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Abstract: Aluminum and its alloy castings are used more and more widely, and it is particularly
important to remove impurities in the alloy. According to the principle of bubble floatation for
degassing aluminum melt, a new porous nozzle with controllable pores was developed, and a
hydraulic simulation experimental device was studied with the nozzle. The effects of the particle size
ratio of the coarse sand to fine sand and volume fraction of fine sand on the porosity of the porous
nozzle were studied by orthogonal experiment, and permeability and compressive strength of the
porous nozzle were used as test indicators to determine the optimal parameters of preparation for
the porous nozzle. The optimal parameters are fine sand of 100 mesh, and fine sand of 50 wt.%,
binder of 17.5 wt.%, pore-forming agent of 6 wt.%, and pressure of making sample of 5 MPa. The
nozzle with optimal parameters was prepared and tested, and the permeability is 112.2 × 10−12 m2

and the compressive strength is 2.3 MPa. In addition, a physical model of gas transmission in the
porous nozzle was proposed. With the increase in the proportion of fine sand, the permeability
of the porous nozzle decreases, the compressive strength increases, and the calculated porosity
increases. The hydraulic simulation of melt injection was carried out, and the mathematical model
for calculating the bubble diameter of bubble floatation was formulated. The model shows that the
bubble diameter increases with the increase in gas flow rate. The experiment shows that the prepared
porous nozzle has the merits of a simple preparation process and low-cost, which is expected to
degas aluminum melts.

Keywords: porous nozzle; aluminum melt purification; orthogonal experiment; air permeability;
compressive strength

1. Introduction

Because of widespread availability, high corrosion resistance, light weight, and high
electrical conductivity, aluminum alloy is one of the most popular alloys and is widely used
in many fields [1–3]. Aluminum alloys easily oxidize and absorb hydrogen during melting,
which results in many gas and nonmetallic inclusions in the melt and affects the purity of
the melt [4–6]. After pouring, gas and nonmetallic inclusions are greatly harmful to the
solidification organization of the alloy and produce a series of defects during castings, such
as blowholes, pinholes, porosity, and slag. In addition, they damage the integrity of the
matrix and have adverse effects on the strength, plasticity, and corrosion resistance, which
affect the performance of the alloy and its components, and even cause the scrapping of the
product [7–9]. Shi [10] pointed out that the hydrogen content in the car casting must be less
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than 0.07–0.10 mL/100 g Al, and it is required to be less than 0.06 mL/100 g Al for aviation
precision castings. Therefore, during the melting and pouring process of aluminum alloy, it
is necessary to remove gas and inclusions to ensure the quality of the castings [11]. There are
many ways to remove gas and inclusions [12,13]. For example, bubble floatation, vacuum
smelting method, fluxing method, filtration method, and combined refining method are
adopted [7,10,14–18]. The rotating spray method of bubble floatation is a very efficient
purification technology for aluminum melt [9], in which many bubbles enter into the
aluminum melt. The hydrogen in the melt will diffuse into the bubbles continuously
due to the hydrogen concentration gradient between the bubble and the melt. However,
the equipment made by the rotating spray method is relatively complex and expensive,
especially for some small foundry workshops [19]. It is also not conducive to the use of
complex equipment for injection purification treatment due to the large melt volume. In
addition, the gas injection usually uses chlorine as the purification gas. However, chlorine
gas is toxic and harmful to the human body, and the use of chlorine has a corrosive effect
on equipment and causes serious environmental pollution.

In response to this situation, a kind of new porous nozzle that is sintered by mixing
mullite, silica sol, and the pore-forming agent was prepared. The nozzle is used to in-
troduce inert gases (i.e., nitrogen, argon, etc.,) into aluminum melts to form very small
and numerous bubbles [9]. Due to the partial pressure difference between bubbles and
aluminum melts, hydrogen will enter the bubbles and float to the melt surface which
is the fundamental processing of degassing. Moreover, bubbles will bring out a certain
amount of oxide inclusions during the floating process, so they also serve the purpose
of impurity removal. Therefore, this porous nozzle blowing process could become an
alternative method for purification and inclusion removal in aluminum melts.

Based on the Furnas model [20–22] and linear accumulation theory [23–25], the optimal
parameters of nozzle preparation were studied through orthogonal experiments, and
permeability and compressive strength of the porous nozzle were used as test indicators.
The effects of the particle size ratio of the coarse sand to fine sand and the volume fraction
of fine sand on the porosity of mullite sand were systematically studied. The nozzle of
this porous material has been tested for its performance, and a physical model of gas
transmission in the porous nozzle was conducted.

Because the aluminum melt at superheat is nontransparent during the melting process,
it is difficult to directly observe the floatation behavior of bubbles in the furnace [26]. Water
is the most easily available transparent liquid, and can be used to simulate the aluminum
alloy melt when the condition of the similarity principle is satisfied with motion similarity,
geometric similarity, and dynamic similarity [27,28] (Attached Supplementary Materials
find the details of the similarity principle). Therefore, a hydraulic simulation on the flotation
movements can be observed transparently in real time, which can provide a significant and
approximate understanding for actual aluminum alloy melting. Moreover, the blowing
parameters of hydraulic simulation should be the preliminary degassing and purification
parameters of actual aluminum alloy melt, which would be carried out in the further study.

2. Materials and Methods
2.1. Experimental Raw Materials

In this paper, a porous nozzle purification method was proposed, and a new porous
nozzle with controllable pores was developed. The porous nozzle is composed of mullite
sand, binder, and pore-forming agent. Among them, the binder is silica sol, whose function
is to make the porous aggregates interconnected and have a certain strength after treatment.
The pore-forming agent is polymethyl methacrylate (PMMA), an organic powder.

Mullite sand, pore-forming agent, and binder were mixed with a certain ratio and then
loaded into the mold, and a finished porous nozzle was obtained after pressing, demolding,
and sintering. The air permeability and compressive strength were tested. The schematic
flow chart is shown in Figure 1. The porous was dried under the temperature of 50 ◦C
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for 2 h. The sintering process is at about 800 ◦C for 6 h. Other preparation parameters for
porous nozzles are described below.
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Figure 1. The manufacturing process of a porous nozzle.

2.2. Adjustment of the Pore of the Porous Nozzle

What is needed for aluminum purification is a porous nozzle that can produce a large
number of bubbles. The number of bubbles is related to the porosity and pore size of the
nozzle. In this paper, the porosity and pore size of the nozzle can be adjustable. The pore
size of the nozzle can be controlled by using different particle sizes of mullite sand. For
porosity, there are two ways to control the porosity. One is controlling the proportion of
the pore-forming agent, the other is controlling the particle size ratio of the nozzle and the
volume fraction of fine sand, which coincides with the Furnas model [20].

According to the Furnas model [20], for the two-component mixture system, the
porosity (ϕ) of the porous material can be calculated as follows:

ϕ = 1− Ec − (1 + Ec)Ef F1(ϕf)F2(R) (1)

where Ec is the filling rate of coarse particles and Ef is the filling rate of fine particles [23,29],
which can be calculated using a linear stacking model, ϕf is the volume fraction of fine
particles, R is the particle size ratio of coarse particles and fine particles, F1 (ϕf) and F2 (R)
are functions of ϕf and R respectively.

Zheng [20] obtained the expressions of effect equation F1 (ϕf) and F2 (R) through
experimental analysis and data fitting, as shown in Equations (2) and (3) respectively:

F1(ϕf) = |e ϕf ln ϕf|
C1 (2)

F2(R) = exp(−C2

R
) (3)

where C1 and C2 are constant, and e is a natural constant.
Equations (2) and (3) are substituted into Equation (1) to obtain:

ϕ = 1− Ec − (1 + Ec)Ef |e ϕf ln ϕf|
5

4Ec exp(− 4
R
) (4)

The Furnas model describes the ideal double-particle size stacking system. When
the particle size ratio of coarse sand to fine sand is reduced, the porosity is correspond-
ingly increased. On the other hand, the porosity also depends on the volume fraction
of the fine sand. With an increase in the volume fraction of fine sand, the porosity is
correspondingly reduced.

Therefore, this paper considered both the particle diameter ratio of coarse particles and
fine particles and the fine sand volume fraction as variables, and the orthogonal experiment
was carried out. In addition, other factors that may affect the porosity of the nozzle were
added as influential factors, such as the pressure of making sample, and the proportion
of binder and pore-forming agent. To control the particle size ratio of coarse particles and
fine particles, this paper fixed the particle size of coarse sand and changed the particle size
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of fine sand. Since both the selected coarse and fine particles are mullite sand, the mass
fraction was used instead of the volume fraction for convenience.

2.3. Orthogonal Experimental Design

Generally, the porosity is high, and the air permeability is correspondingly high, so
more bubbles come out of the nozzle. Permeability is closely related to the porosity of
porous media. To obtain a nozzle with more porosity, the preparation process porous
nozzle with a controlled gap was studied. Through orthogonal experimental design, the
effect of the parameters of the nozzle preparation on its air permeability and compressive
strength was quantitatively analyzed. Five relevant factors were investigated: the size of
fine sand, the proportion of fine sand, the pressure of making sample, and the proportion
of the pore-forming agent. Five levels were set for each factor. The permeability and the
compressive strength experiments are carried out by GB/T 1969-1996 and GB/T 5072-2008
respectively.

Accordingly, an L25 (65) orthogonal array was selected to arrange the experiment to
determine the optimal parameters of porous nozzle preparation. The number of factors
and levels of the orthogonal experiment are shown in Table 1.

Table 1. Preparation parameters of the nozzle with different levels.

Level The Proportion
of Binder/wt.%

Size of Fine
Sand/Mesh

The Proportion of
Fine Sand/wt.%

The Pressure of
Making Sample/MPa

The Proportion of
Pore-Forming

agent/wt.%

1 10 50 0 3 0
2 12.5 80 25 4 3
3 15 100 50 5 6
4 17.5 200 75 6 9
5 20 300 100 7 12

2.4. Hydraulic Simulation

This paper used a porous nozzle to carry out hydraulic simulation experiments and
studied the bubble migration in the process of water simulation, and subsequently used
this method to determine the appropriate process parameters. At the same time, the effect
of preparation parameters of the porous nozzle on bubble quantity and bubble size can be
analyzed through hydraulic simulation. The self-assembled hydraulics simulation device
is shown in Figure 2.
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The high-purity nitrogen is leaked out from the gas tank (A), and it is decompressed
by the pressure regulating device (B) and then filtered by an air filter (D). To further reduce
the water content, a molecular sieve (E) is used to thoroughly filter the moisture in nitrogen.
The fully dried high-purity nitrogen is adjusted by the flow regulator (F) and Solenoid Valve
(G). The gas pressure and flow in the injection process are controlled by a control panel (J).
The high-purity nitrogen with the appropriate flow is introduced into the water through
the porous nozzle (H) for hydraulic simulation. In the process of blowing, the nozzle is
continuously blown into the gas, and the airflow will bring continuous gas pressure to
prevent liquid droplets from entering the nozzle. A high-performance high-speed camera
was used to photograph the water simulation process, as shown in Figure 3. The photos
contain two types of information: one focuses on the observation of the bubble running
state and the bubble distribution, and the other estimates the bubble diameter. The bubble
diameter was estimated through the pictures taken at the moment when the bubble was
just formed but did not escape to the liquid surface.
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Figure 3. Sketch of the position of the camera. A—high-speed camera; B—beaker wall; C—porous
nozzle.

3. Experimental Results

Two methods can be used to achieve the purpose of controlling the porosity of the
nozzle: controlling the proportion of the pore-forming agent and adjusting the proportion
and size of fine sand, which can obtain a fine and uniformly and diffusely distributed
bubble flow. The results of the orthogonal experiments are shown in Table 2.

Table 2. Experimental results of the orthogonal experiment.

Sample No. Amount of
Binder

Size of Fine
Sand

The
Proportion of

Fine Sand

The Pressure
of Making

Sample
The Proportion of

Pore-Forming agent Error Permeability
/×10−12 m2

Compressive
Strength/MPa

1 1 1 1 1 1 1 70.9 5
2 1 2 2 2 2 2 46.5 6
3 1 3 3 3 3 3 97.5 4.2
4 1 4 4 4 4 4 2.798 16
5 1 5 5 5 5 5 7.1 9.5
6 2 1 2 3 4 5 224.5 0.3
7 2 2 3 4 5 1 267.5 0.2
8 2 3 4 5 1 2 59.7 9
9 2 4 5 1 2 3 6.01 16

10 2 5 1 2 3 4 160.8 0.7
11 3 1 3 5 2 4 48.59 4.4
12 3 2 4 1 3 5 98.6 3
13 3 3 5 2 4 1 61.2 3.2
14 3 4 1 3 5 2 272.7 0.1
15 3 5 2 4 1 3 37.45 10
16 4 1 4 2 5 3 225.2 0.5
17 4 2 5 3 1 4 15.66 9.3
18 4 3 1 4 2 5 138.32 0.9
19 4 4 2 5 3 1 6.6 16
20 4 5 3 1 4 2 26.7 6.9
21 5 1 5 4 3 2 46.9 6.5
22 5 2 1 5 4 3 144.2 0.8
23 5 3 2 1 5 4 147.9 0.9
24 5 4 3 2 1 5 3.94 19
25 5 5 4 3 2 1 2.75 20
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3.1. Analysis of Orthogonal Experimental Results

Based on the experimental results in Table 2, a range analysis of the effects of the
proportion of pore-forming agent, the proportion of fine sand, and the size of fine sand on
the permeability and compressive strength was performed, as shown in Figure 4.
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3.1.1. Effect of Pore-Forming Agent

As shown in Figure 4, with the increase in the proportion of pore-forming agents
in the porous nozzle, the air permeability of the nozzle also increases. Because PMMA
powder will be decomposed at high temperatures, the hole is formed in the remaining
position. Therefore, the air permeability of the nozzle can be adjusted by varying the
proportion of pore-forming agents, but more pore-forming agent does not necessarily
mean a better choice. When the proportion of pore-forming agent exceeds 12 wt.%, the
nozzle compressive strength is less than 3 MPa. Because the pore-forming agent will be
decomposed during the sintering process, it will lead to a discontinuous framework of the
nozzle and reduction of strength.

3.1.2. The Effect of the Size of the Raw Material Particle

It can be seen that with the increase in the proportion of fine sand, the permeability
of the sample shows a decreasing trend, but the compressive strength increases with it
(see Figure 4). The basic skeleton of the nozzle consists of coarse sand particles. Fine
sand, pore-forming agent, and binder are filled into the gap between the coarse sand in the
process of pressing by hydraulic press. Therefore, as the proportion of fine sand increases,
and more gaps are filled, the air permeability gradually decreases and the compressive
strength increases with it.

From Figure 4, it can be seen that with the increase in the size of fine sand, the air
permeability of the sample tends to decrease; however, the compressive strength increases.
Because the finer the fine sand, the easier it fills the gap and the air permeability reduces
accordingly.

Summarily, the air permeability of the nozzle can be adjusted by changing the pro-
portion of fine sand and the size of fine sand. When the proportion of fine sand is set to 50
wt.% and the size of fine sand reaches 100 mesh, higher air permeability and compressive
strength can be obtained.

3.2. Analysis of Variance

According to the experimental results in Table 3, the analysis of variance of the air
permeability and compressive strength can be seen in Tables 3 and 4, and the follow-
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ing prediction model can be obtained by referring to the solution method of orthogonal
experimental regression:√

Pc = 13.48− 0.106Wb − 1.435Sf − 1.639Wf + 1.620Wp (5)√
Sc = 0.792 + 0.002Wb + 0.439Sf + 0.444Wf − 0.463Wp (6)

where Pc is the permeability, Wb is the proportion of binder, Sf is the size of fine sand, Wf is
the proportion of fine sand, Wp is the proportion of the pore-forming agent and Sc is the
compressive strength.

Table 3. Variance analysis of air permeability of nozzle.

Variance Source Degree of
Freedom

Deviations Sum
of Square F Value p Value Significance

Regression 6 373.082 6.21 0.001 Significant
Binder 1 0.565 0.06 0.815 Insignificant
Size of fine sand 1 102.977 10.29 0.005 Significant
The proportion of fine sand 1 134.272 13.41 0.002 Significant
The pressure of making sample 1 3.886 0.39 0.541 Insignificant
The proportion of pore-forming agent 1 131.156 13.10 0.002 Significant
Experimental error 1 0.226 0.02 0.882 Insignificant
Systematic error 18 180.213
Total 24 553.295

Table 4. Variance analysis of compressive strength.

Variance Source Degree of
Freedom

Deviations Sum of
Square F Value p Value Significance

Regression 6 30.9844 7.94 0.000 Significant
Binder 1 0.0003 0.00 0.983 Insignificant
Size of fine sand 1 9.6553 14.85 0.001 Significant
The proportion of fine sand 1 9.8379 15.13 0.001 Significant
The pressure of making sample 1 0.7215 1.11 0.306 Insignificant
The proportion of pore-forming agent 1 10.6983 16.46 0.001 Significant
Experimental error 1 0.0712 0.11 0.744 Insignificant
Systematic error 18 11.7021
Total 24 42.6866

As seen from this model, when the size of fine sand increases, in the case of fixed
crude sand particle diameter, the particle size ratio of coarse particles to fine particles
increases and the gas permeability is reduced. At the same time, with the increase in the
volume fraction of fine sand, the gas permeability is reduced accordingly. In summary, the
experimental results of this paper are fully consistent with the trend result derived from
the Furnas model.

3.3. Optimization of Nozzle Preparation Parameter

From the results of the orthogonal experiments in Table 2 and analysis of variance,
it is concluded that the change in proportion of the pore-forming agent has the greatest
effect on the permeability and compressive strength; the proportion of fine sand takes the
second place; the size of fine sand takes the third place; the proportion of binder takes the
fourth place; the pressure of making sample has the smallest effect on the permeability and
compressive strength. The optimal parameters of preparation of the nozzle were found to
be a binder of 17.5 wt.%, fine sand of 100 mesh, fine sand of 50 wt.%, making the pressure
of 5 MPa, and pore-forming agent of 6 wt.%. The nozzle with the optimal parameters
of preparation was prepared and tested, and the permeability is 112.2 × 10−12 m2 and
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the compressive strength is 2.3 MPa. Therefore, they can be determined as the optimal
parameters.

3.4. Results of Hydraulic Simulation

According to the taken photos during the hydraulic simulation, the bubble diam-
eter was estimated and the number of bubbles was counted. The optimal preparation
parameters of the nozzle have been obtained through orthogonal experiments. When
the proportion of pore-forming agent is 6 wt.% and the size of fine sand is 100 mesh, the
effects of different proportions of fine sand (0, 25 wt.%, 50 wt.%, 75 wt.%, 100 wt.%) are
shown in Figure 5a–e, revealed by a set of hydraulic simulations. When the proportion
of pore-forming agent is 6 wt.% and the proportion of fine sand is 50 wt.%, the effects
of different sizes of fine sand (50 mesh, 100 mesh, 200 mesh, 300 mesh) are exhibited in
Figure 6a–d, disclosed by another set of hydraulic simulations. When the size of fine sand
is 100 mesh and the proportion of fine sand is 50 wt.%, the effects of different proportions
of pore-forming agent (0, 3 wt.%, 6 wt.%) are compared through a third set of hydraulic
simulations, see Figure 7a–c.
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From Figure 5, it can be seen that with the increase in the proportion of fine sand of
the porous nozzle, the number of bubbles from the porous nozzle decreases. The bubble
size of the porous nozzle with the fine sand proportion of 50 wt.% is relatively small and
the number of bubbles is relatively large. When the proportion of fine sand is greater than
50 wt.%, the number of bubbles blowing out of the porous nozzle is significantly reduced.
There is only a little gas that can pass through the nozzle when the proportion of fine sand
is 75 wt.% of the porous nozzle.

As seen from Figure 6, with the increase in the size of fine sand, the number of bubbles
decreases. As seen from Figure 7, with the increase in the proportion of the pore-forming
agent, the number of bubbles also increases. However, when the proportion of the pore-
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forming agent exceeds 6 wt.%, the nozzle is very easy to break down, and the compressive
strength cannot meet the requirements anymore.

The above conclusions are consistent with the orthogonal experimental results from
the physical model and the established prediction model. The less fine sand, the higher
the permeability, and more bubbles will come out of the nozzle. Therefore, within the
research scope of this paper, when the proportion of fine sand is 50 wt.%, the proportion
of pore-forming agent is 6 wt.% and the size of fine sand is 100 mesh, the number and
distribution of bubbles are ideal.

4. Discussion
4.1. Spatial Porosity of Porous Nozzle

The porosity is high, and the air permeability is correspondingly high, so more bubbles
come out of the nozzle.

The porous nozzle is a mixture of mullite sand with different particle sizes, pore-
forming agents, and binders, which shows a complex structure at the microscopic level.

Porosity is the macroscopic property of porous media, which refers to the ratio of the
volume of pores to the total volume of porous media [30]. φ is given in terms of the porosity
of porous media by Ref. [30]:

φ = Vp/Vb = (Vb −Vs)/Vb (7)

where φ is a dimensionless quantity, which is usually expressed as a percentage, Vb is the
total volume of porous media, Vp is the volume of pores within the total volume, and vs. is
the volume of solids within the total volume (Vb).

Permeability is closely related to the porosity of porous media. The porosity is high,
and the air permeability is correspondingly high [30]. Therefore, it is very important to
study the spatial porosity of porous nozzles.

To facilitate the analysis of the performance of the porous nozzle, the particle size and
pores of the formed porous nozzle are simplified, and the assumptions are as follows:

(1) The particles are incompressible and undeformed, and all kinds of particles are rigid
and inelastic regardless of the particle size;

(2) Silica sol is distributed in a film shape and does not occupy the volume space of the
porous nozzle.

With the above assumptions, the same judgment standard can be applied to the particle
size and pore of the porous nozzle with the same raw materials and different component
ratios. Therefore, each preparation parameter corresponds to an equivalent particle size.
The determination process of the equivalent particle size is as follows.

When the porous medium is a mixture of m particles and each particle is composed of
Ni rigid spheres with radius ri, the total area and the total volume of the solid rigid ball are
given by Equations (8) and (9):

As =
m

∑
i=1

4πr2
i Ni (8)

Vs =
m

∑
i=1

4
3

πr3
i Ni = (1− φ)Vb (9)

where As is the total area of the solid rigid sphere, ri is the radius of the ith rigid sphere, Ni
is the number of ri rigid spheres of radius.

As a result, the specific surface area of porous media can be calculated by the following
equation:

M =
m
∑

i=1
4πr2

i Ni/
[

m
∑

i=1

4
3 πr3

i Ni/(1− φ)

]
= 3(1− φ)

m
∑

i=1
fi/ri =3(1− φ)/r

(10)
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where M is the specific surface area of porous media, M = As/Vb, fi is the volume fraction
of the ith particle, fi =

4
3 πr3

i Ni/Vs, r is the harmonic mean of the radius or equivalent
radius of a rigid sphere.

Therefore, for porous media composed of several groups of particles with different
sizes, the equivalent particle size can be expressed in terms of the equivalent rigid sphere
radius as follows.

d = 2r (11)

where d is the equivalent particle size.
As a result, the equivalent particle size of porous materials with different combinations

of size can be obtained. The true density of mullite is 2.6 g/cm3, and the theoretically
calculated value of the porosity of the porous nozzle is the following equation:

φ = 1− Vs

Vb
= 1−

∑
mj
ρj

Vb
(12)

where mj is the quality of the jth material, ρj is the density of the jth material.
The height and radius of the porous nozzle are measured and calculated before

sintering, and the final porosity calculation results are shown in Table 5. To facilitate
comparative analysis, the data are plotted as the graph shown in Figure 8. With the increase
in the proportion of fine sand, the calculated porosity gradually decreases. Which is
consistent with the trend of previous experimental results.

Table 5. Effect of different fine sand proportions on calculated porosity.

The proportion of fine
sand (wt.%) 0 10 20 30 40 50 60 70 80 90

Porosity (%) 26.60 26.19 25.40 24.82 24.21 23.35 22.32 21.00 19.81 18.41
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Figure 8. Effect of different fine sand proportions on calculated porosity.

Comparing the results with the previous orthogonal experiments and hydraulic simu-
lation, it can be found that the porosity of the porous nozzle, the number of bubbles, and
the permeability have a negative correlation with the proportion of fine sand. The three
calculation methods are different, but the trend is consistent and can be confirmed by each
other. The finer the sand, the smaller the porosity and permeability, so the fewer bubbles
flow from the nozzle. It further shows that the porosity of the nozzle is controllable.
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4.2. Gas Transmission of the Porous Nozzle

Under certain pressure, gas moves to the melt through the porous nozzle, which meets
the conservation of mass and momentum. Based on this fact, the gas permeability of porous
media can be calculated and deduced.

Before performing mathematical derivation, the following settings are made:

(1) The framework of the porous nozzle does not change during gas transmission;
(2) Gas transport is assumed to be a continuous medium.

From the definition of fluid velocity, seepage velocity is adopted, and the symbol u is
used in this paper. The relationship between particle velocity of fluid v and u is written as
u = vφ, which is also called the Dupuit–Forchheimer relation for the percolation velocity
(referred to as the DF relation).

The Eulerian viewpoint is used to describe the mass conservation equation. For the
porous nozzle with fixed composition and process, the porosity of the porous nozzle is set
as φ, and its pores are saturated by gas.

The general form of the continuity equation of unsteady passive seepage is:

∂(ρφ)

∂t
+∇ · (ρv) = 0 (13)

The momentum conservation equation for ordinary viscous fluid (Navier–Stokes
equation) is:

ρ
Dv
Dt

= µ∇2v−∇p + ρg (14)

where D
Dt = ∂

∂t + vx
∂

∂x + vy
∂

∂y + vz
∂
∂z , ρ is the density of the fluid, φ is the porosity of the

porous nozzle, v is the vector of velocity, D is divergence, p is pressure, µ is the Kinematic
viscosity of the fluid, g is the vector of gravitational acceleration, ∇2 is Laplace operator, t
is time, x, y, z is component of coordinates.

For gas transport in the porous nozzle in this paper, the equation of motion under this
condition can be obtained from the basic control equation. The gas transport in the porous
nozzle is a passive steady-state percolation, and the continuity equation is given by:

∇ · (ρu) = 0 (15)

The viscous force of percolating fluid is different from that of ordinary fluid. The
viscous force is inversely proportional to permeability k and directly proportional to seepage
velocity u. It is necessary to replace µ/∇2u with u/k. In addition, the gas transport in the
porous nozzle belongs to the category of percolation fluids mechanics. The left term is zero
in the steady state, and here is the derived equation:

u = − k
µ
(∇p− ρg) (16)

where k is the permeability of porous media.
Equation (16) is Darcy’s law [30] for three-dimensional fluid flow derived from the

equation of momentum conservation. By combining Darcy’s law with the continuity equa-
tion and substituting Equation (15) into Equation (16), the following equation is obtained:

∇
[

ρk
µ
(∇p− ρg)

]
= 0 (17)

It should be noted that the coefficients must be able to be measure accurately to make
this equation have actual meaning in the equation of motion expressed by Darcy’s law. Low-
density gas seepage transmission deviates from Darcy’s law due to the existence of the slip
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flow phenomenon (Klinkenberg effect [31]). The permeability k in Equation (16) needs to
be modified, and Scheidegger solved the equation after modifying the permeability [32,33]:

u(x) =
kg

µ

P2
1 − P2

2

2L
√

P2
1 −

(P2
1−P2

2 )x
L

(18)

where kg is the gas permeability of porous media, µ is the dynamic viscosity of gas passing
through the specimen at experimental temperature, L is the height of porous media, P1
is the pressure of gas entering porous media, P2 is the pressure of gas escaping from
porous media.

When x = L, there is the following equation:

u(x = L) =
kg

µ

P2
1 − P2

2
2LP2

(19)

After rearrangement, there is the following equation:

kg = µ
QL
A

2P2

P2
1 − P2

2
(20)

where Q is the gas volume flow in porous media. The relationship between Q and u has
been reported in much literature [34,35]. In general, Q is easy to be measured, and the gas
permeability of porous media can be obtained by using Equation (20).

In practice, the gas is not always dry. Considering the content of water vapor in the
gas, the permeability (Pc) is expressed by the following formula:

Pc = Kv µ
QL
A

2P2

P2
1 − P2

2
(21)

where Kv is the correction factor considering the content of water vapor in the gas, which
is taken as 0.977 at 20 ◦C. The permeability (Pc) of the porous nozzle in this paper is also
measured on the basis of Equation (21).

Combined with the previous variance analysis results (Table 4), it can be found that
with the increase in the proportion and the size of fine sand, more pores of the nozzle are
filled, and higher the pressure of gas escaping from the porous nozzle becomes, therefore,
the measured permeability is smaller. From Figure 8, the calculated porosity also decreases.
It is shown that the changing trend of the measured permeability and calculated porosity is
consistent, which are both related to the proportion of fine sand.

4.3. Model of the Bubble Formation Process

In the process of hydraulic simulation, a porous nozzle is used to inject gas into water.
Therefore, the size of bubbles can be obtained according to the balance of forces acting on
them. To study the formation process of bubbles, the following assumptions are made:

(1) The liquid is a non-viscous fluid.
(2) The gas flow is constant during the formation of the bubble.
(3) The bubbles are spheres with the same volume.

In the process of bubble growth, bubbles are subject to the buoyancy of liquid, the
impact force of airflow, the surface tension between gas and liquid on the bubble surface,
and the inertial force of liquid acting on the bubble during nucleation and expansion of
the bubble. Wraith [36] studied two stages of bubble formation when injecting gas with
a nozzle: bubble growth and contraction, as shown in Figure 9. Figure 9a–c shows the
growth stage of bubbles, and Figure 9d,e shows the contraction stage of bubbles.
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Figure 9. The growth physical model of a bubble [37]: (a) The bubble nucleus; (b) the spherical
propagation of the bubble; (c) the transition stage; (d) the contraction of the bubble; (e) a bubble
separating from porosity with new nucleus left.

At the outlet where the pores contact water, bubble nuclei formed due to the action
of airflow. Because the bubbles are affected by the surface tension and the inertial force
of the liquid acting on them, the bubbles are limited at the pore outlet and spread at the
pore outlet in the form of hemispheres (see Figure 9b). With time, the accumulated gas
gradually increases, and the volume of the bubble nuclei continues to increase. When a
bubble nucleus reaches a certain size, the buoyancy of liquid and the impact force of air
flow gradually dominate, and the bubble nucleus shrinks at the outlet of the pore (see
Figure 9c). Once the shrinkage is completed, the bubble leaves the pore and leaves a new
bubble nucleus in the pore.

From the bubble nucleus to leaving the pore, the bubbles are mainly subjected to
buoyancy, surface tension, the impact force of airflow, and inertia forces. The forces reach a
state of equilibrium when the bubble leaves the pore [36]:

Fσ + Fg = Fb + Fi (22)

where Fσ is the surface tension of air bubbles, and Fσ = σπϕg, Fg is inertia force, Fb is
buoyancy, Fb = ρl g Vb, Vb = 1/6πdb

3 is the volume of bubbles, Fi is impact force on the air
bubble, Fi = ρgQ2/A, db is the diameter of the air bubble, σ is surface tension coefficient,
Q is gas volume flow, ρl is the density of water, ρg is the density of gases, A = φA1 is the
surface area occupied by the holes on the surface of the nozzle, and A1 is the surface area
of the porous nozzle.

The force balance equation of the bubble has been studied by our group [37] when
blowing out of the nozzle under the condition of constant gas flow:

ρlgQt +
ρgQ2

A
= σπϕg +

d
dt

(
keρlQt

dL
dt

)
(23)

where ϕg is the maximum spreading diameter of air bubbles between nozzle pores, L is the
distance between the center of the bubble ball and the surface of the nozzle, t is the growth
time of air bubbles, ke is the proportional factor, which is defined as the volume ratio of the
liquid carried away by the bubbles to the volume of the bubbles.

Under the condition of a relatively low gas flow rate, only buoyancy in the water and
the surface tension between the bubble surface are considered. The relationship between
bubble diameter and bubble volume is given [37]:

db =

(
6σϕg
ρlg

)1/3
(24)

However, when the gas flow rate is large, the inertia force and the airflow impact force
cannot be neglected. The maximum spreading diameter of the bubble in Equation (23) is
expressed as ϕg = ϕ(t). Then, the integration of Equation (23) is made from 0 to t, as follows:

1
2

ρlgQt2 +
ρgQ2

A
t = σπ

∫ t

0
ϕ(t)dt + keρlQt

dL
dt

(25)



Metals 2023, 13, 586 15 of 19

Divide both sides by t and integrate again to get:

1
4

ρlgQt2 +
ρgQ2

A
t = σπ

∫ t

0

[
1
t

∫ t

0
ϕ(t)dt

]
dt + keρlQL (26)

The relationship between bubble volume and gas flow rate for constant gas flow rate
is as follows.

Vb = Qt (27)

The bubble diameter is related to the bubble volume as follows.

Vb =
1
6

πd3
b (28)

The following expressions are obtained from Equation (27) and (28):

t =
πd3

b
6Q

(29)

Therefore, the expression of bubble diameter is obtained:

d6
b +

24ρgQ2

πρlgA
d3

b =
24σt
ρlg

d3
b

∫ t

0

[
1
t

∫ t

0
ϕ(t)dt

]
dt + keL

144Q2

π2g
(30)

When the gas flow rate is small (Q1 ≈ 0), the following expression can be deduced
from Equation (30):

d3
b =

24σt
ρlg

∫ t

0

[
1
t

∫ t

0
ϕ(t)dt

]
dt (31)

By comparing with Equation (24), the following equation can be obtained:

t
∫ t

0

[
1
t

∫ t

0
ϕ(t)dt

]
dt =

ϕg

4
(32)

According to the bubble growth model in Figure 9, the forces in the equation are
balanced when the bubble leaves the pore. At this time, the bubble sphere has been fully
formed, so the distance between the center of the sphere and the surface of the pore is the
radius of the bubble. According to Equation (32), L in Equation (30) is the radius of the
bubble, so Equation (30) is rewritten as follows:

d5
b +

(
24ρgQ2

πρlgA
−

6σπϕg

ρlg

)
d2

b − ke
72Q2

π2g
= 0 (33)

Equation (33) is the relationship between the diameter of the bubble and the gas
flow rate.

According to our current experimental system, ρl = 1 × 103 kg·m−3, ρg = 1.25 kg·m−3,
g = 9.8 m·s−2, σ = 7.28 × 10−2 N/m, ke ≈ 7.8 × 10−5 and ϕg = 0.001 m. The nozzle is
approximately regarded as a hemisphere with a radius of 1.5 cm, so A1 = 1.4 × 10−3 m2.
Therefore, A = φA1 in Equation (33) is only related to the porosity of the nozzle. It can be
seen from Table 5 that the porosity of the nozzle is affected by the proportion of fine sand in
the nozzle. Therefore, it can be seen from Equation (33) that the bubble diameter is affected
by the gas flow rate and the proportion of fine sand of the nozzle, and the effect of the gas
flow rate on the bubble size under the different proportions of fine sand can be illustrated
in Figure 10.
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in Equation (33) is only related to the porosity of the nozzle. It can be seen from Table 5 
that the porosity of the nozzle is affected by the proportion of fine sand in the nozzle. 
Therefore, it can be seen from Equation (33) that the bubble diameter is affected by the gas 
flow rate and the proportion of fine sand of the nozzle, and the effect of the gas flow rate 
on the bubble size under the different proportions of fine sand can be illustrated in Figure 
10. 
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Figure 10. Effect of gas flow rate on the bubble size under the different proportions of fine sand.

The bubble diameter of the nozzle with different composition ratios increases with the
increase in gas flow. For the nozzle with a low proportion of fine sand, the bubble diameter
is obviously affected. According to Equation (33), the bubble diameter is related to not only
the gas flow but also the spreading at the bubble outlet.

When the proportion of fine sand is small, the pores of the nozzle themselves are
large, and the initial diameter of the bubbles is large. When the bubbles are blown into
the water, the different bubbles will inevitably overlap each other, which will result in
bubbles partially coincident with each other when they leave the nozzle. Therefore, when
the proportion of fine sand is small, the increase in bubble diameter is obvious. On the
contrary, since the initial bubble diameter is small, it is not easy to spread and overlap, and
the change in bubble diameter is small.

According to this result, in order to acquire bubbles with relatively smaller sizes, the
low gas flow should be available. Otherwise, it is easy to cause the coalescence of bubbles.
However, if the gas flow is too low, the number of bubbles generated is too small, which is
not conducive to melt dehydrogenation. Therefore, the optimized gas flow depends on the
experimental situation.

Mirgaux et al. [38] proposed mathematical modeling and CFD simulation of molten
aluminum purification by flotation. It is found that flotation frequencies are related to
bubble size, and local gas holdup (i.e., the number density of bubbles). However, they
did not work out the calculation model of bubble size. The calculation of bubble size in
bubble flotation was brought out in this paper, which is helpful for analyzing flotation
frequencies. At the same time, the nozzle will produce more bubbles by using the selected
optimal parameters, which is also useful to increase the number density of bubbles.

5. Conclusions

A new porous nozzle with controllable pores was developed. The permeability
and compressive strength of porous nozzles were studied, and orthogonal experiments
of porous nozzle parameter optimization were carried out. The hydraulic simulation
experiments of porous nozzles were carried out. The variation of bubble diameter with
a gas flow rate in the process of water simulation was analyzed. The conclusions can be
drawn in the following:

(1) With the increase in the proportion of fine sand, the size of the fine sand increase and
the proportion of added pore-forming agent decrease, the permeability of the porous
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nozzle decreases, the compressive strength increases, and the calculated porosity
increases.

(2) The optimal parameters of the porous nozzle are fine sand of 100 mesh, a binder of
17.5 wt.%, fine sand of 50 wt.%, pore-forming agent of 6 wt.%, and pressure of making
sample of 5 MPa.

(3) The nozzle with optimal parameters of preparation was prepared and tested, and the
permeability is 112.2 × 10−12 m2 and the compressive strength is 2.3 MPa.

(4) Two methods can be used to achieve the purpose of controlling its porosity: One is
controlling its permeability by directly controlling the proportion of pore-forming
agent; the other is to adjust the proportion and size of fine sand, which can obtain a
fine and uniformly and diffusely distributed bubble flow.

(5) A physical model of gas transmission in the porous nozzle was proposed, and the
calculation equation of gas permeability is given.

(6) The mathematical model for calculating the bubble diameter of bubble floatation was
formulated. The model shows that the bubble diameter of the nozzle increases with
the increase in gas flow. For the nozzle with a low proportion of fine sand, the bubble
diameter is obviously greatly affected.

The newly prepared porous nozzle has the merits of a simple preparation process
and low-cost. It could produce tiny bubbles through the porosity itself rather than an
electric rotary unit when the porous nozzle works and could be applied to the purification
of aluminum alloy in the production line of aluminum processing enterprises, which could
become an alternative method for purification and inclusion removal in aluminum melts.
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