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ABSTRACT 
Internal flows including cavitation phenomena in a pump 
can be analyzed by CFD commercial codes and system 
performances are traditionally obtained by experimental 
tests. However, they cannot correctly analyze the 
dynamic characteristics of the system especially when 
the transients are very fast or the system sometimes 
becomes complicated according to cavitation phenomena. 
It is important to predict dynamic behaviors of the pump 
system in the development stage. 3D-CFD numerical 
calculation is so time-consuming to analyze total flow 
field in the system that it is useful to develop 1D-
mathematical models to express the dynamic 
characteristics of the system. The mathematical models 
of a pump system already have been developed by 
Bondgraphs without cavitation phenomena. In this study, 
the numerical result of cavitating flow is considered into 
the system Bondgraphs. 
 
Keywords: pump system dynamics, Bondgraphs, CFD 
result, cavitating flow 
 
NOMENCLATURE 
B: flow passage width in the impeller  
c: radial velocity of fluid in velocity triangle 
Ccav: element representing cavitation  
Cp: cavitation compliance 
D: diameter 
d: pipe diameter 
f0: cavitation surging frequency 
Hsv: net positive suction head 
I: inertia of rotational parts of pump, I = Im+Is+Ii 
Il: rotational inertia of liquid within the impeller 
Iq: fluid inertia of liquid in the pipe 
Iq1: fluid inertia in suction pipe  
Iw: through flow inertia of liquid within the impeller 
K: bulk modulus 
L: length of flow passage of whole system 
Mb: mass flow gain factor 
P, ΔP: pressure, pressure difference 
Q: flow rate, discharge 
Q0: rated flow rate 

R: impeller radius 
Rc: contraction loss in Rc element 
Re: expansion loss in Re element 
Rg: power gyrating parameter in MGY element 
Rl: leakage loss in Rl element 
Rpf: pipe friction parameter  
Rif, Ris: losses in an impeller in Rif and Ris elements 
Rs: flow resistance in suction pipe 

Rv: hydraulic loss parameter in a valve, in Rv element 
Rvf, Rvs: losses in a volute in Rvf and Rvs elements 
Rω: disk loss parameter in Rω element 
T, ΔT: torque, torque loss 
t: time 
U: fluid velocity 
u: peripheral velocity of an impeller 
V: absolute velocity 
v: absolute velocity of an impeller in velocity triangle 
Vc: cavitation volume 
W: relative velocity of fluid within the impeller in 

velocity triangle 
Z: number of blades of the impeller 
α: angle between u and c in the velocity triangle,  

void fraction 
β2: flow angle with the slip factor at the impeller outlet 
βb2: blade angle at the impeller outlet 

φ: flow coefficient = 2Q /(B2u2)  

ρ: density 
σ: cavitation number = Hsv/(u1

2/2g) 
τ: shear stress 
ω: rotational speed 
 
Subscript: 
0: rated value 
1: inlet of impeller, suction side 
2: outlet of impeller, delivery side 
I, i: impeller 
m: motor 
s: shaft 

: mean value 

θ: peripheral component 
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1. INTRODUCTION 
Researches on system dynamics of a pump system have 
been performed (Barrand Ghelic and Caignaert 1993; 
Nguyen Kaenel and Danguy 1993; Rong Tanaka 
Tsukamoto and Tanaka 1996; Tsukamoto and Ohashi 
1982; Rong Tanaka and Tsukamoto 1997). To analyze 
dynamic behaviors of a system equipped with fluid 
machinery, it is necessary to study dynamic 
characteristics especially in cavitating flow. These 
characteristics are traditionally obtained by performance 
tests. However, they cannot correctly represent the 
dynamic characteristics of turbomachinery, because: 
1) The dynamic characteristics of turbomachinery 
systems are very complicated since these systems consist 
of mechanical, hydraulic and the other sub-systems. 
Especially the nonlinear characteristics are serious in a 
fluid sub-system. The sub-systems affect each other in a 
dynamic process; 
2) As the behaviors of a turbomachinery system are 
combined with all sub-systems, it is difficult to 
distinguish the influence of them one by one.  
Therefore, it is very useful to develop a mathematical 
model to express the dynamic characteristics of the fluid 
machinery, both in steady state and dynamic modes. 
    Bondgraphs method (Karnopp and Rosenberg 1990) 
has been used to solve the above problems recently 
(Paynter 1972; Rong Tanaka and Tsukamoto 1996). This 
is a method of analyzing system dynamics based on the 
conservation of energy flow within these systems. As 
this method modeling these systems is unified it is easy 
to derive the mathematical model of dynamic behaviors 
of the whole system including pump. 
    The mathematical model representing the dynamic 
behaviors of pump systems can predict the unsteady 
characteristics of the system. When the system operating 
point moves far from the design point as well as when 
cavitating flow occurs, the non-linear characteristics 
become more serious. Even in these cases, the 
Bondgraphs model can still represent the system 
dynamics correctly. 
 
2. BONDGRAPHS OF THE PUMP SYSTEM 
The schematic figure of a pump system in a closed 
circuit is illustrated in Fig. 1. In this paper, only the 
mechanical and hydraulic systems are considered to 
study the dynamic behaviors of the pump system. The 
power flow in this system is as follows; 

 The power from the motor is transferred to the pump 
shaft. A part of the shaft power is consumed through the 
mechanical and disk friction loss and the other are stored 
as the rotational inertia. The rest flows into the impeller, 
in which the mechanical power is converted into 
hydraulic power. In the process of conversion, there exist 
shock loss, friction loss and leakage loss. And also, in the 
dynamic mode, some of the power will be stored in the 
system acceleration as the liquid inertia in the impeller. 
    Then, the power flows into the volute casing where 
some of the kinetic energy will be converted into the 
pressure energy. In the process of conversion there also 

 
Figure 1: Pump system 

 
exist shock loss and friction loss. 
    Then the power flows into the piping system, where 
there is friction loss. In the dynamic process, some of the 
power is stored due to the longitudinal acceleration of the 
liquid. The remaining power flows into the valve, some 
of which is consumed there. 
    Then the power flows into the tank with the 
expansion loss. Also when the power flows into the 
suction pipe from the tank, a part of the power will be 
consumed as the contraction loss as well as the friction 
loss. The remains flow into the pump. Here the power 
circulation closes in the pump system. The above power 
flow can be represented by using Bondgraphs, as shown 
in Fig. 2. 
 
2.1. System Bondgraphs 
In system Bondgraphs (Fig. 2), SE represents Torque 
input to the pump system through the rotating shaft of 
the motor system. The power input is (T0×ω). 
    Before flowing into the impeller system, the power 
is divided into four components; the first is the power 
storing element I, (ΔTI×ω) as the rotational inertia, the 
second is the power consuming element Rm, (ΔTm×ω) as 
the mechanical loss and the third is the disk friction loss 
Rω, (ΔTI×ω), and the last is transferred to the impeller. 
    In Bondgraphs, turbomachinery is represented as 
MGY element (Painter 1972). The mechanical power 
given to the impeller [(T0-ΔTI-ΔTm-ΔTI)×ω] is converted 
to the fluid power (P×Q2) by the test pump. The gyrating 
function of the MGY element is given as Rg (Rong 
Tanaka Tsukamoto and Tanaka 1996). 
    The power generated in the impeller (P×Q2) 
separates into several components. The first of which is 
an element indicating fluid inertia in the impeller Iw, 
(ΔPω×Q2). The second of which is Ris, (ΔPIs×Q2) 
element indicating hydraulic shock loss in the inlet of the 
impeller. The third of which is Rif, (ΔPIf×Q2) element 
indicating hydraulic loss in the impeller. And before the 
power flows into the volute casing, some power is 
consumed as leakage loss Rl, {(P2 -P1)×Q3} because of 
the pressure difference between impeller inlet and outlet.  
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    In the volute casing the hydraulic loss and shock 
loss are expressed as Rvs, (ΔPvs×Q4) and Rvf, (ΔPvf×Q4) 
elements respectively. 
    According to the modeling in a pipe and P4 = P2-
ΔPvs-ΔPvf, the power flows into the pipe P4×Q4 is divided 
into several power elements: hydraulic loss element 
Rpf2,(ΔPpf2×Q4); energy storing element Iq, (ΔPIq×Q4) 
because of liquid inertia in the pipe and valve loss Rv, 
(ΔPv×Q4); The remaining power (P4-ΔPpf2-ΔPIq-ΔPv)×Q4 
flows into the tank. Then power flows through the tank 
into the pipe only with losses. These are expansion loss 
Re, (ΔPe×Q4) and contraction loss Rc, (ΔPc×Q1). 
    In case that the transients are very fast, the flow rate 
is much smaller than the water volume inside the tank, 
and even if cavitation phenomena are considered, the 
water level in the tank can be considered to be constant 
within the transients.  
    Then the power flows from the tank into the suction 
pipe. In the pipe, the power are divided into hydraulic 
loss Rpf1, (ΔPpf1×Q1), inertia storing elements. And the 
remaining power flows into the impeller, (P1×Q1). When 
cavitating flow happens at the impeller inlet, the 
phenomenon is represented by Ccav element. Then Q1 ≠ 
Q4 because cavitation bubble occurs and its volume 
fluctuates. In non-cavitating flow, Q1 = Q4. 
    In the Bondgraphs, if an element is considered 
necessary or useful to represent the dynamic behaviors of 
a system, it can be added to the system Bondgraphs 
easily. On the other hand, if an element is considered to 
be negligible, it can be removed from the Bondgraphs. 
These corrections do not affect the computer program. 
 
2.2. Mathematical Functions of Power Transfer 

Element in an Impeller 
An impeller transfers rotational mechanical power to 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

hydraulic power. This power transformation can be 
represented as the following equation without losses. 
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In this equation, T0 is the input torque of the pump shaft. 
When 0/2 dtd  and 0/2 dtdQ   in the steady mode, the 

equation becomes Euler equation of turbomachinery. 
 
2.3. Losses in the system 
There exist many losses in the process of power flow in 
the system. The main losses are shown as R elements in 
Fig. 2. The mathematical expressions of their 
representative losses are as follows according to JSME 
standard (1989). 
 
2.3.1. Disk Friction Loss 
Disk friction loss can be expressed in the following 
equation. 
 

35
2 NDCE M                                          (2) 

 MCMDM CCC        (3) 

 

E  is energy loss in the disk friction loss and N is 

rotational speed of an impeller. The whole friction 
coefficient of an impeller is represented by Eq. (3), 
where CMD is coefficient on the disk, while CMC is 
friction coefficient on the peripheral area. CMD and CMC 

S E  M G Y  

0  

0  

1  

1  

1  

1  

1  1  

R m  

I  
R v  C  

R c  R p f 1  

I w  R i s  

R i f  R ω  

0  

R l  

R v s R p f 2 I q  

R e  

 

  

 

 
Suction Pipe 

Pipe 
Volute Casing 

Friction loss Contraction loss 

Tank 

Expansion loss 

Liquid Inertia Friction loss Shock loss 

Leakage loss 

Friction loss 

Liquid inertia 
Shock loss 

Impeller Shaft 

Disk loss Mechanical loss 

Rotational inertia 

Torque input 

Figure 2: System Bondgraphs of Pump System 

：Rg 

Proceedings of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2013 
ISBN 978-88-97999-25-6; Bruzzone, Dauphin-Tanguy, Junco and Merkuryev Eds.                                          

30



can be calculated using the equations verified through 
experiments. 
 
2.3.2. Friction loss in an impeller 
The pressure loss based on the friction loss in an impeller 
can be expressed as 
 

4/)( 2*
1

2*
2 WWP fIfI                     (4) 

 
W* means relative velocity in case that slip factor is 
considered at the impeller outlet. 

fI  is a friction 

coefficient, which can be calculated using basic theory of 
fluid dynamics. 
 
2.3.3. Shock Loss in an impeller 
In general, the shock loss can be expressed as the 
following equation. 
 

2/)( 2*
11 uusIsI WWP                              (5) 

 
But this equation is effective only in the case of the rated 
operating point. When the system is operating in the 
other area or in the transient mode, this loss should be 
considered in detail. 
 The other losses such as leakage loss in the impeller, 
hydraulic and shock loss in the volute casing can be 
expressed using the same method. It should be noted 
here, in some cases of high speed transients cavitation 
will happen. This may affect the characteristics greatly. 
But in this research, the influence of cavitation to the 
dynamic behaviors are not considered  

 
3. STATE SPACE EQUATION OF PUMP 

SYSTEM 
Considering the system bondgraphs shown in Fig. 2, 
only one C element and three I elements, I, Iw and Iq, are 
time-dependent and the others are not. The following 
differential equations representing the dynamic behaviors 
of a pump system are obtained by eliminating all 
variables except the variable ω, Q1 and Q2, from the 
characteristic functions of all elements derived in this 
paper and the algebraic equations for the conservation 
law at all junctions. 
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Table 1: Parameters of Pump and Impeller (imp.) 

Specific speed Ns≈130 [rpm, m3/min, m]
Rated rotational speed Nr = 3455 [rpm] 
Rated head of pump Hr = 31.5 [m] 
Rated flow rate Qr = 0.25 [m3/min] 
Rated efficiency ηr = 0.6 
Rated torque Tr = 5.925 [N-m] 
Rated input power Pr = 2.173 [kW] 
Imp. outlet diameter D2 = 0.137 [m] 
Width in imp. outlet B2 = 0.0093 [m] 
Thickness of blade at 
imp. inlet and outlet 

S1 = 0.005 [m] * 
S2 = 0.007 [m] * 

Blade angle at outlet βb2 = 20 [°] 
Diameter in imp. inlet D1 = 0.07 [m] * 
Width in imp. inlet B1 = 0.01 [m] * 
Blade angle at inlet βb1 = 15 [°] * 
Number of blades 7 
Momentum 0.012+0.0005 [kg-m2]* 

 * Means estimated value
 

 
Figure 3: Dynamic behaviors of Pump Starting. Effects 
of Hydraulic Losses to Dynamics of Pump System 
 
 The system dynamic behaviors are decided by its 
own attributes, such as impeller diameter, blade angle 
and losses etc. In the cases with power input, the 
dynamic behaviors are decided by both system attributes 
and input T0. 
 
4. SIMULATION RESULTS BASED ON SYSTEM 

BONDGRAPH 
In the high speed starting modes of the test pump system, 
the total length of the pipes is Lp = 5.1[m], while the 
diameter is dp= 0.05 [m]. The other parameters of the 
system are listed in Table 1. In the high speed starting 
mode, the pump system is accelerated from stationary 
state to the rated state quickly. The results are shown in 
Fig. 3. In the simulation, the experimental data of torque 
was input to the system according to the experimental 
results. 
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 In Fig. 3, we compare the simulation results with the 
experimental results. Even in the very fast starting mode, 
they agree very well. This means that system 
Bondgraphs shown in Fig. 2 and their mathematical 
model can represent the dynamic behaviors of systems 
equipped with turbomachinery. 
 From this comparison, we know that the losses have 
relatively little influence to the dynamic behaviors when 
the transients are very fast. In the case of constant loss 
parameters, parameters are calculated from the rated 
operating point. They are smaller than that in the 
nonlinear loss expressions. Because of this, the starting 
up in this case is a little faster than that in the case of 
nonlinear loss parameters. These results also affect the 
dynamic behaviors immediately after the starting up. 
However in the end of the process, the results of the two 
models will be the same, since in the steady state mode, 
their loss parameters are the same. From this comparison, 
Bondgraphs method is a useful method to represent the 
system. 
 
5. CFD STUDY ON PUMP CAVITATING FLOW 
 
5.1. Cavitation Analysis Method 
Commercial CFD codes enable to analyze cavitation 
phenomena with good precision of numerical calculation 
recently (Philippe and Okamura 2002; Sato Nagahara 
Suzuki Tanaka Fuchiwaki, and Nishi 2009; Sato 
Nagahara Tanaka Fuchiwaki Shimizu and Inoue 2011). 
As solution methods for bubble flows, there are a VOF 
method of two-phase flow (Volume-of-Fluid Method), a 
cavity bubble tracking method and a method that solves 
the motion equation of Rayleigh-Plesset (Brennen 1995; 
Tamura Sugiyama and Matsumoto 2001; Tamura Fukaya 
and Matsumoto 2002) coupling it with flow equations to 
obtain fluid density mixed with water and bubbles. A 
method with the motion equation of Rayleigh-Plesset is 
used in this study. Its outline is shown below. 

Usually, Eq. (9) of Rayleigh-Plesset for spherical 
bubbles is solved. 

 
  

 (9) 
 

 
Here, R indicates a radius of bubble, ρ liquid density, pg 
gas pressure inside the bubble, p pressure of the liquid 
phase, μ viscosity coefficient of liquid phase and σ 
surface tension of liquid. 
 It is difficult to solve with multi-purpose software 
the detail of second order derivative term for 
approximation of the condition that bubbles repeat to 
grow and collapse with pin, where vapour and air mixed. 
Therefore, it is common to solve the equations below. 
Equation (9) is simplified to Eq. (10) so that time 
variations of R are obtained. 
< 1 > pg=pv; Bubbles are filled with saturated vapour 
continuously, 
< 2 > Second order derivative term, surface tension term 
and viscous term are abbreviated. 

 
         (10) 

       
 

In addition, when expressing void fractions α with R as a 
bubble radius and n0 as number density per a unit volume 
of liquid, 
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Equation (12) is used as a transport equation of void 
fractions. 

 
 

(12) 
 
 
 

 The equations mentioned above and the following 
conservation equation of mass and momentum (Navier-
Stokes equation) are coupled and solved. 
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5.2. Turbulence Model and Calculating Conditions  
In prediction of pump oscillation in a test pump, 
cavitation occurrence with turbulence at the suction part 
is expected. Therefore, it is necessary to predict precisely 
the flow field at the suction part and the vortex 
occurrence caused by flow separation in particular. 
Transient rotor stator interface is used for the boundary 
between rotating part and stationary part. For a digitizing 
scheme, a second order upwind windward finite 
difference scheme is used for both convection and 
diffusion terms (Barth and Jesperson 1989). Simple 
method is used for an algorithm and inner iteration is 
assumed 50 iterations for each step. For boundary 
conditions, a pressure boundary and velocity integral 
boundary are used for the inlet and outlet, respectively.  
 Precision and reliability of capturing the sudden 
pressure rise after cavitation bubble collapse are 
compared among the results using a standard k-ε model, 
SST model and LES model in case that the number of 
grids is 5,200,000 elements. Overall features are almost 
the same in all cases though LES captures finer vortex 
structures such as the vorticity distributions at the 
location corresponding to the impeller inlet in each 
model. As a result, cavitating flow analyses have been 
performed with SST turbulence model from viewpoint of 
calculating conditions such as the number of grids, non-
dimensional wall distance y+, and calculating time, as 
shown in Table 2. The calculation was performed every  
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Table 2: Calculating conditions 
Details of   
elements 

 Number of      
elements 

Maximum  
aspect ratio 

Suction domain 
437000 at 1.0 Q0 
548000 at 0.6 Q0 

316.0 

Impeller domain 557000 34.8 

Volute domain 352000 309.3 

Overall view About 1400000  

N = 1800 rpm z = 6 blades y+ = 4 -150 

ΔT = 9.26×10-5 sec 
(for Impeller revolution by 1.0 degree )  

SST 
turbulence 
model 

 
time step correspondent to the impeller rotation by 1.0 
degree, for 6 revolutions of the impeller. 
 
5.3. Confirmation of Cavitation Occurrence 
Figure 4 shows streamlines from the baffle plate to the 
rotational impeller. Rotational flow is generated near the 
baffle plate and the flow reaches the rotating impeller. 
There is a sign that the cavitation occurs from the baffle 
plate when there is strong rotation in the suction passage. 
In addition, there is one more sign that another cavitation 
occurs in the shroud side of the impeller. As a 
characteristic, this cavitation occurs from a low pressure 
region generated by leakage flow from the suction 
passage and mixed with main stream.  
 Figure 5 shows the iso-surface of α = 0.5 of the 
vortex cavitation. The existence of the vortex cavitation 
from the baffle plate can be confirmed clearly in this 
figure. It can be seen that the vortex cavitation is 
generated near the baffle plate and reaches the rotating 
impeller. Hereafter, the impeller rotational angle shown 
in this figure becomes a norm, θ0. 
 
5.4. Calculation of cavity volume 
The commercial code can calculate the volume of 
cavities in each calculating domain. As there is a 
distribution of void fraction inside a cavity, air volume in 
the cavity is calculated from the product of volume-
averaged void fraction in some calculating domain and 
the volume of the domain. Consequently, it becomes 
possible to calculate the air volume in each domain even 
when different type of cavitation occurs simultaneously 
in the different location.  
 

 
Figure 4:  Stream lines and vortex cavitation from baffle 
plate (Simulation result, φ=0.11, σ=0.30) 

 
Figure 5:  Iso-surface of α = 0.5 

 
6. SYSTEM MODEL OF CAVITATING FLOW 
Cavitating flow raises many troubles, one of which is 
cavitation surge (Tsujimoto 2006; Yamamoto and 
Tsujimoto 2009). This is an important dynamic behavior 
of a pump system. Cavitation surge is considered as a 
complicated self oscillation phenomenon brought by 
total characteristics of the pump system. However, the 
surging frequency can easily be considered as the natural 
frequency of the pump system. Studies on the cavitation 
surge in a centrifugal pump have been performed under 
consideration that the phenomenon is supposed as quasi-
linear self oscillation.  
 Here, basic characteristics of the surging frequency 
are analyzed one-dimensionally under quasi-steady 
response model using the CFD results on the cavitation 
surge in a centrifugal pump. In the field of pump 
cavitating flow, the characteristic parameters, cavitation 
compliance and mass flow gain factor, are generally used. 
Here, how to determine the value of the parameters is 
described. 
 
6.1. Lumped parameter model of cavitation (Cp, Mb) 
Assuming the quasi-steady response can be permitted in 
cavitating flows, cavitation volume can be represented 
by use of cavitation compliance Cp and mass flow gain 
factor Mb. 
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・・・

11 QMPCV bpc                                                     (17) 

 
Equation (17) can easily be replaced with an equation of 
spring-damper system in a mechanical system. Equation 
(17) is changed as follows. 
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Equation of continuity in Fig. 7, 
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Q1 

Q2 
Q3 

ΔQ 

Figure 6: Vc-Q-P simulated by LES model (φ=0.11, 
σ=0.30) 
 
From the above Eq. (17) and (18), 
 

11
1

Q
C

M
dtQ

C
P

p

b

p
                                         (20) 

This is the characteristic equation of the cavitation 
element Ccav in Fig. 7. 
 This equation means that cavitating flow can be 
represented as spring-damper system. The spring 
coefficient is 1/Cp and damper coefficient is -Mb/Cp. In 
other words, a spring coefficient is defined as -K/Vc in a 
lumped parameter system as follows.   

dpdVV

VdV
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C cc

cc
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11

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


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




                    (21) 

 

Because Eq. (21) is similar to Eq. (15), 1/Cp of Eq. (18) 
means the spring coefficient. Moreover, -Mb/Cp of Eq. 
(18) is changed to the next equation. 
 

Q

P

PV

QV

C

M

c

c

p

b








                                        (22) 

 
Because the last term means the gradient of pump 
performance curve, -Mb/Cp indicates flow resistance 
coefficient of the pump system. 
 Figure 6 shows characteristics of cavitation 
compliance and mass flow gain factor. The phase of 
cavitation volume is quite opposite to suction pressure in 
the result. Therefore, the cavitation compliance is always 
negative from Eq. (15) and fluctuates according to the 
cavitation volume change from Eq. (21). Due to the 
phase difference between cavitation volume and suction 
flow rate, mass flow gain factor repeats positive and  
 

 

 
Figure 7: Bondgraphs Model of Cavitating Flow 

Figure 8:  f0- cV  simulated by SST model (□), and by LES 

model (◆), Approximate curve:
cVf 12.00   

 
negative values across the border indicated as the dashed 
line in Fig. 6 according to Eq. (16). When mass flow 
gain factor is negative, the pump system has negative 
resistance from Eq. (22). This means that pump 
performance has positive slope, which is clearly 
characteristic for negative damping of the system. These 
results show that cavitating flow system has two kind of 
self oscillation modes based on coefficient fluctuation 
and negative damping based on positive/negative 
fluctuation of flow resistance. 

As stated above, cavitating flow in a pump can be 
represented by C element in Bondgraphs model as shown 
in Fig. 7 and the coefficient can be calculated by the 
cavity volume through CFD analysis. In the next section, 
the value of coefficient is validated by estimating natural 
frequency. 
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6.2. Natural frequency of pump system 
Cavitation surge in a pump system can be modeled by 
considering a suction pipe and cavitation phenomenon. 
Here, the suction pipe is modeled by mass-damper 
system as represented in Eq. (19) and the cavitation 
phenomenon is modeled by spring-damper system as 
represented in Eq. (18). As a result, the pump system 
dynamics is represented by the following equations. 
 

11111 QRQIP q 
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From this equation, the natural frequency of pump 

system can be represented by the first and third terms. 
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From Eq. (21) and Eq. (25), 
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In the above equation, cV  which is the mean value of Vc, 

can be replaced with Vc in Eq. (26) when cavitation 
volume Vc fluctuates. 
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CFD results on the cavitating flow are expressed by Eq. 
(27). Figure 8 shows the relationship between 

0f  and 

cV  and the approximate equation. This fact means that 

Bulk modulus can be assumed constant in the cavitation 
approximately. 
Form the approximate equation in the Fig. 8, Bulk 
modulus is derived as follows. 
 

][1020.321.0
2

1 4

1

PaK
I

K

q

 　　


  (28) 

 
Considering that Bulk modulus is 1.33×105[Pa] under 
normal condition, this value seems to be a little bit 
smaller.  
 However, if the vaporous pressure would be defined 
as p = 3171 [Pa], the bulk modulus of pure vapor is 
calculated as the following,   

The bulk modulus of water is ][1006.2 9 PaK water  . 

The apparent bulk modulus of cavitation including water 
and pure vapor is defined as follows, 
 

 

                                                                         (29) 

 

where x means mixing ratio of water and vapor in a 

cavitating flow. The each value of vaporK , waterK  and 

caviK , that is given as ][1020.3 4 PaK   in Eq. (28), is 

substituted into Eq. (29), the mixing ratio is calculated as 
x =13.2%. This value is considered as reasonable.  
 
7. CONCLUSIONS 
In this study, the Bondgraphs model representing the 
dynamic characteristics of a pump system has been used 
to perform modeling and simulation of the cavitating 
flow. As a result, the following conclusions are obtained. 
1) Cavitating flow can be modeled by C element in 

Bondgraphs model. 
2) The value of coefficient of the C element for 

cavitating flow can be calculated by CFD analysis. 
3) Finally The system Bondgraphs of a pump system 

including cavitating flow has been established. 
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