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Abstract: Airlifting technology utilized in deep-sea mining (DSM) industry was proposed in the 70s
of last century, which was triggered by the discovery of vast amounts of mineral resources on the
seabed. The objective of this paper is to assess the technological feasibility and profitability analyses
in terms of solid production rate, energy consumption per tonnage of mineral, and profitability per
tonnage of mineral. The effects of submergence ratio, pipe diameter, particle diameter, mining depth,
and gas flux rate are investigated. The analysis is based on a numerical calculation performed in a
Matlab environment. The research reported in this paper can assist to select an optimal transport
plan for DSM projects depending on its solid production rate, energy consumption, and profitability.

Keywords: energy consumption; profitability; pipe diameter; submergence ratio; solid production
rate; technological feasibility

1. Introduction

In the DSM industry, airlifting is one of the most widely researched technologies equipped with
the corresponding facilities, e.g., collecting machine (CM) [1]. Airlifting uses compressed gas to lift
the liquid-gas or solid-liquid-gas multiphase flow [2]. It is also used in other industries, such as
in chemical industry to transport toxic substances and sewage treatment plants [3]. Although the
airlifting transport in DSM has been researched for a long time, until now there is no corresponding
commercial scaled DSM project in progress. Technological feasibility and profitability analyses are two
of the major considerations for its industrialization [4].

A lot of experimental and theoretical analyses of airlifting technology utilized in the DSM industry
started in the 70s of last century, which was triggered by the discovery of vast amounts of manganese
nodules on the seabed of depth ranging from 4000 to 6000 m [5]. Yoshinaga and Sato [6] proposed
a numerical modeling method of the airlifting pump depending on momentum equation analysis,
which was validated by a vertical pipe lifting system with height of 6.74 m and diameter of 26
and 40 mm, respectively. In Yoshinaga and Sato’s research, the flux rates of solid and gas are
given parameters to calculate the liquid flux rate, which does not agree with the realistic working
condition. Actually, the gas flux rate is the given parameter and the flux rates of solid and liquid are
calculated parameters. Additionally, Yoshinaga and Sato’s model is created for uniform particles size
distribution [3]. Kassab et al. [3] innovated Yoshinaga and Sato’s model by taking the relationship
between the liquid and gas flux rates into consideration, which was validated by a vertical pipe
lifting system with height of 3.75 m and diameter of 25.4 mm. In the numerical calculation model
proposed by Yoshinaga and Sato, the compressibility of gas is neglected because of the small-scaled
experiments. Hatta et al. [5] proposed an airlifting numerical model depending on the solid-liquid mass
conservation equations, two momentum equations, and an equation for the solid-liquid volumetric
fractions. Additionally, Hatta et al. [7] analyzed a special kind of pipe with an abrupt diameter
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enlargement. Hatta et al. [5,7] utilized the multifluid method to predict the performances of airlifting
pumps, which can be used to calculate the gas flux rate up to 45 m/s. However, Hatta et al. [5,7]
admitted that it is quite difficult to establish the transitional situation of the multiphase flow in a
pipe system. Margaris and Papanikas [8] proposed an airlifting numerical method by analyzing the
fundamental conservation equations of flow continuity and momentum. Hong et al. [9] analyzed pipe
inclination effects of airlifting water pump by experiments. They investigated the airlifting performance
as a function of the variation of inclination angles. Nam-Cheol et al. [10] studied the airlifting pump
with air jet nozzle analyzing its performance influenced by submerged depth, lifting head, and gas
flux rate. Researches of both Hong et al. and Nam-Cheol et al. focused on the experiments and
did not consider the corresponding theoretical explanation and analysis for their experimental data.
Fan et al. [11] researched airlifting pump performances utilized in an artificial upwelling. Almost all
of these theoretical and experimental investigations are far away from the industrial scaled working
conditions of DSM. These realistic conditions need to be considered concerning the scale effects between
the up-scaled model and its industrial scaled prototype. Additionally, no research has considered all
related parameters that can influence the airlifting performances in DSM projects.

Based on the literature review, airlifting technological consideration in DSM industry focuses
on the transport performances influenced by the submergence ratio which is defined as the ratio
between submergence and the total length of the pipe, mining depth, pipe diameter, gas flux rate, and
particle diameter [5–11]. For the technological analysis of vertical transport in DSM industry, energy
consumption lifting per tonnage of mineral and solid production rate were introduced by Ma et al. [12].
These parameters will also be introduced for the technological analysis of airlifting in this paper.
Additionally, profitability is another influencing factor for airlifting technology utilized in DSM, which
is mainly reflected by a high initial capital expenditure to purchase the related facilities and high
operating cost on these facilities, e.g., production support vessel (PSV), seafloor vehicles, transhipment
vessels, mineral processing plants, and even the tailings treatment facilities in a later stage [4,12].
For the profitable analysis of airlifting technology utilized in DSM, profitability lifting per tonnage of
mineral is researched in this paper. The numerical calculation method used in this paper is based on
the original models of Yoshinaga and Sato, and Kassab et al., and considers the compressibility of the
gas, which is important because of the large mining depth in engineering conditions. Additionally, the
numerical calculation method considers the complete parameters, which consists of the submergence
ratio, mining depth, pipe diameter, particle diameter, and gas flux rate.

The objective of this paper is to assess the technological feasibility and profitability in terms of
solid production rate, energy consumption per tonnage of mineral, and profitability per tonnage of
mineral. The effects of submergence ratio, pipe diameter, particle diameter, mining depth, and gas flux
rate are investigated. This paper in combination with paper written by Ma et al. [12] can be used as a
reference to select a proper transport plan for DSM projects. The paper is arranged as follows. The
Section 2 is the theoretical analysis including theoretical models of airlifting momentum, airlifting
energy consumption per tonnage of minerals, and profitability of airlifting utilized in DSM systems.
In the Section 3, the validations of the numerical calculation method and calculation results of the solid
production rate, airlifting energy consumption per tonnage of minerals, and profitability per tonnage
of mineral are analyzed and discussed. Finally, in Section 4 conclusions of the conducted research
are given.

2. Theoretical Analysis

2.1. Airlifting Momentum Modelling

The schematic diagram of airlifting is shown in Figure 1 [6]. The airlifting pipe system consists of a
solid-liquid two-phase flow happened between gas inlet and seabed, and a solid-liquid-gas three-phase
flow happened between pipe outlet and gas inlet as shown in Figure 1. In Figure 1, the letters of E, I,
O represent two-phase flow entrance, gas inlet, and outlet of mineral mixtures.
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Figure 1. The schematic diagram of an airlifting system [6]. 

The momentum equation for airlifting can be written as Equation (1) [3,6].  

, , , , ,
1 1

3 ,2 ,2
1

,3 ,3 ,3 2
1

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

( ) ( ) (

n n

l l l E s s s E g O g O g O l l l s s s
i i

nI O I

i ls i l l s sE I E
i

nO

g g l l s s lI
i

A J v J i i v i A J v J v J i i v i

D dz D dz A C i C i gdz

A C C i C i gdz A g L

ρ ρ ρ ρ ρ

π τ π τ ρ ρ

ρ ρ ρ ρ

= =

=

=

   + − + +   
   

 − − − + 
 

 − + + + 
 

 

  

 { }3 ) 0L+ =

 

(1) 

in which A  is the pipe cross sectional area (m2), J  is the volumetric flux (m/s), ρ  is the density 
(kg/m3), v  is the velocity [m/s], the subscripts of s , l , g  represent solid particle, liquid, and gas 
respectively, τ  is the shear stress (N/m2), iD  is the pipe diameter (m), C  is the volume 
concentration (-), 2, 3 represent two-phase flow and three-phase flow respectively, i  represents the 
type of different particles. 
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solid-liquid-gas three-phase flow, as density and flux rate of gas are easily influenced by 
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The momentum equation for airlifting can be written as Equation (1) [3,6].
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∑
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−πDi

∫ I
E τlsdz− πDi
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∑
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ρgCg,3 + ρlCl,3 +

n
∑
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ρs(i)Cs,3(i)

}
gdz + A{ρl g(L2 + L3)} = 0

(1)

in which A is the pipe cross sectional area (m2), J is the volumetric flux (m/s), ρ is the density (kg/m3),
v is the velocity [m/s], the subscripts of s, l, g represent solid particle, liquid, and gas respectively, τ is
the shear stress (N/m2), Di is the pipe diameter (m), C is the volume concentration (-), 2, 3 represent
two-phase flow and three-phase flow respectively, i represents the type of different particles.

For the solid-liquid two-phase flow, solid and liquid are regarded as incompressible. For the
solid-liquid-gas three-phase flow, as density and flux rate of gas are easily influenced by surrounding
pressure, Yoshinaga and Sato proposed to divide the up-riser pipe into N elements [6]. The third term
of Equation (1) is written as Equation (2) [3,6].

πDi

∫ I

E
τlsdz = A

{∆Pf .ls

∆z
L2 + ∆PE

}
(2)

in which ∆Pf .ls/∆z is the friction pressure gradient in solid-liquid flow (Pa/m), ∆PE is the pressure
decrease at the entrance position (Pa).

The fourth term in Equation (1) can be rewritten as Equation (3) [13].

πDi

∫ I

E
τ3dz = A

{
N

∑
k=1

∆Pf .3(k)
∆z(k)

∆z(k) + ∆PI

}
(3)

in which ∆Pf .3(k)/∆z(k) is the friction pressure gradient in solid-liquid-gas flow (Pa/m), ∆PI is the
pressure decrease at the gas inlet position (Pa).
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In the airlifting numerical calculation process, the velocity relationship of solid particles needs to
be considered. For three-phase flow, the velocity of particles can be calculated as Equation (4) [14].

vs(i) = c
m
ρA

+ vsw(i) (4)

in which c is the distribution coefficient (-), m is the mass flux of the three-phase flow (kg/m2 · s), ρA is
the apparent density of the three-phase mixture (kg/m3), vsw is the wall affected settling velocity in a
three-phase flow (m/s).

For solid-liquid two-phase flow, the volume concentration of solid, liquid can be calculated
through solving Equation (5) [15].

C2
l +

(
−vsl − Jl − Js

vsl

)
Cl +

Jl
vsl

= 0 (5)

in which vsl is the slip velocity, which is related to the particle diameter, pipe diameter, settling velocity,
and solid volume concentration (m/s).

The volume concentration of the gas can be calculated as Equation (6) [6].

Cg =

1 + 0.4
ρg

ρls,3

(
m

ρg Jg
− 1
)
+ 0.6

ρg

ρls,3

(
m

ρg Jg
− 1
)

ρls,3
ρg

+ 0.4
(

m
ρg Jg
− 1
)

1 + 0.4
(

m
ρg Jg
− 1
)


0.5
−1

(6)

in which ρls,3 is the mean density of the slurry (kg/m3).
Compared to the original model of Yoshinaga and Sato, the significant difference of gas density

and flux rate, which are caused by the large mining depth in engineering conditions, are taken into
consideration, see Equation (7) [15]. {

Jg_z =
Jg_0·P0

Pz

ρg_z =
ρg_0·Pz

P0

(7)

in which P0 is the initial gas pressure (Pa), Pz is the gas pressure at the vertical position of z (Pa), ρg_0 is
the initial gas density (kg/m3), ρg_z is the gas density at the vertical position of z (kg/m3).

Based on Equations (1)–(7), the airlifting process in the vertical pipe system can be calculated.
After the establishment of airlifting numerical model, the next section will focus on the energy
consumption calculation.

2.2. Energy Consumption per Tonnage of Mineral Modelling

The energy consumption of airlifting system is closely related to the compressor’s expansion
type, which is defined as an isothermal expansion in this paper [11]. The airlifting efficiency can be
calculated as Equation (8) [15,16].

ηa = (1− ρl
ρs
)

Eu

Et
(8)

in which Eu is the useful energy consumption of the airlifting system (J), Et is the total energy
consumption of the airlifting system (J).

The useful energy consumption of the airlifting system is defined as the anti-gravitational
energy consumption of lifting mineral solids from seabed to pipe outlet. It can be calculated as
Equation (9) [11,15,16].

Eu = ρs · A · Js · g · (L2 + L1) (9)

in which L1 and L2 are lengths of different segments of the vertical pipe (m), see Figure 1.



Minerals 2017, 7, 143 5 of 20

The total energy consumption of the airlifting system is the isothermal energy consumption of the
compressor. It can be calculated as Equation (10) [11,15,16].

Et = Jg_atm · A · ln
PI

Patm
(10)

in which Jg_atm is the gas flux under atmospheric pressure (m/s), PI is the pressure at the inlet (Pa),
Patm is the atmospheric pressure (Pa).

Additionally, the energy consumption per tonnage of minerals is also an important parameter,
which can be calculated as Equation (11) [12].

Eton =
Et

Qs
(11)

in which Qs is the mineral solids production rate (ton).

2.3. Profitability per Tonnage of Mineral Modelling

The profitability analysis of airlifting utilized in DSM systems focuses on the difference between
gross income and total expenditure derived from minerals. The total expenditure of an airlifting
system is divided into capital expenditure (CAPEX) and operational expenditure (OPEX) [12,17].

Mt = Mc + Mo (12)

in which M represents the cost ($), c, o represent the initial capital expenditure and
operation expenditure.

The Mc and Mo in Equation (12) can be calculated as Equation (13) [12,18].{
Mc = Mc_m + Mc_t + Mc_p

Mo = Mo_m + Mo_t + Mo_p
(13)

in which m, t, p represent the mining system, transport system, and processing plant respectively. The
initial capital expenditure of the mining system is spent on different kinds of seafloor vehicles.

The pipe system of airlifting technology in DSM projects consists of a major up-riser pipe and an
auxiliary air-injection pipe, which is required to calculate initial capital cost of pipe systems [12]. nr =

(L1+L2)
lpr

nI =
L1
lpI

(14)

in which nr and nI are the up-riser and air-injection pipe elements number (-), lpr and lpI are the pipe
element length of the up-riser pipe and air-injection pipe respectively (m). Therefore, the initial capital
cost of the transport system can be calculated as Equation (15) [12].

Mc_t = Msv + π · ρp ·Mm_p · (1 + ε1) ·
{

lpr ·
(

r2
r_1 − r2

r_2

)
· nr + lpI ·

(
r2

I_1 − r2
I_2

)
· nI

}
+ M_ot (15)

in which Msv is the initial capital cost on the shipping vessel including production support vessel and
trans-shipment vessels ($), Mm_p is the manufacturing cost of the pipeline system ($), ρp is the material
density of the pipe (kg/m3), ε1 is the pipe manufacturing price factor which means the added value of
materials (-), r is the radius of pipelines (m), 1, 2 represent the external and internal radius of pipelines
(m), M_ot is the other transport cost ($).
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The operation expenditure of the mining system, transport system, and processing system can be
calculated as Equation (16) [12].

Mo_m = Mm_ma + Mm_pe

Mo_t = Mt_ma + Mt_pe

Mo_p = Mp_la + Mp_ma + Mp_pe

(16)

in which ma, pe, and la represent the maintenance, power and energy consumption, and
labor expenditures.

The Mp_la in Equation (16) can be calculated as Equation (17) [12].

Mp_la =
N

∑
j=1

ns

∑
i=1

Wi · (1 + a)N (17)

in which Wi is the salary for the staff i ($/year), ns is the staff number (-), N is the mining period (year),
a is the inflation rate (-).

The maintenance, power, and energy consumption expenditures can be calculated as
Equation (18) [12]. 

Mj_ma =
N
∑

i=1
24 · s ·Qs · Kj_k · (1 + a)N

Mj_pe =
N
∑

i=1
24 · s · Ek · R · (1 + a)N

(18)

in which j represents the mining system, transport system, and the processing system respectively,
K is the maintenance fee every year ($/ton), R is the power and energy consumption price ($/kWh),
Ek is the energy consumption (kWh/h), s is the mean working days per year.

The income derived from minerals can be calculated as Equation (19) [12].

Min =
N

∑
i=1

(
24 · s ·Qs ·Mi,mm · (1 + a)N

)
(19)

in which Mi,mm is the mineral ore price which is set to be 95 $/ton.
The profitability per tonnage of mineral can be calculated as Equation (20) [12].

Mton =
Mbe

N
∑

i=1
(24 · s ·Qs)

=
Min −Mt + Mre

N
∑

i=1
(24 · s ·Qs)

(20)

in which Mbe is the pure benefit of DSM project ($), Mre is the residual value ($).

3. Results and Discussions

3.1. Validations

3.1.1. Model Validated by Experimental Data of Yoshinaga and Sato

The numerical calculation model of Equations (1)–(7) proposed by Yoshinaga and Sato [6] is used
in this section. Additionally, the experimental data found in Yoshinaga and Sato’s paper can be used as
the validation data. In Yoshinaga and Sato’s experiment [6], spherical and uniform particles are used,
as follows: C1-Sp-06, which density and diameter are 2540 kg/m3 and 6.1 mm respectively, C1-Sp-10,
which density and diameter are 2540 kg/m3 and 9.9 mm respectively, and C2-Sp-06, which density
and diameter are 3630 kg/m3 and 9.5 mm respectively. In Figure 2, nine types of airlifting conditions
are shown with solid flux rate ranging from 0.014 to 0.095 m/s. Axis x represents the experimental
data of liquid flux rate from 0 to 1 m/s. Axis y represents the calculation data of liquid flux rate from 0
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to 1 m/s. The closer the data points are to the diagonal, the more accurate the calculation results. The
majority of data points are located in the area within 10% deviation of the diagonal, which indicates
that the model is sufficiently accurate.
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3.1.2. Model Validated by Experimental Data of Kassab et al.

In Yoshinaga and Sato’s model of simulating a solid-liquid-gas airlifting system, the flux rates of
gas and solid are designated as a pair of original values. Then based on momentum balance equation,
the flux rate of liquid is determined [6]. Kassab et al. utilize the Stenning and Martin equation, see
Equation (21), combining with momentum method to solve the flux rates of solid and liquid directly
from gas flux rate [19].

L3

L1
− 1

1 +
(
Vg/(sl ·Vl)

) =
J2
l

2g · L1

[
(Kc + 1) + (Kc + 2)

Vg

Vl

]
(21)

in which Vg, Vl are the volume flow rate of gas and liquid (m3/s), sl is the slip factor (-), Kc is the
friction factor (-).

The sl in Equation (21) can be calculated with Equation (22) [20].

sl = 1.2 + 0.2
Vg

Vl
+

0.35 ·
√

g · Di

Jl
(22)

The Kc in Equation (21) can be calculated with Equation (23) [19].

Kc =
4 · f · L1

Di
(23)

in which f is the friction coefficient calculated by Colebrook-White equation, which can be calculated
as Equation (24) [21].

f = 0.25 ·
[

log

(
ε

Di

3.7
+

5.74
Re0.9

)]−2

(24)

in which ε is the pipe wall roughness (m), Re is the liquid Reynolds number (-).
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Based on Equations (21)–(24), the innovated numerical method of airlifting by Kassab et al. is
validated in Figure 3. Kassab et al. investigated airlifting performances influenced by submergence
ratio and particle diameter [3]. In Figure 3, particle diameters of 4.75, 7.10, and 9.50 mm, and
submergence ratio of 0.50, 0.72, and 0.78, are calculated. Alike the validation principle described
in Figure 2, the closer the data points to the diagonal, the more accurate the calculation results are.
As most of data points are located in the area within 10% deviation of the diagonal, the calculation
system used in this paper is sufficiently accurate.
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Figure 3. Validation results by experimental data from Kassab et al [3].

3.1.3. Scale Effect

Scale effect arises due to differences between an up-scaled model and its industrial scaled
prototype, which leads to some deviations between the simulation results [22]. The scale ratio between
the general up-scaled model and industrial scaled prototype of airlifting model in DSM projects can be
up to 500~600, which is much larger than that in normal mechanical and hydraulic simulations [3,6,23].
Additionally, most parameters of the experimental and theoretical airlifting modeling researches are
smaller than the industrial scaled airlifting parameters in DSM projects [3,6]. The most frequently
used method to compensate scale effect is to distort model geometry by giving up exact geometric
similarities or change the related parameter appropriately, e.g., model roughness [22]. In this section,
flow regime conditions both in the experiments of Yoshinaga and Sato and Kassab et al., and the
following large-scale calculation case are taken into consideration. Because of the lack of theoretical
research on solid-liquid-gas three-phase flow regimes in a vertical pipe system, the flow regime of
gas-liquid flow in a vertical pipe system is used. In the airlifting vertical pipe system, there exist
five different type flow regimes including bubble, slug, froth, annular, and finely dispersed bubbles
depending on the velocity and geometry of the lifting components [15,24]. This thought has already
been used by the other researchers in the DSM field [25]. The flow regime transitions are calculated as
Equations (25)–(29) [15,24].

Jl = 3.0 · Jg − 1.15 ·
[
σ · g ·

(
ρl − ρg

)
/ρ2

l

]0.25
(25)

Jl + Jg = 4.0 ·
{[

D0.429
i ·

(
σ

ρl

)0.089
/J0.072

l

]
·
[
g ·
(
ρl − ρg

)
/ρl
]0.446

}
(26)
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Jg = Jl (27)

Jg = −Jl + αs f ·
√

g · Di (28)

Jg · ρ0.5
g = 3.1 ·

[
σ · g ·

(
ρl − ρg

)]0.25 (29)

in which σ is the surface tension of the liquid (N/m2), αs f is a factor which is influenced by the
airlifting geometries. Equation (25) depicts the regime transition from bubble to slug flow. The
following Equations (26)–(29) are corresponding to bubbly to dispersed bubbly flow, froth to dispersed
bubbly flow, slug to froth flow, and froth to annular flow. Figure 4 depicts the calculation results of the
flow regime.
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Figure 4. Flow regime figure combining the experimental results of Yoshinaga and Sato and
Kassab et al. [3,6].

Analyzing Figure 4, most of the flow regimes in Yoshinaga and Sato, and Kassab’s experiments
are froth flows, which is limited by the small-scaled gas flux rate. However, for the case studies in this
paper, as the gas flux rates change from 30 to 180 m/s, all the flow regimes in the following calculation
system are annular flows. Therefore, besides the scale effects between the up-scaled model and an
industrial scaled prototype of airlifting model, flow pattern differences should also be considered in
the future research.

3.2. Solid Production Rate Analysis

Solid production rate is an important parameter in DSM, which determines the gross income
directly; see Equation (19). In this section, the relationships between solid production rate and
submergence ratio, mining depth, pipe diameter, particle diameter, and gas flux rate are researched.
The parameter changing ranges of airlifting in DSM systems are given as Table 1.

Table 1. The parameters of the airlifting system in DSM.

Parameters Sr (-) ds (mm) Di (m) Jg (m/s) H (m)

Range 0.985–1.000 1.0–50.0 0.25–0.40 30–180 500–6000
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Figure 5 depicts the relationship between the solid production rate and submergence ratio at
different mining depth and gas flux rate with pipe diameter of 0.40 m and particle diameter of
5.0 mm. Analyzing Figure 5a–d, it is obvious that with the same gas flux rate the solid production
rate of airlifting decreases with the increase of mining depth on the whole. Additionally, when
the submergence ratio is set to be 1.000, 0.995, 0.990, and 0.985 respectively, there are not so many
differences between these calculating conditions. Although with a small changing amplitude, by
analyzing the data, it proves that larger submergence ratio may also represent larger solid production
rate with the same gas flux rate. It can be explained as that a larger submergence ratio also means
lifting a relative smaller vertical distance when the mining depth is the same. Therefore, an airlifting
system can lift more minerals with a larger submergence ratio. As submergence ratio is an important
parameter in airlifting system, the calculation here is conducted to have an insight of its influencing
on industrial scaled DSM working conditions. However, taking into account the actual working
conditions, the values of submergence ratio should not be too small, which range from 0.985 to 1.000.
Furthermore, when the mining depth is set the same, a larger gas flux rate may not produce a larger
solid production rate. For instance, in Figure 5a when the mining depth is 500 and 1000 m respectively,
the airlifting system with gas flux rate of 70 and 90 m/s transports the maximum minerals of 497.9
and 428.0 ton/h respectively. However, a larger gas flux rate may always represent a larger range of
applicable mining depth. For instance, in Figure 5c, the maximum applicable mining depths of gas flux
rate of 30, 50, 90 and 150 m/s are 1000, 2000, 3500 and 4500 m respectively. For the airlifting system
with gas flux rate of 180 m/s at mining depth of 1000 m, there is a sudden decrease of solid production
rate. It could be explained as that solid production rate is influenced by both the increased airlifting
efficiency and the mining depth which have the conflict effect on the performances of airlifting system.
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Figure 6 depicts the relationship between the solid production rate and pipe diameter at different
mining depths and gas flux rate with the submergence ratio of 0.990 and particle diameter of 5.0 mm.
Analyzing Figure 6a–d, a larger pipe diameter can increase the solid production rate significantly.
For instance, when the mining depth is 500 m and gas flux rate is 70 m/s, the solid production rate
is 487.6 ton/h in Figure 6a with a pipe diameter of 0.40 m and 143.8 ton/h in Figure 6d with a pipe
diameter of 0.25 m. Additionally, a larger pipe diameter may also represent a larger applicable mining
depth with the same gas flux rate which means the pipe diameter plays as a bottleneck to the solid
production rate and the applicable mining depth. For instance, considering solid production rate more
than 50 ton/h and gas flux rate of 150 m/s, the maximum mining depth of airlifting system with a
pipe diameter of 0.40 m is 4500 m, see Figure 6a, which is much larger than 2500 m of an airlifting
system with a pipe diameter of 0.30 m, see Figure 6c. Furthermore, analyzing Figure 6d, the airlifting
system with gas flux rate of 180 m/s produces the largest solid production rate at the mining depth of
500 m. However, with the increase of pipe diameter, the airlifting system with gas flux rate of 70 m/s
produces the largest solid production rate. It means that, for a special working condition of an airlifting
system, the maximum solid production rate is determined by the mining depth, gas flux rate, and pipe
diameter together.
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Figure 7 depicts the relationship between the solid production rate and particle diameter at
different mining depth and gas flux rate with the submergence ratio of 0.990 and pipe diameter of
0.30 m. Analyzing Figure 7a–d, airlifting small particles has a higher solid production rate comparing
to the large particles as expected. For instance, in Figure 7a, the solid production rate is 223.5 ton/h
when the mining depth is 500 m and gas flux rate is 50 m/s. However, in Figure 7d, with the same
mining depth and gas flux rate, the solid production rate is only 148.8 ton/h, which means lifting small
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particles is much easier than lifting large particles. The significant difference may be because the drag
forces and pressure losses of large particles in the transport process are larger than that of the small
particles [3,26]. Additionally, the airlifting system with gas flux rate of 180 m/s is only applicable at
the depth of 500 m when the pipe diameter is 0.30 m. It can be explained as that pipe diameter plays
as a more significant bottleneck to the solid production rate comparing with the particle diameter, see
Figures 6c and 7. Furthermore, there are different degrees of reductions of solid production rate at the
mining depth of 500 m lifting 30 mm particles, see Figure 7d, it means that the particle diameter plays
as a bottleneck to the solid production rate when the gas flux rate is smaller than 130 m/s comparing
with the airlifting system transport particles of 5 mm, see Figure 7a.
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3.3. Energy Consumption per Tonnage of Minerals Analysis

Only considering the total solid production rate is not enough to obtain an optimal transport
plan, energy consumption per tonnage of mineral is also an important parameter which can influence
the stakeholder’s final decision. In this section, the relationships between energy consumption per
tonnage of mineral and submergence ratio, pipe diameter, mining depth, particle diameter, and gas
flux rate are presented.

Figure 8 depicts the relationship between the energy consumption per tonnage of mineral and
submergence ratio at different mining depth and gas flux rate with pipe diameter of 0.40 m and particle
diameter of 5.0 mm. Analyzing Figure 8a–d, it is obvious that the energy consumption per tonnage of
mineral increases with the increase of mining depth. Although airlifting efficiency increases with the
mining depth [15], it is notable that the higher efficiency cannot guarantee lower energy consumption
per tonnage of mineral. In other words, airlifting with the same gas flux rate used on smaller mining
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depth has a better performance with a larger solid production rate and smaller energy consumption
per tonnage of minerals. Additionally, as the values of submergence ratio is set within a small changing
range from 0.985 to 1.000, there are not so many significant differences among Figure 8a–d, which is
also consistent with the results in Figure 5. By analyzing the data in Figure 8, it is proved that larger
submergence ratio may also represent slightly smaller energy consumption per tonnage of mineral.
For instance, when the gas flux rate is 180 m/s and mining depth is 4000 m, the energy consumption
per tonnage of mineral with the submergence ratio of 1.000 is 190.4 kWh/ton, see Figure 8a, which
is smaller than that of 208.1 kWh/ton with the submergence ratio of 0.985, see Figure 8d. It can be
explained as that a larger submergence ratio means a smaller lifting depth when the total mining depth
is the same. Furthermore, compared to the airlifting system with gas flux rate smaller than 150 m/s,
the airlifting system with gas flux rate of 180 m/s consumes much more energy consumption per
tonnage of mineral. It means the flux rate of 180 m/s is too much large for the airlifting system with
pipe diameter of 0.40 m and particle diameter of 5 mm.
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Figure 9 depicts the relationship between the energy consumption per tonnage of mineral and
pipe diameter at different mining depth and gas flux rate with the submergence ratio of 0.990 and
particle diameter of 5.0 mm. Analyzing Figure 9a–d, it is notable that airlifting with a larger pipe
diameter can be used for a deeper mining depth. For instance, when the gas flux rate is 150 m/s,
the maximum airlifting depth with a 0.40 m pipe diameter is 4500 m, see Figure 9a, and 2500 m
with a 0.30 m pipe diameter; see Figure 9c. This is because when the gas flux rate is large enough,
pipe diameter has become the bottleneck of the airlifting applicable depth. For airlifting system with
gas flux rate of 180 m/s, its energy consumption lifting per tonnage of mineral is much larger than
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the airlifting system with smaller gas flux rate, see Figure 9a,b. Additionally, the curve of energy
consumption per tonnage of mineral changing with the mining depth is also significantly different
with the other changing curves. It may be caused by the complicated interactions between the airlifting
efficiency and the mining depth. An airlifting system with too much large gas flux rate could represent
a large percentage of energy waste. Furthermore, as the models mentioned in this paper are validated
by the small scaled mechanism with a lower gas flux rate, the model may be not applicable to the too
much large gas flux rate completely. Comparing Figure 9a to Figure 9d, the airlifting system with gas
flux rate of 30 m/s consumes the minimum energy consumption per tonnage of mineral. Therefore,
the airlifting performance in terms of energy consumption per tonnage of mineral, see Figure 9, is not
completely consistent with that in terms of solid production rate, see Figure 6.Minerals 2017, 7, 143  14 of 20 
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Figure 10 depicts the relationship between the energy consumption per tonnage of mineral and
particle diameter at different mining depth and gas flux rate with the submergence ratio of 0.900 and
pipe diameter of 0.30 m. Analyzing Figure 10a–d, the curves of airlifting system with gas flux rate
of 30, 50, 70 and 90 m/s are concentrated with the similar curve changing trend which are divergent
when the gas flux rate is larger than 110 m/s. Additionally, the airlifting system transporting of small
particles has a more concentrated and consistent curve changing trend. It means particle diameter may
play as a significant bottleneck to the energy consumption per tonnage of mineral for large gas flux rate.
It maybe also represent that the model utilized in this paper may be more suitable for fine particles
and small gas flux rate which may also be used to explain the sudden increase of energy consumption
per tonnage of mineral of gas flux rate at 150 m/s. Obviously, with the increase of mining depth, the
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energy consumption per tonnage of mineral is also increasing. Comparing Figures 7 and 10, it is shown
that the airlifting system with gas flux rate of 150 m/s produces the minimum solid production rate
and consumes the maximum energy consumption per tonnage of mineral. It means the gas flux rate of
150 m/s is not suitable to select as the airlifting parameter under the calculated working conditions.Minerals 2017, 7, 143  15 of 20 
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3.4. Profitability per Tonnage of Mineral Analysis 

The given parameters to calculate the profitability per tonnage of mineral are shown in Table 2 
[12,17]. Profitability per tonnage of mineral is also an important parameter to determine an optimal 
transport plan of DSM projects. In this section, the relationships between profitability per tonnage of 
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Table 2. The Calculation Parameters Used for the Economic Comparison Partially Based on 
References [12,17]. 

Parameters Value Parameters Value Parameters Value 

1ε  (-) 30 svM  ( 610 $⋅ ) 495 _c pM  ( 610 $⋅ ) 750 

iW ( 610 $⋅ /year) 0.45 R  ($/kWh) 0.2 a  (-) 4.28% 

_m kK  ($/ton) 1.2 _t kK  ($/ton) 1.2 _p kK  ($/ton) 0.8 

s  (day) 300 N  (year) 20 _otM  ( 610 $⋅ ) 35 

Figure 11 depicts the relationship between the profitability per tonnage of mineral and 
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3.4. Profitability per Tonnage of Mineral Analysis

The given parameters to calculate the profitability per tonnage of mineral are shown in
Table 2 [12,17]. Profitability per tonnage of mineral is also an important parameter to determine
an optimal transport plan of DSM projects. In this section, the relationships between profitability per
tonnage of mineral and submergence ratio, pipe diameter, mining depth, particle diameter, and gas
flux rate are researched.

Table 2. The Calculation Parameters Used for the Economic Comparison Partially Based on
References [12,17].

Parameters Value Parameters Value Parameters Value

ε1 (-) 30 Msv (106 · $) 495 Mc_p (106 · $) 750
Wi (106 · $/year) 0.45 R ($/kWh) 0.2 a (-) 4.28%

Km_k ($/ton) 1.2 Kt_k ($/ton) 1.2 Kp_k ($/ton) 0.8
s (day) 300 N (year) 20 M_ot (106 · $) 35
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Figure 11 depicts the relationship between the profitability per tonnage of mineral and
submergence ratio at different mining depth and gas flux rate with pipe diameter of 0.40 m and
particle diameter of 5.0 mm. Although there is not a big scale difference among Figure 11a–b, by
analyzing the data in Figure 11, the airlifting system with a larger submergence ratio has a slightly
better performance than that with a smaller submergence ratio in terms of the profitability per tonnage
of mineral. This is also correct in terms of the minerals solid production rate; see Figure 5, and energy
consumption per tonnage of mineral, see Figure 8. It is obvious that lifting minerals from a smaller
mining depth have a significantly better performance of airlifting systems in terms of profitability
lifting per tonnage of mineral. Additionally, only when the mining depth is less than roughly 2500 m,
DSM projects can be profitable, or it will lose money. It means that the applicable mining depth range
of airlifting technology utilized in DSM systems is limited. For instance, when the submergence ratio
is 0.985, see Figure 11d, the DSM system with airlifting mining depth of 3000 m is not profitable at all.
Comparing Figures 5, 8 and 11, the solid production rate decreases with the mining depth increase
which may also lead to a significant decrease of profitability per tonnage of mineral. Additionally, when
airlifting approaches its maximum applicable depth, there may be a sudden decrease of profitability
lifting per tonnage of mineral, e.g., the airlifting system with gas flux rate of 50 m/s and submergence
ratio of 0.990, see Figure 11c, which is also manifested on the sudden decrease of solid production rate,
see Figure 5, and sudden increase of energy consumption per tonnage of mineral, see Figure 8.

Minerals 2017, 7, 143  16 of 20 

 

profitability lifting per tonnage of mineral. Additionally, only when the mining depth is less than 
roughly 2500 m, DSM projects can be profitable, or it will lose money. It means that the applicable 
mining depth range of airlifting technology utilized in DSM systems is limited. For instance, when 
the submergence ratio is 0.985, see Figure 11d, the DSM system with airlifting mining depth of 3000 
m is not profitable at all. Comparing Figures 5, 8, and 11, the solid production rate decreases with the 
mining depth increase which may also lead to a significant decrease of profitability per tonnage of 
mineral. Additionally, when airlifting approaches its maximum applicable depth, there may be a 
sudden decrease of profitability lifting per tonnage of mineral, e.g., the airlifting system with gas 
flux rate of 50 m/s and submergence ratio of 0.990, see Figure 11c, which is also manifested on the 
sudden decrease of solid production rate, see Figure 5, and sudden increase of energy consumption 
per tonnage of mineral, see Figure 8. 

Figure 11. Figure of profitability per tonnage of mineral Mton  influenced by submergence ratio rS  
at different mining depth H  and gas flux rate Jg . The submergence ratio of (a–d) are 1.000, 0.995, 
0.990, 0.985, respectively. 

Figure 12 depicts the relationship between the profitability per tonnage of mineral and pipe 
diameter at different mining depth and gas flux rate with the submergence ratio of 0.990 and particle 
diameter of 5.0 mm. Comparing Figure 12a–d, it can be concluded that airlifting system with a larger 
pipe diameter, e.g., 0.40 m, has a better performance than that with a small pipe diameter, e.g., 0.25 
m, in terms of the profitability per tonnage of mineral. For instance, when the mining depth is 500 m 
and gas flux rate is 180 m, the profitability of airlifting system with 0.40 m pipe diameter is 95.2 $/ton 
which is much larger than 16.8 $/ton of airlifting system with 0.25 m pipe diameter. Additionally, 
analyzing Figure 12a–d, neither the largest, nor the smallest gas flux rate generates the maximum 
profitability per tonnage of mineral. It is because for each set of mining depth and pipe diameter, 
there exists an optimal gas flux rate to obtain the maximum profitability per tonnage of mineral. 
Furthermore, comparing the airlifting performances in Figure 12a,d, it is notable that airlifting 
system is more suitable working with a large pipe diameter in terms of profitability lifting per 
tonnage of mineral, which is also consistent with the results of solid production rate, see Figure 6, 

Figure 11. Figure of profitability per tonnage of mineral Mton influenced by submergence ratio Sr at
different mining depth H and gas flux rate Jg. The submergence ratio of (a–d) are 1.000, 0.995, 0.990,
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Figure 12 depicts the relationship between the profitability per tonnage of mineral and pipe
diameter at different mining depth and gas flux rate with the submergence ratio of 0.990 and particle
diameter of 5.0 mm. Comparing Figure 12a–d, it can be concluded that airlifting system with a larger
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pipe diameter, e.g., 0.40 m, has a better performance than that with a small pipe diameter, e.g., 0.25 m,
in terms of the profitability per tonnage of mineral. For instance, when the mining depth is 500 m and
gas flux rate is 180 m, the profitability of airlifting system with 0.40 m pipe diameter is 95.2 $/ton which
is much larger than 16.8 $/ton of airlifting system with 0.25 m pipe diameter. Additionally, analyzing
Figure 12a–d, neither the largest, nor the smallest gas flux rate generates the maximum profitability per
tonnage of mineral. It is because for each set of mining depth and pipe diameter, there exists an optimal
gas flux rate to obtain the maximum profitability per tonnage of mineral. Furthermore, comparing the
airlifting performances in Figure 12a,d, it is notable that airlifting system is more suitable working with
a large pipe diameter in terms of profitability lifting per tonnage of mineral, which is also consistent
with the results of solid production rate, see Figure 6, and energy consumption per tonnage of mineral,
see Figure 9. It is because the pipe diameter has become a bottleneck to the performances of airlifting
system in Figure 12.
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Figure 13 depicts the relationship between the profitability per tonnage of mineral and particle
diameter at different mining depth and gas flux rate with the submergence ratio of 0.990 and pipe
diameter of 0.30 m. Analyzing Figure 13a–d, it is notable that lifting small particles has a better
performance than large particles, which is almost correct in terms of total solid production rate, see
Figure 7, and energy consumption per tonnage of mineral, see Figure 10. Additionally, when the
particles diameter is small, e.g., 5 mm, airlifting system working at a small mining depth has a better
performance than at a larger depth, which is caused by the significant increase of anti-gravitational
energy consumption. In Figure 13c,d, for the airlifting system with gas flux rate of 70, 90, and 110 m/s,
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there is a profitability decrease at the mining depth of 500 m. It can be explained as that the profitability
lifting per tonnage of mineral is influenced by the mining depth, particle diameter and gas flux rate
together. The particle diameter plays as a bottleneck to the airlifting performances in Figure 13c,d.Minerals 2017, 7, 143  18 of 20 
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4. Conclusions

The research in this paper focuses on technological feasibility and profitability analyses of DSM
projects utilizing airlifting technology. The conclusions are as follows:

• The numerical calculation method considers the compressibility of the gas, which is caused by the
large mining depth in engineering conditions, on the basis of the original models of Yoshinaga
and Sato, and Kassab et al. Additionally, the numerical calculation method considers complete
set of parameters, which consists of the submergence ratio, mining depth, pipe diameter, particle
diameter, and gas flux rate.

• A higher submergence ratio of airlifting system in DSM projects has slightly better performances
than that with a smaller one in terms of the solid production rate, energy consumption per tonnage
of mineral, and the profitability per tonnage of mineral.

• Large pipe diameter can increase the solid production rate significantly; see Figure 6. Analyzing
Figure 9a–d, it is notable that airlifting with a larger pipe diameter can be used for a deeper
mining depth. Additionally, when airlifting approaches its maximum applicable depth, there may
exist a sudden increase of energy consumption per tonnage of mineral, see Figure 9, and a sudden
decrease of profitability lifting per tonnage of mineral, see Figure 12. A larger pipe diameter and
gas flux rate cannot guarantee a better airlifting performance. It is because for each set of mining
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depth and pipe diameter, there exists an optimal set of gas flux rate and pipe diameter to obtain
the maximum profitability per tonnage of mineral.

• Transporting small particles has a better performance than large particles in terms of its
profitability, which is almost correct in terms of total solid production rate and energy consumption
per tonnage of mineral.

In future research, the method how to obtain an optimal transport plan considering the solid
production rate, energy consumption per tonnage of mineral, and profitability per tonnage of mineral
should be researched. In addition, the scale effect elaborated in Section 3.1.3 should be considered
further combining with some industrial scaled prototype parameters of airlifting in DSM projects.
Besides the scale effects existing between the up-scaled model and industrial scaled prototype of
airlifting model, flow pattern differences should also be considered in the future research.
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