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Figure 41: Torque Tghqrt required to operate the pump with respect to speed varia-
tion, for the 20 samples. From (a) to (e), test conditions are: Py, = 30bar

and Ty = 60°C, while from (f) to (I) refer to the same case with
Toir = 120°C. Data are normally distributed for each analyzed working
condition.
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Figure 42: Reference system for the results shown in the present Section.

should be followed if a number of samples is available; in this condition, since
Figures 36 and [37]have demonstrated that the mean measured values may de-
viate considerably from the relative design values, the set up of the model
should be based on the mean values of the actual geometrical parameters
of the samples. This method would allow to simulate the performance of an
average pump (in a statistical sense) and results should be evaluated with re-
spect to the mean experimental data and their relative confidence interval. In
presence of a set of samples, validation may also be performed by simulating
the entire set of experiments, so that each measured datum can be compared
with the relative simulated result. This latter approach appears to be the more
complete and rich of information about the effective capabilities of the model;
however, the computational effort requested by this validation process tends
to overflow as the number of samples increases. Despite these considerations
on the effective validation of the model may seem obvious, the three discussed
approaches are rarely followed in the literature related to volumetric pumps
and model validation is often conducted by direct comparison of the simu-
lated results with measured data taken from a single sample (see for example
5663 B9 B2).

In order to perform an accurate evaluation of the model reliability, the last
validation approach described in the previous paragraph has been carried out.
Each pump sample has been reproduced and their behavior throughout the
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16 different working conditions defined in Table [g] has been numerically sim-
ulated. Figures |43 and |44 report the comparison between the simulated and
measured characteristic curve of each pump sample, obtained at fixed work-
ing speed (1000rpm) and four different delivery pressure values. As it can
be appreciated, the model may show a different accuracy depending on the
pump sample examined (see for example sample N1 and sample N18). Such
a result tends to confirm that reliability and accuracy of this kind of models
should be evaluated with respect to a population of pumps, since referring
to a single pump sample may easily lead to over/under-estimate the quality
of the proposed approach. This aspect is made clear further by considering
the data reported in Table (10} which describes the relative deviation e% (ex-
pressed in percentage) between simulated and measured efficiency, calculated
as:

S m
e% = 100w (84)
My

where 1} and n)* represent simulated and measured volumetric efficiency,
respectively. As it can be appreciated, the average relative deviation is kept
below the 4% limit for each working condition, while the minimum value is
kept even below the 1% limit. Such results confirm the proposed modeling
approach is able to correctly simulate the pump behavior, even if some sam-
ples occasionally lead to lower accuracy values. Finally, it is worth noting that
the mean relative deviation of the estimation tends to worsen as the delivery
pressure is increased; however, such a trend may depend also on the exper-
imental results, since their standard deviation is shown to increase together
with the delivery pressure.

Similar considerations arise by comparing simulated and measured volu-
metric efficiency of each pump sample, evaluated at a fixed delivery pressure
equal to 30bar and 4 different working speed values (see Figures [45 and [46).
As noted in the previous paragraph, the model reaches different levels of accu-
racy depending on the analyzed sample. However, as shown in Table |11 the
average relative deviation is always kept within the 4% limit, except for the
500rpm/30bar condition, in which the mean error reaches almost the 10%. On
the other hand, the minimum value is particularly satisfactory, being always
less than 0.5%.

By focusing the attention on the whole set of working conditions analyzed,
the mean relative deviation estimated with Eqn. [84]is equal to 3.164%, which
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Volumetric Efficiency with respect to Delivery Pressure
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Figure 43: Comparison between simulated (dashed line) and measured (continuous
line) volumetric efficiency, with n = 1000rpm and four different delivery
pressure values, for the pump samples from N1 to N10. Black and gray
lines refer to oil temperature values equal to 60degC and 120degC respec-
tively.
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Volumetric Efficiency with respect to Delivery Pressure
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Figure 44: Comparison between simulated (dashed line) and measured (continuous
line) volumetric efficiency, with n = 1000rpm and four different delivery
pressure values, for the pump samples from N11 to N20. Black and gray
lines refer to oil temperature values equal to 60°C and 120°C respectively.
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Table 10: Relative deviation between simulated and measured efficiency (in percent-
age) with respect to delivery pressure variation, calculated on the results

shown in Figures [43|and
Pout €% — 60°C €% — 120°C
(bar) | min max mean | min max mean
10 | 0.07 3.16 085 |0.97 7.06 332
20 | 0.10 655 233 |0.16 853 241
30 | 0.05 845 345 |0.21 805 258
40 | 0.21 928 389 |041 674 3.35

Table 11: Relative deviation between simulated and measured efficiency (in percent-
age) with respect to working speed variation, calculated on the results

shown in Figures [45|and 46
working speed e% — 60°C €% — 120°C
(rpm) min max mean | min max mean
500 047 19.00 937 | 016 1195 3.77
1000 0.05 845 345 | 021 805 258
2000 0.03 312 095 | 031 413 1.68
4000 0.10 454 121 |0.04 208 0.99

is considered to be absolutely satisfying with respect to the rather large set
of working conditions analyzed. Finally, it should also be noted that the oil
temperature does not seem to influence the model accuracy consistently.

In order to achieve a complete overview of the model reliability, compari-
son has been also carried out with respect to the average pump, i.e. the pump
in which each geometrical parameter is the mean value of the measurements
performed on the 20 samples. By following this idea, the average pump ge-
ometry results to be defined by the design values, except for tooth-tip/casing
clearances and bearing radial clearances, that are defined by the mean values
of the measurements reported in Figures 36| and Such a pump has been
reproduced inside the numerical model and its behavior has been simulated
throughout the whole set of 16 working conditions. Results have been then
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compared with the mean value of the measured data at each working condi-
tion, together with their 98% confidence interval calculated as:

P(x—tean1/VN<u<X+tyon1/vVn)=1—« (85)

where « is the confidence level, i.e. 0.98, n is the number of observations,
p is the mean value of the measured volumetric efficiency for each work-
ing condition and t ;1 is the Student’s t-distribution value for the given
parameters. Figure [47] reports the resulting comparison at different delivery
pressure values, while Figure [48| refers to the resulting comparison in terms
of different working speed values. As it can be appreciated from both charts,
the simulated efficiency falls within the confidence interval for all the 16 an-
alyzed cases. Moreover, as previously noted, influence of the oil temperature
on the model accuracy is not detected. The comparison between measured
and simulated results presented from Figure 43| to Figure [48| demonstrates
that the proposed model is capable to provide a high accuracy estimation of
the pump volumetric efficiency, even if it is based on a lumped parameter
approach. Such a quality is given by the model capability to couple the pump
fluid dynamics with the gearpair micromotions, which take into account not
only the variable pressure loads, but also the journal bearing reaction, as well
as the mesh force and the speed dependent friction torque.

Despite volumetric efficiency is a fundamental parameter in evaluating gear
pump performance, designer are usually interested in having a wider and
more detailed overview of the machine behavior. In this context, the present
model is able to provide a wide range of data that can help to rate the pump
design under study. One of the typical results that can be obtained from this
kind of models is given by the oil pressure evolution around gears along a
complete revolution. In order to evaluate the output produced by the model,
it is possible to refer to Figure [49] depicting the oil pressure course around
gears along a complete revolution of the driving gear, for pump sample N1
working at n = 1000rpm and T, = 60°C and different delivery pressure
values. As it can be appreciated, the model follows the oil pressure variation
inside a single pocket moving towards all the pump regions: starting from the
meshing zone, the pressure rises due to the trapping phenomenon, drops to
the inlet pressure value when the trapped volume opens to the inlet chamber
and then start rising again when the pocket enters into the pressurizing zone.
It is worth noting that the pressure evolution on the driven gear has been
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Volumetric Efficiency with respect to Working Speed
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Figure 45: Comparison between simulated (dashed line) and measured (continuous
line) volumetric efficiency, with Pyt = 30bar and four different working
speed values, for the pump samples from N1 to N10. Black and gray lines
refer to oil temperature values equal to 60°C and 120°C respectively.
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Volumetric Efficiency with respect to Working Speed
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Figure 46: Comparison between simulated (dashed line) and measured (continuous
line) volumetric efficiency, with Pyt = 30bar and four different working
speed values, for the pump samples from N11 to N20. Black and gray lines
refer to oil temperature values equal to 60°C and 120°C respectively.
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Figure 47: Comparison between average pump simulated efficiency and measured
one, with respect to delivery pressure variation. Experimental data are
shown as mean value calculated at each working condition, together with
their 98% confidence interval calculated with the Student’s t-distribution.

plotted with respect to a complete revolution of the driving gear as well, even
if it reaches a complete revolution after 9 angular pitches. The data reported in
Figure[49) which would require an ad hoc test rig to be achieved experimentally
B4]l, may represent a valuable resource to study the effects produced by
some design modifications that do not have a clear influence on the outlet
pressure ripple or the volumetric efficiency. Concurrently, the analysis of the
oil pressure course allows to achieve a deeper understanding of the effects
produced by varying the working conditions; a clear example is reported in
Figure |50 where the pressure distribution of pump sample N1, working at
Pout = 30bar and T,;; = 60°C, is shown at 4 angular speed values. In this case,
effects produced by the speed increase is evident both in the meshing zone
and the pressurizing zone. In the former, in particular, the speed increment
affects the trapping phenomenon by producing a considerable upsurge of the
pressure peak, in agreement with the experimental evidence reported in Ref.
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Figure 48: Comparison between average pump simulated efficiency and measured
one, with respect to working speed variation. Experimental data are shown
as mean value calculated at each working condition, together with their
98% confidence interval calculated with the Student’s t-distribution.

The described behavior has important consequences on the variable pres-
sure loads applied to the gears. In Figure [51]it is possible to notice that the
presence of high pressure peaks affects both pressure force and torque (data
refer to the reference system defined in Figure [42). As a matter of fact, pres-
sure course and loads may be considered as two different ways (or param-
eters) to analyze the same phenomenon, since pressure loads directly come
from the integration of the pressure course around the gearpair surface. How-
ever, pressure course is typically more related to a fluid-dynamic point of
view; it guarantees an unequivocal correlation between the oil pressure and
the gearpair angular position, which allows to detect the potential presence of
localized phenomena. On the contrary, pressure loads are generally referred
to the dynamics of the machine; they are correlated to the angular pitch and
tends to enlighten exclusively the pressure phenomena that may influence the
pump balancing or its dynamics. For these reasons, both parameters represent
important outcomes available from the model.
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Figure 49: Simulated oil pressure course around gears, referring to pump sample N1,
working at n = 1000rpm and Tyi1 = 60°C. Data are referred to 4 different
delivery pressure values and normalized with respect to Py« = 40bar.

The analyzed results are classical products obtained from lumped parame-
ter models for simulating gear pump behavior, see for example Refs. [j3} [45] [65]!-
One of the more effective advantages of the present model is actually given
by the possibility to produce a number of results to be considered much less



38 MODEL RESULTS AND VALIDATION

Driving gear
T

out

P/P

= 500rpm
—— 1000rpm | |
———2000rpm

4000rpm |

50 60 70 80 90 100
% Revolution

Driven gear

out

P/P

T T T

50 60 70 80 90 100
% Revolution

Figure 50: Simulated oil pressure course around gears, referring to pump sample N1,
working at Pyt = 30bar and T,i1 = 60°C. Data are normalized with

respect to Pyt = 40bar.

common with respect to the modeling approach adopted, such as time depen-
dent bearing reaction, gear orbits and time/working condition dependent tip
clearances. In order to enlighten the model capabilities, bearing reaction for
both driving and driven gears is depicted in Figure 52} simulated data refer
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Figure 51: Simulated pressure loads along a complete angular pitch. Data refer to
pump sample N1, working at Py ¢ = 30bar and T4 = 60°C.

to pump sample N1, working at Pyt = 30bar and Ty = 60°C, analyzed at 4
angular speed values. As it can be appreciated, bearing reaction is provided
by the model as vector, hence both magnitude and phase can be analyzed.
Again, it is worth noting that the high pressure peak due to the trapping phe-
nomenon has consequences also on this parameter. By increasing the working
speed, although the mean value of the bearing force magnitude is almost un-
changed, a peak starts appearing between the 20% and the 40% of the angular
pitch. Moreover, such a phenomenon produces non-negligible effects also on
the bearing force phase, demonstrating a change in the direction of applica-
tion with almost 90° of variation at 4000rpm.

Pressure loads and bearing reaction both contribute in defining the gearpair
micromotions, which actually constitute another relevant output provided by
the model. In particular, force and torque shown in Figure |51} together with
bearing reactions shown in Figure lead to gear center orbits reported in
Figure In agreement with the results presented in [[20]], as the speed is

112



38 MODEL RESULTS AND VALIDATION

Driving Gear Bearing Driven Gear Bearing
2000 1500
z z
;L 1500 ;g 1000 =—— f?"\ |
1000 500
0 20 40 60 80 100 0 20 40 60 80 100
%Pitch %Pitch
\‘r\ -0.5
-1.5 7~ — —
. = | — =l
) . )
g \ / 8
T 2 e
= \_/ o L5 ~
N N \
-2.5 /
0 20 40 60 80 100 0 20 40 60 80 100

%Pitch %Pitch
—500rpm — 1000rpm —2000rpm  4000rpm
Figure 52: Simulated bearings reactions along a complete angular pitch. Data refer to
pump sample N1, working at Py ¢ = 30bar and T4 = 60°C.

increased, the bearing capability to support the load increases as well, caus-
ing each orbit to move faraway from the boundary circle. Such a progressive
movement makes the actual tooth tip/casing clearances increase and therefore
reduces the sealing capability of the pressurizing zone. This phenomenon well
explain the progressive reduction of the oil pressure inside the pressurizing
zone due to the speed increase, as shown in Figure Taking as reference
the n = 4000rpm case, it is also possible to notice that the high pressure peak
inside the pressurizing zone actively concurs in the development of this be-
havior. Within this working condition, the gearpair is forced to over-enlarge
its obits with a further deterioration of its sealing capability. The process is
well addressed in Figure |54}, which describes the predicted driving gear tooth
tip/case clearances along a complete revolution. In particular, such a clear-
ance is shown to assume higher values in the n = 4000rpm case between the
4™ and the 6™ angular pitch, i.e. at the beginning of the pressurizing zone.
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Figure 53: Simulated gear center orbits along a complete angular pitch. Data refer to
pump sample N1, working at Py ¢ = 30bar and T4 = 60°C.

The proposed analysis demonstrates that despite the high pressure peak
in the trapping zone and the sealing capability reduction in the pressurizing
zone may appear as two distinct phenomena, they are actually correlated.
The possibility to explain such a correlation underlines the potentiality of the
proposed modeling approach, which allows to analyze the machine behavior
from multiple points of view. This characteristic assumes a particular value
in the field of gear pumps, where the overall machine behavior is the result
of the mutual interaction between different phenomena arising from design
aspects that may appear uncorrelated at first.

3.9 CONCLUDING REMARKS

The present Chapter describes a numerical model for the high accuracy pre-
diction of gear pump performance based on a lumped parameter approach,
together with its practical application. The novelty of the model resides in
the coupling between the effects produced by the fluid-dynamic field and the
gearpair micromotions, which are reciprocally solved, at each time-step, to
obtain a precise estimation of the machine behavior. The setup of the model
takes advantage of the results provided by a 2D CFD model and two 3D
CFD models specifically built up to execute the tuning of some parameters as
the flow discharge coefficients. The 2D CFD model has permitted to study the
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Figure 54: Simulated driving gear tooth-tip/case clearances along a complete revo-
lution. Data refer to pump sample N1, working at Pyt = 30bar and
Toi1 = 60°C.

flow rates exchanged above the tooth tip, while a first 3D CFD model has been
used to analyze the flow rate exchanged in the lateral tooth flanks clearance.
The second 3D CFD model has been adopted to deeply analyze the meshing
region in different instants of meshing and to identify the suitable values of
the discharge coefficients to be used in the LP model. Moreover, the mathe-
matical model adopted to solve the gearpair radial movements is based on a
detailed set of equations of motion, which is shown to give a more accurate
definition of the different loads applied to the gears in comparison to the two
approaches already proposed in the literature (see Refs. 35, by taking
into account multiple load sources such as the presence of speed dependent
friction torque.

The quality of the estimation is also due to the adoption of a dedicated
analytical methodology for the calculation of pressure forces and torques in
both spur and helical gear pumps. The methodology consists in a system-
atic and general procedure to consider the major number of phenomena that
characterize the meshing evolution. In order to assess its effectiveness, the
method has been applied to both a spur and a helical gear pump and com-
pared with other methodologies available in the literature. The comparison
has shown that the determination of pressure force and torque transmitted to
the gears is strongly influenced by a number of phenomena occurring inside
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the meshing zone, which are taken into consideration by the proposed model.
The methodology applied to the helical gears stage enables to estimate all the
force and torque components. The obtained results have shown that the pres-
sure force along the axial direction, depending on the helix angle which is
usually around 10° in gear pumps, is characterized by a magnitude 10 times
lower than the magnitude of the pressure force along the other two directions.
Moreover, the shape of helical gears leads to the presence of non-zero compo-
nents of the pressure torque along axes x and y, even if the magnitude of these
components is considerably lower than the pressure torque applied in axial
direction. The proposed methodology itself can represent a useful stand-alone
tool to precisely estimate one of the main excitation sources that contribute to
define the dynamic behavior of these machines.

In order to assess the proposed model, an extended experimental campaign
has been carried out on a gear pump designed for automotive applications.
The pump design has been reproduced in 20 nominally identical samples,
in order to have a statistical characterization of the pump behavior. In ad-
dition, tooth tip/case clearances and journal bearing radial clearances have
been measured on each sample, with the aim to obtain a more clear defini-
tion of their actual geometry. Each sample has been tested on a dedicated test
rig, collecting both mean delivery flow rate and driving torque at 16 differ-
ent working conditions resulted from the combination of 4 delivery pressure
values, 4 working speed values and 2 oil temperatures. The complete experi-
mental campaign is therefore constituted by 280 tests. Results obtained from
the experimental campaign demonstrate that radial clearances measured at
the end of the production process may show high value of the estimated stan-
dard deviation, even if such values stand within the design tolerance interval.
Moreover, although design limitations are satisfied, slight modifications of
the radial clearances may consistently affect the pump performances. Such a
phenomenon is amplified as the temperature increases.

Experimental data have been finally adopted to set up the LP model and
perform its validation. Each test condition has been simulated for each pump
sample, obtaining so 280 different points of comparison, which are not sim-
ply based on the working condition, but also on the actual pump geome-
try. The comparison based on the volumetric efficiency has shown that the
model reaches different levels of accuracy depending on the analyzed work-
ing condition. However, in terms of delivery pressure dependence, relative
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deviation between simulated and measured efficiency is always kept below
the 4% limit, while the minimum value is well below the 1% limit. Concur-
rently, in terms of angular speed dependence, relative deviation is always
kept below the 4% limit, except for the 500rpm/30bar condition, in which the
mean error reaches almost the 10%. On the other hand, the minimum value
is particularly satisfactory, being always less than 0.5%. The comparison en-
lightens that the model may show different relative error values depending
on the pump sample examined; such a result tends to confirm that reliabil-
ity and accuracy of this kind of models should be evaluated with respect to
a population of pumps, since referring to a single pump sample may easily
lead to over/under-estimate the quality of the proposed approach. In order
to achieve a complete overview of the model reliability, comparison has been
also carried out with respect to the average pump, i.e. the pump in which each
geometrical parameter is the mean value of the measurements performed on
the 20 samples. In this case, the simulated efficiency resulted to fall within
the 98% confidence interval estimated by using the Student’s t-distribution
for each analyzed working condition. The overall process of model validation
has therefore produced satisfactory results with respect to the purposes of the
model.

Finally, an analysis of the different outcomes provided by the model has
been carried out, in order to underline its potentialities. Further analyses fo-
cused on addressing the influence of the speed increase on the pump behavior
have enlightened the effective additional value guaranteed by studying gear
pumps performance by using a multiphysical approach. In particular, the pos-
sibility to explain the correlation between the high pressure peak in the trap-
ping zone and the sealing level reduction in the pressurizing zone underlines
the capability of the proposed modeling approach to analyze the machine be-
havior from multiple points of view. This characteristic assumes a particular
advantage in the field of gear pump performance simulation, where the over-
all machine behavior is the result of the mutual interaction between different
phenomena arising from design aspects that may appear uncorrelated at first.
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EXPERIMENTAL DETECTION OF CAVITATION IN
EXTERNAL GEAR PUMPS BY VIBRO-ACOUSTIC
MEASUREMENTS

In the present Chapter, cavitation in external gear machines is investigated by means
of a dedicated experimental campaign. Four different pump prototypes have been de-
signed and manufactured to perform this research, one of them specifically built up
to not be affected by such a phenomenon. Cavitation is induced in the testing proce-
dure by increasing the working speed, in order to better reproduce the development
of the phenomenon in actual applications. Vibro-acoustic measurements performed by
a hydrophone and a high-frequency accelerometer are put in comparison with mea-
surements of inlet and outlet pressure ripple, in order to enlighten their capability
to effectively provide an earlier detection of the phenomenon. Waterfall spectra are
investigated and later RMS wvalues of the filtered signals are shown with respect to
the cavitation number and compared with efficiency measurements. Results demon-
strate that vibro-acoustic measurements associated to a dedicated signal processing
procedure represent a powerful tool to detect cavitation inception in gear pumps. Ef-
fect of oil temperature is investigated, showing that it contributes in spreading the
phenomenon on a wider speed range. Finally, the comparison between different pump
prototypes enlightens the capability of the presented procedure to quantitatively esti-
mate the intensity of the cavitation phenomenon.

4.1 INTRODUCTION
Cavitation detection in fluid machinery represents a central but demanding

task in defining the performances of pumps and turbines throughout a wide
range of working conditions. Characterizing the machine’s behavior from the
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onset of the phenomenon until its full development usually requires a well-
assessed measurement procedure and accurate post-processing.

One of the very first works on this subject pertains to I. S. Pearsall [iq],
that focused the attention on determining the effects of cavitation by means
of acoustic measurements on the performance of various hydraulic machines,
such as axial-flow and centrifugal pumps, as well as Francis and Kaplan tur-
bines. Measured data demonstrated that acoustic measurements were more
sensitive to the phenomenon inception than efficiency measurements. These
first results have been later supported by more extended experimental cam-
paigns performed on centrifugal pumps [[11], demonstrating the effective ca-
pability to detect cavitation inception by using hydrophone sensors.

The measurement approach described in has been lately devel-
oped and applied to various Kaplan and Francis turbine prototypes B,
underlining the chance to improve the experimental detection with blade-
passage frequency demodulation techniques. Results have been then sup-
ported by other investigations also performed on pump-turbines with
different transducers as accelerometers and Acoustic Emission (AE) sensors
[88]]. More recently, different signal processing techniques have been proposed
for detecting cavitation inception: M. Cudina demonstrated the possibility to
characterize the phenomenon in centrifugal pumps by using audible sound
; Adamkowski et al. focused the investigation on monitoring the pump
shaft torsional vibrations induced by cavitation erosion [[91]]. In the same years,
Zhaoli et al. presented an assessed method to detect cavitation in pumps with
the help of phase demodulated ultrasonic signals [92]], while Poddar and Tan-
don adopted acceleration and AE measurements to detect cavitation in journal
bearings and proposed a physical explanation of the obtained results. Gohil
et Saini evaluated the effect of temperature and other working parameters on
cavitation in Francis turbines [jg3]], while M. M. Stopa et al. demonstrated the
possibility to detect the phenomenon inception in centrifugal pumps with the
help of a load torque signature analysis [Jo4]|.

Various other experimental studies on this challenging subject may be found
in the literature, however, despite the wide interest shown by the scientific
community, a lack of results concerning the detection of cavitation in volumet-
ric machines has been observed by the authors. A small amount of research
has been performed on evaluating the effects produced by air release/absorp-
tion and oil vaporization in volumetric pumps and motors. Moreover, such
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works are generally restricted to the numerical approach and focused on the
assessment of models for performance prediction. In particular, in Borghi
et al. evaluated the influence of cavitation in external gear pumps and mo-
tors by proposing a lumped parameter model restricted to the meshing zone,
only. More recently, in [49l Zhou et al. presented a lumped parameter
approach to evaluate external gear pump performance under cavitation con-
ditions based on simplified transport equations obtained from the full cavi-
tation model [96]. The model described in is supported by experimental
data referring to the pressure ripple around gears, but no effective data re-
garding the cavitation detection are provided. Effects produced by cavitation
in external gear pumps have also been evaluated by using 2D Computational
Fluid Dynamic (CFD) approaches as the one proposed by del Campo et al. in
[o7l, where the performed simulations predicted the effects of cavitation
to be restricted on the inlet flow rate/pressure ripple, exclusively. Simulated
results are supported by qualitative comparison with inlet chamber stream-
lines detected by using Time-Resolved Particle Image Velocimetry; however,
no effective detection of cavitation is performed. A similar approach has been
also proposed in [o§], where Liu et al. made use of a CFD analysis to evaluate
cavitation effects in rotor pumps.

As far as the authors are aware of, the only one experimental work focused
on cavitation monitoring in volumetric pumps pertains to Buono et al. [od],
that presented an experimental campaign aiming at characterizing the phe-
nomenon in gerotor pumps by means of pressure ripple and vibration mea-
surements. Experimental measurements on cavitation in gear pumps cannot
be found in the literature even if this machine type is commonly known to be
affected by such a phenomenon [48} 49} [58} [o7]]. Concurrently, similar studies
focused on gears, as the one described in [[1od], are not common. This lack
of data might be justified by considering that gear pumps are traditionally
driven by electric motors or low speed engine since the requested delivery
flow rate is obtained by increasing the pump displacement. Nowadays, in
particular in the automotive field, the need to reduce weight and dimensions
of the overall system requires to reduce the pump displacement as much as
possible and then to guarantee the requested delivery flow rate by increas-
ing the working speed. Based on this brief literature review, the goal of the
present Chapter is to present an extended experimental campaign focused
on the vibro-acoustic characterization of the cavitation phenomenon in ex-
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ternal gear pumps. Results obtained from the signal processing of different
sensors such as accelerometers, hydrophone and pressure pulsation sensors
are shown and discussed. Moreover, the analysis of measured data referring
to different pumps is supported by measurements of volumetric efficiency
and actual detection of various damages produced by cavitation.

The following section describes the characteristics of the cavitation phe-
nomenon in fluid machines. Section outlines the test setup, concentrating
on the description of the test bench adopted to evaluate both pumps effi-
ciency and vibro-acoustic performance, the data acquisition system together
with the various transducers installed on the rig and, lastly, the four external
gear pumps designed for the experimental campaign and the measurement
procedure. Section describes the signal processing techniques applied to
measured data, while Section |4.5| presents the obtained results, with the aim
at characterizing gear pump behavior under cavitating conditions. Finally, last
section is devoted to concluding remarks.

4.2 CAVITATION IN FLUID MACHINERY

The literature review in Section demonstrates that the cavitation phe-
nomenon in axial/centrifugal pumps and turbines has been widely studied
throughout the last five decades. Several experimental campaigns contributed
in addressing its characteristics, from a machine performance point of view,
as in refs. [11], as well as from a physical point of view, as in ref. [B7].
The former approach is based on the evaluation of the machine performance
parameters, such as efficiency or emitted noise, with respect to its working
condition, which is usually defined in terms of the cavitation number o:
Pin — Psat

o= 0.5pu? (86)
where Pi, is the mean inlet pressure, Psqt is the saturation pressure at the
reference oil temperature, p is the oil density at the reference temperature
and u is the mean flow velocity at the inlet port. As described in ref.
pag. 129, the cavitation number is a scaling parameter adopted to extrapolate
data from one working condition to another by assuming complete similitude
guaranteed by a constant cavitation number itself. For the sake of complete-
ness, in the same reference, it is also underlined that o does not include all
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the variables influencing the phenomenon, e.g. boundary geometry, absolute
pressure, local velocity or pressure drop, and therefore such a parameter is
still affected from scale effects. Once the cavitation number is assumed as a
control parameter, starting from a cavitation-free working condition, by re-
ducing o the generic turbomachine cross three main regions: the first one
coincides with the initial condition, then as the machine approaches the cavi-
tation inception region, small, isolated and localized bubbles start appearing.
As o keeps decreasing, the phenomenon intensifies till the machine enters the
fully-developed cavitation region and starts working in chocked conditions.

These considerations explain the results obtained by Pearsall and McNulty
in refs. [11], which demonstrated that efficiency measurements cannot
follow the evolution of the phenomenon entirely, since delivery flow rate
starts being influenced by cavitation just after the machine enters the fully-
developed cavitation region. On the contrary, measurements based on hy-
drophones, accelerometers, acoustic emission sensors and pressure transduc-
ers were shown to be much more sensitive to the phenomenon, being able
to detect it from the inception to its complete development. In particular,
several experiments demonstrated that vibro-acoustic measured quantities al-
ways follow a common trend as the cavitation number is decreased from the
free-of-cavitation region till the fully-developed one, as shown in Figure
Volumetric efficiency 1y remains unaltered till the chocked condition, when
it finally shows a sharp drop; on the contrary, generic vibro-acoustic quantity
X starts increasing as soon as the inception takes place, reaches a maximum
and then suddenly drops down as the phenomenon intensifies. If o is further
decreased, chocking starts appearing and x starts increasing again.

These results are usually obtained by executing a large number of measure-
ments where o is gradually decreased by reducing the inlet pressure while the
working speed is set as a constant. The practical advantage given by this kind
of approach stands in the possibility to fully characterize the phenomenon by
simply regulating a valve placed on the inlet side. Moreover, since this kind
of machines is typically designed to work at a fixed constant speed while the
inlet pressure depends on the installation layout, the proposed approach also
gives an accurate representation of the real case. It is worth specifying that
the correlation between the measured trends and the physical development
of the phenomenon has been widely cross-checked with the help of particle

image velocimetry observations (see for example refs. [102]).

123



EXPERIMENTAL DETECTION OF CAVITATION IN EXTERNAL GEAR PUMPS BY
VIBRO-ACOUSTIC MEASUREMENTS

chocking

\‘ / My
cavitation

/ inception

Figure 55: Qualitative trend of volumetric efficiency ny and generic vibro-acoustic
quantity x with respect to the cavitation number.

In order to have a complete overview of the problem, it must be clarified
that the necessity to detect cavitation inception comes from a practical reason.
Although fully-developed cavitation affects volumetric efficiency seriously, it
is proved to be less damaging than the inception condition in terms of wear
and erosion. As explained in refs. [103], when cavitation becomes well
developed, the flow aggressiveness tends to decrease due to a smaller produc-
tion of vapor bubbles or weaker implosions. For this reason, detecting cavita-
tion from its inception become a crucial task to define the working condition
range where the machine can operate safely.

Despite the large amount of specialized literature regarding cavitation on
hydraulic machines, similar studies have never been performed for gear pumps.
For this reason, a clear description regarding how and where the phenomenon
takes place and evolves is not available in the literature. Concurrently, no
experimental data for correlating cavitation in gear pumps with respect to
vibro-acoustic measurements can be found. However, by analyzing the typ-
ical pressure evolution around the gears, it is possible to assume a realistic
description of its development. Since bubble generation requires a consistent
drop of the local pressure, air release and vaporization must necessarily take
place in the meshing zone, when the trapped volume opens to the inlet cham-
ber. Within this context, the oil suddenly moves from a high pressure zone to
a low pressure one through an extremely small orifice, which causes the flow
velocity to increase significantly and concurrently produces a further decrease
of the local pressure. Once bubbles are generated, they can either collapse in
the suction chamber or be trapped by the gear pockets which drag them into
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the pressurizing zone. As soon as the pressure inside the pocket increases, the
bubble collapses producing undesired noise, vibration and, potentially, wear.

On the basis of this description, both working speed and suction pressure
are crucial parameters. If the speed is increased, the pressure peak inside the
meshing zone increases as well and therefore the subsequent pressure drop
becomes more and more intense. Moreover, the speed increase produces a
slight reduction of the mean suction pressure that contributes in intensify-
ing the phenomenon. On the other hand, cavitation can be also induced by
decreasing the mean inlet pressure till bubble generation can take place di-
rectly inside the suction chamber. It is worth noting that the two mechanisms
cannot be considered equivalent since the two parameters have a different
influence on the pressure course around the gears. As shown in Chapter
in particular, the speed increase produces a consistent reduction of the pump
sealing capability; since the pressure increase in the pressurizing zone is de-
layed, the bubble collapse is also expected to be delayed. This phenomenon
is not expected if cavitation is induced by decreasing the suction pressure,
because such a modification should actually improve the sealing capability of
the pump by increasing the mean eccentricity between the gear shafts and the
bearings.

The proposed explanation clarify the reason why cavitation tests in gear
pumps for automotive applications should be performed by increasing the
working speed rather than reducing the inlet pressure. This kind of pump are
designed to work safely throughout an extended speed range, while the instal-
lation layout is fixed; in this way, each specific pump is designed for a specific
lubrication system. For this reason, the inlet pressure does not actually repre-
sent a control parameter of the phenomenon in this particular application.

4.3 EXPERIMENTAL SETUP
4.3.1 Test rig description

The test rig adopted to carry out the experimental campaign is based on the
same basic framework shown in Figure even if it presents a completely
different layout of the adopted transducers, as underlined in Figure [56] The
gear pump is installed inside a sealing box that makes it working submerged
and driven by a brushless AC motor with speed controller; a torque meter
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Figure 56: Test rig configuration and sensors disposition adopted for the experimen-
tal campaign.

is located along the shaft connecting the pump with the electric motor. The
pipeline for the oil supply system is constituted by two branches: one con-
necting the tank to the sealing box and the other one connecting the pump’s
outlet chamber to the tank. An automatic servo valve located on the latter
branch of the pipeline allows for the fast regulation of the oil delivery pres-
sure. The oil temperature is regulated with an additional pipeline connected
to the tank and controlled by a dedicated system, namely the temperature
controller. Such a system monitors the oil inside the tank by using a thermo-
couple and regulates the temperature with a number of electric resistances.

Both pipeline systems described above are equipped with a drainage sys-
tem, various valves and filters in order to allow for a safe and easy manage-
ment of the test rig during the measurement procedures. The description of
such auxiliary parts of the test rig is neglected being out of the scope of the
present work.
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4.3.2 Sensors and data acquisition system

Two different sets of transducers have been adopted to carry out the experi-
mental campaign. As shown in Figure [56, a first set of sensors has been used
to control the test rig and monitor the working condition of the pump under
examination. In particular, two digital pressure gauges have been placed on
the suction and delivery ports, respectively, in order to check the mean inlet
and outlet pressure. A Kracht Gear Type Flow Meter has been placed on the
delivery pipeline to measure the outlet flow rate and therefore determine the
volumetric efficiency, while the instantaneous angular speed can be directly
acquired from the tachometer connected to the speed controller of the electric
motor. This first set of transducers is directly acquired by the data acquisition
system integrated in the test bench.

The second set of sensors has been specifically designed to detect the pres-
ence of cavitation by means of vibro-acoustic measurements (see Figure [57).
With this purpose, two high frequency piezoelectric transducers (model PCB
S102B with resonant frequency above 500kHz) have been place on the suction
and delivery ports respectively, in order to measure the pressure ripple gen-
erated by the pump. Moreover, a miniature hydrophone (model B&K 8103),
located in proximity of the suction chamber and connected to a conditioning
amplifier (model B&K Nexus 2692), monitors the acoustic pressure of the oil.
Finally, a high-frequency single-axis accelerometer (model PCB 352A60 with
resonant frequency above 95kHz) has been located on the sealing box, close to
the beginning of the pressurizing zone related to the driving gear. This choice
is justified by the fact that while bubbles are generated in the last part of the
meshing zone, they are supposed to collapse in the first part of the pressur-
izing zone. This assumption is supported by direct observation of the wear
produced by cavitation on the pump casing and it will be better described in
the following subsection. This second set of sensors, together with the signal
provided by the tachometer, has been acquired with a LMS Scadas 305 acqui-
sition system and then postprocessed in Matlab environment. In order to cap-
ture the signature produced by cavitation phenomena, the sample frequency
fs has been set to the maximum value allowed by the adopted acquisition
system, which is equal to 204800Hz.
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Figure 57: Transducers setup in the real test configuration. As underlined in Section
the sealing box does not allow for a direct access to the pump casing.

4.3.3 Gear pumps type and measurement procedure

Four different gear pump prototypes have been designed and manufactured
in order to perform a wide experimental campaign allowing for a satisfactory
characterization of the phenomenon. The first prototype, namely Pump A, is
constituted by helical gears, with 14 teeth on the driving gear and 9 teeth on
the driven one. Since the pump casing is made by steel, no running in pro-
cess is required and therefore radial clearances between gears and casing are
entirely defined by design. The second prototype, namely Pump B, is com-
posed by the same gearpair used for Pump A, but the casing is milled from
a single block of aluminum. For this reason, radial clearances are reduced
during the design process since the gear pair can mill its own grooves into
the casing during the running in process. The third prototype, namely Pump
C, is made up by a spur gearpair, with 13 teeth on the driving gear and 10
teeth on the driven one. As described for Pump B, Pump C has an aluminum
casing that requires the running in process before the pump can be consid-
ered ready to be tested. Finally, the last prototype, namely Pump D, is made
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Table 12: Main design characteristics of the four tested prototypes.

Pump Type z1/z; Tooth Type Case Material Pyt

A 14/9 Helical Cast iron 30bar
B 14/9 Helical Aluminum  30bar
C 13/10 Spur Aluminum  30bar
D 11/11 Helical Aluminum  30bar

by an aluminum casing and helical gears, with 11 teeth and transmission ra-
tio equal to one. All the four prototypes have similar global dimensions and
displacement (around 14cm?/rev). Pump D has been specifically designed to
avoid the presence of cavitation inside the range of working conditions tested.
The main design features of the four described prototypes are summarized in
Table

The four pumps have been tested by following the same measurement pro-
cedure: the prototype is installed on the test rig and the servo valve is set to
maintain a mean delivery pressure equal to 30bar. The oil temperature is set
at 60°C and kept as a constant by the temperature controller. With these con-
straints settled up, each pump is tested at different speed values, starting from
800rpm till 6000rpm, with a constant step of 100rpm. The maximum speed is
limited by the maximum torque provided by the electric motor. Moreover, ex-
perimental tests regarding prototype A have been repeated at 90°C and 120°C
in order to evaluate the influence of the oil temperature. Tests have been per-
formed without reducing the inlet pressure by regulating a valve in the inlet
piping, but the speed increasing solely induces cavitation. Despite this test-
ing procedure is uncommon when evaluating the influence of cavitation in
fluid machines, it is a more realistic representation of the phenomenon that
may take place in actual gear pump applications, e.g. in the auxiliary systems
for automotive applications. These pumps are usually driven by the engine
and therefore must properly work throughout a wide speed range; on the
contrary, the installation can be designed to minimize pressure losses on the
inlet pipeline making this parameter less dominant on the evolution of the
phenomenon.

In order to verify the presence/absence of cavitation in each pump proto-
type, endurance tests have been performed on each gear machine and later the
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potential presence of wear has been assessed. Endurance tests have been per-
formed for 60 hours at the most severe working condition, which corresponds
to a combination of angular speed/delivery pressure equals to 6000rpm/30bar.
As expected, wear has not been detected on pump prototype D, while vari-
ous marks of erosion due to cavitation have been observed on prototype A,
B and C. In particular, endurance tests on various samples of pump proto-
type A had to be stopped before the expected time due to severe wear that
compromised the correct machine operation. Figure |58 shows an example of
the damages produced by cavitation on the pump body and thrustplate of
prototype B. As it can be noticed, cavitation caused erosion of the pump body
at the suction side of the pressurizing zone, on both the driving gear bore
(Figure [58la) and the driven gear one (Figure [58b); moreover, wear is also
present on driven gear side of the thrust plate (Figure [58c). Similar damages
have been observed on pump prototypes A and C as well and the repeata-
bility of such results has been checked by reproducing the tests on different
samples of the same prototypes. Efficiency measurements have been also con-
ducted to double-check the effective presence/absence of cavitation on each
prototype by verifying the presence/absence of efficiency drops in the speed
range where the phenomenon is supposed to occur; results will be shown in

Section [4.5]

4.4 POST PROCESSING

The early detection of cavitation phenomena in fluid machinery by means of
vibrational and acoustic measurements requires the design of specific post
processing procedures, typically based on the evaluation of the demodulated
signal at the blade passage frequency [Bg]l. However, the application
of these methods in the present study did not provide any valuable result. It is
the author’s belief that such a negative outcome is linked to the methodology
adopted in this study to promote cavitation, which is induced by increasing
the working speed of the pump, without modifying any other working condi-
tion parameter. This method differs considerably from the classical approach
that has been described in the literature since the very first publications, in
which cavitation is promoted by reducing the suction pressure at constant
nominal speed. This latter method has the benefit to freeze the dynamics of
the machine with respect to the working condition; as a consequence, any
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Figure 58: Examples of erosion marks due to cavitation detected on prototype B after
endurance test. Damages are localized in the suction side of the pressuriz-
ing zone, both on the driving gear bore (a) and driven gear one (b), as well
as on the thrustplate (c). Parts of the pump are blurred for confidentiality
reasons.

change recorded in the machine response can be attributed to the cavitation
development. Concurrently, as explained in Section [4.2] the approach is a well
representation of real cases: this kind of axial/centrifugal machines are de-
signed to work at fixed nominal speed, but may encounter different suction
pressure values depending on the installation layout. On the contrary, gear
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pumps for automotive applications are designed to be installed on a specific
layout, i.e. a specific driveline transmission, but they are required to work
safely throughout a wide speed range. Within this framework, it is therefore
clear that promoting cavitation by increasing the working speed is a more re-
alistic reproduction of the real case, even if the machine dynamics becomes to
be influenced by both the working condition and the cavitation development.
As a matter of fact, the speed increase causes the amplitude of the harmonics
of the mesh frequency, together with their sidebands potentially present, to
vary through the considered speed range depending on (i) the dynamics of
the gearpair, (ii) the dynamics of the overall pump body and (iii) the fluid-
dynamics of the machine. This particular behavior masks the signature of
cavitation throughout the low frequency range typically excited by the first
10 — 15 harmonics of the mesh frequency.

On the basis of these considerations, the phenomenon has been character-
ized by using an energetic approach applied to a frequency range less in-
volved by the pump dynamics. The first step of the developed procedure
consists of calculating the waterfall diagrams of the acquired signals. Water-
fall charts are not determined by performing a Short Time Fourier Transform
on a single run up, since they can be directly estimated by piling the data ac-
quired at constant speed and expressed in frequency domain on a single chart.
By repeating this procedure for each sensor, a general overview of the pump
behavior is obtained and the frequency limit value that bounds the low fre-
quency range can be defined by direct observation of such charts. Moreover,
as it will be shown in Section waterfall diagrams allow for a preliminary
and qualitative evaluation of the presence of cavitation.

The second step of the post processing procedure starts with filtering the
data by using a high-pass filter with cutoff frequency equals to the frequency
limit value determined in the previous step. Filtered signals at each working
speed are then analyzed by calculating their RMS value and displayed with
respect to cavitation number o [[L1]]. The methodology is able to determine the
presence of high frequency cavitation noise, in particular when enlightened
by the presence of resonances inside the analyzed frequency range. However,
since it may be difficult to identify the cavitation noise from structural noise,
the procedure needs to be assessed by applying it to noncavitating pumps.

132



4.5 RESULTS AND DISCUSSION

4.5 RESULTS AND DISCUSSION

In the current section, results obtained from the signal processing procedure
described in Section are shown and discussed. Attention is particularly
focused on showing the signature caused by the presence of cavitation and the
different capability of the four adopted sensors in capturing the phenomenon.

In order to better understand the importance of the first step of the post
processing procedure, waterfall charts of the signals referred to pumps B and
D are reported in Figure [59] It is worth reminding that the latter is specifi-
cally designed to not be affected by cavitation in the analyzed working range
conditions. Results, that are displayed in logarithmic scale, have been previ-
ously normalized by their maximum value and divided by the reference value
k = 1072 (the normalized quantity is indicated with symbol X). For each plot,
two main regions can be distinguished: the low frequency region, which ex-
tends to the 40kHz limit in the currently analyzed pumps, and the high fre-
quency region, which involves the remaining frequency range. The former
region is mainly influenced by the periodic components of the signal, typi-
cally harmonics of the angular speed and the mesh frequency. The latter, on
the contrary, refers to a frequency range that is usually too high to be crossed
by harmonics of the mesh frequency with a relevant amplitude. Concurrently,
as also observed in B7l, the high frequency range is usually the one
characterized by the cavitation signature. Based on these considerations, the
waterfall plots become a powerful tool for the determination of the frequency
limit that will be used to set the cutoff frequency of the high-pass filter in the
following step of the post processing.

Waterfall charts in Figure [59| represent also a valuable tool for a prelimi-
nary detection of cavitation. Focusing the attention on the suction chamber
pressure ripple, for example, the signals referred to the two pumps show a
completely different behavior in the high frequency region. For each arbitrary
frequency band within this region, the noncavitating one (prototype D) is
characterized by the absence of amplitude gradient along the entire speed
range, except for the presence of some high order harmonics of the mesh fre-
quency. On the contrary, the signal referred to the cavitating one (prototype B)
outlines the presence of high frequency broadband components between 40
and 70kHz. Such broadband components start being appreciable, in terms of
amplitude, qualitatively from 4200rpm, reach a maximum amplitude value at

133



EXPERIMENTAL DETECTION OF CAVITATION IN EXTERNAL GEAR PUMPS BY
VIBRO-ACOUSTIC MEASUREMENTS

PUMP B PUMP D
Hydrophone Hydrophone
6000 b 6000 Al
1 1
5000 [ 5000 [
0 : 0
4000 ' ~ = 4000 =
- | S -~ e
g e g - o)
& . & s
~ 3000 | g ~ 3000 | g
-2 -2
2000 2000 F
-3 -3
1000 [ 1000 [ :
0 2 4 6 8 10 0 2 4 6 8 10
freq - (Hz) «10% freq - (Hz) x10*
High Freq Accelerometer High Freq Accelerometer
6000 - 15 600! e 15
1 = : 1
5000 5000 i .
05 : 2 05
4000 = 400 = =
g - i ° %
& T -
3000 05 § 3000 | 05 §
1 1
2000 2000 pesss
15 b= : -1.5
1000 ” 1000 HENEE <R "
0 2 4 6 8 10 0 2 4 6 8 10
freq - (Hz) x10* freq - (Hz) x10*
Suction Chamber Pressure - Ripple Suction Chamber Pressure - Ripple
6000 > . 1 o e— . . 1
5000 f i 5000 0.5
0 0
4000 ) 4000 =
g > g oy
g 5% & 05 %
~ 3000 8 = 3000 |- 5
1 1
2000 2000 [
1.5 : -1.5
1000 5 1000 il 5
0 2 4 6 8 10 0 2 4 6 8 10
freq - (Hz) x10* freq - (Hz) «10%
Delivery Pressure - Ripple Delivery Pressure - Ripple
6000 b 6000 J 14 1
1
5000 5000 0
0
4000 = 4000 =
g i g ‘ g
2] - & | 3
3000 5 3000 i g
-2 -2
2000 2000
-3 7 -3
1000 £ 1000 E
0 2 4 6 8 10 0 2 4 6 8 10
freq - (Hz) x10* freq - (Hz) x10*

Figure 59: Waterfall plots (in logarithmic scale) of the acquired data referred to pump
prototype B, affected by cavitation, and prototype D, not affected by cavi-
tation. In each plot, symbol X refers to the measured quantity normalized
by its maximum value.
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around 5500rpm and then a decrease is observed. The described phenomenon
is recognized also in the signals obtained from the other transducers; in par-
ticular, hydrophone measurements appear to be the most sensitive, since such
a behavior is present throughout the entire bandwidth of the high frequency
region.

By following the signal processing procedure defined in Section data
referred to pump prototypes B and D have been high-pass filtered at 40kHz
and then the RMS value for each transducer at each working speed condi-
tion has been calculated (Figure [60). Results are reported together with the
measured volumetric efficiency and expressed with respect to the cavitation
number o. For the sake of clarity, measurements performed with hydrophone,
accelerometers and pressure transducers are normalized by their respective
minimum value. Volumetric efficiency is normalized with respect to its max-
imum value for confidentiality reasons. As it can be appreciated from Figure
the efficiency referred to pump B shows the typical sharp drop caused by
the presence of intense cavitation; on the contrary, no efficiency reduction is
detected for pump D. By focusing the attention on the cavitating one, it is pos-
sible to observe that in conformity with the efficiency drop that starts taking
place at about o = 5, all the four signals show a strong increment of the RMS
value. Moreover, as often described in the literature Bgll, the RMS
value reaches a maximum when cavitation is close to the fully developed con-
dition and then starts decreasing. It is therefore clear that intense cavitation
phenomena are captured by pressure pulsation measurements as well as ac-
celeration and acoustic measurements. However, since it is well known that
incipient cavitation takes place well before the efficiency drop By, it is
interesting to notice that pressure pulsation measurements appear not to be
able to detect it. In particular, suction chamber pressure pulsation results to be
the least sensitive to the phenomenon since the RMS value begins to increase
when the efficiency drop is already developed. On the contrary, both accelera-
tion and acoustic measurements start rising considerably before the efficiency
drop, and in particular around o = 15. In analogy to the observations made
in [Bg], it is reasonable to assume that incipient cavitation takes place in the
range between 0 = 10 and o = 15, where pressure pulsation measurements
are not affected by a significant variation in their RMS values.

The behavior described by vibration and acoustic measurements can be
also appreciated in Figure |61}, which reports the results of the post processing
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Figure 60: RMS values of the four measured signals and volumetric efficiency as a
function of the cavitation number o, for pump prototypes B and D. In
each plot, symbol X refers to the measured quantity normalized by its
minimum value.
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applied to acoustic measurements performed on prototype A at three differ-
ent temperature values. The cutoff frequency of the high-pass filter has been
set at 45kHz and results have been normalized by the minimum value ob-
tained for the 60°C case. By focusing the attention on the 60°C case, it can
be noted that the analyzed speed range (from 800rpm to 6000rpm) is able to
characterize the entire development of the phenomenon, which starts being
detected at 0 = 14. By increasing the speed, i.e. by reducing the cavitation
number, RMS value increases and reaches a maximum at o = 3.10; after this
value, the RMS of the filtered signal shows a sharp drop till the minimum
value recorded at o = 2.38 and it then starts raising again. Such a particular
behavior has been described several times in the literature for rotordynamic
machines but no similar data are already available in the
literature for positive-displacement machines. Figure |61] allows also for the
evaluation of the effect produced by the oil temperature on the cavitation phe-
nomenon. As it can be appreciated, temperature variation does not cause a
significant modification of the overall behavior since the maximum of each
curve is bounded by o = 2.97 and o = 3.43. However, since for a given work-
ing speed the temperature increasing makes the cavitation number to reduce,
measurements performed at 0°C and 120°C cannot describe the development
of the phenomenon entirely. Practically speaking, the increase of oil temper-
ature spreads the phenomenon on a wider speed range and, in particular, it
moves the fully developed cavitation condition at higher speed values.

The comparison between pump prototypes A and B allows for the evalu-
ation of the effects related to the choice of a different casing technology. As
described in Section pump A has been designed with a cast iron casing
that does not require running in processes; this means that radial clearances
are entirely defined during the design procedure. On the contrary, prototype B
is constituted by an aluminum casing, which undergoes a dedicated running
in process allowing for the gearpair to produce a certain amount of wear and
therefore modify the radial clearances by itself. Apart from this aspect, the two
pumps are identical. On the basis of these considerations, Figure |62|shows the
comparison between the two pumps in terms of the vibro-acoustic response,
normalized with respect to the minimum value calculated for pump proto-
type A; measured efficiency is given as standard proof of the presence of cavi-
tation. Although the overall behavior is similar, RMS values referred to pump
B are considerably smaller in the range where the cavitation takes place; on

137



EXPERIMENTAL DETECTION OF CAVITATION IN EXTERNAL GEAR PUMPS BY
VIBRO-ACOUSTIC MEASUREMENTS

-

o

o
T

Figure 61: RMS values referred to the hydrophone measurements on pump prototype
A at different oil temperature. Symbol X refers to the measured quantity
normalized by the minimum value recorded for the 60°C case.

the contrary, outside this range, calculated values are similar both regarding
acoustic and acceleration measurements. It is therefore reasonable to assume
that, since the running in process permits the gearpair to self-adjust its radial
clearances through a controlled wear, it also actively contributes in reducing
the intensity of the cavitation phenomenon. As underlined in Section
the higher intensity of cavitation in pump prototype A is also proved by the
presence of an excessive amount of wear observed by performing endurance
tests on various samples of such a prototype. From these considerations, it
results that vibro-acoustic measurements performed on external gear pumps
are able to quantitatively define the intensity of the cavitation phenomenon,
in addition to their capability to detect it in advance with respect to pressure
ripple and efficiency measurements.

Finally, in order to assess the general applicability of the presented method,
Figure (63| depicts the RMS values referred to the measurements performed
with the hydrophone and the high frequency accelerometer on pump proto-
type C, which is made by spur gears. The cutoff frequency of the high-pass
filter has been set at 45kHz. As it can be observed, the recorded behavior is
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qualitatively identical to the one observed for pump prototype B and A: while
the efficiency curve shows a sharp drop at about o = 3.8, both acoustic and
vibrational measurements anticipate the prediction. In particular, as already
appreciated from Figure [bo] and Figure [62] hydrophone measurements result
to be the most sensitive in detecting the phenomenon.

46 CONCLUDING REMARKS

An extended experimental campaign aiming to detect cavitation in external
gear pumps by means of acceleration and acoustic measurements has been
presented. With this purpose, a dedicated test rig has been instrumented with
a hydrophone and a high frequency accelerometer, together with pressure rip-
ple transducers located both on the suction and delivery chambers. Moreover,
a flow meter, a tachometer and two digital pressure gauges complete the set
of transducers adopted to control the pump working conditions.

In order to perform the present study, four different pump prototypes have
been designed with the purpose to evaluate the phenomenon under the ef-
fects of different design solutions. Moreover, last prototype has been specifi-
cally designed to not be affected by cavitation throughout the entire working
conditions range examined; this characteristic makes it as the reference point
to assess the results. The effective presence/absence of cavitation in the four
prototypes has been checked with the help of efficiency measurements and
endurance tests, showing examples of various cavitation erosion marks ob-
served.

The application of the post processing procedure has underlined the neces-
sity of a general overview of the signals, which is achieved with the help of
waterfall spectra extended to the entire measured frequency range. This first
step identifies two different regions: the low frequency one, which is mainly
influenced by the mesh frequency and its harmonics, and the high frequency
one, which is mainly characterized by the wideband cavitation noise.

Experimental data are filtered to enlighten the high frequency region and
then RMS values of such signals are plotted with respect to the cavitation
number. Comparison between pump B (cavitating) and D (not cavitating) has
underlined the effective capability of the procedure in detecting the presence
of the phenomenon. In particular, acceleration and acoustic measurements
appeared to be highly sensitive to the phenomenon if compared to efficiency
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measurements as well as pressure ripple measurements. All the calculated
results qualitatively reproduce the behavior usually detected in rotordynamic
pumps and turbines, demonstrating that the cavitation phenomenon can be
analyzed also in volumetric pumps in a similar manner. Results obtained on
pump prototypes A and C (both cavitating) confirm these observations.

Influence of the oil temperature has been evaluated by reproducing the
tests at three different temperature values: 60°C, 920°C and 120°C. Results
seem demonstrating that the temperature increasing tends to spread the de-
velopment of cavitation throughout a wider speed range and, in particular, to
move the fully developed cavitation condition at higher speed values. More-
over, influence of the casing technology has been evaluated: pumps made by
aluminum casings resulted to be less affected by cavitation. This result may
be explained by considering that aluminum casings require the pumps to un-
dergo a dedicated running in process that allows the gearpair to self-adjust its
radial clearances through a controlled wear process. This aspect seems to con-
tribute in reducing the intensity of the cavitation phenomenon, as verified by
endurance tests performed on various samples of pump prototypes A and B.
The capability of the proposed procedure to capture the intensity of the phe-
nomenon, a characteristic that efficiency curves cannot detect, can be clearly
appreciated by comparing the maximum RMS values calculated for the two
pump prototypes. As a consequence of this assessment, the method resulted
to be able to evaluate the severity of the cavitation in gear pumps.

The proposed study therefore demonstrates that vibro-acoustic measure-
ments coupled with a dedicated signal processing procedure are a powerful
tool for the early detection of cavitation in external gear pumps and a quanti-
tative estimation of the intensity of the phenomenon. However, it also under-
lines that such a phenomenon is still not completely addressed and further
studies should be devoted to analyze the nature of cavitation in gear pumps
in correlation with the nature of the produced signals.
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The thesis addresses numerical and experimental methodologies for studying
the performance of gear pumps, by taking into account the critical aspects
(weight and size reduction, NVH improvements, helix influence, etc) that
come out in current automotive applications. As a matter of fact, the availabil-
ity of advanced methods for predicting or experimentally analyzing the pump
behavior allows to reduce costs and time required by a new design project
thanks to the possibility to accelerate the convergence of iterative design pro-
cedures usually based on trial and error. On the basis of these considerations,
the goal of the present thesis is to provide and discuss a set of advanced tools
to assist designers along the steps of the design process. For this reason, such
tools are introduced by following an ideal design course starting from the
analyses that can be performed at the very beginning of this procedure till
the last experimental tests. Each proposed approach is focused on evaluating
the machine performance from a different perspective, e.g. gearpair dynamics
and machine cavitation, since modern volumetric pumps must match hetero-
geneous requirements simultaneously.

Chapter [2} in particular, introduces a 6 degrees of freedom non-linear dy-
namic model for studying the effects of different design parameters on the dy-
namic behavior of gear pumps, focusing attention on a wide working speed
interval. The developed model is based on a simplified approach which be-
comes powerful at the early stages of the design process, when the detailed
pump geometry is not completely defined. In this context, where the entire
machine geometry usually required to run high-accuracy simulation is not
available, the model estimates pressure loads by means of an analytical ap-
proach accounting for various influencing parameters such as pressurizing
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zone extension, outlet pressure and potential presence of high pressure phe-
nomena in the trapping volume, as well as the presence of speed dependent
drag torque. A parametric study has been conducted in order to evaluate the
effects produced by different outlet pressures, presence of speed dependent
high pressure peaks in the trapping volume and various pressurizing zone
extensions. Results have shown that the pressure value reached inside the
trapping zone has a deep influence on the dynamic behavior of the pump,
in particular in the high speed range, where the fifth natural mode can be
excited by low order harmonics of mesh frequency. The analysis of the results
underlines the capability of the proposed model to capture the fundamental
characteristics of the pump dynamics, despite the limited amount of required
parameters. Concurrently, the model enlightens the presence of deep corre-
lations between the pump NVH characteristics and design aspects typically
devoted to improve the pump efficiency and reliability.

Chapter [g]addresses the mathematical bases and the features of a numerical
model for the high accuracy prediction of gear pump performance, in terms of
volumetric efficiency, pressure phenomena and bearing reaction. The model
is intended as a tool to assist designers at advanced stages of the design pro-
cess; for this reason, the basic aim of the model is to provide a detailed and
reliable description of the pump behavior in reference to its specific design
characteristics. In addition, in order to ensure the wide applicability of the
model in modern design solutions, possibility to study both spur and helical
gears, as well as non-unitary transmission ratio gearpairs has been included.
The quality of the estimation is also due to the adoption of a dedicated ana-
lytical methodology for the calculation of pressure forces and torques in both
spur and helical gear pumps; such a method consists in a systematic and gen-
eral procedure to consider the major number of phenomena that characterize
the meshing evolution. The accuracy of this method has been discussed by
comparing it with other methodologies available in the literature: results un-
derlines the capability of the proposed procedure to determine pressure force
and torque on the basis of a major number of phenomena occurring inside the
meshing zone, leading to more accurate estimations. The proposed methodol-
ogy itself can represent a useful stand-alone tool to precisely estimate one of
the main excitation sources that contribute to define the dynamic behavior of
these machines.
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In order to address accuracy and reliability of the proposed lumped param-
eter approach, an extended experimental campaign has been carried out on a
gear pump designed for automotive applications. The pump design has been
reproduced in 20 nominally identical samples, in order to have a statistical
characterization of the pump behavior. In addition, tooth tip/case clearances
and journal bearing radial clearances have been measured on each sample,
with the aim to obtain a more clear definition of their actual geometry. Re-
sults obtained from the experimental campaign demonstrate that radial clear-
ances measured at the end of the production process may show high value of
the estimated standard deviation, even if such values stand within the design
tolerance interval. Moreover, although design limitations are satisfied, slight
modifications of the radial clearances may consistently affect the pump per-
formance. Such a phenomenon is amplified as the temperature increases.

Experimental data have been finally adopted to set up the lumped param-
eter model and perform a comparison based on the volumetric efficiency,
showing that the model reaches different levels of accuracy depending on the
analyzed working condition. However, in terms of delivery pressure depen-
dence, model accuracy is always kept below the 4% limit, while the minimum
value is well below the 1% limit. Concurrently, in terms of angular speed de-
pendence, model accuracy is always kept below the 4% limit, except for the
500rpm/30bar condition, in which the mean error reaches almost the 10%. On
the other hand, the minimum value is particularly satisfactory, being always
less than 0.5%. In order to achieve a complete overview of the model reliabil-
ity, comparison has been also carried out with respect to the average pump,
i.e. the pump in which each geometrical parameter is the mean value of the
measurements performed on the 20 samples. In this case, the simulated effi-
ciency resulted to fall within the 98% confidence interval estimated by using
the Student’s t-distribution. The overall process of model validation has there-
fore produced satisfactory results with respect to the purposes of the model.
Further analyses focused on addressing the influence of the speed increase
on the pump behavior have enlightened the effective additional value guaran-
teed by studying gear pumps performance by using a multiphysical approach.
In particular, the possibility to explain the correlation between high pressure
peaks in the trapping zone and sealing capability reduction in the pressur-
izing zone underlines the potentialities of the proposed modeling approach,
which allows to analyze the machine behavior from multiple points of view.
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Finally, Chapter [4] deals with the description of an experimental technique
for detecting incipient cavitation in external gear pumps by means of acceler-
ation and acoustic measurements. With this purpose, the test rig has been in-
strumented with a dedicated set of transducers, constituted by a hydrophone
and a high frequency accelerometer, together with pressure ripple transducers
located both on the suction and delivery chambers. Tests have been performed
on 4 different pump prototypes, with one of them specifically designed to rep-
resent the reference benchmark by being not affected by cavitation through-
out the entire working conditions range examined. The application of the post
processing procedure has underlined the necessity of a general overview of
the signals, which is achieved with the help of waterfall spectra extended to
the entire measured frequency range. This first step identifies two different
regions: the low frequency one, which is mainly influenced by the mesh fre-
quency and its harmonics, and the high frequency one, which is mainly char-
acterized by the wideband cavitation noise. Experimental data are filtered to
enlighten the high frequency region and then RMS values of such signals are
plotted with respect to the cavitation number. Comparison between cavitat-
ing and not-cavitating pumps has underlined the effective capability of the
procedure in detecting the presence of the phenomenon. In particular, acceler-
ation and acoustic measurements appeared to be highly sensitive to the phe-
nomenon if compared to efficiency measurements as well as pressure ripple
measurements.

The methodologies introduced and discussed in the present thesis involve
various original aspects with practical implications in the development of
modern and advanced design procedures. In particular, the model described
in Chapter [2| represents a fast approach to estimate the dynamic behavior of
gear pumps based on a limited number of design parameters. These features
make it a powerful tool at the early stage of the design process, when the
detailed pump geometry is still to be defined. Within this framework, the
possibility to estimate the impact of design choices on its NVH behavior by
using a reduced number of design parameters constitute a novel approach in
this field, where the study of the machine dynamics has been neglected for
years, since designers were much more interested in taking care of the pump
efficiency rather than of its vibro-acoustic performance. In addition, the an-
alyzed results have underlined the presence of a strong correlation between
basic design choices and the machine dynamics This aspect enlightens the
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necessity of further studies focused on addressing the concurrent influence of
relief groove shape and dimensions, radial clearances and bearings on both
the dynamic and fluid-dynamic behavior of these machines. The importance
of evaluating the fluid-dynamic performance in reference to the gearpair mo-
tions is farther put in evidence by the analysis of the results provided by the
model described in Chapter |3} Such a model couples the effects produced by
the fluid-dynamic field and the gearpair micromotions on the basis of a novel
set of equations. In this context, the two phenomena are reciprocally solved,
at each time-step, to obtain an accurate estimation of the machine behavior,
which is reached by taking into account multiple load sources such as the pres-
ence of speed dependent friction torque. Moreover, the possibility to include
the presence of helical gears and non-unitary transmission ratio gearpairs in
the analysis is an original feature, which extends considerably the practical
applicability of the model. Within this framework, the analytical procedure
for the estimation of variable pressure loads contains different level of origi-
nality, from the possibility to calculate all the spacial components of the loads
applied to helical gear pumps, to the capability to include a larger number
of phenomena occurring inside the pressurizing zone in comparison to the
methods already introduced in the literature. In addition, it is worth noting
that, despite lumped parameter approaches are widely adopted to study gear
pumps, an effective validation of the proposed approaches, based on a large
number of samples and a precise estimation of the pump geometry, is not
available in the specialized literature. Despite the clear advantage given by the
availability of reliable numerical models, the design process still requires the
definition of experimental techniques for rating real pump prototypes. This
aspect become particularly essential in the assessment of cavitation, a physical
phenomenon in which numerical results are still not so reliable or extremely
complex to be validated. In this context, Chapter [4] provides an experimental
description of cavitation in gear pumps and a valuable technique for its practi-
cal detection. Concurrently, the study also underlines the necessity of further
investigations on this subject, which has never been experimentally addressed
in the literature, for a deeper understanding of its characteristics and the de-
velopment of more advanced monitoring procedures. Thus, the experimental
and numerical techniques defined and discussed in the present thesis consti-
tute an advanced set of tools for improving the design process, from the first
geometry definition to the last design improvements.
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