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Abstract 
 
A CFD code with 2-D cascade model was developed to predict the cavitation behavior around the impeller blades of impeller in a cen-

trifugal pump. The governing equations are the two-phase Reynolds Averaged Navier-Stokes equations in a homogeneous form in which 
both liquid and vapor phases are treated as incompressible fluid. To close the model, a standard k-ε turbulence model is introduced. And 
the mass transfer rates between liquid and vapor phases are implemented as well. The validations are carried out by comparing with ref-
erence data in impeller of a centrifugal pump impeller. The cavitation characteristics of current centrifugal pumps is tested at an on-
design point (V=8 m/s) and two off-design points (V=20 m/s and V=30 m/s), respectively. The criteria of cavitation and flow instability 
around blades are presented. The results show that the current centrifugal pump can safely operate without cavitation at on-design point. 
Also, the simulation shows cavitation develops inhomogeneously among the blades at off-design points. Moreover, the effects of addi-
tional blades in the impeller are studied as well. From the numerical results, it is expected that a half-length blade is the optimum configu-
ration as additional blades in cavitation point of view.  
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1. Introduction 

Cavitation is a phenomenon in which liquid evaporates and 
vapor bubbles occur in the region where the pressure of the 
liquid falls off under vapor pressure. It is usually observed in 
high-speed fluid machinery such as propellers, pumps, and 
impeller blades where the flow accelerates and the pressure 
decreases. Cavitation can give rise to erosion damage, noise, 
vibration and hydraulic performance deterioration by periodic 
inception, growth, depletion of vapor bubbles. Specially, cavi-
tation in a centrifugal pump reduces efficiency and causes 
pressure head damage. The understanding of cavitating flow is 
one of the common subjects for designers of high-speed fluid 
machinery. The flow in a centrifugal pump is intrinsically 
turbulent, 3-D and unsteady; sometimes cavitation appears. 
The design of centrifugal pump is mainly based on the steady-
state theory, empirical correlation, combination of model test-
ing, and engineering experiences. Over the last few years, 
however, with the development of the computer, there have 
been many researches on the centrifugal pump in numerical 
calculation. Croba et al. [1] considered a more realistic 
through 2-D, unsteady, incompressible and turbulent flow. 
Anagnostopoulos (2006) [2] simulated the 3-D turbulent flow 

in a centrifugal pump impeller with Cartesian grid to represent 
an adequate accuracy for the complex geometry of the cen-
trifugal pump impeller. Cheah et al. (2007) [3] simulated the 
complex internal flow in a centrifugal pump impeller with six 
twisted blades by using 3-D Navier-Stokes code with a stan-
dard k-ε two-equation turbulence model. Different flow rates 
were specified at the inlet boundary to predict the characteris-
tics of the pump such as impeller passage flow, flow separa-
tion and pressure distribution. 

As aforementioned, cavitation in an impeller is naturally a 3-
D phenomenon. However, due to the quite intrinsic complex 
nature with phase change, a mathematical model and numeri-
cal method are considerably difficult to establish. Generally, 
the pump is designed to operate with non-zero incidence angle 
at a nominal flow rate. Nevertheless, in the range of opera-
tional conditions, the angle of attack of impeller blades re-
mains very small, because of variable flow thread and the 
associated curvature of blades. The back flow at the inlet may 
happen sometimes but it’s not strong. So, the approach of a 2-
D cascade can be adopted. The cavitation in a 2-D cascade 
calculation has been investigated by many researchers so far, 
instead of 3-D calculation. For example, Joussellin et al. [4] 
simulated rotating cavitation and alternate blade cavitation 
occurring four-blade cyclic cascade by applying 2-D unsteady 
numerical method incorporated with cavitation model by 
barotropic state law. Iga et al. [5] simulated propagating phe-
nomena of cavitation, which corresponds to the rotating cavi-
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tation through three-blade cyclic cascade and discussed the 
difference of the results obtained in different conditions at the 
inlet boundary. And the collaborative work of French re-
searchers [6, 7] carried out the numerical and experimental 
analysis about cavitation behavior of four-blade inducer using 
a 2-D model of unsteady cavitating flow in a blade cascade. 

For the reduction of computing time and analysis in design, 
the 2-D cascade looks like a new technique to 3-D calculation 
of cavitation analysis. Based on the prediction of 2-D cascade, 
a clearer understanding can be expected for 3-D cavitation. 
This is the reason why the present paper would like to simu-
late cavitation around pump blades by using the 2-D cascade. 
We are interested in simulating the cavitation behavior around 
blades of impeller in centrifugal pump. The main objective is 
to establish the criterion of cavitation inception, the influence 
of the interaction among cavitations in flow passages. And, 
the effect of additional blades in impeller of centrifugal pump 
is also investigated by evaluating the characteristics of cavita-
tion including the area of cavitation region and the fluctuation 
of mass flow rate. The benefits and disadvantages when put-
ting the additional blades will be discussed in this study as 
well.  

 
2. Governing equations and numerical procedure 

2.1 Governing equations 

The vapor-liquid flow is described by a single-fluid model 
which is treated as a homogeneous bubble-liquid mixture. The 
set of governing equations under single-fluid model comprises 
the conservative form of Reynolds-averaged Navier-Stokes 
equations, the k-ε two-equation turbulence closure and a 
transport equation for the liquid volume fraction. The continu-
ity, momentum and liquid volume fraction equations are writ-
ten in Cartesian coordinate system as follows: 
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The constitutive relations for the density and dynamic vis-

cosity of the mixture are: 
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And the turbulent viscosity is defined as follows: 
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2.2 Cavitation model 

Cavitation terms, based on Kunz et al.’s model [8], are used 
in this study. The evaporation and condensation rates are giv-
en as follows: 
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where Cprod = 9x105, Cdest = 3x104, t∞ = 1 

 
2.3 Numerical procedure 

The discretization of the governing Eqs. (1), (2), (3) is done 
by using finite volume method. And the collocated grid sys-
tem is used to allocate velocity components and dependent 
variables. The convective and diffusive terms are differenced 
by upwind scheme and central scheme, respectively. The solu-
tion of pressure and velocity may show an unphysical oscilla-
tion due to the use of collocated grid system and should be 
treated by using interpolation in the momentum equation to 
avoid oscillation. Details of the numerical description can be 
found in the reference [9]. 

 
2.4 2-D cascade and boundary condition 

Analyzing the flow field data will provide deep insights into 
the flow mechanism. 2-D cascade flow was adopted as the 
methodology for flow analysis in this study. The 2-D blade-to-
blade cascade was drawn by cutting the 3-D inducer geometry 
at constant radius equal to 70% of the tip radius as shown in 
Fig. 1. Details are found in the reference [10]. The axial flow 
entrance combines the rotational speed of the blades and will 
result in the relative velocity between flow and blades. In the 
present 2-D calculation, the blades are considered stationary 
and the relative flow comes to blades with a certain angle of 
attack. The boundary conditions used in the present simula-
tions includes inflow, outflow, non-slip, and periodic bound-
ary condition. At the inlet, the velocity and liquid fraction are 
imposed and the pressure is extrapolated from the interior 
points. At the downstream, pressure is imposed while the 
other variables are extrapolated. At the wall, the velocity is 
zero while the other variables are extrapolated from the inte-
rior points. Along the lines which separate the blades, all vari-
ables are extrapolated from the interior points. The periodic 
condition is applied between the 4th and 1st passages. Dummy 
cell must be imagined as similar as possible to the cells of the 
original corresponding row to consider a periodic boundary  
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condition. The variables must be transferred according to the 
arrows shown in the Fig. 2. Two lines on the segment 1 must 
be transferred to two corresponding lines on segment 2. 

 
3. Code verification 

3.1 Cavitating flow in a pump inducer with 2-D cascade 
model 

A 2-D four-blade cascade is considered to check the validity 
of our in-house code. The computational domain, boundary 
condition in the calculation is described in Fig. 3. The blade 
cross section is Clark Y-6%; pitch chord ratio and stagger 
angle of hydrofoil are 1.62 and 64.270, respectively. The 

working fluid is pure liquid water (αl = 1) which comes to the 
blade cross section with the velocity of 34.54  m/s and angle 
of attack of 40. Reynolds number is fixed as 5x105 [11]. The 
pump inducer is operated under standard pressure and the 
cavitation number is 0.5. 

Fig. 4 shows instantaneous flow field with cavity indicated 
by volumetric fraction and all flow passage filled with liquid 
is modified in gray color instead of red color in the present 
calculation to highlight the cavitation region. Since the blade 
rotation was captured by 2-D cascade modeling, the sequence 
of cavitation behavior can be examined by the variation of size 
on consecutive blades from the first. The cavitation on blade 
A1 collapses on blade A2 and then continues collapsing on 

 
Fig. 1. 2-D cascade modeling [10]. 

 

 
 
Fig. 2. Variables transfer between segment 1 and segment 2 in periodic     Fig. 3. Cascade domain and boundary condition. 
boundary condition. 
 

 
 
Fig. 4. Comparison of instantaneous flow field through contour of liquid volume fraction. 
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blade A3 or the cavitation on blade B1 develops on blade B2, 
and then continues developing on blade B3. The growth and 
depletion of cavitation causes flow instability in the flow. The 
good agreement of spectrum of Strouhal number of lift coeffi-
cient fluctuation can be found by the comparison with refer-
ence result [11] as shown in Fig. 5. The intensity of fluctuation 
is very large at St = 0.25 and then becomes smaller as the in-
crease in frequency. This means that the sheet cavitations 
among the passages are inhomogeneous at the beginning of 
the calculation, but gradually become more homogeneous due 
to the gradual decrease of the fluctuation. If the flow condition 
reaches to steady, the intensity of the fluctuation will diminish 
to a lower limitation. In other words, the smallest fluctuation 
is obtained in steady. In this case, the fluctuation still remains 
but the intensity is smallest. 

 
3.2 Unsteady flow in impeller using 2-D cascade model 

Recently, Kitano Majidi solved the unsteady 3-D viscous 
flow in entire impeller and volute casing of a centrifugal pump 
and showed the result of mass flow rate fluctuation through 
the blade passages [12]. The present paper would like, for 
verification purpose, to make sure that the in-house code can 
catch the characteristics of cavitation not only on the hydrofoil 
in a pump inducer but also on the blades in a centrifugal pump. 
The original model of a commercial impeller in reference [12] 
is shown in Fig. 6. It is shrouded and has five backswept  

 
 
Fig. 6. Blade passage and casing [12]. 
 
blades. The blade profile varies between the hub and the 
shroud. The blade angle at the inlet varies from 18.50 at the 
shroud to 300 at the hub; the blade angle at the outlet is 23.50. 
The outlet diameters, outlet passage width of impeller are 508 
mm, 72.5 mm, respectively. And the base circle diameters, 
volute width at the base circle of volute casing are 523 mm, 
94.3mm, respectively. At the design point, the mass flow rate, 
total head, rotational speed and specific speed are 730.0 kg/s, 
46.68 m, 1482 rpm, 68 min-1 respectively. Details are found in 
Table 1 of reference [12]. 

A 1780x30 structured mesh is generated; the boundary con-
dition and the numerical method of the calculation are similar 
to the previous one. The water flow comes to the inlet of the 
passages with a velocity of 6 m/s. The centrifugal pump is 

 
 
Fig. 5. Comparison of spectrum of Strouhal number of lift coefficient fluctuation. 
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operated in standard pressure condition. The mass flow rate at 
right after blades in term of time is investigated to compare the 
present result with reference. As seen in Fig. 7, the same ten-
dency of unsteady flow rate in each passage can be observed 
although the result of the present calculation is not so close to 
the reference. The main reason for the difference between two 
results here is due to different methods adopted in each calcu-
lation (3-D calculation in reference paper versus 2-D cascade 
calculation in the present paper). However, it can be seen that 
the 2-D cascade model can catch a fairly good prediction of 
cavitation compared to the 3-D approach. 

 
4. Results and discussion 

4.1 Cavitation around the blades of impeller using 2-D cas-
cade 

The centrifugal pump in this study is for feeding fuel JP-7; 
the configuration of impeller is shown as Fig. 8. The blades 
have two circular arcs shape, 0.5mm thickness (s) and 18mm 
chord length (c). The outer (d2) and inner diameters (d1) are 60 
mm and 21 mm, respectively. And the inlet (βs1) and outlet 
(βs2) angle of blades are 150 and 230. There are 3 blades and 3 
half-length blades with the passage width (h) of 11.25 mm. 
The rotational speed (n) is 5660rpm. This centrifugal pump 
usually operates at the on-design point at which the inlet ve-
locity and standard temperature are 8 m/s and 200C, respec-
tively. The operational temperature range of this centrifugal 
pump varies from -350C to 430C and corresponding value of 
density, dynamics viscosity and velocity tabulated as shown in 
Table 1. 

The pump impellers considered in the present paper are 
shown as Fig. 9. The cavitation behavior around blades of 
pump impeller without half-length blades is investigated at 
first and then, the pump impeller with half-length blades is 
also considered to study the role of half-length blades. The 
method and techniques applied in this calculation are de-

scribed in the previous section 2.4. Steady cavitation is inves-
tigated and the result can be observed in Fig. 10. At the on-
design point, the result shows there is no cavitation. However, 
symmetrical and stable cavitation occurs at the suction side of 
each blade at the off design point. From the on-design point, 
increasing the velocity until around 20 m/s, the inception of 

 
Fig. 7. Unsteady mass flow rate through each passage. 

 

Table 1. Operational range of centrifugal pump. 
 

Temperature 
(0C) 

Density 
(kg/m3) 

Dynamic viscosity 
(kg/m.s) 

Velocity 
(m/s) 

-35 838.15 0.006727 6 

20 795.948 0.0009375 8 

43 781.218 0.0011925 10 

 

 
 

 
 
Fig. 8. 3-D geometry and projections of impeller. 

 
Fig. 9. Configuration of pump impeller without and with half-length 
blades. 
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cavitation was found. And steady calculation is carried out 
again by gradually increasing velocity. Finally, we obtained 
the criterion curve of cavitation as shown in Fig. 11. The big 
black point and the rectangular box depict the condition at the 
on-design point and the operational range of this centrifugal 
pump, respectively. It’s obvious that this centrifugal pump 
operates in a safe region without appearance of cavitation. 

Sometimes the operating conditions of a centrifugal pump 
may not be at the on-design point due to rotating speed or 
temperature variation. So, the unsteady cavitating flow at cer-
tain off design point is studied as well and an arbitrary veloc-
ity of 30 m/s is picked up in the calculation. The instantaneous 
flow field represented by the contour of liquid volume fraction 
is investigated and the result is obtained as Fig. 12. The sheet 
cavitation among blades at the suction side is not symmetrical 
anymore as in the steady calculation. It develops inhomoge-
neously due to flow rate variation through the passages. The 
growth and depletion of cavitation are created and move from 
one blade to next blade according to the arrow in Fig. 12. And 
it causes the instability of the blade cascade. 

 
4.2 The role of half-length blades 

Another interesting issue has been studied to define the role 

of the half-length blades in a centrifugal pump impeller. As 
aforementioned, the cavitation occurred at off-design points at 
which velocity is large enough. The present paper is interested 
in defining the cavitation inception in terms of velocity and 
length of additional blades. So, the area of cavitation region is 
investigated in the calculation. And Fig. 13 on the top shows 
the reduction of cavitation region due to the imposition of 
additional blades. With half-length blades, we can expect the 
minimum cavitation area compared to the other cases. The 
bottom graphs gives a clear visualization of cavitation shape 
in the case with half-length blades, and the black region was 
zoomed in to have a better observation as shown in the two 
bottom figures. It is obviously seen that cavitation size at the 
velocity of 20 m/s is smaller than that at 30 m/s corresponding 
to the smaller value in the Fig. 13 on the top. 

In reality, when cavitation occurs, there is back flow on the 
pressure side of the full blades. The occurrence of cavitation is 
the main reason creating the backflow. The larger the cavita-
tion region is, the stronger back flow is going to be. When 
some appropriate additional blades are located between full 
blades, the back flow from the pressure side of full blades will 
touch the suction side of the additional blades. It seems to be 
that the back flow has something to catch and moves along the 
curve of additional blades suction side instead of moving back 

               
 
Fig. 10. Cavitation shape of steady calculation at on and off design point.  Fig. 11. Criterion curve of cavitation inception. 

 

 
 
Fig. 12. Instantaneous flow field represented by contour of liquid volume fraction at off-design point. 
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to the leading edge of full blades. That’s the reason why the 
back flow near the middle of full blade pressure side can’t be 
moved back to the leading of the blade and is pushed down-
stream to the additional blade suction side. Then, the back 

flow between pressure side of full blade and suction side of 
additional blade is going to be weaker. Moreover, the flow has 
a tendency to move toward the trailing edge of the additional 
blade by passing through its pressure side. These additional 
blades indirectly reduce cavitation by reducing backflow or 
flow instability. The result shows that the optimum length of 
the additional blade should be a half of a full blade. Another 
benefit of the half-length blades is found as shown in Fig. 14. 
The non-cavitation region is improved and a little bit wider 
than that in the case without half-length blades. This centrifu-
gal pump more safely operates. For example, in the case with-
out the addition of three half-length blades into impeller and at 
standard operational temperature condition (20℃), the incep-
tion of cavitation happens if velocity is increased up to 20 m/s. 
However, it doesn’t appear yet if three half-length blades are 
added into this pump impeller. The pump still operates freely 
from cavitation. In this operational condition, the pump is still 
safe from cavitation. This is one of the benefits of adding three 
half-length blades into impeller. The velocity which makes 
centrifugal pump susceptible to cavitation can be delayed up 
to 23 m/s, instead of 20 m/s in case without half-length blades. 

The fluctuation of mass flow rate downstream of the blades 
is also important in the safe operation of a centrifugal pump. 
That’s why FFT analysis of the fluctuation of mass flow rate 
is investigated as well in this paper. In Fig. 15, results at the 
on-design point are shown with various lengths of additional 
blades. Generally with additional blades, the fluctuations are 
weaker than that without additional blades. However, it is a 
little higher at some certain frequency. At low and high fre-
quency, the comparison can be easily observed in Fig. 16 and 
Fig. 17, respectively. With half-length blades, the amplitude of 
the fluctuation around 2000 Hz is much smaller compared to 
the other cases. For a centrifugal pump, large fluctuations at 
high frequency affect destructively to the safe operation and 
structure. So, the addition of half-length blades contributes the 
flow to be stable by eliminating high frequency oscillations of 
mass flow rate. 

 

 
 
Fig. 13. Comparison of area of cavitation region and visualization of 
cavitation at two off-design points. 

 

 
Fig. 14. Comparison of cavitation criterion curve. 
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Fig. 19 and Fig. 21 also show nearly the same tendency of 
characteristics of amplitude at high frequency as observed 
with half-length blades at two different off-design points. 
However, higher fluctuation is observed at low frequency 
around 500 Hz in Fig. 18 and Fig. 20. This centrifugal pump is 
still fine even though it operates under unsteady conditions. 
By adding three half-length blades into the impeller, the cen-
trifugal pump can be expected to have more stable operational 
characteristics for the entire operational range. Within the 
operational range, additional blades contribute the flow to be 
more stable by suppressing the high frequency fluctuations. 
Even for out of range, additional blades reduce cavitation size, 
high frequency oscillation and improve non-cavitation region. 

 
 

 
 
Fig. 15. Comparison of mass flow rate fluctuation at on-design point. 

 
Fig. 16. Comparison of mass flow rate fluctuation at low frequency at
on-design point. 

 

 
Fig. 17. Comparison of mass flow rate fluctuation at high frequency at
on-design point. 

 

 
Fig. 18. Comparison of mass flow rate fluctuation at low frequency at 
off-design point V = 20 m/s. 
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Fig. 19. Comparison of mass flow rate fluctuation of high frequency at 
V = 20 m/s. 
 
 

 
 
Fig. 20. Comparison of mass flow rate fluctuation of low frequency at 
V = 30 m/s. 
 
 

 
 
Fig. 21. Comparison of mass flow rate fluctuation of high frequency at 
V =30 m/s. 
 

5. Summary and conclusion 

Based on a 2-D Kunz cavitation model and standard k-e tur-
bulent model for closure, a conventional finite volume method 

has been implemented with a SIMPLE algorithm on the collo-
cated body-fitted grid in the present study. A validation check 
has been carried out by comparing with reference data of the 
impeller in a centrifugal pump. The results show a good 
agreement with reference values and can successfully provide 
the characteristics of cavitation on the blades of the impeller. 
A study of cavitation around the blades of target impeller sup-
plying the fuel JP-7 is carried out. The role of the half-length 
blades in centrifugal pump impeller is also investigated. Cal-
culation results confirm that the centrifugal pump design in 
this study was made free from cavitation if it operated within 
the design range. If the centrifugal pump operates due to tem-
perature variation, the growth and depletion of cavitation are 
created among the blades and cause the instability of blade 
cascade. Moreover, the addition of three half-length blades 
plays an important role to get better operational characteristics 
of the impeller by reducing cavitation size, improving the 
cavitation free region and contributing the flow to be more 
stable through the elimination of high frequency flow oscilla-
tions. 
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Nomenclature------------------------------------------------------------------------ 

αl     : Local void fraction   
p, pv : Static pressure, vapor pressure 
μ    : Kinetic viscosity 
μt  : Turbulent viscosity 
ui, uj   : Cartesian velocity components 
xi, xj : Cartesian coordinates 
δij : Kronecker delta function 
Cµ  : Turbulent coefficient 
S  : Control surface 
V  : Control volume 
t : Time 
t∞  : Time scale 
k  : Turbulent kinetic energy 
ε : Dissipation rate 
Cdest : Empirical constant 
Cprod : Empirical constant 
U∞  : Free stream velocity 
α∞  : Angle of attack 
St  : Strouhal number 
f : Frequency 
CL  : Lift coefficient 
c : Chord length of hydrofoil 
d1, d2 : Blade inlet, outlet diameter 
βs1, βs2 : Blade inlet, outlet angle 
h : Passage width 
s : Blade thickness 
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z : Number of blades 
n : Rotational speed 
n  : Normal vector 
v  : Velocity vector 
b  : Body force vector 
ρm, ρl, ρv : Density of mixture, liquid and vapor, respectively 

−+ mm ,  : Volume conversion rate of the condensation and of 
the evaporation 

 
References 

[1] D. Croba and J. L. Kueny, Numerical Calculation of 2D, 
Unsteady Flow in Centrifugal Pumps: Impeller and Volute In-
teraction, International Journal for Numerical Methods in 
Fluids, 22 (6) (1996) 467-481. 

[2] J. S. Anagnostopoulos, Numerical Calculation of the Flow in 
a Centrifugal Pump Impeller Using Cartesian Grid, Proceed-
ings of the 2nd WSEAS Int. Conference on Applied and 
Theoretical Mechanics, Venice, Italy (2006) 124-129. 

[3] K. W. Cheah, T. S. Lee, S. H. Winoto and Z. M. Zhao, Nu-
merical Flow Simulation in a Centrifugal Pump at Design 
and Off-Design Conditions, International Journal of Rotat-
ing Machinery, 2007 (2007) 1-8. 

[4] F. Joussellin, Y. Courtot, O. Coutier-Delgosha and J. L. 
Reboud, Cavitating Inducer Instabilities: Experimental 
Analysis and 2D Numerical Simulation of Unsteady Flow in 
Blade Cascade, 4th International Symposium on Cavitation, 
Pasadena, CA, USA (2001). 

[5] Y. Iga, M. Nohmi, A. Goto, B. R. Shin and T. Ikohagi, Nu-
merical Analysis of Unstable Phenomena of Cavitation in 
Cascade with Finite Blade Numbers, Proc. 9th International 
Symp. on Transport Phenomena and Dynamics of Rotating 
Machinery, Honolulu, Hawaii, USA (2002) 1-6. 

[6] R. Fortes-Patella et al., A Numerical Model to Predict Un-
steady Cavitating Flow Behaviour in Inducer Blade Cas-
cades, Journal of Fluid Engineering, 129 (2) (2007) 128-135. 

[7] O. Coutier-Delgosha, R. Fortes-Patella, J. L. Reboud, M. 
Hofmann and B. Stoffel, Experimental and Numerical Stud-
ies in a Centrifugal Pump With Two-Dimensional Curved 
Blades in Cavitating Condition, Journal of Fluids Engineer-
ing, 125 (6) (2003) 970–978. 

[8] I. Senocak and W. Shyy, A pressure-based method for turbu-
lent cavitating flow computations, J. Comput. Phys., 176 (2) 
(2002) 363-383. 

[9] C. Lee and D. Byun, Cavitation Flow Analysis of Axisym-
metric Bodies Moving in the Water, International Confer-
ence of Computational Science and Its Applications – 
ICCSA, Glasgow, UK (2006) 537-545. 

[10]   O. Coutier-Delgosha, J. L. Reboud and G. Albano, Nu-
merical Simulation of the Unsteady Cavitating Behaviour of 
an Inducer Blade Cascade, Proc. ASME Fluids Engineering 
Summer Conference, Boston Massachusetts, USA (2000). 

[11]   K. Okita, Y. Matsumoto and K. Kamijo, Numerical Analy-
sis for Unsteady Cavitating Flow in a Pump Inducer, 5th In-
ternational Symposium on Cavitation, Osaka, Japan (2003). 

[12]   K. Majidi, Numerical Study of Unsteady Flow in a Cen-
trifugal Pump, Journal of Turbomachinery, 127 (2) (2005) 
363-371. 

[13]   Hiroki Ugajin, Masafumi Kawai, Kohei Okita, Takashi 
Ohta, Takeo Kajishima, Masataka Nakano and Hiroshi 
Tomaru, Numerical Analysis of the Unsteady Cavitating 
Flow in a 2D Cascade and a 3D Inducer, 43rd 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and 
Exhibit, Cincinnati, Ohio, USA (2007) 5053-5063. 

[14]   F. C. Visser, J. J. H. Brouwers and J. B. Jonker, Fluid Flow 
in Rotating Low-Specific-Speed Centrifugal Pump Impeller 
Passages, Fluid Dynamics Research, 24 (1999) 275-292. 

[15]   O. Coutier-Delgosha, J. L. Reboud, N. Hakimi and C. 
Hirsch, Numerical simulation of cavitating flow in 2D and 
3D inducer geometries, International Journal for Numerical 
Methods in Fluids, 48 (2) (2005) 135-167. 

[16]   R. F. Kunz et al., A preconditioned Navier-Stokes method 
for two-phase flows with application to cavitation prediction, 
Computers & Fluids, 29 (8) (2000) 849-875. 

[17]   I. Senocak, Computational methodology for the simulation 
of turbulent cavitating flows, Ph.D. Dissertation, University 
of Florida (2002). 

[18]   R. Fortes-Patella et al., Numerical Model to Predict Un-
steady Cavitating Flow Behavior in Inducer Blade Cascades, 
Journal of Fluids Engineering, 129 (2) (2007) 128-135. 

[19]   D. Wilcox, Turbulence modeling for CFD, DCW Industries, 
Inc, La Canada, CA (1993). 

[20]   S. Patankar, Numerical heat transfer and fluid flow, Taylor 
& Francis, Kentucky, USA (1980). 

 
 

Quangnha Thai received his B.S. in 
Aeronautical Engineering from Ho Chi 
Minh City University of Technology 
(HCMUT, Vietnam) and Ecole 
nationale superieure de mecanique et 
d’aerotechnique (ENSMA, France) in 
2007. He is pursuing his M.S. in 
Aerospace Information Engineering 

from Konkuk University in Seoul, Korea. His research inter-
ests are in the area of computational fluid dynamics of two-
phase flow and flow instability of rocket liquids. 
 
 

Changjin Lee received his B.S. and 
M.S. in Aeronautical Engineering from 
Seoul National University in 1983 and 
1985. He then went on to receive his 
Ph.D. from University of Illinois at 
Urbana-Champaign in 1992. Dr. Lee is 
currently a Professor at the department 
of Aerospace Engineering at Konkuk 

University in Seoul, Korea. His research interests are in the 
area of combustion instabilities of hybrid, liquid rocket and jet 
propulsions. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


