences a pressure drop.

Figure 4.  Velocity in the cavity: a) porosity = 0.5,  
b) porosity = 1.0.

Figure 5.  Contours of static pressure.

	 a)	 b)
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	 Figure 6 shows the velocity magnitude along the 
model axis. The velocity curve can be divided into three 
sections:
1)	section between the mold cavity inlet and the ceramic 

porous preform, x = 0 m ~ 0.15 m,
2)	section in the porous medium, x = 0.15 m ~ 0.25 m, 
3)	section between preform and mold cavity outlet, x = 

0.25 m ~ 0.40 m.
	 In the area between the inlet and the porous preform, 
the velocity is 0.2 m∙s-1 in the inlet area, and after the fluid 
flows into the cavity from the inlet, the velocity slowly 
increased to 0.21 m∙s-1 at x = 0.1 m. Then, the velocity 
dropped sharply to about 0.025 m∙s-1 at x = 0.15 m. In 
the porous medium area, the velocity maintained a low 
level. After the fluid flows out of the porous medium, the 
velocity increases to about 0.27 m∙s-1 at the outlet.

Effect of fluid viscosity
	 In order to study the effects of viscosity on fluid 
flow in a cavity, pressure distributions with various 
fluid viscosities were analyzed. As depicted in Figure 7, 

pressure drop had a linear relationship with fluid visco-
sity. When the viscosity of the metal melt was 1.5 mPa∙s, 
the corresponding pressure drop was about 3.82 × 105 Pa;
when the viscosity of the metal melt was 2.5 mPa∙s, the 
corresponding pressure drop was about 6.36 × 105 Pa.
So some measures may be taken to optimize the process 
parameters. For example, the fluid viscosity can be 
changed by changing the metal melt temperature or 
adding some elements to the metal melt, and thus the 
specific external pressure can be adopted to accomplish 
the manufacturing of MMCs.

Effect of porosity
	 In this paper, porosity was defined as the percentage 
of void space in the porous ceramic preform. Using the 
simulation model, the effect of permeability on the flow 
process was calculated. Porosity played the primary 
role in permeability. Therefore ceramic preforms with 
porosities from 0.2 to 0.9 were simulated, and the 
relationship between the pressure drop and porosity was 
calculated, as shown in Figure 8.

	 When the porosity was less than 0.3 ~ 0.4, the pres-
sure drop decreased sharply with increasing porosity 
(Figure 8), But when the porosity was more than 
0.3 ~ 0.4, the pressure drop changed only slightly with 
increasing porosity. The lower the porosity, the more 
difficult is metal melt flow in the porous medium. Higher 
porosity results in less reinforcement in the MMCs, 
which reduces the overall mechanical performance of 
the MMCs. As a result, it is necessary to have an optimal 
porosity to guarantee both the infiltration quality and the 
final properties.
	 Different porosities were also simulated in combi-
nation with different viscosities (1.5 mPa∙s, 2.0 mPa∙s 
and 2.5 mPa∙s), see Figure 8. Under the specific pressure 
drop, different viscosity corresponded to various poro-
sity (for example, if the pressure drop is 5.0 × 106 Pa, 
the fluids with viscosity of 1.5 mPa·s, 2.0 mPa·s and 
2.5 mPa·s corresponding to porosity of 0.289, 0.310 and 
0.323 respectively). The critical porosity, defined as the 

Figure 6.  Velocity along x-axis.
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Figure 8.  Pressure drop with various porosity and viscosity.

Figure 7.  Pressure drop with various fluid viscosities.
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