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It is important to monitor the occurrence of cavitation in machines as it may damage them.
Sensing technologies are used to monitor the occurrence of cavitation, but the mechanism of
cavitation needs to be understood to implement appropriate sensing technologies at exact
locations of machines. Therefore, a new simplified model was proposed and used with ANSYS
Fluent to investigate how cavitation occurs in a gear pump. The model considers a transient state
with a time step of as small as 2.5 × 10−6 s. In the model, the volume fraction and mixture
properties were added to the continuity and momentum equations. Using the newly established
model, a simulation was conducted to find the related parameters. Combinations of different
numbers of modules and gear teeth were considered to observe the dynamic pressure distribution
in the vicinity of gears to determine the locations of cavitation. The pressure was found to be
high as 12.3 MPa in the oil-trapped area, and large pressure fluctuations of the outlet of the gear
pump occurred when the oil-trapped pressure was released. The existence of cavitation during
the operation of the gear pump was predicted by locating low-pressure areas. The amount of
cavitation decreases when the flow rate of the pump increases with the increase in turbulence
dynamic energy at saturated vapor pressure.

1.

Introduction

There has been significant progress in the applications of fluid machines owing to new
technologies, such as engine oil pumps, pressure devices in pipes, and jet engines. The reliability
of machines has become an important issue in engineering when considering the cost and risk of
wear. One of the factors affecting reliability is cavitation occurring during the operation of fluidbased machines, which reduces efficiency because it lowers the flow rate. It also gives rise to
noise and shock waves, eventually resulting in severe damage to machines.
Cavitation appears when the fluid velocity undergoes a drastic change and the pressure drops
to a value below the saturated vapor pressure because bubbles act similarly to those in the case
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of boiling under this condition. These bubbles move to high-pressure zones and shrink until they
burst. When a bubble bursts, a high flow velocity occurs, which results in a severe pressure
shock and damage to solid surfaces. The pressure can be as high as 689 MPa.(1) A machine is
thus damaged after the prolonged operation and pressure shocks due to bubble bursts.
In a pipe flow, cavitation has a similar effect to choking the flow of a compressible fluid
because it blocks fluid transportation. Many analyses have been reported on this phenomenon.
Sou et al. simulated the choke flow of a gasoline nozzle with the large eddy simulation (LES)
turbulence model.(2) Lee et al. numerically studied the fuel nozzle of a supersonic scramjet at
working temperature and pressure of 553 K and 1 MPa, respectively.(3) It was found that an
increase in temperature induced a high saturated vapor pressure and caused more cavitation to
occur.(4) Ramamurthy and Balachandar found that the noise and vibration reached the maximum
level that the system can endure before the choke flow started to occur in a water tunnel.(5)
Inaguma employed a mathematical model to analyze the leakage of fluid from three types of
gears: an external gear pump, an internal gear pump, and a vane pump.(6) According to the
results, the working pressure, fluid temperature, rotating speed, and fluid characteristics affect
the leakage and, in turn, reduce the volume efficiency. Močilana et al. established a 3D model
for designing a gear pump with the Gambit commercial code, then analyzed the dynamic
characteristics of the model with the finite volume method.(7) It was found that leakage was
prevented by adjusting the contact of two gears.
Shen et al. analyzed the fatigue of a gear pump by using the ANSYS Fluent commercial
code.(8) The maximal pressure was estimated and then employed to study the deformation and
internal stress of the gears through solid mechanics. The solutions were imported into fatigue
equations to obtain a probabilistic stress life curve (P-S-N curve).(9) The correlation between
fatigue stresses and cycles was obtained. By using a 2D model with computational fluid
dynamics (CFD), del Campo et al. found that cavitation occurred and that efficiency decreased
when the rotation speed was increased.(10) Analyses with and without cavitation were conducted
for comparison. In the numerical simulation with cavitation, the water hammer effect at the inlet
was found to be the main reason for the reduced pumping efficiency. Singhal et al. presented a
full cavitation model employing a simplified Rayleigh–Plesset equation.(11) The model
considered the effects of surface tension and turbulent flow energy on saturated vapor pressure
and non-condensable gases. On the basis of the model, the ACE+ commercial code was utilized
to study the flow field around a hydrofoil, a cone, and an orifice. The simulation results were
verified with experimental data. However, instability occurred in the simulation when many
physical properties were considered together.(12)
To detect cavitation, several sensing technologies are necessary. Vibration, ultrasonic,
pressure, and temperature sensors are mainly used for such a purpose. Monitoring the pressure,
temperature, and vibration is critical for monitoring cavitation to prevent damage to machines.
However, to use sensors correctly, it is necessary to understand how and where cavitation occurs.
Therefore, we investigated cavitation in a gear pump by employing a numerical method with
ANSYS Fluent. To validate the model’s applicability, a simulation was also conducted. From the
results, a condition that reduced the cavitation of the gear pump was found, providing basic
information to improve the performance of gear pumps.
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Methods

SolidWorks computer-aided design software was employed to model the gear pump and its
surrounding area in this study. The model was then imported by ANSYS Workbench for the
setting of the meshes, physical properties, and geometrical conditions.
2.1

Modeling

Figure 1 shows a schematic diagram of two gears and the upstream and downstream areas.
The nodes of the two gears are in contact when they are in operation. In the simulation, a tiny
gap between the two solid boundaries of the gears may cause difficulty in the meshing process
and the severe skewness of the cells. Hence, the geometric design allowed gaps between the
gears to avoid an auto combination problem. There were also slits between the gears and the
shell. The gaps were wide enough to avoid instability and increase the calculation time in the
computation.
The flow field was separated into three parts, namely, the inlet, gear, and outlet regions,
which belong to a gear region that includes the vicinity of the gears and the gaps between the
solid boundaries. In the inlet and outlet regions, structured (quadrilateral) cells were utilized
with sparser meshing than that in the gear region. In the gear region, triangular cells and dense
meshing were used owing to the marked velocity change in the gaps.
2.2

Parameter setup

The fluid was assumed to be a mixture of engine oil and steam. The density and viscosity of
the engine oil were assumed to be 950 kg/m3 and 0.019 Pa∙s and those of steam were assumed to
be 0.5542 kg/m3 and 1.34 × 10−5 Pa∙s, respectively. According to the Zwart–Gerber–Belamri

(ZGB) cavitation model of corrosion and bubble dynamics, the diffusion velocity Vdr ,k was

Fig. 1.

(Color online) Schematic diagram of gears and flow field (lengths in mm).
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ignorable. This simplified the simulation and reduced the computation time. In this study, the
ZGB model was used for the cavitation model, for which the default parameters of a saturation
pressure of 3540 Pa, a bubble radius of 10−6 m, a volume fraction of 0.0005, an evaporation
coefficient of 50, and a condensation coefficient of 0.01 were set.(13)
The gear motion was set as rigid body motion in the dynamic meshing process. The rotation
velocity was controlled by a user-defined function (UDF) but was set as constant in this study.
The starting up time was ignored in the simulation(14) because the two gears were assumed to
undergo rigid motion in the setting of the dynamic mesh, and the rotational speed was controlled
by the UDF. Therefore, the rotational speed was set to a fixed value and the time for the motor to
accelerate from zero to the working condition was ignored. Only the rotation speed of the gear
was considered as a fixed value, so the unsteady behavior of the gear speed as it increased from
zero to a fixed value was not considered.
The coupled pressure–velocity method was used for the parameter setup since its convergence
was better than that of the semi-implicit method for the pressure-linked equations (SIMPLE)
model.(15,16) The discretization method used was the least-squares cell-based gradient evaluation.
PREssure STaggering Option (PRESTO) was used as the pressure interpolation method,(17) and
the quadratic upwind interpolation of convective kinematics (QUICK) was used as the
momentum volume integral method.(18)
Hybrid initialization was considered for the fast convergence of iterations.(19) The time step
was 2.5 × 10−6 s based on the movement velocity and the remaining time of cavitation (20‒30
μs).(20) There were 250 iterations in each time step, and the convergence criteria between two
consecutive iterations were set with a relative deviation of less than 1 × 103 for velocity and
continuity.
The mesh file was imported into Fluent, and the detailed boundary conditions were assigned
by the model. The numbers of modules and teeth were assumed to be 2 and 18, respectively. The
width of the inlet was set to 20 mm, and the length from the inlet to the center was set to 40 mm.
The corresponding width and length of the outlet were 15 and 100 mm, respectively. The
pressures of the inlet and outlet were set as 1 and 6 bar, respectively. The saturated vapor
pressure was 1.33 Pa. Gravity was ignored in the simulation.
Dense grids were assigned near the gears since the flow field was complicated and cavitation
occurred in the region. The mesh in the inlet region was also refined to reduce the skewness of
cells. The mass flow rate was estimated at the center of the inlet in the simulation. A meshindependent test was performed to obtain a reliable result. The data obtained from the numerical
analysis of various mesh designs are shown in Table 1. The average velocity of the inlet increased
Table 1
Various mesh designs (4000 time steps).
Total number of
Number of
meshes
triangle meshes
149500
132650
257756
235306
562104
528604
922694
818069
2379970
2111970

Number of
quadrilateral meshes
16850
22450
33500
104625
268000

Inlet velocity
(m/s)
9.27
9.516
9.797
9.817
9.898

Elapsed time
(h)
4.5
24
11.5
29.5
48
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with the grid number. However, the velocity saturated with increased mesh number, and a mesh
number of 562104 was set to reduce the computing time.
2.3

Flow model

There are three methods in ANSYS/Fluent: Eulerian, Volume-of-fluid (VOF), and Mixture.
The model with the Eulerian method was not used because of its time-consuming nature. The
model with the VOF method was also not used because of the conflict of a basic assumption with
cavitation. In the model with the Mixture method, the factor αk is inserted in the continuity and
momentum equations. This simplifies the complicated multiple-phase flow into a ratio relation.
Thus, the equations are written as

∂
( ρm ) + ∇ ⋅ ρmVm = 0
∂t

(1)





  
 n
∂
ρ mVm + ρ m Vm ⋅ ∇ Vm = −∇P + µm∇ 2Vm − ∇ ⋅  ∑α k ρ kVdr ,kVdr ,k  ,
∂t
 k =1


(2)

(

(

)

(

)

)


where Vm is the mass-averaged velocity, expressed as


Vm =



n

∑ k =1α k µkVk ,
ρm

(3)

with αk being the volume fraction of phase k.
The ratio relation is calculated as

αk =

∀k
.
∀CV

(4)

Therefore, αk = 1. That is, the control volume is entirely occupied by the fluid of phase k. The
sum of all volume fractions is expressed as
n

∑α k = 1.
k =1

(5)

The mixture viscosity μm is written as
n

µm = ∑α k µk ,
k =1

(6)
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where ρm is the mixture density;
n

ρ m = ∑α k ρ k .

(7)

k =1


Vdr ,k is the drift velocity between the primary and secondary phases, defined as

 
Vdr ,=
k Vk − Vm.

(8)



The velocity Vdr ,k is defined on the basis of the relative velocity V pq, where subscripts q and p

are for the primary and secondary phases, respectively. Hence, V pq is expressed as



V pq
= V p − Vq,

(9)

where ck is the mass fraction of phase k and is defined as
ck =

α k ρk
.
ρm

(10)

Therefore, the relationship between drift velocity and relative velocity is shown as


Vdr=
V pq −
,k



n

(11)

∑c V
k =1

k qk .

The diffusion velocity results from the concentration difference between phases. However,
cavitation occurred only in a short period; hence, the diffusion velocity is ignored in the
simulation to simplify the process.
The continuity equation with the volume fraction is written as
n


∂
α p ρ p + ∇ ⋅ α p ρ pVm = −∇ ⋅ α p ρ pVdr , p + ∑ m pq − m qp ,
∂t
q =1

(

(

)

)

(

)

(

)

(12)

where m pq is the rate of change of the transformation from phase p to phase q.
In the field of bubble dynamics,(21) the Rayleigh–Plesset equation is expressed as

PB − P∞

ρL

=R

d 2R
dt 2

2

4ν L dR 2γ
3  dR 
.
+ 
+
 +
2  dt 
R dt ρ L R

Ignoring the second-order terms, this equation is simplified to

(13)
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dR
2 PB − P∞
=
.
dt
3 ρL

(14)

Because we use the ZGB model supplied by Fluent,(22) the cavitation model is based on the
change in bubble mass (mV). The rate of change in bubble mass is
dmV
d∀
= ρV
,
dt
dt

(15)

4 3
πR .
where ρV is the bubble density and ∀ is the bubble volume. For a spherical bubble, ∀ =
3
Then, Eq. (15) is written as

dmV
d 4
dR

ρV  πR3  =
=
=
4πR 2 ρV
4πR 2 ρV
dt
dt  3
dt


2 PB − P∞
.
3 ρL

(16)

The bubble volume fraction αV as a function of the number of bubbles per unit volume is
expressed as

4
3

αV= N B ∀
= N B πR3,

(17)

The rate of change in mass due to cavitation is

3α ρ
Slv = V V
R

2 PB − P∞
.
3 ρL

(18)

Considering the bubble size as a function of pressure, the rate of change in mass is rewritten
as
3α ρ
Slv = F V V
R

2 PB − P∞
,
3 ρL

(19)

where F is a correcting factor.
In addition, a new parameter, α nuc (1 − αV ) , was added to avoid instability due to the
condensation of evaporated fluid.


3α nuc (1 − αV ) ρV 2 PV − P
, PV > P
 Fvap
R
3 ρL

Slv = 
3αV ρV 2 P − PV

, P > PV
 Fcond
R
3 ρL


(20)
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The parameters were as follows: evaporation coefficient Fvap = 50 , condensing factor
Fcond = 0.01, nucleation volume fraction α nuc = 5 × 10−4, and bubble radius R = 10−6 (m).
The aforementioned saturated vapor pressure Psat is determined by turbulence.(23) The
relation is expressed as
=
PV Psat +

1
( 0.39 ρ L k ) ,
2

(21)

where k is the turbulent flow energy, i.e., the average of fluctuations in all directions, and is
expressed as
=
k

3.

1
u ′u ′ + v′v′ + w′w′ .
2

(

)

(22)

Results and Discussion

When gears rotate, the pressure of fluids fluctuates in the flow field due to engagement and
separation. Figure 2 shows the monitoring points at the inlet and outlet used to investigate the
pressure changes. Figures 3 and 4 show that the pressure changes periodically with the gear

Fig. 2.

(Color online) Locations of monitoring points.

Fig. 3. Pressure fluctuations (monitoring point at the
inlet, with leakage).

Fig. 4. Pressure fluctuations (monitoring point at the
inlet, without leakage).
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motion. The inlet pressure is sometimes close to the outlet pressure (Fig. 3). This is mainly
attributed to the leakage problem. The numerical model did not perform gear engagement as in a
real situation as explained in Refs. 24 and 25.
3.1

Pressure fluctuations

The proposed model was superior to the previous ones for analyzing the pressure fluctuations
even though the pressure at the monitoring points was similar to that of the other models. In the
case of leakage (Fig. 4), a fast Fourier transform (FFT) revealed that the pressure fluctuation
frequency was close to the engagement frequency (900 Hz) (Fig. 5). Figure 6 shows a comparison
between the numerical and experimental results.
As shown in Fig. 7, negative pressure occurred near the rotating zone of the gear, which is the
flow field within the gear motion as shown in Fig. 1. Fluid was attracted into this area from the

Fig. 5. (Color online) Pressure fluctuations obtained
by FFT analysis.

Fig. 7.

Fig. 6. (Color online) Pressure fluctuations at the
outlet(26) in the experiment (black line) and simulation
(red line).

(Color online) Pressure distribution at the inlet (absolute pressure).
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inlet. Figure 8 presents the pressure distribution in the gear region. Cavitation occurs at locations
where the pressure is less than the saturated vapor pressure. The pressure is as high as 12.3 MPa
in the oil-trapped area, which is formed in a closed volume when a pair of gear teeth mesh at the
same time. In the 2D model of this study, the trapped oil cannot flow to the outlet, so the area
maintains the oil at high pressure.
Figure 9 shows the pressure distribution at the outlet. The flow moves and its pressure
changes owing to gear rotation. High pressure accumulates in the oil-trapped area. When the
pressure in this area is lowered, the outlet is subjected to high pressure. The consecutive
variations in pressure result in a pressure wave at the outlet.

Fig. 8.

(Color online) Pressure distribution in the gear rotation zone.

Fig. 9.

(Color online) Pressure distribution at the outlet.
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Verification of mass flow rate

The fluctuation of the inlet mass flow rate is similar to that of the pressure at the monitoring
points. Moreover, the maximal flow rate occurred 2.5 × 10−5 s before the occurrence of the
highest pressure. This suggests the leakage of oil in this model. Compared with the data of Ref.
27, the flow rate in this study exhibits a longer and larger fluctuation before convergence (Fig.
10).
Figure 11 shows the sinusoidal pattern of the flow rate with time, which is similar to the data
in Refs. 28 and 29. As the reason for the sinusoidal pattern, the periodic appearance and
extinction of the vacuum zone in the gear pump cause a pulsating flow pattern during operation.
Figure 12 shows the mass flow rate of the inlet with two modules and 18 gear teeth as a
function of the number of time steps. Here, the module is a basic parameter of the gear teeth and
is used to measure and determine the size of the gear teeth (module = pitch/π).
Figure 13 presents the results of the FFT analysis to obtain the flow rate. A peak appears at a
frequency of 900 Hz. Figures 14 and 15 respectively present the flow rate and the FFT of the
model with three modules and eight gear teeth. The frequency decreases to 400 Hz with the
decreased number of gear teeth. On the other hand, the amplitude of the fluctuation increases
with the increased number of modules.

Fig. 10. Inlet mass flow rate with time.(29)

Fig. 11. (Color online) Mass flow rate with time.(30)

Fig. 12. Mass flow rate of inlet (modules = 2, teeth =
18).

Fig. 13. (Color online) Mass f low rate of inlet
obtained by FFT analysis (modules = 2, teeth = 18).
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Fig. 14. Mass flow rate of inlet (modules = 3, teeth =
8).

Fig. 15. (Color online) Mass f low rate of inlet
obtained by FFT analysis (modules = 3, teeth = 8).

Fig. 16. (Color online) Effect of increasing speed on cavitation phenomenon.(31)

3.3

Cavitation locations

The locations of cavitation were verified using the results of other research. According to our
simulation, cavitation occurs at engagement points as well as separation points. The locations of
cavitation in this simulation are similar to those observed from high-speed photographs.(31)
Figure 16 shows that the cavitation becomes more severe when the rotating speed increases to
3000 rpm. Then, the pressure and flow rate at the monitoring point of the outlet are affected, and
the flow changes from laminar to turbulent.(32) The results of the simulation of the flow change
are shown in Fig. 17. The related data are also shown in Table 2. The VOF method simulates two
or more immiscible fluids by solving a single momentum equation and tracking the volume
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Fig. 17. (Color online) Vapor distributions at different times (s): (a) 0.004, (b) 0.008, (c) 0.012, (d) 0.016, and (e)
0.020 s.
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Fig. 17. (Continued) (Color online) Vapor distributions at different times (s): (f) 0.024, (g) 0.028, (h) 0.032, (i) 0.036,
and (j) 0.040 s.
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Table 2
VoFmax values obtained from Fig. 17.
Time (s)
0.004
0.95
VoFmax
Time (s)
0.024
0.95
VoFmax
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0.008
0.95
0.028
0.95

0.012
0.96
0.032
0.96

0.016
0.96
0.036
0.95

0.02
0.95
0.04
0.96

fraction of each fluid in the region. Typical applications include predicting jet rupture, the
motion of large bubbles in liquids, the motion of liquids after dam failure, and the steady-state or
transient tracking of any gas-liquid interface. Figure 17 shows the contact position of the two
gears in Fig. 1 obtained by the VOF method. It can be seen that the entire flow reaches the center
position, so the X- and Y-axes are not shown. The vapor distribution during rotation is shown in
Fig. 17, which coincides with the results of other research studies.

4.

Conclusion

The flow distribution of a fluid in a gear pump was obtained by model analysis and
simulation. The distribution of the fluid was found to be similar to that in previous studies. The
mass flow rate and pressure fluctuations during gear rotation were found, and the fluctuation
frequency of the gear pump was coupled with that of the gears. Cavitation was observed at
locations where the pressure was lower than the saturated vapor pressure. The oil-trapped
pressure reached 12.4 MPa. The outlet pressure fluctuated when the oil-trapped pressure was
released. This is considered to be the main factor contributing to cavitation. Different gearing
conditions have different rates of cavitation. This is because the amount of cavitation decreases
with increasing flow rate, which increases the turbulence dynamic energy at saturated vapor
pressure. The findings in this study provide basic information on how to develop a system for
monitoring and detecting cavitation using sensing technologies.
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