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Abstract: An inducer is one of the most important components of centrifugal pumps, whose presence will 

result in a significant increase in hydraulic performance and pump efficiency. The primary function of the 

inducer, however, is to delay the destructive phenomenon of cavitation, which has presented a considerable 

design challenge. Nevertheless, the amount of improvement and increase in inducer performance in both 

cavitation and non-cavitation modes depends critically on the radial laxity of the blade tip. As part of this 

study, the performance of the inducer in the cavitation state has been simulated and compared with the 

experimental data, which are in good agreement. This paper examines the effect of blade tip lagging on 

cavitation, and the results indicate that this will improve cavitation and delay this destructive phenomenon 

but will negatively affect the non-cavitation performance. With the increase in clearance, the range of the return 

current will increase at the tip of the inducer blade as well. 
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1. Introduction 

An inducer is a type of axial impeller that is used in turbo pumps and can be used in low inlet 

pressure mode. Inducers are usually used as a type of auxiliary pump or booster due to the low thrust 

pressure it produces. Basically, the booster will be placed before the main pump. At low specific 

speeds, inducers and pumps can both work in a non-cavitation regime, but by increasing the specific 

speed or decreasing the suction height, the inducer can experience a cavitation phenomenon. 

Inducers in rocket refueling system pumps, destructive water jet centrifugal propellers, nuclear 

power, the oil industry, the food industry, have the best performance for pumping fuel and cryogenic 

rocket fuel so that they increase the power-to-weight ratio. An inducer is a turbo machine that is 

placed at the inlet of turbo pumps to reduce the negative effects of pressure drop, mechanical 

corrosion, and instability at the fluid inlet to the turbo pump. The inducer and suction impeller 

should be designed so that no pulsation occurs during a load operation. The suction performance 

increases little by little with the increase in water temperature [1]. In fact, it can be said that the main 

reason for using inducers in centrifugal pumps is to prevent the destructive phenomenon of 

cavitation. Studies in experimental or simulation theory aspects regarding this phenomenon have 

been challenging. In recent years, with the development of theoretical modeling, numerical methods, 

and computer codes, the effect of many cavitation models has been proposed and used in industry 

[2]. It is a major concern for various application areas including pumps, inducers, marine propulsion, 

fuel injectors, and liquid oxidizers [3,4]. In fact, cavitation causes corrosion and rust [5]. The influence 

of blade tip slack and hydraulic performance of the three-blade inducer was investigated using 

computational fluid dynamics and this 3D model was simulated in Ansys CFX commercial software 

[6]. The results showed that when the inducer rotates at lower flow rates, the static pressure increases, 

and as a result, the hydraulic efficiency improves. They also found that increasing the slack between 

the tip of the vane and the inducer casing will increase the hydraulic penetration loss and also 

increase the return flow at the inducer inlet [7]. In the research, they identified the main forms of 
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flow-induced instabilities in the modern missile inducer. The instabilities in turbo pumps are rotary 

stall, rotary cavitation, surge, etc Shojaeefard et al. investigated the multi-objective optimization of 

the centrifugal pump inducer for the first time [1]. Using artificial neural networks and multi-

objective genetic algorithms [8,9], they were able to improve the hydraulic efficiency, head coefficient, 

and positive suction speed for by 0.3%, 14.3%, and 30.2%, respectively. Guo et al. [10] investigated 

the effect of rotational speed on the performance of a centrifugal pump with a variable pitch inducer. 

Changes in rotational speed will affect the internal flow. To improve the anti-cavitation performance 

of the centrifugal pump, they placed an inducer with a variable pitch upstream of the impeller and 

showed that the anti-cavitation performance of the pump will become unfavorable with increasing 

rotational speed. Also, by increasing the rotational speed of the inducer, the static pressure will also 

increase, that is, the static pressure will gradually increase from the inlet to the outlet of the inducer. 

Kim et al. [11] investigated the effect of inducer vane tip slack on the performance and flow 

characteristics of an inducer-equipped pump using computational fluid dynamics. They showed that 

by increasing the tip slack, the head and hydraulic efficiency of the inducer increased. Also, vortices 

will be produced between the inducer blade and the casing. Since more vortices will be created in the 

tip areas of the blade, more complications will be created in the development and instability of 

cavitation, such as the return flow, which will be significantly affected by the inducer casing [12–14]. 
The aim of this research is to simulate the three-dimensional inducer of the centrifugal pump in 

cavitation mode and to investigate the effect of the clearance of the blade tip on the hydraulic 

performance. The results of this numerical solution have been compared with experimental data. The 

result of this numerical solution with very good accuracy is close to the experimental data so the 

average error was less than 4%. After equalizing the results and ensuring the correctness of the results 

obtained from the numerical solution, to investigate the effects of clearance. The tip blade is treated 

in cavitation mode. The results showed that by increasing the radial slip coefficient of the inducer tip, 

the return flow near the tip of the blade will increase, but the amount of water vapor bubbles due to 

the formation of cavitation has improved. 

2. Numerical modeling 

The discussed inducer as suggested by [1] in the Alta SPA laboratory was designed in Italy, and 

its results have been tested. This inducer has three blades with variable steps and its hub is conical. 

The inlet and outlet angle of the blade tip will be 83.1 and 74.58 degrees, respectively, and its strength 

value will be around 2.03. Also, the inlet and outlet radius of the hub are 35 and 58.5 mm, respectively. 

In addition, the average blade height for this inducer is 29.5 mm. Figure 1 shows an isometric view 

of the modeled inducer geometry. It is also worth mentioning that the rotation speed for this inductor 

is 3000 rpm. 

 

Figure 1 Isometric view of the studied inducer geometry. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2023                   doi:10.20944/preprints202309.1024.v1

https://doi.org/10.20944/preprints202309.1024.v1


 3 

 

3. Governing equations 

The governing equations for modeling the fluid flow inside the duct are continuity and 

momentum equations according to equations (1) and (2): 𝜕𝜕𝑥௜ (𝜌𝑢ത௜) = 0 (1) 𝜕𝜕𝑥௝ ൫𝜌𝑢ത௜𝑢ത௝൯ = − 𝜕𝑝̅𝜕𝑥௜ + 𝜕𝜕𝑥௝ (𝜇 𝜕𝑢ത௜𝜕𝑥௜ − 𝜌𝑢ത௜𝑢ത௝) (2) 

So that 𝑝̅ the average pressure, μ is molecular viscosity and −𝜌𝑢ത௜𝑢ത௝ Reynolds stress. This model 

is based on the hypothesis [15] that relates the Reynolds stress to the velocity gradient. To describe 

the effective viscosity, the turbulence model RNG k − ε has been accepted, which was first proposed 

by [16,17] was used. 
Rayleigh-Plesset cavitation model is also used in this modeling. Cavitation equations based on 

the Rayleigh-Plesset equation [18,19]. It has been done to estimate the rate of vapor production. For 

a vapor bubble gathered around a liquid, the dynamic growth of the bubble is described using the 

Rayleigh-Plesset equation as equation (3): 

3
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(3) 

Where R is the radius of the bubble, Pv the vapor pressure in the bubble, P is the pressure around 

the liquid and ρ is the density of the liquid. The above nonlinear differential equation with the Euler 

framework is very difficult for multiphase flow, so we write it as Equation (4): 
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4. Grid and boundary conditions 

One of the most important stages of simulation using computational fluid dynamics will be 
networking and testing independence from the network. To model the inducer and investigate the 

effects of fluid circulation, the volume of fluid passing through the inducer chamber will be obtained 

according to Figure 2. The grid is created in an unorganized and tetrahedral type, which can be seen 

in Figure 3 on the computational domain of fluid dynamics. As can be seen, the density and 
concentration of the network near the blades is higher than other areas. To ensure the accuracy of the 

results, the network independence test has been used. The boundary conditions are such that the 

total pressure boundary condition is used in the input of the calculation domain, and the output 
boundary condition is the mass flow rate. Also, the casing wall will rotate .The number of elements 

considered for this grid is 745926, which is the minimum grid quality of 0.34. 

 

Figure 2 Computational domain of inducer. 
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Figure 3 Grid without organization on the Inducer domain 

5. Numerical solution 

Numerical simulation and verification of the results have been done using computational fluid 

dynamics. As mentioned earlier, from three-dimensional equations Navier-Stokes (RANS) as well as 

turbulence model RNG k-ε and Rayleigh-Plesset cavitation model have been used to model the 

inducer in cavitation mode. According to the obtained results, it can be seen that the results have very 

good accuracy and are in agreement with the experimental data. The average error in this case was 

less than 4%. To discretize the three-dimensional Navier-Stokes equations and turbulence equations, 

the first-order method has been used. For most cavitation simulations, the homogeneous flow model 

is used, where two liquid phases and a vapor phase are calculated by cavitation models for mass 

transfer. The intensity of turbulence in this problem is assumed to be 5%. To equalize the results in 

the cavitation mode, the inducer rotates with a rotation speed of 3000 rpm, and the ratio of the 

clearance to the average blade height (c%) in this mode has been 2.7. In the following, different values 

will be simulated to investigate the effect of the radial lagging factor of the blade tip. 

6. Validation 

As mentioned, the validation of the results has been done using computational fluid dynamics 

and has been compared with experimental data. Cavitation performance results for the design 

point  𝜙ௗ = 0.059  And the proposed point 1.05 𝜙ௗ has been simulated with computational fluid 

dynamics results. The cavitation number can be obtained using equation (12): 

1
2 2

 0.5 Ω
v

T

p p

r
σ

ρ

−
=

 
(5) 

The cavitation diagram should be drawn at a constant flow coefficient and rotation speed, with 

a gradual reduction of the inlet pressure from atmospheric pressure to the minimum possible 

pressure. In all cases, the rotational speed value is equal to 3000 rpm and the clearance of the tip to 
the average blade height is equal to 2.7. Figures 4 and 5 show the comparison of the experimental 

data with the results obtained from the simulation at the design point and 1.05 𝜙ௗ respectively. As 

it is clear in both graphs, the drop created is due to the formation of cavitation in the inducer. In 

conditions where cavitation has not yet occurred (non-cavitation region), an almost flat line is 
observed. The difference between numerical simulation results and experimental results in this part 

is less than 2 %. From a numerical point of view, when the cavitation number decreases, there is a 

slight drop in the pump performance; that this difference can be considered as a result of the 

clearance which is ignored in the numerical simulation. 
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Figure 4 Cavitation performance at 𝜙ௗ and temperature 17.3 °C. 

 

Figure 5 Cavitation performance at 1.05 𝜙ௗ and temperature 17.3 °C. 

Figure 6 shows the emergence of cavitation on the inducer surfaces in the coefficient of partial 

flows using the numerical solution (left side), which is compared with the experimental results (right 
side). The emergence and growth of the vapor/liquid region on both sides of the vane is quite clear. 

Finally, with the progress of cavitation, the entire channel is filled with vapor. By bursting these 

bubbles, the destructive effects of cavitation will cause a severe drop in turbopump performance. 

The outer white and red shapes show the biphasic region. It can be stated that the first point of 

cavitation will be at the attack edge of the vanes, this area occurs in a higher vapor volume fraction 

than other areas [4]. 
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Figure 6 Occurrence of cavitation on inducer surfaces in numerical mode (left side) and experimental 

mode (right side). 

7. Investigating the effect of tip clearance 

One of the most basic and important parameters in the design of inducers is the amount of 

clearance of the blade tip, which will have a great effect on the inducer performance in both cavitation 

and non-cavitation modes, which has become a huge challenge in the field of turbopumps . In this 

research, an attempt has been made to investigate the occurrence or non-occurrence of cavitation by 
examining this parameter. Non-cavitation performance is less sensitive to tip slack changes 

compared to cavitation performance. To investigate the effects of the ratio of clearance to the average 

blade height on the cavitation performance, four modes have been investigated. Figure 7 shows the 
cavitation performance diagram of the pump in four different modes c%=2.7, 3.9, 6.8, 12.3. This graph 
was obtained at a temperature of 17.3°C and a rotational speed of 3000 rpm at the design point .
According to the non-cavitation performance results, with the increase of c% the head coefficient, the 

pump performance decreases. In general, the critical cavitation number has an effect on the clearance 

of the blade tip, while this effect will be very small at the design point. As it is clear in Figure 7, in the 

cavitation area, the head drop is delayed c% by increasing the critical cavitation number, but it should 

be noted that the value cannot be increased as much as possible to delay the cavitation .It should be 

noted that the performance near the curved knee shows that the optimal amount of slack is equal to 

1 percent of the chord, which generally agrees with the results of the blade tip slack in the cavitation 

radius [20]. With the increase of clearance, the head will decrease and according to this change, the 
critical cavitation number will increase [21]. 

 

Figure 7 Cavitation performance in the ratio of clearance to the average blade height at a temperature 

of 17.3 °C and a rotational speed of 3000 rpm. 

The speed in the axial direction (Figure 8 on the right) and in the radial direction (Figure 8 on 

the left) from the hub to the duct opening at the design point has been obtained. As the radius 

increases ,the axial velocity increases with a negative slope for both cases c%. The reason for this is 
that at a constant rotational speed, the speed also increases with the increase of the radius from the 

hub to the tip. The axial speed is 𝑐% = 2.7higher than 𝑐% = 6.8but at r=0.071 m, this result will be 

reversed. This result is caused by the formation of vorticity and reverse flow at the tip of the blade, 

which will reduce the speed. It also increases with the increase c% of return currents near the hub, 

which results in an increase in axial velocity from the hub up to r=0.0716 , but from r=0.0716 to the 

tip, due to the fact that c% more space is placed for the current to pass. This happens. Also, with the 

increase of the radius, the rotation speed increases with a positive slope, but the rotation speed 

increases with the amount c% decreases. In general, the rotational speed will be higher than the axial 

speed because the inducer converts the axial speed to the rotational speed  .  
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Figure 8: Axial velocity (left) and radial velocity (right) at the outlet of the duct from the hub to the 

casing. 

Figure 9 shows the volume fraction of vapor on the blades of the inducer. Case A, which the 
volume fraction of vapor in 𝑐% = 2.7 And 𝜎 = 0.071 It shows less vapor than case B which has the 

same clearance  𝜎 = 0.03 , which means that less area is cavitated, also in the case C with 𝑐% =6.8and   𝜎 = 0.071 It has less vapor than case A. Case D will also have 𝑐% = 6.8a lower volume 

fraction than case B in one σ. By comparing case A and C It can be seen that the maximum volume 

fraction of vapor in case C is about 57% lower than case A. In fact, with the increase 𝑐%  of the 

maximum, the volume fraction of vapor decreases and a smaller area undergoes cavitation. Also, 

with the decrease of the flow coefficient, the value increases and cavitates a larger area. At 𝜎 = 0.071 

which is located near the critical point of cavitation, the beginning of cavitation bubbles and the 
largest amount of volume fraction of vapor is at the edge of attack, and with the decrease of the 

maximum cavitation number, this amount is transferred downstream. The volume fraction area 

shown on each vane is slightly different from the other due to the non-uniform flow field created by 

the suction action. 

  

  

 

(A) (B) 

(C) (D) 
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Figure 9 The contour of vapor volume fraction on the inducer vanes from the front view. 

The volume fraction rate of vapor in the volume area of vapor in the mentioned states can be 

seen in Figure 10. Actually, the evolution of cavitation occurs by decreasing the cavitation number. 

The volume of the area that includes cavitation increases. Case A and C are the first cavitation 
formation points that are formed near the tip of the blade next to the leading line. With the increase 

of the clearance (case C), this volume of the area is much less and this volume fraction rate of vapor 

is so low that the probability of cavitation is less. 

  

  

 

Figure 10 Vapor volume fraction rate on inducer vanes 

8. Conclusion 

As part of this research, numerical simulations of inducers operating in cavitation mode were 

performed using computational fluid dynamics, and their results were compared with those obtained 

in the laboratory. The numerical simulation of the cavitation mode was in good agreement with the 

experimental data so that the average error at the design point was less than 4%. As a result of 

neglecting the effects of clearance in this verification, a difference was observed in partial cavitation 

numbers. A study of the effects of tip clearance in the cavitation mode is presented in the following 

section on the basis of the validity of the results. As the tip clearance of the tip increases, the non-

cavitation function of the inducer is reduced, but cavitation is delayed. Furthermore, it has been 

observed that the leading edge and the tip of the blade initiate cavitation in inducers.  
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