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Abstract 

The purpose of the present research is to suppress cavitation instabilities by using a circumferential groove. The 
circumferential groove was designed based on CFD so that the tip leakage vortex is trapped by the groove and does not 
interact with the next blade. Experimental results show that the groove can suppress rotating cavitation, asymmetric 
cavitation and cavitation surge. However, weak instabilities with higher frequency could not be suppressed by the 
groove. From the analysis of pressure pattern similar to that for rotor-stator interaction, it was found that the higher 
frequency components are caused by the interaction of backflow vortices with the inducer blades. 
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1. Introduction 
The suppression of cavitation instability is one of the most important issues for the design of reliable turbo-pump inducers for 

rocket engines. Until now, various cavitation instabilities have been identified [1], including cavitation surge, rotating cavitation, 
and their higher order modes. They may cause high dynamic loads on the shaft and the blades, and threaten the reliability of the 
engine. 

In parallel with the theoretical and numerical researches [2~6] to clarify the characteristics of cavitation instabilities, various 
experimental studies for the suppression of cavitation instabilities were made. Kamijo et al. [7] have used enlarged casings, Kim et 
al.[8] have installed asymmetric obstacle plates in the suction pipe. Although these methods were effective for the suppression of 
particular cavitation instability, cavitation instabilities were not suppressed completely and the suppression mechanism was not 
clear. 

By using axial grooves on the casing, Shimiya et al [9] have found experimentally that cavitation instabilities can be avoided by 
avoiding the interaction of tip cavities with the leading edge of the next blade. Recently, authors have found that there exists a 
disturbance flow toward the trailing edge of tip cavity. It reduces the incidence angle to the next blade and causes cavitation 
instabilities [10]. This also suggests that cavitation instabilities can be suppressed by avoiding the interaction of the tip cavity with 
the leading edge of next blade. Based on this design guideline, three inducers were designed to avoid cavitation instabilities and 
they stably operated without cavitation instabilities [11].  

For a transonic axial compressor, it was shown [12] that the stall margin can be improved by controlling the tip leakage vortex 
by using circumferential grooves. The purpose of present research is to suppress cavitation instabilities by using a circumferential 
groove. The circumferential groove was designed using a CFD so that the groove can trap tip cavities and avoid the interaction 
with the next blade. It was found that the groove can suppress rotating cavitation, attached cavitation and cavitation surge. 
However, weak higher frequency components could not be suppressed by the groove. From the analysis of pressure pattern similar 
to that for rotor-stator interaction, it was found that the higher frequency components are caused by the interaction of backflow 
vortices with the inducer blades. 
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Fig. 2 Test facility  
 

2. Experimental and Computational Methods  
2.1 Experimental Method 

Figure 1 and Table 1 show the leading edge geometry and geometrical properties of the inducer tested. The inducer has three 
blades with backward swept leading edge with the diameter of 149.8mm. The leading edge sweep angle is 95.2°, as shown in 
Fig.1. At the blade tip, the inlet and outlet blade angles are 7.5° and 9.0°, respectively. The blade angle β(r) is determined by the 
helical condition of r×tan β(r)=Rt×tan βt , where r is the radius, Rt is the radius of the impeller, and βt is the blade angle at the tip. 
The design flow coefficient φd of the original inducer is 0.078. The flow coefficient  φ is defined as v1/Ut, where v1 is the mean 
axial velocity in the plane at z/Dt=0, and Ut is the tip speed of the inducer. 

Figure 2 shows the test facility. It is a closed type cavitation tunnel. The inlet pressure was adjusted by controlling the tank 
pressure with a vacuum pump. The flow rate φ was controlled by the butterfly valve located downstream of the impeller. The 
impeller is driven by an inverter motor. The working fluid is water at room temperature. 

Figure 3 shows the details of the test section around the inducer with a straight casing. For the evaluation of static pressure 
coefficient ψs defined as (p2-p1)/(ρUt

2), the inlet and outlet static pressures, p1 and p2, were measured at the locations 302mm 
upstream and 66mm downstream of the blade leading edge at the tip, respectively. For the examination of cavity oscillation, the 
inlet pressure fluctuations, pa and pb, were measured by pressure transducers flush mounted at the location 44mm upstream of the 
blade leading edge at the tip. The transducers are installed with circumferential interval of 90° to identify the mode of instabilities. 
The axial coordinate z is set in the downstream direction from the origin (z/Dt=0) at the leading edge of blades at root shown in 
Fig.1. 

During the operation of the pump, the flow rate, the static pressures at the inlet and outlet of the impeller, the fluctuating 
pressure at the inlet, the water temperature and the rotational speed of impeller are transferred to a computer through an A/D 
converter. The casing was made of transparent acrylic resin for visual observation. Pictures were taken by a high-speed camera 
with the frame rate of 4500 frame/sec.  

Fig. 1 Geometry of inducer

Table 1 Main specifications of inducer
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Fig. 4 Computational domains for steady and unsteady calculations

(a) One blade channel for steady calculations

(b) All blade channels for the unsteady calculation

Groove domain

Inducer domain

 
2.2 Computational Method 

A commercial software, ANSYS-CFX11.0, was used for the simulation of the cavitating flow through the inducer. Three-
dimensional Reynolds averaged Navier-Stokes (RANS) equations were solved by finite volume method with hybrid unstructured 
grids. The k-ω turbulence model was used. The cavitation model is based on the homogenous multiphase flow framework of the 
CFD solver taking into account the dynamics of cavitation bubbles by solving a simplified Reyleigh-Plesset equation [13]. The 
effect of cavitation is taken into account by adding a special source term into the continuity equation. The working fluids were 
water and its vapor. The total pressure and no circumferential velocity were specified at the inlet and the mass flow rate was 
specified at the outlet. The rotational speed was fixed at 3000rpm, which is the same as the experiment. The groove and inducer 
meshes with non-matching interfaces were used as shown in Fig.4(a) and the continuities of mass and momentum are assumed at 
the interface. The mesh in the tip gap is also non-matching with radial meshes. 

For the steady calculations, the flow in one blade channel was calculated by assuming the circumferential periodicity as shown 
in Fig.4.(a). The number of cells in the inducer is about 2,200,000 and about 150.000 in the groove. The lengths of inlet and outlet 
pipes are 5.4 and 5.6 times the diameter of impeller, respectively. The result of noncavitating flow was used as the initial value for 
the simulation of cavitating flow. For the unsteady calculation, all blade channels of the inducer were calculated as shown in 
Fig.4(b). The time step is 1/400 of a revolution of the impeller and the second order schemes in space and time were used. The 
number of computational cells of all blade channels is 3,800,000. The lengths of inlet and outlet pipes are 13.0 and 5.6 times the 
diameter of impeller, respectively. To obtain stable solution, the inlet pipe was enlarged as shown in Fig.4(b). The result of steady 
calculation was used as the initial value for the simulation of unsteady cavitating flow.  

 
 
 

Fig. 3 Test section
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Fig. 5 Geometry of circumferential grooves

Straight 
casing

Grooved 
casing

η (σ=∞) 0.784 0.763

ψs (σ=∞) 0.1263 0.1213

ψs(σ=0.10) 0.1256 0.1190

ψs(σ=0.04) 0.1267 0.1214

Table 2 Static pressure coefficient at φ/φd=1.0

 

 
 

3. Computational Results  
3.1 Design of Circumferential Grooves  

The design concept of circumferential groove is to trap the tip leakage vortex in a circumferential groove, which would be 
helpful to avoid the interaction of tip cavities with the leading edge of next blade. Firstly, we numerically investigated the effect of 
groove geometries on the tip leakage vortex and found the optimum geometries to “pack” the tip leakage vortex in the 
circumferential groove.  

Figure 5 shows the geometry of circumferential groove tested. The width of groove is 19.5mm and the upstream edge is located 
3.5mm upstream of the leading edge of blade tip. The depth of groove is 10mm for the impeller with diameter 149.8mm.  

Table 2 shows the hydraulic efficiency η  and static pressure coefficient ψs obtained from the calculation. The hydraulic 
efficiency was evaluated from 
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where, v is the absolute velocity, vθ is the absolute circumferential velocity, ω is the angular velocity and the suffix numbers of 1 
and 2 show the inlet and outlet. With the grooved casing, the pressure coefficient and hydraulic efficiency are slightly lower than 
that with the straight casing. 

3.2 Flow Characteristic 
Figure 6 shows the cavity geometries at σ =0.04. The cavitation number σ is defined as (p1-pv)/(ρUt

2/2) where pv is the vapor 
pressure and p1 is the inlet pressure at the location shown in Fig.3. The cavity is shown by the isovalue surface with the void 
fraction α=0.01. With the grooved casing, the cavity volume is remarkably reduced as compared with the straight casing and the 
separating point of tip leakage vortex cavity is moved downstream. 

To clarify the effect of cavity, the velocity disturbance caused by the cavity was evaluated by subtracting the velocity of non-
cavitating flow from that of cavitating flow. The disturbance velocity vectors and void fraction distributions in z-θ and r-z planes 
are shown in Fig.7. With the straight casing, the disturbance flow near the cavity trailing edge has an axial component which 
reduces the incidence angle to the next blade. It has been shown that the axial disturbance flow causes alternate blade cavitation, 
cavitation surge and rotating cavitation [10]. With the grooved casing, the disturbance flow is weaker and no positive axial flow is 
found near the leading edge of the blade. This is preferable to suppress cavitation instabilities. 

Figures 8 and 9 show the velocity vectors and void fraction distributions at φ/φd=1.0 and σ=0.04 in r-z planes. With the straight 
casing, the tip leakage vortex core appears near the leading edge at blade tip shown in Fig.8(a), and then it extends upstream as θ 
is increased. The cavity appears not in the tip leakage vortex but in the lower pressure region around the junction of blade suction 
surface and the casing. 

 
 

(a) Straight casing (b) Grooved casing 

Fig. 6 Comparison of cavity geometry at φ/φd=1.0, σ =0.04 and α =0.01
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Fig. 7 Disturbance velocity vector and void fraction distribution at r/Rt=0.98, φ/φd=1.0 and σ=0.04

(a) Straight  casing (b) Grooved casing      

Groove
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Fig. 8 Velocity  vector and void fraction distribution in meridional planes
with the straight casing at φ/φd=1.0 and σ=0.04
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Fig. 9 The same as for Fig.8 with the grooved casing
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With the grooved casing, the tip leakage vortex cavity develops only in the circumferential groove. The vortex is enhanced by 

the jet at θ=170° from the clearance between the pressure surface of the blade and the rear wall of the groove. At θ=110°, a weak 
cavity is observed on the pressure surface. This is caused by the interaction with the tip leakage vortex cavity. However, the head 
ψs= 0.1214 at σ=0.04 is not significantly lower than the head ψs= 0.1213 under noncavitating condition. Inward radial velocity is 
observed in the upstream edge of the circumferential groove, suppressing the tip leakage vortex cavity on the suction side of blade 
tip.  

Figure 10 shows the blade pressure distributions at r/Rt=0.98. At σ=0.10, a cavity appears on the suction surface in 90°<θ 
<135° with the straight casing but no cavity is found with the grooved casing. With the grooved casing, negative blade loading is 
found near the leading edge and the blade loading is moved downstream. Thus, we can control the blade loading by the groove. 
At σ=0.04, the cavitating region is extended to 90°<θ <175° with the straight casing. With the grooved casing, the effect of 
cavitation number is smaller although a cavity appears in 100°<θ <120° on the pressure surface. Figure 9 shows that the cavity is 
caused by the interaction with the tip leakage vortex cavity of the preceding blade. 
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Fig. 10 Pressure distribution at r/Rt=0.98, φ/φd=1.0

(a) σ=0.1 (b) σ=0.04
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Fig. 11 Noncavitating performance curves at1500rpm
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4. Experimental Results  
4.1 Non-Cavitating Performance  

Figure 11 shows the non-cavitating performance curves obtained from the experiments and the computation. With the grooved 
casing, the static pressure coefficients at lower flow coefficients are lower than that with the straight casing. However, the 
decrease of static pressure coefficient is acceptable at the design flow coefficient, φ=0.078. 

4.2 Suction Performance  
Figure 12 compares the suction performance curve with and without the groove. With the straight casing [14], the test was 

conducted at 3000rpm with orifice plates at the inlet, while the test was conducted at 4500rpm without the orifice plates for the 
case with the grooved casing. The larger scatter with the straight casing is caused by cavitation instabilities with some effects of 
bubbles from the orifice plates. We find that the suction performance is somewhat improved by the groove.   

4.3 Cavitation Instabilities  
Figures 13~15 show the spectra of inlet pressure fluctuations measured by the pressure transducers flush mounted 44mm 

upstream of the blade leading edge at the tip. The horizontal axis shows the frequency, the vertical axis shows the magnitude of 
the pressure fluctuation ∆ψ defined as ∆p/(ρUt

2) and the depth axis shows the cavitation number σ. N is the frequency 50Hz of the 
impeller rotation. The phase difference of pressure fluctuations measured at two circumferential locations 90˚apart are shown for 
typical components. The negative/positive phase difference means that the pressure pattern rotates in the same/opposite direction 
of the impeller rotation. 

In 0<f<150Hz, with the circumferential groove, rotating cavitation, cavitation surge and asymmetric cavitation were 
successfully suppressed at all flow rates except for weak instabilities observed at φ/φd= 1.1.  

In 150< f<500Hz, instabilities with higher frequency components are observed. A higher frequency component with 4.8N was 
observed in the engine firing tests and water tests on liquid hydrogen turbopump inducer for HII rocket [15]. In this case, the 
phase difference was 0°. The higher frequency components are important since they can be closer to the natural frequencies of 
blade bending mode. For this reason, extensive studies have been made to avoid the higher frequency components [16]. In the 
present tests, we find components around 5N, 7~8N, and 10N.The phase difference is different from case to case but can be 
assorted into groups around zero (surge mode), -90°(one cell rotating forward) and +90°(one cell rotating backward). The cause of 
these higher frequency modes is discussed later.  
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Fig. 12 Comparison of suction performance curves 

(a) Straight casing (b) Grooved casing
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(b) Grooved casing      (a) Straight　casing

Fig.13 Spectra of inlet pressure oscillation at φ/φd=0.9 
 

 
 

(b) Grooved casing      (a) Straight　casing

Fig.14 Spectra of inlet pressure oscillation at φ/φd=1.0 
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(b) Grooved casing      (a) Straight　casing

Fig.15 Spectra of inlet pressure oscillation at φ/φd=1.1 
 

 

Fig.16 Cavity geometries with the straight casing at / d=1.0

(c) = 0.06
(Shorter cavity)

(a) = 0.10 (b) = 0.08 (d) = 0.06
(Longer cavity)

 

Fig.17 Cavity geometries with the grooved casing at φ/φd=1.0

(c) σ= 0.06(a) σ= 0.1 (b) σ= 0.08 (d) σ= 0.04

Groove

 
4.4 Cavity Geometry 

Figures 16 and 17 compare the pictures of cavities at the design flow coefficient at φ/φd=1.0 with and without the groove. We 
observe the following differences. 

 
(1) With the straight casing, the cavity occupies the entire tip region while the cavity mostly occurs in the groove with the 

grooved casing. This agrees with the numerical results shown in Figs.8 and 9. 
(2) With the straight casing, the backflow vortex cavitation extends more upstream than the case with the groove. With the 

grooved casing, the backflow vortex cavitation extends only slightly from the upstream edge of the groove. 
 
Although not shown, it was found that the increase of cavity volume with the decrease of flow rate was much smaller with the 
grooved casing. These results explain the reason why the cavitation instabilities were suppressed in a wide range of flow rate.  
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Fig.18 Propagation of backflow vortex cavities, from high-speed video at φ/φd=1.0 and σ=0.045

(a) 0 s (b) 0.0088s (c) 0.0177s (d) 0.0267s (e) 0.0355s

Fig.19 Spectrum of inlet pressure oscillation at φ/φd=0.9 and σ=0.050
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4.5 Propagation of Backflow Vortex Cavity 

Figure 18 shows the pictures of cavities from high-speed video to examine the propagation of backflow vortex cavities for the 
case with the grooved casing, at φ/φd=1.0 and σ=0.045. The propagation speed Ωv is measured from the pictures and number of 
vortices Nv was evaluated by counting the passage of vortices. The results are shown in Table.3 where Ωn is the impeller speed.  

For the case without groove, the backflow vortex structure has been studied extensively [17] and it was found that the vortex 
structure is caused by the roll-up of the shear layer between the straight main flow and swirling backflow. It was found that the 
number of vortices is determined from the stability of vortices and the number decreases with the decrease of flow rates caused by 
the inward shift of the radial location of the vortices. It was also found that both the velocity and the number of vortices fluctuate 
largely with time. So, the values in Table 3 are only representative values.  

 
Table 3 Propagation speed and number of vortices 

φ/φd σ Ωv Nv 
0.9 (Grooved casing) 0.055 0.16Ωn 7.99 
1.0 (Grooved casing) 0.045 0.13Ωn 8.84 
1.0 (Grooved casing) 0.080 0.15Ωn 10.7 
1.1 (Grooved casing) 0.080 0.11Ωn 16.4 
1.0 (Straight casing) 0.050 0.12Ωn 8~16 

5. Cause of Higher Frequency Oscillations 
5.1 Unsteady Calculation 

To confirm the suppression of rotating cavitation and to clarify the cause of higher frequency components, unsteady calculation 
was made on full passage with the grooved casing, at φ/φd=0.9 and σ=0.05. The full passage calculation is needed to simulate 
rotating cavitation and backflow vortices. 

Figure 19 shows the spectrum of inlet pressure fluctuation at the same location with the experiments. As expected, we do not 
have significant component around N=50Hz, suggesting that the rotating cavitation has been suppressed. In addition to the blade 
passing component and its modulations around 3N=150Hz, we observe a component with 5.44N. 

Figure 20 shows the 3-D representation of iso-pressure surface of ψc=(p-pv)/(ρUt
2)=0.083 and the pressure distributions in the 

plane of r/Rt=0.87 and at z/Dt=-0.2. We observe five vortices interacting with the blades. It was found that the vortices rotate at an 
absolute speed of 0.112 Ωn Then, the vortex passage frequency observed on a blade is 5×(1-0.112) Ωn.=4.44 Ωn. This is different 
from the frequency 5.44N found in the upstream pressure fluctuation.  
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Fig.21  Rotor-stator interaction model
 

 

5.2 Rotating Modes due to Interaction 
It is known that rotating modes occur due to rotor-stator interaction [18]. We first consider a rotor with R blades (r=1,…R) 

rotating with an angular speed of Ω and a stator with S blades (s=1,….S) as shown in Fig.21. We represent the pressure component 
caused by the interaction of a stator blade s=1 with R rotor blades (r=1,…R) by 
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By adding up the effects of all stator blades (q=1~S), we obtain 
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where k is an arbitrary integer.  
 We consider the case when the “stator” is also rotating and represent the stator speed by Ωv and the rotor speed by Ωn. We 
introduce an absolute circumferential coordinate tvΩ+= θθ * . By putting tvΩ−= *θθ  and vn Ω−Ω=Ω , we obtain 
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]})({cos[),( *

,
*

, tmnRmaStp vvnnmnm Ω+Ω−Ω−⋅⋅= θθ                           (5) 
 
for the case with m=nR+kS. 

Now we examine the pressure pattern caused by the interaction of Nv inlet backflow vortices with the impeller blades. We 
replace the number of stator blades S with the number of vortices Nv.  

Table 4 shows possible cases of  
 

m=nR+kNv                             (6)  

for the case of R=3 and the frequency  
 

  vvn mnR Ω+Ω−Ω= )(ω             (7)  
 
obtained by assuming 15.0=ΩΩ nv . 

Table 4 Mode analysis with k=－1, R=3 and Ωv=0.15Ωn 
 m=nR+kNv (n=2, Nv=5,6,7) m=nR+kNv (n=3, Nv=8,9,10) m=nR+kNv (n=4, Nv=11,12,13) 

m=1 1=2×3－1×5, ω =5.25Ωn 1=3×3－1×8, ω =7.8Ωn 1=4×3－1×11, ω =10.35Ωn 
m=0 0=2×3－1×6, ω =5.1Ωn 0=3×3－1×9, ω =7.65Ωn 0=4×3－1×12, ω =10.2Ωn 
m=－1 －1=2×3－1×7, ω =4.95Ωn －1=3×3－1×10, ω =7.5Ωn －1=4×3－1×13, ω =10.05Ωn

 
We find 

 
(1) The circumferential mode number m changes easily with the change of vortex number Nv. 
(2) The frequency is nearly constant in the groups of Nv=(5,6,7), Nv=(8,9,10), Nv=(11,12,13) and changes largely between Nv =7 

and 8 or 10 and 11.  
 

This corresponds to the experimental observations that 
 

(1) Various modes occur with nearly the same frequency. 
(2) The frequencies are around 5Ωn, 7Ωn, and 10Ωn. 

 
Table 5 compares the components observed in the experiments and the frequency of possible modes obtained by Eq.(7). 

Experimental values are used for Ωv. Although not perfect, general agreement is obtained. This suggests that the higher frequency 
components are caused by the interaction of the backflow vortices with the blades. The discrepancy might be caused by the 
unsteady nature of the backflow vortices; the number of vortices and the propagation velocity changes irregularly with time. 

 
Table 5 Comparison of the experimental and CFD results with the analysis   

 Experiment, CFD Analysis 
φ/φd σ Nv ω Ωv Phase delay 

(degree) 
m n Nv ω  

0.9 (Groove, Exp.) 0.055 7.99 4.7Ωn 0.16Ωn 73.2~77.8 －1 2 7 4.88Ωn 
1.0 (Groove, Exp.) 0.045 8.84 4.74Ωn 0.13Ωn 3 0 2 6 5.22Ωn 
1.0 (Groove, Exp.) 0.080 10.7 4.75Ωn,  

7.4Ωn, 
9.75Ωn 

0.15Ωn -4~13.8, 
-25.1~18.5, 
17.4~22.6 

0 
0 
0 

2 
3 
4 

6 
9 
12 

5.1Ωn 
7.65Ωn 
10.2Ωn 

1.1 (Groove, Exp.) 0.080 16.4 7.8Ωn 0.11Ωn -14.4 0 3 9 8.01Ωn 
1.0 (Straight casing, Exp.) 0.080 8~16 4.86~4.94Ωn 0.12Ωn -81.5~-70.5 1 2 5 5.40Ωn 

0.9 (Groove, CFD) 0.050 5 5.44Ωn 0.112Ωn -37.5 1 2 5 5.44Ωn 
 

Figure 22 shows the spectra of pressure fluctuation in a 4-bladed inducer measured at 0.03Dt axial distance downstream from the 
blade leading edge at the tip [16]. We have a case of 0=2×4－1×8 for m=nR+kNv. For this case, the estimated frequency with 
Ωv=0.15Ωn is ω=2×4×(1－0.15) Ωn=6.8Ωn. Another case is 0=3×4－1×12 with the frequency ω=3×4×(1－0.15) Ωn=10.2Ωn. 
The frequencies are 4/3 times the frequencies for the 3-bladed inducer shown in Table 4. Figure 22 includes the components close 
to these frequencies.  
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Fig.22 Spectra of pressure fluctuation in a 4-bladed inducer, from Subbaraman et al. [16]
 

 

6. Conclusions 
The main findings of the present study are (1) that rotating cavitation and cavitation surge can be suppressed by the 

circumferential groove and (2) that the higher frequency components often observed before can be explained by the interaction of 
backflow vortices with the blades.  

It was shown by flow visualization and CFD that the tip leakage vortex can be successfully trapped by the groove. CFD shows 
that the blade loading was moved downstream by the groove. Unfortunately, the higher frequency components could not be 
suppressed by the groove. Three dimensional unsteady CFD with cavitation suggested that the higher frequency components are 
caused by the interaction of backflow vortices with the blades. This was confirmed by the examination of the experimental results 
as compared with an interaction model similar to that for rotor-stator interaction proposed by Tyler & Sofrin. The model can 
explain the frequency and the mode of higher order frequency components.  

The results of the present study suggest that higher frequency components can be avoided by avoiding backflow vortices by 
reducing the blade loading near the leading edge. However, the results with the groove with reduced leading edge loading have 
stronger higher frequency components. This suggests that further studies are needed to correlate the strength of backflow vortices 
and the strength of higher frequency components. 
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Nomenclature 
Dt 
f 
k 
m 
n 
N 
Nv 
p1 
p2 
pa, pb 
Pi 
Po 
pv 
r 
R 

Diameter of inducer [m] 
Frequency of pressure fluctuation [Hz] 
Arbitrary integer 
Order number in θ 
Order number in t 
Frequency of impeller rotation [Hz] 
Number of backflow vortices 
Pressure at the inlet [Pa] 
Pressure at the outlet [Pa] 
Inlet fluctuating pressure [Pa] 
Input power [W] 
Output power [W] 
Vapor pressure [Pa] 
Radial location [m] 
Number of rotor blades 

α 

βt 
φ  
φd  
η 
θ 
θ∗ 

 
ρ 
σ 
ω 

Ω 

Ωn 
Ωv 
ψc 

Void fraction  
Blade angle at the tip [degree] 
Flow coefficient = v1/Ut 
Design flow coefficient =0.078 
Hydraulic efficiency = Po/Pi 
Circumferential location relative to “stator” [degree] 
Absolute circumferential location [degree]  
( tvΩ+= θθ * )  
Density of water [kg/m3] 
Cavitation number =(p1-pv)/(ρUt

2/2) 
Angular frequency of rotating mode 
Relative angular velocity of rotor vn Ω−Ω=  
Angular velocity of rotor =2πN 
Angular velocity of backflow vortices 
Local pressure coefficient =(p-pv)/(ρUt

2/2) 
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Rt 
S 
t 
Ut 
v1 
vz 
vθ 
z 
 

Radius of inducer [m] 
Number of stator blades 
Time [s] 
Tip speed [m/s] 
Mean axial velocity at the inlet (z/Dt=0) [m/s] 
Axial velocity [m/s] 
Absolute circumferential velocity [m/s] 
Axial location measured from the leading edge at root 
[m] 

ψs 
∆ψ 

Pressure rise coefficient =(p2-p1)/(ρUt
2) 

Normalized amplitude of pressure fluctuation  
=∆pb /(ρUt

2) 
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