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Abstract: In view of the present situation of low cavitation performance of deep-sea mining slurry pump, the effect of solid phase
on the cavitation performance of deep-sea mining pump is analyzed theoretically. The relationship between gas and liquid phases
are established by cavitation nucleon theory and mass energy equation as well as solid phase and liquid phase, and then we
explored the relationship between gas phase and solid phase. The results show that the critical bubble radius and solid-phase
concentration flow rate during the cavitation can be related to the liquid pressure. Eq. (19) show that the larger the solid particle
concentration and the solid phase flow, the earlier the cavitation will occur, and pump anti-cavitation performance will decline.
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Introduction a

system, surface support system and control system has
the most commercial exploitation prospect. The role of

With the decline of land resources, people’s demand

transportation system is to transport ore from the

for deep-sea mining technology becomes more and

seabed to the surface, and the performance of pulp

more important. So far, Germany, the United States,

pump directly affect the delivery system efficiency.

Japan, South Korea and other countries have realized

Countries mainly use space guide vane multistage

the deep sea mining experiments. All developed

slurry pump as the pump type. For example, Germany

countries are actively realizing the commercial

KSB company researched on the transport of coarse

exploitation of marine resources

[1]

. Deep-sea mining

particles lifting pump from hydraulic model flow.

system is widely studied in the world, and it is

Finally used the mixed flow pump which with a mixed

generally believed that the deep-sea mining system

characteristics of centrifugal pump and axial flow

which composed of ore-collecting system, conveyor

pump as a lifting pump in the 1970s

[2]

; In the early 21

century, the Korea Institute of Geological Resources
†
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carried out numerical simulation and performance test

Funded by the National Natural Science Foundation of China (No.

on the centrifugal solid-liquid pump

51775561).

show that the solid-liquid slurry pump is hard to meet

[3]

. The results
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the requirements of the hydraulic pipeline lifting

cavitation characteristic curve of single-stage axial

system. Based on the theory of vertical pipeline

flow pump, which had a good agreement with the

hydraulic transportation, Yang et al.

[4]

put forward the

experimental results.

theoretical formula of slurry pump design parameters,

Deep-sea mining slurry pump delivery the solid-

and analyzed the influence of geometric parameters on

liquid flow. The occurrence of cavitation will form a

pump performance by numerical simulation method.

complex three-phase flow problem. The theoretical

Chen

[5]

built a three-dimensional model of slurry

analysis of the interaction among the three phases will

pump, and got on the solid-liquid two-phase flow

lay a foundation for the establishment of the three-

numerical simulation and performance prediction. A

phase flow control equation, and will be of great

non-clogging

significance for the judgment of numerical simulation

multi-stage

centrifugal

pump

had

conducted successfully in the sea trials in June 2016,

results and the prediction of experimental results.

which was developed by the Changsha Institute of
Mining and Metallurgy. And it can ensure the smooth

2

Model analysis

flow of coarse particles and the stability of the pipeline
force, realizing the stable transportation of coarse
particles and high concentration simulated multi-metal
nodules under long-distance large flow

[6]

.

According to the “Handbook of Modern Pump
Design”of Guan

[10]

and the design method of the slag

pump’s impeller blade of He

Domestic and foreign scholars have done a lot of

[11]

, the deep-sea mining

slurry pump is designed as shown in Fig. 1. And the
design

parameters

main

about the pulp pump structure design and solid-liquid

D1  244 mm, D2  401.7 mm, b2  54 mm, Z1  3,

two-phase flow analysis. Less research has been done

Z2  4,

about the cavitation.

NPSHr 6 m, where D0 is the inlet diameter of the

Q  800 m3/h,

are

D0  240 mm,

research on the deep-sea mining slurry pump, mainly

H  70 m,

n  1 450 r/min,

Cavitation is a common phenomenon in hydraulic

pump, D1 is the inlet diameter of the impeller inlet, D2

machinery and has an important influence on the

is the impeller diameter, b2 is the impeller outlet width,

normal operation for pumps. The occurrence of

Z1 is the impeller blade number, Z2 is the guide vane

cavitation tend to affect the normal flow of the fluid in

leaf number, H is the head, Q is the design flow, n is

the pump, cavitation damage, vibration, noise as well

the speed, and NPSHr is the NPSH required.

as the pump external parameters (such as flow, head,

As shown in Fig. 2, there are two cross-section

and shaft power), even make the whole system

selected in the first stage. 1 is for the initial entrance

stopped

[7]

. So the study of the pump cavitation

and 2 is for the critical cavitation department. The

performance is necessary and valuable. At present,

correlation between the solid and liquid gases from 1 to

various types of pumps are mostly studied about the

2 is analyzed.

cavitation characteristics. For example, Li

[8]

used the

full cavitation model to calculate the head-NPSH curve

2.1 Gas phase and liquid phase correlation

of the centrifugal pump. Although the trend is
consistent with the experimental results, the deviation

According to the theory of cavitation nucleon, when

is larger. The FBM turbulence model and the Zwart

the local pressure of the fluid is lower than the

cavitation model were used by Zhao et al.

[9]

to analyze

saturated vapor pressure, it will make the gas nucleus
[12]

the cavitation characteristics of a single-stage axial-

explosive growth in the liquid

flow pump and a serial-type pump, and calculated the

bursts, the high pressure will assault the pump structure,
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and

the

continuous

action

makes

the

pump

where pg0 is initial state of the bubble in the gas
pressure and rb0 is the initial radius of vacuole.

performance gets lower and lower.
According to Hervey proposed the edge of the wall
surface gap gas model in 1947

[13-15]

, suppose the

Corresponding to the above two processes, we can
get two expressions of Eq. (1) as follows.

equilibrium spherical vacuoles contain water vapor and
other small gas, ignoring the gas diffusion, the vacuous

Variation of the equation of ideal gas state equation
is

static equilibrium condition is

p  pv  pg 

p  pv 

2
,
rb

(1)

NT 2
.

rb 3
rb

(4)

Ideal gas isothermal process variation is
where p is the liquid pressure, pv is the vapor pressure
of steam in cavitation, pg is the gas component pressure
in cavitation, δ is the liquid surface tension coefficient,
and rb is the cavity radius.
The change of pg in the vacuole can be changed
according to the equation of state of the ideal gas and

(5)

The process from the initial entrance 1 to the critical
cavitation department 2 was analyzed by the ideal gas
state equation:

the isothermal process.
Variation of the equation of ideal gas state equation
is

pg 

3

 r  2
.
p  pv  pg0  b0  
rb
 rb 

NT
,
rb3

(2)

p1  pv 

NT 1 2
,

r1
r13

(6)

p2  pv 

NT2 2
,

r2
r23

(7)

where N is the gas constant and T is the absolute

where p1 is the liquid pressure in section 1, p2 is the

temperature.

liquid pressure in section 2, r1 is the bubble radius in

Ideal gas isothermal process variation is


 b0 



 b 

pg  pg0 

r
r

section 1, and r2 is the bubble radius in section 2.

3

,

(3)

1. import flange; 2. submersible motor; 3. motor cylinder; 4. impeller; 5. space guide vane; 6. pump cylinder; 7. export flange
Fig. 1 Mineral pump structure diagram
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The critical pressure is

p2  pv 

4
.
3r2

(14)

The relationship between the gas phase and the
liquid phase is established by the liquid pressure and
bubble radius.
Fig. 2 Model diagram

2.2 Solid-liquid phase correlation

2  r13
N   p1  pv 
 ,
r1  T1



2
p2  pv   p1  pv 
r1


(8)

Qm m  Qs s  Qw w ,

3

 T2  r1  2
.
   
r2
 T1  r2 

From section 1 to section 2

as a process of

3


2  r1  2
.
p2  pv   p1  pv 
  
r1  r2 
r2


v22  v12
v2s2 v12
  w Qw
,
2
2

(16)

where v1 , v2 , and v2s are the liquid velocity at 1 point,
the liquid velocity at 2 points, and the solid velocity at
2 points, respectively.
To illustrate the effect of solid-phase properties on
the bubble, the formula should contain only the solid-

(11)

phase correlation parameters. Substitute Eq. (15) into
Eq. (16), and divided by Qm m g for both sides, we can
get

(12)

p1  p2 v22  v12

m g
2g


Qs s  v2s2  v12 
1


 2 2  1  .

 Qm m  v2  v1

(17)

The relationship between the solid phase and the
liquid phase is established by the relevant parameters in

is

52

cavitation occurred, according to the mass energy

 p1  p2  Qm  s Qs

Combine Eqs. (10) and (12), and the critical radius

r2  

solid density, and  w is the water density.
The fluid from section 1 to section 2 critical
equation, the process can be listed as

The solution is

 r13
.

 2

where Qm is the slurry flow, Qs is the solid flow, Qw
is the water flow,  m is the slurry density, s is the

(10)

The pulp pump cross-section 2 is the bubble burst
critical state. The pressure p2 is the critical pressure.
As for Eq. (10), the critical state value can be obtained
d p2
when
 0 . The differentiation is
d r2
d p2 
2  3r13 2
  p0  pv 
 2 0.

d r2 
r1  r24
r2

(15)

(9)

isothermal changes, T1  T2 , and the type can be
written as


2
r2  3  p1  pv 
r1


There are the following relationship exists in solidliquid phase fluid.

4
.
3  p1  pv 

Eq. (17). It can be seen that the solid particle
(13)

concentration and the solid flow volume have an effect
on the pressure variation in process 1 to process 2.
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2.3 Solid phase and gas phase correlation

research idea for exploring the interaction equation of
the three-phase flow.

The relationship between the gas bubble radius and

3) The cavitation characteristics of this particular

the liquid pressure as well as the relationship between

deep-sea mining slurry pump are further studied by

the solid concentration flow rate and the liquid pressure

simulation and experiment, which provides more

were established in Section 2.1 and 2.2. The

evidence for the theoretical analysis conclusion.

relationship between gas phase and solid phase was

4) The concentration of slurry pump not only affects

established by pressure. Substituting Eq. (14) to Eq.

the output of the deep sea mining system, but also

(17) leads to

affects the performance of the transport system. From

4
p1  pv 
3r2 v22  v12

m g
2g

the perspective of cavitation, finding the best


Qs s
1 
 Qm  m

 v2s2  v12

 2 2  1  .
 v2  v1
 

parameters of the solid properties has a great
(18)

significance for the stability and efficiency of the deepsea mining systems.

The equal of external pressure and saturated vapor
pressure make the bubble burst. p1  pv and the type is

4
3r2 m g



v22  v12
2g


Qs s  v2s2  v12  
1 
 2 2  1  .
 Qm m  v2  v1
 

(19)
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