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Abstract:

During the last decades, the rapid changes in designing turbomachines and the demand for more efficient and reliable turbomachines is the reason for the scientists and industries to pass over the conventional single-blade propellers and to create counter-rotating turbomachines. Centrifugal pumps are used over a wide variety of applications because of their large operating range and compact size; however, unstable performance and high consumption of energy are two main challenges in pump operation that can be solved by designing more efficient pumps. The inducer is an axial impeller with a low head coefficient that can avoid unexpected cavitation at upstream of the centrifugal impeller. The use of a pump with the ability to rotate the two rotors independently of each other has caused a dramatic change in their efficiency. More stable head characteristic curve, larger operating range with higher performance, and less cavitation are some of the counter-rotating pump (CRP) advantages.

In this article, the CFD analysis of a centrifugal impeller with an inducer that can rotate independently is investigated. The effect of speed ratio on the counter-rotating centrifugal impeller with inducer is studied due to the different rotational speeds of inducer. The inducer and centrifugal impeller rotate with the same rotational speed and direction as a conventional pump which makes this step a reference to compare with new counter-rotating technology. Then, by changing the rotation speed of the inducer and keeping the same rotational direction, the effect of the speed ratio on the efficiency and static pressure of the pump in different flow rates is investigated. Finally, by reversing the rotating direction of the inducer and changing the speed ratio simultaneously, the effect of counter-rotation pump on the efficiency and static pressure is investigated and compared with the conventional pump.

Introduction

Centrifugal pumps are an essential part of the industry such as oil and petroleum industries because of their compact design and flexibility [START_REF] Mansour | Effect of tip clearance gap and inducer on the transport of two-phase air-water flows by centrifugal pumps[END_REF]. To achieve higher rotational speed in pumps, the inducer which is an axial impeller is installed in front of the main centrifugal impeller to reduce the Net Positive Suction Head Required (NPSHr) and avoid performance loss by increasing the inlet pressure of the impeller and developing the performance at the nominal point. The centrifugal impeller with inducer is used in many industries such as nuclear industry, aerospace, marine, and cryogenic propellant pumping. Recently, numerous studies have investigated the effect of inducer on the centrifugal impeller experimentally and numerically in both cavitation and non-cavitation conditions [START_REF] Coutier-Delgosha | Numerical Simulation of Turbopump Inducer Cavitating Behavior[END_REF]. Magne et al. [START_REF] Magne | Experimental Study of the Hydraulic Performances of Two Three-Bladed Inducers in Water, Water With Dissolved CO2, and Jet Fuel[END_REF] experimentally studied the effect of dissolved CO2 and jet fuel on the performance of a three bladed inducer and they found that in the non-cavitation condition the concentration of CO2 is not affecting the inducer efficiency for any rotational speeds, however, it has a major impact in the cavitation condition. The research of Kang et al. [START_REF] Kang | Effect of the number of blades on the performance and cavitation instabilities of a turbopump inducer with an identical solidity[END_REF] showed that increasing the number of inducer blades and solidity from 2 to 3 results in better efficiency. The term of inducer solidity is used by Hong et al. [START_REF] Hong | Effect of Solidity on the Performance of Turbopump Inducer[END_REF] to refer to the performances of the pump experimentally and numerically. The cavitation is affected by the number of blades and does not depend on the solidity. Campos-Amezcua et al. [START_REF] Campos-Amezcua | Numerical and experimental study of cavitating flow through an axial inducer considering tip clearance[END_REF] studied the cavitating flow through an axial two bladed inducer considering tip clearance. Kim et al. [START_REF] Kim | Characteristics of Cavitating Flow in Turbopump Inducer/Impeller[END_REF] investigated the cavitating flow in turbopumps consisting of an inducer and centrifugal impeller. Large inducer tip clearance caused the backflow near the tip and small tip clearance results in flow separation [START_REF] Kim | Effects of inducer tip clearance on the performance and flow characteristics of a pump in a turbopump[END_REF]. The effect of hub shape on the inducer efficiency is carried out by Mejri et al. [START_REF] Mejri | Hub shape effects on the inducers performance under cavitation[END_REF] and three different inducers with the big hub, small hub and conical hub were studied. The conical hub is unstable for all flow rates, however it has a good advantage through the cavitation coefficient of 5%, the big hub inducer is most stable and the small hub has a major instability below the design point.

The backflow vortex structure in the inducer is studied with Large Eddy Simulation (LES) to describe the details of the backflow vortex. The backflow extends upstream by reducing the flow coefficient and rotates as same as inducer rotation with half velocity in the backflow region [START_REF] Yamanishi | LES Simulation of Backflow Vortex Structure at the Inlet of an Inducer[END_REF]. However, there are a few studies on the complete inducer and centrifugal impeller because of the complexity of geometry and high computational requirements, indeed to analyze the pump efficiency and head characteristic, the whole geometry of the pump including inducer and impeller should be studied together. Kim et al. [START_REF] Kim | Numerical study on the effects of installing an inducer on a pump in a turbopump[END_REF] studied the effect of existing inducer on the centrifugal impeller and the results showed that in non-cavitating condition, the inducer increases the head and efficiency at low flow rate and decreases the head and efficiency in high flow rate. In this paper, the effect of independent rotation of the inducer on the head characteristic and pump efficiency is numerically studied. For the first step, the inducer and centrifugal impeller rotating in the same direction and the speed of inducer is changed. The effect of rotation in the opposite direction is studied in the second step by reversing the inducer geometry in order to rotate in opposite direction of impeller. The comparison of co-rotating and counter-rotating mode with different speed ratios is investigated in the final step.

Inducer and impeller specifications

The pump includes an inducer and centrifugal impeller is studied in this article. The closed centrifugal impeller is designed with inner diameter of 79 mm and outer diameter of 134 mm with 6 blades. The three bladed inducer is installed by 2 mm of distance at the upstream of centrifugal impeller. The inner diameter and tip diameter of the inducer is 24 and 78 mm respectively. The 1 mm of tip clearance is considered for the inducer.

Numerical method

The simulations are carried out using the commercial software Star CCM+ 15.06. The Reynoldsaveraged Navier-Stokes equations (RANS) are solved in a steady-state condition.

Geometry and mesh

The geometry is defined in different parts including inlet, inducer, centrifugal impeller, diffuser and outlet. The inducer and centrifugal impeller are considered as rotating parts whereas the inducer and centrifugal impeller are designed separately which allowed us to rotate them independently and to change the direction of the rotation for the inducer, however, it results in complex geometry and mesh process so the polyhedral mesh is applied to the domain using surface controls to achieve the higher accuracy during the simulation. The details of the mesh model are described in Table 1.

Model parameters and boundary conditions

The three-dimensional steady-state flow with constant density is considered as the flow model during the simulation and the k-ɛ standard model is applied as the turbulence model. The normal mass flow rate is applied for the inlet boundary condition and the static pressure outlet is applied at the outlet boundary condition.

Mesh independency

High computational consumption is always a limitation in the numerical simulation method hence choosing the right mesh is an important part of each simulation. On the one hand, the mesh should be fine to satisfy all conditions during the simulation and on the other hand, it should not increase the computational price and time. In this study, the sensitivity of the efficiency to 5 different meshes has been analyzed to reach the optimum number of mesh. The centrifugal impeller and inducer speeds are indicated by N1 and N2 respectively. The mesh independency is studied for the Design Operating Point (DOP) for N1=2960 rpm and N2=2960 rpm in co-rotation mode. As it is shown in Figure 1 there is a convergence in efficiency with the mesh consisting of 1388874 cells regarding that before this number the efficiency is sensitive to the number of cells and after this number the efficiency is still constant by increasing the number of cells and refine the mesh. The mesh 3 is considered as the reference for making all the simulations. The number of mesh for different parts of the pump is shown in Table 1. The steady-state model is applied to simulate the different rotational speeds of an inducer and centrifugal impeller. The speed of the centrifugal impeller is fixed at 2960 rpm (N1=2960) and the speed of the inducer is N2=1480, 2960 and 4000 rpm so the Speed Ratio (SR) is SR=N2/N1=0.5, 1 and 1.35 respectively. As shown in Figure 3 increasing the inducer speed leads to enhancement of efficiency for SR=1 and SR=1.35 at DOP. The curves can be classified into three different zones: Q ≤ 70 m 3 /h or Low Flow Rate (LFR), Q=70 m 3 /h or DOP and Q ≥ 70 m 3 /h or High Flow Rate (HFR). The efficiency and static head for the LFR are reduced by increasing the speed ratio, however, this trend will be reversed as the flow rate increases so it can be seen that in DOP there is about a 20% of enhancement in the efficiency for the SR=1.35 rather than SR=0.5 and the static head has approximately the same value for SR=0.5 and SR=1 and for SR=1.35, 9% of static head improvement is reached in DOP. This trend continues in the HFR by reaching 38% of improvement in efficiency and also 18% in the static head. It can be found that the static head produced by the inducer is negative for SR=0.5 at DOP which means there is no advantage of using low-speed ratio because of negative static pressure of inducer. The inducer static head for SR=1 is about 0.5m which is not acceptable to make enough inlet pressure for the centrifugal impeller to postpone the cavitation. Indeed, the static head for SR=1.35 has a significant rise and it reaches at 4m and it can be good choice to avoid cavitation of the centrifugal impeller by increasing the inlet pressure of the impeller. However, it should be noticed that increasing the speed of the inducer may results in cavitation in the inducer.

Counter-rotation mode

Reversing the inlet and outlet tip angle leads us to rotate the inducer in the reverse direction which results in Counter-Rotating Pump (CRP). The speed ratio of SR=-0.5, -1 and -1.35 are applied for counter-rotation mode respectively. The results analysis demonstrated the lower efficiency for higher SR in LFR, more efficiency for higher SR in HFR and the same efficiency for SR=-1 and -1.35 at DOP. However, the difference in the efficiency reduction in LFR is more significant in CRP and this difference remains until the DOP. The graph shows that there has been a sharp rise in efficiency at DOP for SR=-1 and -1.35. The counter-rotation mode plays an important role in the static head in comparison of the co-rotation mode as seen in Figure 4. By increasing the flow rate, the difference of static head is increased as it can be seen in Figure 4. The static head of the pump is growth by 35% for SR=-1 and 49% for SR=-1.35 at DOP which is a significant move. The static head of the inducer shows that for SR=-0.5, the inducer makes a negative pressure at DOP which is not acceptable for centrifugal impeller and for SR=-1 the inducer makes the same value of co-rotative. Whereas the static head of inducer for SR=-1.35 is 4m which is the best choice to avoid cavitation of the centrifugal impeller. 

Comparison of co-rotation and counter-rotation

The analysis of the head and efficiency curves in both co-rotation and counter-rotation modes confirmed that counter-rotation mode always gives more head in LFR zone, however this improvement depends on the speed ratio. For SR=-0.5 the results show about 4% of improvement in the static head in LFR zone, however there is a smooth reduction in total efficiency less than 2% for counter-rotation mode. The strong head drop for SR=-0.5 in comparison of SR=0.5 can result in less static head in DOP with approximately the same efficiency. By increasing the flow rate and passing the DOP the head and efficiency curves have a steep drop that makes the counter-rotation a bad choice for SR=0.5. According to Figure 5, increasing the speed of the inducer to 2960 rpm and reaching SR=-1 affected the efficiency and static head curve significantly for counter-rotating mode. The results show the 8% of improvement in the static head for the lowest flow rate (Q=3.6 m 3 /h) in counter-rotation mode and about 26% at Q=36 m 3 /h. So, it can be concluded that the effect of counter-rotation varies between 8-26% in LFR zone. There is a reduction in efficiency for counter-rotation mode in LFR zone between 3-10%. The SR=-1 showed good static head enhancement in DOP point by 16% percent of improvement in static head and keep the same efficiency which indicates the effectiveness of counter-rotating mode. The efficiency for SR=±1.35 is approximately the same value of SR=±1 and both of them are higher than SR=±0.5 at DOP. 

Pressure distribution

The main purpose of using an inducer at upstream of the centrifugal impeller is to improve the inlet pressure of the impeller and avoid cavitation in the impeller. Thus, the pressure distribution in the inducer plays an important role to achieve this goal. Figure 6 shows the pressure distribution in the inducer for different SR at DOP and it is clear that the pressure distribution in the inducer is not strongly affected by direction of rotation and it only depends on rotational speed and there is almost the same pressure distribution for co-rotating and counter-rotating mode. The pressure for SR=±0.5 is slightly falling from the inlet to the outlet of the inducer and it is negative at the outlet. For SR=±1 the pressure is reduced until the middle of the inducer and it will be increased after passing the second blade, however, this rise is not enough to reach the high outlet pressure. In contrast for SR=±1.35, the pressure continues to rise through the inducer blades and it makes the acceptable outlet pressure for the inducer which is the inlet pressure of the centrifugal impeller. Regarding the pressure distribution around the inducer, it can be seen that although using the highspeed inducer in front of the impeller can increase the inlet pressure of the impeller and reduce the chance of cavitation in the main impeller but there is a probability of cavitation phenomena which can occur around inducer. Figure 7 shows the pressure distribution around the inducer with SR=0.5 which clearly shows the local pressure drop at the tip of the first inducer blade. This local pressure drop can result in cavitation around the blades and damaged the inducer. The local pressure drop for both corotating and counter-rotating have approximately the same behavior. As shown in Figure 7 increasing the speed ratio to SR=-1.35 may spread the local pressure drop to all three blades of the inducer because of higher rotational speed but the amount of pressure drop is much less than SR=0.5 which means a lower chance of cavitation in terms of local pressure drop. The flow analysis of the pump showed a permanent circulation between the inducer and centrifugal impeller resulting from the free space between the inducer and the impeller. According to Figure 8, both changing the rotational direction of the inducer and increasing the rotational speed can lead to less circulation between the inducer and impeller. Indeed, by increasing the SR for co-rotation mode, the number of little circulations between inducer and impeller are merged and makes a large circulation between the inducer and impeller shafts. It can be found that the amount of little circulation is less in counter-rotation mode even for lower rotational speed and by increasing the SR the circulation patterns will slightly disappear between two shafts, however, they still exist in the flow and don't be completely removed. 

Conclusion

The effect of an independent inducer on the centrifugal impeller has been studied in this paper. The results are obtained for two different conditions in terms of co-rotating and counter-rotating modes. Simulations are carried out for three different rotational speeds of the inducer which leads to comparing the effect of SR on the head and efficiency of the pump in both co-rotation and counterrotation mode. The results can be classified based on SR in 3 main parts:

1) For SR=±0.5, the counter-rotating mode showed fewer static head at DOP rather than corotating mode. However, the low efficiency and also the negative static head of the inducer for both rotating directions at DOP confirm that the SR=±0.5 is not a good idea to postpone the cavitation because of the lower inlet pressure of the centrifugal impeller and higher probability of cavitation in the impeller. 2) For SR=±1, there is an obvious improvement in efficiency when the inducer rotates with the same speed of the centrifugal impeller in both rotating directions at DOP. There is no important change in the static head of the pump in co-rotation mode in comparison to the SR=0.5, whereas, the static head of the pump rises about 34% at DOP in counter-rotating mode. The static head of the inducer in both rotating directions are same and less than 1m which indicates that the inlet pressure of the centrifugal pump rises less than 1m in SR=±1 and the inducer still does not play an important role to postpone cavitation in the centrifugal impeller. 3) For SR=±1.35, the static head of the pump in co-rotation is fewer than SR=-1 and higher than SR=1, in contrast, the static head for counter-rotating mode is around 22% more than SR=-1 with the approximately same efficiency. The effect of inducer on cavitation of centrifugal impeller has been much more interesting because of the higher static head of inducer which means more pressure at the inlet of the centrifugal impeller and lower chance of cavitation in the impeller.

In summary, the simulation of independent inducer and centrifugal impeller demonstrated a major effect of inducer speed and rotating direction on the performance and static head of the pump. According to the Figure 4 and Figure 5, the static head of SR=-1.35 is approximately 5m higher than SR=±1 at DOP and simultaneously the static head of inducer is 4m higher. It makes the possibility to keep the rotational speed of inducer equal to 4000 rpm and rotate the centrifugal impeller with lower speed and reach the higher SR in counter-rotating mode which has the advantage of the same static head of the pump and inducer in comparison to SR=±1 and lower chance of cavitation in centrifugal impeller as a result of lower speed of rotation. Although the results of this study showed the higher speed of inducer may results in lower chance of cavitation in centrifugal impeller thanks to the more static head of inducer, it should be noticed that by increasing the speed of inducer, the probability of cavitation in inducer will be rise. This study is a numerical investigation and the basis research for the future experimental tests of independent inducer and centrifugal impeller that will be performed at Laboratoire d'Ingénierie des Fluides et des Systèmes Énergétiques (LIFSE) in Arts et Métiers Paris.
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Table 1

 1 Details of different mesh parts

		Mesh 1	Mesh 2	Mesh 3	Mesh 4	Mesh
	Inducer	38218	72670	106010	190948	
	Impeller	46803	86993	357926	577816	1343042
	Inlet	29980	44360	71200	80840	
	Outlet	12780	13340	30000	110620	
	Diffuser	98639	194116	823738	1822387	3826533
	Total	226420	411479	1388874	2782611	6177238