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Abstract. Cavitation instabilities in hydraulic machines, hydro turbines and turbopump 
inducers, are reviewed focusing on the cause of instabilities. One-dimensional model of hydro 
turbine system shows that the overload surge is caused by the diffuser effect of the draft tube. 
Experiments show that this effect also causes the surge mode oscillations at part load. One 
dimensional model of a cavitating turbopump inducer shows that the mass flow gain factor, 
representing the cavity volume increase caused by the incidence angle increase is the cause of 
cavitation surge and rotating cavitation. Two dimensional model of a cavitating turbopump 
inducer shows that various modes of cavitation instabilities start to occur when the cavity 
length becomes about 65% of the blade spacing. This is caused by the interaction of the local 
flow near the cavity trailing edge with the leading edge of the next blade. It was shown by a 3D 
CFD that this is true also for real cases with tip cavitation. In all cases, it was shown that 
cavitation instabilities are caused by the fundamental characteristics of cavities that the cavity 
volume increases with the decrease of ambient pressure or the increase of the incidence angle. 

1.  Introduction 
Surge and rotating stall are well known as instabilities in turbomachinery. These occur both in 
pneumatic and hydraulic machines caused by the positive slope of the performance curve associated 
with stall. If the flow rate is increased, the pressure rise increases following the positive slope and the 
flow rate is increased further driven by the pressure rise increase. For the surge to occur, some 
compliance should exist in the pipeline to constitute a vibration system. In pneumatic machines with a 
high tip Mach number, some part of the pipeline can serve as the compliance and an organ pipe type 
surge can occur. In hydraulic machines, if cavitation occurs, it serves as a compliant element and a 
surge can occur even without an explicit compliant element in the system. 

Cavitation instabilities can be different from those in non-cavitating systems since cavitation 
instabilities can occur even at design flow rate where the slope of performance curve is negative. The 
present paper treats cavitation instabilities focusing on the cause of instabilities. 

2.  Cavitation instabilities in hydraulic turbine system 
Figure 1 shows the spectrum of pressure fluctuation at the outlet of a Francis turbine[1]. The horizontal 
axis is the frequency normalized with the rotational frequency of the runner plotted for various flow 
rates normalized with the design flow rate. Hydraulic turbines are designed so that the flow exits the 
runner without swirl at design flow rate. Figure 2 shows the velocity triangle at the runner exit. The 
runner is rotating with the velocity U2 and it is assumed that the relative velocity w2 is tangential to the 
blade surface which has the outlet blade angle of β2. S is the cross-sectional area of the runner exit. At 
the design flow rate of Qsf  = QnDref , the absolute velocity of csf  is without swirl while it has a 
tangential component in the same/opposite direction as/to the runner rotation below (Qa)/above (Qb) 
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design flow rate.   

 
Figure 1. Pressure fluctuation at the runner exit[1]. 

 

 
Figure 2. Velocity triangle at the runner exit. 

 

 
(a) / / 1a sf nD nD refQ Q Q Q               (b) / / 1b sf nD nD refQ Q Q Q   

Figure 3. Cavitation at runner exit. 
 

Figure 3 shows the cavitation at the runner exit. At part load with / / 1a sf nD nD refQ Q Q Q  , a 

cork screw vortex rope appears around the backflow region at the center of the draft tube and rotates in 
the same direction as the runner. The component ② in Fig.1 is caused by the rotation of the vortex 
rope structure and the amplitude becomes the maximum when the frequency agrees the natural 
frequency of the system associated with the compliance due to cavitation. This has been extensively 
studied by Nishi[2] and Doerfler[3]. On the other hand, the component ⑤ in Fig.1 appears at overload 
Qb /Qsf = QnD /QnDref  >1. At overload, the absolute flow angle from axial direction is small as shown in 
Fig.2 and a straight cavitation appears as shown in Fig.3. In certain cases the volume of cavitation 
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fluctuates extensively and stable operation is hindered. This is called overload surge. 

 
Figure 4. Hydraulic turbine system for stability analysis. 

 

(a) p1 (b) p2 (c) p3 
Figure 5. Pressure fluctuation in draft tube, p1:near inlet,p2:near center, p3near exit. 

 
In order to clarify the cause of over-load surge, a stability analysis[3]-[6] has been made on a 

simplified system as shown in Fig.4. The ambient pressure pa at the exit of the runner  T can be 
represented as a function of the downstream flow rate Q2 obtained from unsteady Bernoulli’s equation 
considering the pressure loss. In order to minimize the kinetic energy at the exit, a diffuser called draft 
tube is placed downstream of the runner. The ambient pressure pa at the exit of the runner is decreased 
when the downstream flow rate Q2 is increased, since the pressure recovery in the draft tube is 
increased. Then the cavity volume at the runner exit or draft tube inlet is increased and the 
downstream flow rate Q2 is increased by the amount of the increasing rate of the cavity volume, if the 
upstream flow rate Q1 is kept constant. This effect of pressure recovery in the draft tube makes the 
hydraulic system with draft tube unstable at all flow rates. 

The cavity appears at the core of vortex as shown in Fig.3. The pressure pc at the vortex core is 
lower than the ambient pressure pa caused by the centrifugal force on the swirling flow. We consider 
the case when the upstream flow rate Q1 is slightly increased at a smaller flow rate Qa. Then the 
velocity triangle in Fig.2 shows that the swirl velocity will decrease and the core pressure pc increase 
resulting in the decrease of the cavity volume. Then, the upstream flow Q1 will increase further to fill 
up the space of decreased cavity if the downstream flow rate is kept constant. At larger flow rate of Qb, 
opposite results are obtained since the swirl velocity will be increased if the flow rate is increased. 
Thus, the swirl effect destabilizes the system at lower flow rate than the swirl free flow rate and 
stabilizes at higher flow rate. 

In the above discussions, either one of the upstream or downstream flow rate is assumed to be kept 
constant. However, a stability analysis without the assumption shows that the same result is obtained. 
Both diffuser and swirl effects are destabilizing at smaller flow rate but the destabilizing effects of 
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diffuser cancels with the stabilizing effects of swirl at higher flow rate. This shows that the simplified 
1-d model cannot completely explain the overload surge shown as ⑤ of Fig.1. However, recent 
experimental study and CFD[7] shows that the upstream flow rate fluctuation is small and that the 
surge mode shown by θ =0° exists independently on the swirl mode shown by θ =90° in Fig.5. This 
shows that the diffuser effect of draft tube is the cause the surge at both smaller and larger than the 
swirl free flow rate. 

3.  Instabilities in pumps:1-D stability analysis 
In liquid propellant rockets, turbopumps are used to feed the propellants from the low pressure tank to 
the high pressure combustion chamber and cavitation generally appears at the pump inlet. Since the 
head is decreased significantly when the cavitation appears in the main impeller, an axial flow pump 
called “inducer” is used upstream of the main pump. The inducer is designed to have positive 
incidence at the inlet so that the cavitation appears only on the suction surface of the blades. 

 
Figure 6. Rotating cavitation. 

 
Figure 6 shows the pictures of cavitation in a 3-bladed inducer. The flow is from right to left and 

the blades come to the front in the order of Blade 1, 2, and 3. The pictures were taken when they come 
to the front while the inducer makes 5 turns. White triangular cavities are seen at the tip. During the 
first turn shown at the left the cavities on Blade 1,3 are larger and the cavity on Blade 2 is small. If we 
focus on the small cavity, it moves on Blade 2→1→3→2 in the direction of the inducer rotation while 
the inducer makes 4 turns. This shows that the propagation velocity ratio＝Vp/UT＝ rotational speed of 
cavity/rotational speed of inducer＝(4+1)/4=1.25 >1, showing that the cavitation is rotating faster than 
the inducer. This is called rotating cavitation. This is somewhat similar to rotating stall observed in 
axial compressors but differs from it on the following aspects. Rotating stalls occur at a small flow rate 
where the performance curve has a positive slope caused by blade stall. However, rotating cavitation 
can occur even at design flow rate and higher cavitation number where the head is not decreased by 
the cavity. The stalled region of rotating stall rotates slower than the impeller but the cavitating region 
of rotating cavitation rotates faster than the impeller as stated above. This difference suggests the 
difference of the cause and mechanism of the instabilities. Similar difference can be observed between 
the surge in compressors and the cavitation surge in pumps. The surge occurs at smaller flow rate with 
positive slope of the performance curve but cavitation surge can occur even at the design flow rate 
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without the head decrease caused by stall nor cavitation. This is the same as the relation between 
rotating stall and rotating cavitation. 

In order to clarify the mechanisms of surge, rotating stall, cavitation surge, and rotating cavitation, 
a 1-D stability analysis was made[9]. Since cavitation surge and rotating cavitation occur under the 
condition where the head is not decreased by cavitation, the effect of cavitation is taken into account 
only in the continuity equation using the mass flow gain factor M=∂(Vc/h2)/∂α representing the 
increase of the cavity volume Vc caused by the increase of the increase of the incidence angle α, and 
the cavitation compliance K=-∂(Vc/h2)/∂σ showing the decrease of the cavity volume caused by the 
increase of the inlet cavitation number σ. The results are shown in Fig.7.  

 

 

Figure 7. Results of 1-D stability analysis. 
 

Both surge and rotating stall occur when the slope of the performance curve ∂ψts /∂σ becomes 
positive due to stall, while cavitation surge and rotating cavitation occur when the mass flow gain 
factor becomes positive. When the performance curve has positive slope, the head is increased when 
the flow rate is increased. Then, the flow rate is increased further being accelerated by the increased 
head. This is the cause of surge and rotating stall. When the mass flow gain factor is positive, the 
cavity volume is decreased when the flow rate is increased since the incidence angle is decreased. 
Then the inlet flow is increased further to fill up the space of collapsing cavity. This is the cause of 

cavitation surge and rotating cavitation. In the expression of the frequency of surge, CL21 is the 

frequency of Helmholtz resonator with the inlet pipe length L and the compliance C of the tank and the 
frequency is fixed to the natural frequency of the system. On the other hand, the frequency of 
cavitation surge is proportional to the tip speed UT of the rotor and hence the rotational speed. The 
propagation velocity ratio Vp /UT of rotating stall is less than one while that of rotating cavitation is 
either larger than 1 or negative. As mentioned before, the propagation ratio of rotating cavitation is 
generally larger than 1. However, it was found by experiments that there are certain cases when it 
becomes negative. 

4.  Instabilities of pumping system: Two-dimensional stability analysis 
The one dimensional analysis mentioned in the last section is convenient for the explanation of the 
mechanism of instabilities. However, the values of cavitation compliance and mass flow gain factor 
are difficult to measure and the relation of those factors with the flow detail has not been made clear. 
To obtain better understanding, a 2-dimensional stability analysis has been made[10],[11]. The flow is 
represented by the vortex distributionγ1,2 on the blade surface and the source distribution q on the 
cavitating part. Since the flow is unsteady, a free vortex γt  is shed from the blade trailing edge to 
satisfy unsteady Kutta’s condition. The total pressure is specified at the inlet AB to set the pressure 
level and the absolute flow is assumed to be normal to AB. The values of unknowns γ1,2 and q  are 
determined based on the boundary conditions that the normal velocity on the wetted surface is zero 
and that the pressure on the cavity surface equals to the vapor pressure. The values of γ1,2 and q at 
discrete points are considered to be unknowns and are separated to steady and unsteady components 
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assuming that flow disturbances are small. Then, the boundary conditions for the steady components 
can be expressed as a system of inhomogeneous linear equations: 
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The elements of the coefficient matrix Aij are functions of assumed steady cavity length ls . Then, Eq.(1) 
shows that ls is a function of σ/2α where 2( ) / ( / 2)inlet vp p U   is the cavitation number and α is the 
incidence angle. The unsteady components satisfies the following homogeneous linear equations: 
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If there are forced excitations such as blade vibration or flow rate fluctuation, they appear on the right 
hand side of Eq.(2) which is zero for the free vibration considered here. The elements of coefficient 
matrix Bij are functions of steady cavity length ls and the complex frequency R Ij     where ωR is 
the frequency and ωI is the damping rate. In order to have a non-trivial solution, the determinant of Bij 
should be zero.  From this relation we can determine the complex frequency R Ij    as a function 
of steady cavity length ls. This shows that the cavitation instabilities of hydrofoils and cascades are 
generally determined from the steady cavity length ls and hence the value of σ/2α. This is the most 
important result of the analysis and explains most of experimental results. 

 

Figure 8. Geometry of two-dimensional stability analysis. 

 
Figure 9. Results of 2-D stability analysis for a 4-bladed inducer. 
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Figure 10. Alternate blade cavitation. 

 
Figure 9 shows the results for a 4-bladed inducer. The steady cavity length ls normalized with the 

blade spacing h is plotted against σ/2α in the upper part. The steady cavity length ls /h generally 
increases with the decrease of σ/2α . A solution corresponding to alternate blade cavitation starts to 
appear at ls/h=0.65 in which the cavity length differs on alternate blades. The flows around equal and 
alternate blade cavitation are shown in Fig.10.  

The Strouhal number   St=ωRlS /2πU of amplifying modes with ωI < 0 is shown in the lower part 
of Fig.9. Figure 9(a) is for the equal length cavitation and (b) for alternate blade cavitation. In the 
figure, θn,n+1shows the phase difference of the disturbance on adjacent blades. Mode I with St = 0 and 
θn,n+1 = π shows that the equal length cavitation is statically unstable and transfers to alternate blade 
cavitation exponentially with time. Mode I does not exist for alternate blade cavitation showing that it 
is statically stable. Mode II, III, IV, V, VI show cavitation surge, normal rotating cavitation, rotating 
cavitation with counter rotation, alternate blade oscillation, and higher order surge mode oscillation, 
respectively. Thus, equal length cavitaty with longer than 65% of blade spacing is unstable to various 
modes of oscillation. In experiments, either cavitation surge or forward rotating cavitation occurs 
when the cavity at the tip becomes about 65% of the spacing. The higher order modes of surge and 
rotating cavitation sometimes occur but they are rare.  

We consider about the cause of cavitation instabilities from the flow field shown in Fig.10. Figure 
10 (b) shows that the flow near the cavity trailing edge is inclined towards the suction surface of the 
blade. This makes the angle of attack to the leading edge of the next blade smaller. Figure 10 (c) 
shows that the cavity on the next blade becomes smaller caused by the reduced angle of attack. The 
interaction of the local flow near the cavity trailing edge with the leading edge of the next blade is 
considered to be the cause of various cavitation instabilities since they start to occur when the cavity 
length becomes about 65% of the blade spacing. 

5.  Instabilities in pumping system:3-D flow analysis 
In real flows, most of cavitation appears as bubble cloud cavitation near the tip as shown in Fig. 6. In 
order to understand cavitation instabilities under more realistic condition, a 3-D CFD was carried out 
under cavitating condition. The alternate blade cavitation was studied first, since a steady flow 
analysis is sufficient to simulate the flow. 

Figure 11 shows the void fraction and the relative velocity at 98% radius of a 4-bladed inducer. 
Alternate blade cavitation occurs at σ = 0.04. With this calculation based on a bubbly flow model, the 
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velocity vector is not parallel to the cavity surface and the explanation used for the results of 2-D 
analysis cannot be applied. Then the disturbance velocity due to cavity was obtained by subtracting the 
non-cavitating flow vector from cavitating flow vector and is shown in Fig.12. This figure shows that 
outward velocity from the cavity can be seen near the leading edge where cavitation bubbles are 
growing, and that there exists a flow towards the cavity trailing edge where the bubbles are collapsing. 
The meridional flow shows that the radial component of the velocity is smaller than other components. 
At σ = 0.04 with alternate blade cavitation, the blade leading edge near the cavity trailing edge is 
exposed to axial velocity disturbance and the cavity on the blade is significantly small. Although the 
flow structure is different from those around 2-D blade surface cavity shown in Fig.10, the flow near 
the cavity trailing edge makes the incidence angle to the next blade in both cases. 

 
(a) σ=0.10              (b) σ=0.06               (c) σ=0.04                                             

Figure 11. Void fraction and relative velocity field at 98% radius. 

(a) σ=0.06 
 

(b) σ=0.04 
Figure 12. Void fraction and disturbance velocity around tip cavity. 
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Figure 13 shows the flow field and the void fraction in the 98% radius and the meridional plane AB 
under rotating cavitation, obtained by unsteady calculation. We can observe that the propagation 
occurs by the shrink of the cavity caused by the exposure of the leading edge to the higher axial 
velocity disturbance towards the trailing edge of the preceding blade. 

These results by 2-D and 3-D flow analyses suggests that cavitation instabilities can be avoided by 
avoiding the interaction of the local flow near the cavity trailing edge with the next blade. This was 
confirmed by testing inducers designed to realize such situation[13],[14]. 

 

 
Figure 13. Void fraction and flow field under rotating cavitation. 

6.  Conclusion 
It has been shown that the fundamental character of cavitation that the cavity  
volume increases if the pressure is decreased or the incidence angle is decreased causes various types 
of cavitation instabilities in hydraulic machinery. The cavity volume fluctuation affects the flow 
through continuity equation, not through the momentum equation. This makes it possible to build 
models of various levels and commercial CFD can give reasonable results. Although not treated in this 
manuscript, there are other types of cavitation instabilities called rotating choke[15],[17] and choked 
surge[16],[17], caused by the decrease of the pressure performance due to cavitation (choke). These are 
caused by the positive slope of the performance curve under cavitating condition and have similar 
characters to rotating stall and compressor surge. 
  Pumps and hydro turbines are requested to operate stably over a wide range of flow rates. Due to 
higher density of liquids, the fluid forces on hydraulic machines are much larger than those on 
pneumatic machines. This requires the complete understanding of instabilities. Although hydraulic 
machines are extensively used, they still have interesting problems to be solved as mentioned above. 
These are good test cases of modern experimental methods and CFD and the author wishes that young 
researchers are interested in the problems in this field. 
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