
Vol.:(0123456789)1 3

https://doi.org/10.1007/s41779-021-00654-6

RESEARCH

Micron‑sized ore powder production by propulsion and rapid 
unloading of high‑pressure gas

Fan Yongbo1  · Qiao Jiyan1 · Li Shihai1 · Feng Chun1

Received: 1 April 2021 / Revised: 24 August 2021 / Accepted: 27 August 2021 
© Australian Ceramic Society 2021

Abstract
We describe a micron-sized ore powder production by propulsion and rapid unloading of high-pressure gas. The research 
consists of three parts. Firstly, we obtain the tensile strength parameters and permeability coefficient based on the experi-
ment. Secondly, gas propulsion pressure and gas infiltration pressure of the powdering experiment are confirmed. Thirdly, the 
ore will be fragmented into micron-sized powder when rapid unloading occurs. The grain size analysis indicates that more 
particles with smaller sizes are obtained at a higher propulsion gas pressure. Particles less than 0.147 mm obtained at the 65 
MPa gas propulsion pressure account for 63% of the sample. The critical gas propulsion pressure is determined to be 55 MPa 
when the volume ratio is 1:3. Powdering experiments show that this method is suitable for metallic and non-metallic ores.
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Introduction

Steel is an alloy of ore powders and carbon that is vital to the 
global economy. Its unique combination of strength, form-
ability, and low cost makes it an ideal material for machinery 
manufacture, construction industry, railway construction, 
engineering applications, and so on [1]. Ore is the primary 
raw material from which metallic iron is extracted to make 
steel.

As summarized in Table 1, Australia has the largest 
reserves in terms of both crude ore and iron content, fol-
lowed very closely by Brazil with slightly higher in situ iron 
grades. Russia is also well placed concerning its ore reserves 
and in situ grade, but clearly, China is less well endowed. 
China is endowed with ore reserves of about 23 Bt. How-
ever, China’s reserves are relatively low grade, averaging 
about 31% iron, and hence contain only 7.2 Bt [2]. So the 
contained iron is only about half that for Russia. Currently, 
China is the largest ore-importing country and has imported 
about 65% of the world’s seaborne ore since 2013, followed 

by Japan (11%), Europe (10%), and Korea (6%) as shown 
in Fig. 1.

Before smelting, the ore must be broken utilizing mechan-
ical methods such as crushing and milling because of lower-
grade content. The industrial production of iron powder 
started in 1937 in the USA [3, 4]. Ore powder production is 
generally executed by the ball milling method that requires 
reduplicative ball milling [5]. Multi-stage crushing together 
with the ball milling process has the characteristics of many 
processes, high energy consumption, and high cost. There 
has been extensive research on the ball milling of ore [6–9].

Similarly, the most common way to manufacture Port-
land cement is through a dry method [10], which involves 
several stages. The first crushing reduces the limestone to 
a maximum size of about 6 in. The limestone then goes to 
secondary crushers or hammer mills for reduction to about 
3 in. or smaller [11]. The crushed limestone combined with 
other ingredients will be heated at about 2700℃. Finally, 
cement plants grind it by ball milling. Cement grinding is 
the last step in cement manufacturing and the most energy-
intensive process [12].

At present, multi-stage crushing together with the ball 
milling method focuses on the optimization of steel ball per-
formance; little attention has been paid to the pulverizing 
mechanism of ore. Compression-shear or tension-shear is 
the main failure mode during the ball milling process. As 
we all know, the tensile strength of ore is much lower than 
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the compressive strength or shear strength. If the ore can be 
pulverized into powder by an individual overcoming tensile 
strength, thus much energy could be saved.

Based on overcoming tensile strength separately, micron-
sized particle production of ore by rapid unloading of liq-
uid  CO2 was demonstrated [13, 14], which indicates that 
an explosive may gradually be replaced by a high initial 

water pressure until no explosives are used. Unfortunately, 
this does not appear to be correct now after three experi-
ments with only rapid unloading of high initial water pres-
sure have been conducted. Without any explosives, at initial 
water pressures of 100 MPa, 165 MPa, and 175 MPa, the 
proportions of ore particles less than 0.5 mm are only 10%, 
30%, and 30%, respectively. As the initial water pressure 
increases, the proportion of pulverizing no longer changes, 
which indicates that only a small part of ores can be pul-
verized into powder. This phenomenon demonstrates that 
high-pressure gradients generated by water cannot maintain 
the high pressure inside the ore when there is not any high-
pressure gas propulsion. So, high-pressure gas propulsion is 
the necessary condition for ore pulverization.

A pulverization method for micron-sized ore powder pro-
duction by high-pressure gas propulsion is proposed. In this 
paper, we discuss the methods and pulverizing mechanism 
of ore powder production by high-pressure gas propulsion. 
We design a series of ore pulverization experiments under 
different gas pressure propulsion to explore the pulveriz-
ing mechanism. Therefore, optimizing the high-pressure 
gas value by the analysis of particle size distribution of ore 
powder is the purpose of this article.

Method

Ball milling has three characteristics: (1) “external” loading 
by mechanical pressure; (2) partial loading; (3) overcome 
the shear strength or compressive strength. Compared with 
traditional ball milling, this method has three characteris-
tics: (1) “internal” loading on the ore by applying high pore 
pressure; (2) through high-pressure gas infiltration, uniform 
equal stress loading on the ore single crystal scale; (3) over-
come the tensile strength by rapid unloading; besides, the 
whole process of the test only uses water and air, which is 
a physical separation of the ore and does not change the 
properties of the ore.

To achieve high-pressure gas propulsion experiments, 
the high-pressure chamber is divided into two parts: a high-
pressure propulsion chamber and a high-pressure infiltration 
chamber. The volume ratio of the high-pressure propulsion 
chamber to the high-pressure infiltration chamber is about 
1:3. The two parts are connected by an adapter sleeve. Inside 
of the adapter sleeve, there are a check valve and a thin rup-
ture disk—these objects separate the high-pressure propul-
sion chamber from the high-pressure infiltration chamber. 
The two chambers are both full of air added via an inlet 
control valve1 and valve2. Ore is put into the high-pressure 
infiltration chamber via the outlet before the thick rupture 
disk installation. The experimental device is illustrated in 
Fig. 2. The check valve ensures that the high-pressure gas 
can discharge successfully while avoiding damage to the thin 

Table 1  Estimated iron ore reserves in 2013 in the main iron ore-pro-
ducing countries

Source: US Geological Survey (2014)

Rank Country Iron ore reserves (Mt)

Unprocessed ore Iron content

1 Australia 35,000 17,000
2 Brazil 31,000 16,000
3 Russia 25,000 14,000
4 China 23,000 7200
5 India 8100 5200
6 Venezuela 4000 2400
7 Canada 6300 2300
8 Ukraine 6500 2300
9 Sweden 3500 2200
10 The USA 6900 2100
11 Iran 2500 1400
12 Kazakhstan 2500 900
13 South Africa 1000 650

Other countries 14,000 7100

Fig. 1  Distribution of world seaborne iron ore trade by destination in 
2013 (RoW, rest of the world)
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rupture disk by the high-pressure air and water from the 
high-pressure infiltration chamber. After air filling and air 
substitution, the initial pressure of the air is approximately 
40 MPa; the pressure on both sides of the thin rupture disk 
is raised alternately to maintain the stability of the thin rup-
ture disk.

There are four steps in the whole process. Firstly, ores 
are put into the high-pressure infiltration chamber. After 
sealing, the air is injected into the two chambers. Secondly, 
air substitution in the high-pressure infiltration chamber is 
executed by high-pressure water. The air inside the ore plays 
an important role in ore pulverization, and dissociative air 
can be substituted by water and recycled. Thirdly, high-
pressure water initialization can occur very easily after air 
substitution. Fourthly, the thick rupture disk bursts because 
of water injection followed by the thin rupture disk bursts. 
The high-pressure gas pushes the ore to the collection con-
tainer. The ore will be converted into micron-sized particles 
because of the high-pressure gradient. A detailed procedure 
is introduced in the paper [13, 14].

Implementation

Experiment about tensile strength and permeability 
coefficient

To investigate the basic characteristics of the ore, tension 
strength and the permeability experiment of the ore are con-
ducted, respectively. The experimental apparatus is a point-
loading strength testing machine, as illustrated in Fig. 3. The 
equation is � =

2p

�dh
 ( � , tension strength, Pa; p , failure load-

ing, N; d , diameter of the sample, m; h , thickness of the sam-
ple, m). Because of the slight difference of the three samples, 
three different failure loadings are about 15.75 kN, 20.98 
kN, and 33.80 kN. The diameters of the sample I, sample 
II, and sample III are 50.62 mm, 51.07 mm, and 55.68 mm, 
and the thicknesses of the sample I, sample II, and sample 
III are 29.17 mm, 29.86 mm, and 34.96 mm. According to 
the equation, the tensile strengths are 6.79 MPa, 8.76 MPa, 
and 11.0 MPa. So the average tension strength of the ore is 
about 8.85 MPa.

The experimental apparatus is a multifunctional pulse 
attenuation gas permeability analyzer, as illustrated in 
Fig. 4. The red line, blue line, and black line in Fig. 4b 
express upstream pressure, downstream pressure, and con-
fining pressure respectively. According to the equation 
(Pu-Pd)/(Pu0-Pd0) = e−alpha*t and alpha = K*A(Pu0 + Pd0)/
(2μL)*(1/Vu + 1/Vd) (Pu, upstream pressure, Pa; Pd, 

Fig. 2  Schematic diagram of the two high-pressure chambers

Fig. 3  Tensile strength measure-
ment. (a) point loading strength 
testing machine. (b) loading-
displacement curve

(a) point loading strength testing machine (b) loading-displacement curve
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downstream pressure, Pa; Pu0, initial upstream pressure, Pa; 
Pd0, initial downstream pressure, Pa; A, cross-sectional area 
of the sample,  m2; μ, viscosity coefficient of He, Pa*s; L, 
length of the sample, m; Vu, upstream cavity volume,  m3; 
Vd, downstream cavity volume,  m3), the permeability coef-
ficient of the ore is about 1000nD.

Experiments about ore powdering by propulsion 
and rapid unloading of high‑pressure gas

Based on the conclusions in Section “Experiment about ten-
sile strength and permeability coefficient” we design four 
groups of gas propulsion experiments under different val-
ues of high-pressure gas. The test apparatus for ore powder 
production is illustrated in Fig. 5; the volume ratio of the 
high-pressure propulsion chamber and the high-pressure 

infiltration chamber is about 1:3. The schematic diagram of 
the platform is illustrated in Fig. 6. Ore is the same and fixed 
close to the thick rupture disk. The propulsion pressure val-
ues for the experiments are 45 MPa, 50 MPa, 55 MPa, and 
65 MPa, and the infiltration pressure is all 40 MPa. The ore 
is weighed before being put into the high-pressure infiltra-
tion chamber. The equivalent diameter of the ore is < 60 mm 
because the inner diameter of the high-pressure infiltration 
chamber is about 63 mm. In each experiment, the quality of 
the ore is about 1.5 kg, and the equivalent diameter of the 
ores is between 3 and 5 cm. The volume ratio of ore and 
water is about 1:1, and the other parameters are presented 
in Table 2.

The thickness of the thin rupture disk is approximately 
1.5 mm, and the diameter of the check valve is approximately 
50 mm. The effective shear area of the thin rupture disk is the 

(a)Multifunctional pulse attenuation gas permeability analyzer (b)Upstream and downstream pressure versus time curve

Fig. 4  Permeability coefficient measurement.  (a) Multifunctional pulse attenuation gas permeability analyzer.  (b) Upstream and downstream 
pressure versus time curve

Fig. 5  Platform for iron ore 
powder production

Air

Air pump

Collection
Container High pressure 

penetration
chamber

High pressure 
propulsion
chamber

High pressure 
water pump

Pressure gauge

1492 Journal of the Australian Ceramic Society (2021) 57:1489–1497



1 3

area of the check valve; thus, the shear strength of the thin 
rupture disk is approximately 56 MPa. To ensure the stability 
of the thin rupture disk during the high-pressure gas initiali-
zation, the gas pressure above water pressure can not exceed 
20 MPa. The pressure on both sides of the thin rupture disk is 
raised alternately.

After air filling, i.e., air substitution, the equipment is put 
into the collection chamber. The pressure values on both sides 
of the thin rupture disk are raised alternately. Moreover, pro-
pulsion gas pressure is applied before the water pressure ini-
tialization. The thick rupture disk is burst by injecting water 
into the infiltration chamber after the gas pressure and water 
pressure are all initialized.

Correlation analysis of high‑pressure gas and ore 
particle size distribution

The average particle size, size distribution, and particle 
shape are related to the powder characteristics [8, 15–18]. 
Experiments on ore powder production by different gas pro-
pulsion pressure are performed.

The ore particles by microscope are illustrated in Fig. 7. 
The grain size of the ore particles ranges from 20 to 30 μm. 
The particle size distribution of the ore powder produced 
by different gas propulsion pressure is illustrated in Fig. 8. 
As a whole, with the gas propulsion pressure increasing, 
the proportion of fine particles gradually increases. d1, d2, 

Fig. 6  Schematic diagram of the 
platform

Table 2  Parameters of powdering under different initial gas pressure

Parameters The first group The second group The third group The fourth group

The thickness the thin rupture disk (mm) 1.5 1.5 1.5 1.8
The thickness the thick rupture disk (mm) 5.6 5.5 5.6 5.7
Propulsion gas pressure (MPa) 45 50 55 65
Infiltration gas pressure (MPa) 40 40 40 40
The depth and diameter of the check valve (mm) 7,50 7,50 7,50 7,50
The inner diameter and length of the high-pressure gas chamber (mm) 50, 550 50,550 50,550 50,550
The inner diameter and length of the high-pressure liquid chamber 

(mm)
63, 1000 63,1000 63,1000 63,1000
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d3, and d4 represent the difference between the cumulative 
percentage content (maximum and minimum) of particles 
less than 0.045 mm, 0.074 mm, 0.147 mm, and 0.5 mm. 
We could find that d1 is about 5%, which means a variety 
of gas propulsion pressure has little effect on the total pro-
portion of the particles less than 0.045 mm. That the dif-
ference between d4 and d3 is significantly smaller than the 
difference between d3 and d2 indicates that gas propulsion 

pressure increasing contributes to the increase in the pro-
portion of fine particles, and there is an optimal value. Par-
ticle sizes less than 0.147 mm account for 52–63% of the 
particles. We can confirm that the critical pulverizing gas 
propulsion pressure is determined to be 55 MPa because 
there is a little difference between the total particles less 
than 0.147 mm or 0.074 mm when the gas propulsion pres-
sure varies between 55 and 65 MPa. Besides, when the gas 
propulsion pressure is 55 MPa, the particles between 0.147 
and 0.5 mm are lower than the other three groups, and the 
curve is relatively flat. Correspondingly, when the gas pro-
pulsion pressure is 45 MPa, the coarse particles between 
1 and 5 mm are significantly higher than the other three 
groups. The coarse particles between 1 and 5 mm when the 
gas propulsion pressures are 50 MPa, 55 MPa, and 65 MPa 
are almost the same.

The role of high-pressure gas propulsion in ore pulveri-
zation is vital. High-pressure gas propulsion can ensure 
the pressure gradient at the moment of ore spouting out of 
the high-pressure infiltration chamber. The higher the gas 
propulsion pressure, the faster the ore leaves the outlet. So, 
a larger proportion of the ore could realize instantaneous 
unloading, and more small-sized ore powders are obtained. 
Simultaneously, when the gas propulsion pressure reaches 
the specific pressure, the powdering result only shows small 
fluctuations. As a whole, the gas propulsion pressure can 
be maintained for a relatively long time after the burst of 

Iron ore particles

Quartz

Glue

Fig. 7  Iron ore particles by microscope

Fig. 8  Cumulative particle size 
distribution curve under differ-
ent gas propulsion pressure. d1, 
d2, d3, and d4: The differ-
ence between the cumulative 
percentage content (maximum 
and minimum) of particles less 
than 0.045 mm, 0.074 mm, 
0.147 mm, and 0.5 mm

d1,d2,d3, and d4---The difference between the cumulative percentage content (maximum and minimum)

of particles less than 0.045mm, 0.074mm, 0.147mm, and 0.5mm 
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the thick rupture disk because of the great compressibility 
of the gas, which ensures the high pressure of the air inside 
the ore. Under these conditions, the ore can be directly con-
verted into finer powder because the pressure gradient is 
the greatest. The four cases illustrated above show that this 
pulverization method is applicable. Particle size distribution 
can be regulated by controllable methods of the gas propul-
sion pressure.

To some extent, the initial high-water pressure can main-
tain and raise the pressure of the air stored in the ore. Thus 
far, the cooperation of the initial high-water pressure and gas 
propulsion pressure can ensure the high-pressure gradient 
inside the ore when the rupture disk bursts instantaneously.

Results and discussion

Generality and reliability of the method

To verify the generality and reliability of the powdering 
method, many kinds of metallic and non-metallic ore pow-
dering experiments are conducted, such as limestone, baux-
ite, iron ore, and wood. The results show that the grain size 
of the particles ranged from 10 to 20 μm, 20 to 30 μm, 20 to 
30 μm, and 30 to 40 μm, respectively, as illustrated in Fig. 9. 
Take iron ore and wood data as examples, as a whole, the 
particles range from 20 to 40 μm; they are almost equal. 
In the range of fewer than 30 μm, the distribution of iron 

ore particles is a little higher than that of wood particles, 
simultaneously. In the range of larger than 35 μm, the dis-
tribution of iron ore particles is a bit lower than that of wood 
particles, which shows that wood is relatively difficult to pul-
verize than iron ore because of the existence of long fibers. 
This powdering method is more suitable for brittle materials 
rather than ductile materials. The particle size distribution 
as a whole is all normally distributed. The results confirm 
that this method is suited for metallic and non-metallic ore 
powder production.

On the industrial scale, first of all, 10-cm ore pulveriza-
tion has been carried out and proved feasible because there 
is almost no difference in the results of ore pulverization of 
different scales, as illustrated in Fig. 10. The volume ratio 
of the high-pressure propulsion chamber and the high-pres-
sure infiltration chamber is about 14:1, so the gas propulsion 
pressure and infiltration pressure are both reduced.

Economic and efficiency analysis

Power consumption is a linear function of compressed air 
usage. The amount of air used to produce ore powder varies 
based on the scale of the production. If the porosity is about 
1%, then it means 99% of the air can be recycled, because 
only the air penetrating into the pores is necessary to pul-
verize the ore. We assume that the propulsion gas can be 
recycled, but ignore the re-compression cost of propulsion 
gas. Take the infiltration pressure of 40 MPa as an example, 

Fig. 9  Four powder particle size 
distribution curves
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completely pulverize 1.5 kg of ore into ore powder less than 
0.074 mm, and the power consumption is about 0.83 kWh. 
The power price in China is 0.054 $ per kWh for industry 
usage. So the power consumption for one ton of ore is about 
0.83*0.054*1000/1.5 = 28.8 $ because the air consump-
tion is only 1%, so the power consumption is estimated as 
28.8*0.01 = 0.288 $ per ton of iron ore.

Discussion about technology and scheme 
optimization

Based on the comparison of pulverizing experiments at 
different gas propulsion pressure, there is now a consen-
sus that there is an optimal gas pressure when the volume 
ratio is about 1:3. Further studies are needed to optimize gas 
propulsion pressure initialization. The pulverizing effect is 
positively related to the total propulsion energy, so it can 
be considered to increase the gas volume and reduce the 
gas pressure. When the volume ratio is within a reasonable 
range, we can reduce the manufacturing cost of the high-
pressure container.

Also, we consider keeping the gas propulsion pressure 
constant and changing the infiltration pressure in subsequent 
experiments. A comprehensive analysis will be discussed 
about the infiltration pressure and gas propulsion pressure 
on the particle size distribution, to optimal pressure combi-
nation design.

Why are there always coarse particles? In other words, 
the particle size distribution curve shows a normal distribu-
tion as a whole. What improvements can achieve uniform 
distribution are issues that we need to consider.

Conclusions

A pulverization method for micron-sized ore powder produc-
tion by propulsion and rapid unloading of high-pressure air 
is introduced. This approach is different from the traditional 
ball milling process based on the compression-shear or ten-
sion-shear. The experiments approve that the pulverization 
method is applicable.

More small particles are obtained at a higher gas pro-
pulsion pressure. When the volume ratio is 1:3, particles 
less than 0.147 mm obtained from the 65 MPa pressure gas 
accounted for 63%, and there are very few differences about 
the total particles less than 0.147 mm or 0.074 mm when 
the gas propulsion pressure varies between 55 and 65 MPa. 
Thus, 55 MPa gas propulsion pressure when the volume 
ratio is 1:3 is considered to be critical pulverizing condi-
tions. Simultaneously, this method is suited for metallic and 
non-metallic ore powder production.
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