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1. Introduction

Multistage centrifugal pumps are used in industrial 

enterprises. Many industries use the multistage 

centrifugal pump to transfer fluid from low to high 

pressure. The demand for the multistage centrifugal 

pump has been high in industrial sectors for its wide 

range of operations. The centrifugal pumps consumed 

about 20% of global total energy(1). The design of the 

impeller is the same as that of the centrifugal pump. 

The design of multistage centrifugal should be compact. 

McKee et al.(2) reviewed the failure mechanism of the 

centrifugal pump. The probability of failure in a 

multistage centrifugal pump is relatively high. The 

multistage pump operates at high fluid pressure, which 

causes structural instability and failure.

Shojaeefard et al.(3) have indicated the different 

design parameters of the centrifugal pump that can 

influence the pump performance. Marathe et al.(4) have 

used numerical analysis to determine the performance 

characteristics of the multistage centrifugal pump. 

Cui and Li investigated the energy loss in the 

centrifugal pump based on the SST turbulence 

model(5). Kim et al. designed the ultra-low specific 

speed centrifugal pump and validated its feasibility 

using CFD analysis(6). The outlet position of the 

splitter blade showed a significant impact on the 

performance of the centrifugal pump(7). Onari and 

Arzani indicated the vulnerability of the shaft against 

repetitive vibration from the impeller of the 
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ABSTRACT

Multistage centrifugal pumps are designed for industrial purposes to satisfy high head requirements. The two-stage centrifugal 

pump is used for specific industrial purposes. The impellers in the two-stage centrifugal pump are arranged in an opposite 

direction, and crossover guides the flow from 1st stage to 2nd stage impellers. The numerical analysis is performed to evaluate 

the performance of a two-stage centrifugal pump. The shaft sleeve design is modified from an edge to a curved type for better 

flow behavior. The numerical analysis showed that the modified shaft sleeve shape improves the pump’s hydraulic and suction 

performances, as well as internal flow behavior in a wide operation range. Besides the pump performances, the modified shaft 

sleeve shape showed structural stability with a relatively large margin below the ultimate tensile stress.
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multistage pump(8). The impeller blade is most 

vulnerable to mechanical failure.

Cavitation is a common physical phenomenon that 

occurs in turbomachinery. It is the process of 

formation of vapor bubbles in the low-pressure region 

in a centrifugal pump. The numerical analysis is 

helpful for the prediction of cavitation flow in the 

turbomachinery. Coutier-Delgosha experimented on 

the centrifugal pump to visualize cavitation and 

evaluate head drop in the impeller(9). Rayleigh-Plesset 

cavitation model helps to predict realistic cavitation 

in the turbomachinery(10). Lu et al. experimented to 

investigate the cavitation and vibration performance 

under a steady state(11). CFD analysis was performed 

to investigate the cavitation performance of an 

aviation fuel pump(12).

Chen et al. investigated the flow field and centrifugal 

pump performance according to the leading edge 

geometry(13). The higher blade wrap angle is better for 

the centrifugal pump efficiency(14). The blade inlet 

angle influenced the blade pressure and fluid 

recirculation in the single-blade centrifugal pump(15). 

The optimization techniques were implemented to 

improve the performance of the multistage centrifugal 

pump(16,17). The clearance gap between the shaft and 

sleeve bearing is a critical parameter that affects the 

dynamic characteristics of the shaft(18). 

Several multistage centrifugal pump designs are 

available on the global market. In this study, the two 

impellers are arranged in an opposite direction. The 

proposed pump consists of a crossover to direct the 

flow from 1st to 2nd stage in the opposite direction. 

CFD analysis is carried out to investigate the 

performance and internal flow characteristics. The 

traditional shaft sleeve design causes flow irregularities 

at the inlet of the impeller. The modification and 

optimization of the impeller blade takes immense cost 

and time. Hence, the shaft sleeve modification is 

carried out to improve the performance and internal 

flow of the two-stage centrifugal pump.

2. Modeling and Methodology

2.1 Modeling of two-stage centrifugal pump

The two-stage centrifugal pump comprises two 

oppositely arranged impellers with the crossover 

connector. The schematic view of a two-stage 

centrifugal pump is shown in Fig. 1. The edge and 

curve shaft sleeves were used in the two-stage 

centrifugal pump. The initial and modified shaft 

sleeves for the two-stage centrifugal pump are shown 

in Fig. 2. Fig. 3 shows a 3D model of the centrifugal 

pump and the arrangement of impellers. The magnified 

view of the modified sleeve is indicated in Fig. 3. The 

initial shaft sleeve is a conventional design, and the 

modified shaft sleeve is a curvature design for smooth 

internal flow. The specific speed 𝑁𝑆 of the single- 

stage centrifugal pump is 123.68 [min-1, m3/min, m].









(1)

where 𝑁𝑠 is the specific speed of the pump, 𝑁
 

is 

rotational speed (min-1), 𝐻
 

is the effective head (m), 𝑄
 

is the flow rate (m3/min).

Fig. 1 Schematic view of two-stage centrifugal pump

Fig. 2 Cross-section view of two-stage centrifugal pump 

with a) initial and b) modified sleeves



쉬레스트 우즈왈⋅김대훈⋅최영도

18 한국유체기계학회 논문집: 제27권, 제4호, 2024

2.2 Numerical Methodology

The fluid domain of the two-stage centrifugal pump 

is shown in Fig. 4. The crossover directs the flow 

from the suction impeller to the discharge impeller. 

The numerical grids of the two-stage centrifugal 

pump are shown in Fig. 5. The numerical grid for the 

impeller, casing, and clearance gap were generated 

using ANSYS ICEM 2023R2(19). The unstructured mesh 

was used for the complex geometry of the two-stage 

centrifugal pump. The grid dependency test was 

performed to reduce the influence of grid number on 

the computational results. CFD analysis is critically 

dependent on the numerical grids. The mesh dependency 

test was conducted to obtain the optimal grid numbers 

for the stable CFD analysis results. Grid convergence 

test was carried out with grid sizes 𝐺₁, 𝐺₂, and 𝐺₃ 

using grid convergence index (𝐺𝐶𝐼). The efficiency, 

head, and power are selected for the sensitivity 

analysis. 𝐺𝐶𝐼
 

is calculated using Eq. (2)(20).


 



 




(2)

where 𝐺
 

is the grid number, 𝜂
 

is efficiency, 𝜖
 

is the 

relative error, 𝑟
 

is the grid refinement factor, 𝑝₀ is 

the apparent order of numerical solution, the 

subscript 𝑎
 

and 𝑒𝑥𝑡
 

are approximate and extrapolated 

relative error values, respectively.

The results of the grid dependency test are shown 

in Table 1. The grid convergence index is less than 5% 

Fig. 3 3D model and arrangement of two-stage centrifugal 

pump and view of modified sleeve

Fig. 4 Fluid domain of two-stage centrifugal pump

𝜙=Efficiency 𝜙=Head 𝜙=Power

𝐺1, 𝐺2, 𝐺3 10.3×10⁶, 5.4×10⁶, 2.5×10⁶

𝑟21 1.39

𝑟32 1.45

𝜙1 57.25 99.10 96.30

𝜙2 58.14 101.05 95.66

𝜙3 56.80 100.80 94.50

𝑝0 1.25 6.25 1.81

𝜙𝑒𝑥𝑡²¹ 55.49 98.81 97.09

𝜖𝑎²¹ 0.0155 0.0197 0.0066

𝜖𝑒𝑥𝑡²¹ 0.0317 0.0029 0.0081

𝐺𝐶𝐼𝑓𝑖𝑛𝑒²¹ 3.84% 0.36% 1.02%

𝐺𝐶𝐼𝑓𝑖𝑛𝑒³² 4.93% 0.03% 1.59%

Table 1 Discretization error for numerical analysis for 

two-stage centrifugal pump

Fig. 5 Numerical grids for CFD analysis a) Suction casing, 

b) Impeller, c) Discharge casing and d) Leakage gap
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for each numerical grid. Fig. 6 shows the grid dependency 

test of a two-stage centrifugal pump. CFD analysis 

results are consistent with changes in the numerical 

grids. 5.4 million nodes are selected for further CFD 

analysis. CFD analysis was performed for the performance 

analysis of the two-stage centrifugal pump. ANSYS 

CFX 2023R2(19) was used for CFD analysis of a two- 

stage centrifugal pump. The shear stress turbulence 

model is selected for the numerical calculation because 

it shows better convergence for the rotating applications 

than other turbulence models. The inlet and outlet 

boundary conditions were static pressure and mass 

flow rate, respectively. The frozen rotor was selected 

as the interface model between rotating and stationary 

components. All the boundary walls were smooth with 

no-slip conditions. Cavitation analysis was conducted 

using a mixture of water and water vapor with various 

cavitation numbers. The Rayleigh-Plesset model was 

used to evaluate the suction performance of a centrifugal 

pump. The detailed boundary condition for CFD analysis 

of the two-stage centrifugal pump is shown in Table 2.

Fluid-structure interaction (FSI) is the 

interdisciplinary branch between fluid and solid 

mechanics, which discusses the two-way or unidirectional 

interaction of the fluid with the solid. Kumar et al. 

showed unilateral FSI analysis to evaluate the 

structural integrity of the turbomachine impeller(21). 

In this study, unidirectional coupling was selected for 

FSI analysis to evaluate the impeller response to the 

fluid pressure. 

The boundary conditions for the unidirectional FSI 

are shown in Fig. 7. The unidirectional FSI method 

takes 3D steady-state numerical simulation to calculate 

fluid pressure on the blade surface. Then, it loads 

fluid pressure onto the blade structure to calculate 

the equivalent stress and deformation distribution and 

analyze the strength of the impeller. ASTM A743 and 

ASTM A576 grade steels are used for the impeller and 

shaft, respectively.

3. Results and Discussion

3.1 Performance curves of two-stage centrifugal 

pump

The performance curves of the two-stage centrifugal 

pump are shown in Fig. 8. The pump efficiency and 

input power with the initial shaft sleeve are 56% and 

96 kW, respectively. It indicates that the performance 

of two-stage centrifugal pumps is comparatively low. 

The sleeve modification is the option to improve the 

pump performance. The efficiency is improved 

Parameter/Boundary Conditions/Value

Analysis type Steady State

Inlet Static Pressure

Outlet Mass Flow Rate

Rotational speed 1750 min-1

Turbulence model Shear Stress Transport

Cavitation model Rayleigh Plesset

Interface model Frozen Rotor

Table 2 Boundary conditions for CFD analysis

Fig. 6 Results of grid dependency test of two-stage 

centrifugal pump with initial sleeve at 𝑄/𝑄𝐵𝐸𝑃=1.00 Fig. 7 Boundary conditions for FSI analysis
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drastically with the modified shaft sleeve than the 

initial shaft sleeve. The efficiency is increased from 

56 to 77% at 𝑄/𝑄𝐵𝐸𝑃=1.00 with the installation of a 

modified sleeve. The best efficiency is achieved at the 

design point, which implies that the design of the 

centrifugal pump is acceptable. An improvement in the 

pump head and input shaft power is observed with the 

modified shaft sleeves. The pump head is increased 

from 98 to 122 m at 𝑄/𝑄𝐵𝐸𝑃=1.00, and shaft input 

power is decreased from 98 to 77 kW with the 

installation of a modified shaft sleeve. It indicates 

that installing a modified shaft sleeve improved the 

performance of the two-stage centrifugal pump. At 

𝑄/𝑄𝐵𝐸𝑃=0.60, the hump region is observed in the two- 

stage centrifugal pump with the initial sleeve design. 

The modified shaft sleeve improved the hump region 

and reduced the shaft power consumption. The modified 

sleeve improved the effective head, which changed the 

specific speed of the pump turbine. The specific speeds 

of two-stage centrifugal pumps with initial and 

modified sleeves are 123.68 and 111.89, respectively, 

which are the same type of centrifugal pump impeller.

Fig. 9 shows a torque coefficient comparison between 

the initial and modified sleeves two-stage centrifugal 

pump. The torque coefficient (𝐶𝑇) is calculated by












(3)

where, 𝛵
 

is input torque (Nm), 𝜌
 

is the density of 

fluid (kg/m3). 𝜔
 

is rotational speed (rad/s), 𝑅
 

is 

impeller outlet radius (m).

The torque coefficient for the initial sleeve two- 

stage centrifugal pump is higher than in the modified 

sleeve. At the 𝑄/𝑄𝐵𝐸𝑃=1.00, the torque coefficient for 

initial and modified sleeves are 0.034 and 0.028, 

respectively. The torque coefficient magnitude for 

initial and modified sleeves in the suction impeller are 

0.032 and 0.22, respectively, at 𝑄/𝑄𝐵𝐸𝑃=0.60. It 

indicates that the power consumption is comparatively 

lower in the modified sleeve two-stage centrifugal 

pump than in an initial sleeve.

3.2 Internal flow behavior of two-stage centrifugal 

pump

The two-stage centrifugal pump performance 

improvement is observed with the installation of 

modified shaft sleeves. The comparison of internal 

flow behavior in the two-stage centrifugal pump with 

initial and modified shaft sleeves is conducted using 

CFD analysis. Fig. 10 shows the pressure contours in 

the cross-section of the two-stage centrifugal pump at 

𝑄/𝑄𝐵𝐸𝑃=1.00. At the suction inlet, the static pressure 

is comparatively lower in the two-stage centrifugal 

pump with the initial sleeve than in the modified 

sleeve. The discharge pressure is higher in a two- 

stage centrifugal pump with a modified sleeve rather 

than the initial sleeve. It suggests an improvement in the 

pump head.

Fig. 11 shows pressure contours in the suction 

Fig. 8 Performance curves of two-stage centrifugal pump Fig. 9 Comparison of torque coefficient between initial and 

modified sleeves
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impeller and casing. The pressure contours comparison 

indicates that pressure increased drastically with the 

modified sleeve rather than the initial sleeve. The 

outlet pressure increased from 500 to 600 kPa in the 

suction impeller with initial and modified sleeves. Fig. 

12 shows the velocity streamlines in a suction impeller 

at 𝑄/𝑄𝐵𝐸𝑃=1.00. The recirculation and secondary flows 

are significant in the suction impeller flow passage of 

a two-stage centrifugal pump with an initial sleeve. 

The recirculation flow in the suction impeller flow 

passage causes a pressure drop in the suction impeller.

The pressure contours comparison between the 

initial and modified sleeve in the discharge impeller is 

shown in Fig. 13. The discharge pressure is comparatively 

higher in the two-stage centrifugal pump with the 

modified sleeve than in the initial sleeve. The discharge 

pressure is improved from 1000 to 1250 kPa with the 

installation of a modified sleeve. The velocity 

streamlines in the discharge impeller with initial and 

modified sleeves are shown in Fig. 14. The secondary 

flow is visible in the discharge impeller with the initial 

sleeve rather than the modified sleeve. The flow 

instabilities are predominant in the suction and 

Fig. 10 Pressure contours in the two-stage centrifugal pump 

with a) initial and b) modified sleeves at 𝑄/𝑄𝐵𝐸𝑃=1.00

Fig. 11 Pressure contours in suction impeller cross-section 

with a) initial and b) modified sleeves at 𝑄/𝑄𝐵𝐸𝑃=1.00

Fig. 12 Velocity streamlines in suction impeller cross- 

section with a) initial and b) modified sleeves at 𝑄/𝑄𝐵𝐸𝑃=1.00

Fig. 13 Pressure contours in discharge impeller cross- 

section with a) initial and b) modified sleeves at 𝑄/𝑄𝐵𝐸𝑃=1.00

Fig. 14 Velocity streamlines in discharge impeller cross- 

section with a) initial and b) modified sleeves at 𝑄/𝑄𝐵𝐸𝑃=1.00
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discharge impellers with the initial sleeve. The flow 

improvement in the suction and discharge impellers is 

observed with the modified sleeve. Hence, the overall 

performance is improved in the two-stage centrifugal 

pump with a modified sleeve.

Fig. 15 shows the pressure distribution from inlet to 

outlet at various flow rates. The magnitude of pressure 

increases gradually from the inlet to the outlet. The 

discharge pressure increased by 14%, 15%, and 22% 

with a modified sleeve at 𝑄/𝑄𝐵𝐸𝑃=0.60, 1.00, and 1.25, 

respectively. It showed that the modified sleeve design 

improved the pressure distribution in the centrifugal 

pump. Fig. 16 indicates the blade loading distribution 

in the discharge impeller of the two-stage centrifugal 

pump. The pressure distribution around the blade 

surface of the modified sleeve impeller is higher than 

the initial one. At 𝑄/𝑄𝐵𝐸𝑃=0.65 and 1.35, the pressure 

in the discharge impeller is increased by 8% and 42%, 

respectively, with a modified sleeve. The modified 

sleeve improved the static pressure, which decreased 

the possibility of cavitation in the centrifugal pump.

Figs. 17 and 18 show the flow angle comparison at 

the inlet of suction and discharge impellers with 

initial and modified shaft sleeves, respectively. The 

flow angle fluctuation of 10°, 54°, and 18° is observed 

in the inlet of the suction impeller with the initial 

sleeve from hub to shroud. With the modified sleeve, 

the flow angle fluctuation is reduced to 5° in the 

suction impeller inlet at 𝑄/𝑄𝐵𝐸𝑃=0.75, 1.00, and 1.25. 

At 𝑄/𝑄𝐵𝐸𝑃=0.75, 1.00, and 1.25, the flow angle is 

deviated by 36°, 50°, and 88°, respectively, in the 

inlet of the discharge impeller with an initial sleeve 

Fig. 15 Comparison of pressure distribution between initial 

and modified sleeves from inlet to outlet

Fig. 16 Comparison of blade loading distribution between 

initial and modified sleeves in discharge impeller

Fig. 18 Comparison of flow angle between initial and 

modified sleeves at discharge impeller inlet

Fig. 17 Comparison of flow angle between initial and 

modified sleeves at suction impeller inlet
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from hub to shroud. At 𝑄/𝑄𝐵𝐸𝑃=0.75, 1.00, and 1.25, 

the flow angle deviation is less than 6° with the 

modified sleeve in the discharge impeller inlet. The 

deviation in the flow angle indicates the fluctuation in 

the velocity components. The flow angle for the two- 

stage centrifugal pump with a modified sleeve is consistent 

compared to the initial sleeve, which improves the 

velocity streamlines in the impeller flow passage with 

a modified sleeve.

Figs. 19 and 20 show turbulence kinetic energy 

(TKE) comparisons at the inlet of suction and discharge 

impellers, respectively. Turbulence kinetic energy (TKE) 

calculates turbulence intensity in a fluid flow. The 

TKE explains the mean kinetic energy per unit masses 

associated with eddies in turbulent flow and quantifies 

the fluctuations in velocity caused by eddies and vortices. 

The TKE is half the sum of the variance of fluctuating 

velocity components(13).







 


  (4)

where 𝜎𝑢², 𝜎𝑢², and 𝜎𝑢² are velocity variance in 𝑥, 𝑦, 

and 𝑧
 

directions, respectively.

TKE intensity at the suction impeller inlet is higher 

in a two-stage centrifugal pump with an initial sleeve 

than the modified sleeve. The maximum TKE values in 

the suction impeller with initial sleeves are 2.41m2/s2, 

4.10m2/s2, and 5.35m2/s2 at 𝑄/𝑄𝐵𝐸𝑃=0.75, 1.00 and 

1.25, respectively. The maximum TKE values were 

reduced to 1.65m2/s2, 1.55m2/s2, and 1.45m2/s2 at 

𝑄/𝑄𝐵𝐸𝑃=0.75, 1.00, and 1.25, respectively, in the suction 

impeller inlet with modified sleeve. At 𝑄/𝑄𝐵𝐸𝑃=0.75, 

1.00, and 1.25, the intensity of TKE is decreased from 

5.16m2/s2, 6.01m2/s2, and 8.15m2/s2 to 3.47m2/s2, 

3.47m2/s2, and 4.79m2/s2, respectively with installation 

of modified sleeve. The TKE intensity is reduced 

drastically at the inlet of suction and discharge 

impellers with modified sleeves. Hence, the eddies and 

vortices quantities are reduced drastically in the 

suction and discharge impeller flow passage with 

modified sleeves. The internal flow in the two-stage 

centrifugal pump became smoother and increased the 

pump efficiency.

In this study, the two-stage centrifugal pump with 

an opposed impeller is used to balance the axial thrust 

in the impeller. The total axial thrust forces FA acting 

on the impeller and the axial thrust coefficient CF are 

used to compare the thrust force in the impeller.









(5)

where, 𝐴
 

(=2𝜋𝑅𝑏) is the impeller exit area (m2), 𝑢
 

is 

impeller peripheral velocity (m/s), 𝑅
 

is impeller outlet 

radius (m), and 𝑏
 

is impeller outlet height (m).

Fig. 21 shows the axial thrust coefficient comparison 

in the suction impeller. The thrust coefficient magnitude 

in the initial sleeve is higher than in the modified 

sleeve. At 𝑄/𝑄𝐵𝐸𝑃=0.40, the thrust coefficient for 

initial and modified sleeves are –0.1297 and –0.0006, 

Fig. 19 Comparison of turbulence kinetic energy between 

initial and modified sleeves at suction impeller inlet

Fig. 20 Comparison of turbulence kinetic energy between 

initial and modified sleeves at discharge impeller inlet
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respectively. The negative value indicates that the 

thrust is exerted from the suction to the discharge 

sides of the impeller(22). The thrust coefficients in the 

suction impeller are –0.1064 and –0.0216 for initial 

and modified sleeves, respectively, at 𝑄/𝑄𝐵𝐸𝑃=1.50. A 

modified sleeve installation reduces the axial thrust 

magnitude in the suction impeller.

Fig. 22 shows the velocity triangle comparison at 

the inlet of the suction impeller. At ideal conditions, 

the flow enters the impeller radially, which implies 

that 𝛼1=90°, 𝑣𝑢1=0, and 𝑣1=𝑣f1. With a modified sleeve, 

the tangential velocity (𝑣𝑢1) at the inlet of the suction 

impeller is lower than the initial sleeve. The modified 

sleeve reduces the tangential component absolute 

velocity (𝑣1) and tends to make flow radial. Hence, the 

modified sleeve installation improves the flow 

characteristics in the two-stage centrifugal pump.

3.3 Suction performance of two-stage centrifugal 

pump

The cavitation number is calculated to evaluate the 

suction performance of the two-stage centrifugal 

pump with initial and modified sleeves.

 




 
(6)

where 𝜎
 

is the cavitation number, 𝐻
 

is the effective 

head of the two-stage centrifugal pump, 𝑝𝑖 is the inlet 

pressure of the two-stage centrifugal pump, 𝑝sat is 

saturated vapor pressure.

Fig. 23 shows the suction performance of the 

two-stage centrifugal pump with initial and modified 

sleeves. The critical cavitation number is high for the 

higher flow rates. The critical cavitation numbers are 

0.04, 0.14, 0.56, and 2.20 for the two-stage centrifugal 

pump with an initial sleeve at 𝑄/𝑄𝐵𝐸𝑃=0.60, 1.00, 1.25 

and 1.50, respectively.

At 𝑄/𝑄𝐵𝐸𝑃=0.60 and 1.00, the critical cavitation 

number is below 0.5. The possibility of cavitation is 

comparatively low at the low flow rates. The critical 

cavitation numbers are 0.02, 0.13, 0.50, and 1.56 at 

𝑄/𝑄𝐵𝐸𝑃=0.60, 1.00, 1.25, and 1.50, respectively, in the 

two-stage centrifugal pumps with modified sleeves. It 

shows that the critical cavitation number of a two- 

stage centrifugal pump with a modified sleeve is less 

than the initial sleeve. At 𝑄/𝑄𝐵𝐸𝑃=1.25, the critical 

cavitation number and suction heads are 0.56 and 

Fig. 22 Comparison of velocity diagram at the inlet of 

suction impeller

Fig. 21 Comparison of thrust coefficient between initial and 

modified sleeves in suction impeller

Fig. 23 Suction performance of two-stage centrifugal 

pump with initial and modified sleeves
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0.50, and 80m and 100m in a two-stage centrifugal 

pump with initial and modified sleeves, respectively. 

The suction head is increased from 37m to 73m, and 

the critical cavitation number decreased from 2.20 to 

1.56 at 𝑄/𝑄𝐵𝐸𝑃=1.50 with an installation of the modified 

sleeve in a two-stage centrifugal pump. Hence, the 

modified sleeve improved the suction performance of 

the two-stage centrifugal pump.

Fig. 24 shows a vapor volume fraction comparison 

in the impeller of a two-stage centrifugal pump with 

initial and modified sleeves. The vapor volume fraction 

legend indicates 0 and 1, which resemble water and 

water vapor, respectively. At 𝜎=0.56 and 𝑄/𝑄𝐵𝐸𝑃=1.25, 

the impeller with the initial sleeve succumbed with 

the vapor volume fraction. Fig. 25 indicates that the 

impeller with the initial sleeve is susceptible to 

cavitation. The impeller with the initial sleeve is 

covered with a larger area of vapor volume fraction at 

𝜎=0.56 and 𝑄/𝑄𝐵𝐸𝑃=1.50 than that of the impeller with 

a modified sleeve. It concludes that the impeller with a 

modified sleeve shows better suction performance and a 

low amount of vapor volume fraction.

3.4 Structural analysis of two-stage centrifugal 

pump

The discharge pressure is above 1000kPa in a two- 

stage centrifugal pump with a modified sleeve. The 

unidirectional FSI analysis is conducted to perform 

structural analysis in the two-stage centrifugal pump. 

Fig. 26 shows equivalent stress and deformation 

comparison in the two-stage centrifugal pump with 

initial and modified sleeves. The internal pressure is 

higher in the two-stage centrifugal pump with a 

modified sleeve. FSI analysis showed that fluid 

pressure is directly related to the equivalent stress 

and deformation. The equivalent stress is increased 

from 243 to 273 MPa in a two-stage centrifugal pump 

with an initial and modified sleeve. The deformation 

is 0.073 to 0.122 mm for a two-stage centrifugal 

pump with initial and modified sleeves, respectively. 

Fig. 25 shows that the equivalent stress is below the 

ultimate tensile stress. It concludes that the 

two-stage centrifugal pump with a modified sleeve 

has structural stability.

Fig. 27 shows the stress and deformation comparison 

in a two-stage centrifugal pump with initial and modified 

sleeves. The equivalent stress in the two-stage 

centrifugal pump is less than the allowable stress 

Fig. 25 Vapor volume fraction in suction impeller a) initial 

and b) modified sleeve at 𝑄/𝑄𝐵𝐸𝑃=1.50 and 𝜎=2.20

Fig. 24 Vapor volume fraction in suction impeller a) initial 

and b) modified sleeve at 𝑄/𝑄𝐵𝐸𝑃=1.25 and 𝜎=0.56

Fig. 26 FSI analysis comparison in two-stage centrifugal 

pump with initial and modified sleeves at 𝑄/𝑄𝐵𝐸𝑃=1.00
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with the initial and modified sleeve, which implies 

that the two-stage pump has structural stability. The 

deformation in the impeller is less than 0.2mm, which 

is below the clearance gap. Hence, the two-stage pump 

is structurally stable with an initial and a modified 

sleeve.

4. Conclusion

The two-stage centrifugal pump with an opposite 

impeller arrangement and crossover was designed for 

industrial purposes. The pump performance curves 

were evaluated using CFD analysis. The shaft sleeves 

design changed from edge to curved type. The shaft 

sleeves modification improved the two-stage centrifugal 

pump performance and internal flow characteristics. 

The modified shaft sleeve improved the pump efficiency 

from 56 to 77% at 𝑄/𝑄𝐵𝐸𝑃=1.00. Besides the pump 

efficiency, the modified shaft sleeve increased the 

pump head by 24.5% and decreased shaft input power 

by 28%. The modified shaft sleeve improved the internal 

flow behavior in the two-stage centrifugal pump. The 

modified sleeve reduced the recirculation flow and 

improved the pressure distribution in the impeller 

flow passages. A significant improvement in the 

suction head and vapor volume fraction is observed in 

the two-stage centrifugal pump with a modified 

sleeve. In contrast to high internal pressure, the 

two-stage centrifugal pump with a modified sleeve is 

structurally stability with equivalent stress and is 

remarkably below the ultimate tensile stress.

For future works, the parametric design and 

optimization of the shaft sleeve shape will be carried 

out to improve performance and internal flow 

characteristics in the two-stage centrifugal pump.
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