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Abstract

Knowledge of the level of entrained air in pump inlets is important for
hydraulic system design. Entrained air levels, often quantified as gas void
fractions, can change with operation of hydraulic systems, so monitoring
entrained air during operations can provide substantial design insight to a
hydraulic system. The performance of a SONAR-based entrained air mea-
surement system was investigated on a test hydraulic system utilizing a
Coriolis meter as a reference. Two instances of the measurement system
were installed on the inlet line of a hydraulic pump in series with a Coriolis
meter. One instance of the SONAR-based entrained air measurement sys-
tem was installed to measure the gas void fraction (GVF) within the flow
tubes of a Coriolis flow meter, and a second instance of the SONAR-based
entrained air measurement system was installed to measure the GVF within
in a section of hydraulic hose in series with the Coriolis meter. Data were
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recorded to evaluate the SONAR-based entrained air measurement systems
both upstream and downstream, as well as collocated with, the Coriolis
meter. Speed of sound (SOS) measurements were acquired within the aerated
hydraulic oil in the inlet line as the GVF was varied utilizing a variable
area flow restriction installed within the pump inlet line. Increasing the
restriction reduced the pressure and increased the GVF within the hydraulic
fluid due to (1) the existing gas expanding and (2) additional out-gassing
from the hydraulic oil. The measured SOS was utilized to determine a gas
volume fraction (GVF) within each instance of the SONAR-based GVF
measurement system. Additionally, GVF was also calculated from the density
measurements of a Coriolis flow meter. GVF measurements from the SOS
measurement test section across the Coriolis meter were highly correlated
with GVF calculated from Coriolis meter density measurements. The SOS
GVFs were shifted up by up to 0.126 % GVF and matched with <0.2%
RMSE. For the upstream or downstream SOS GVF measurements, there was
variation from those calculated from Coriolis meter density measurements.
These differences were anticipated due to pressure differences in the pipe
section from that in the Coriolis meter. These pressure differences resulted
in differences in the air released from the hydraulic fluid and differing GVFs
in the two sections. These results show that the SOS measurement technique
can accurately measure the entrained air status of hydraulic systems.

Keywords: Gas volume fraction, entrained air, hydraulic systems, speed of
sound.

1 Introduction

Entrained gases in hydraulic systems are contaminants that have detrimental
effects the operation, life and performance of the systems. Entrained gas
entering the pump is typically the results of two processes. First, fluid aeration
is the entry of entrained air into the fluid that is not effectively removed by
the reservoir prior to entering the pump. Various mechanisms can introduce
entrained air such as splashing of fluid returning to the reservoir, turbulence at
the air-fluid interface at the top of the reservoir, the formation of inlet vortices
within the reservoir as fluid is being drawn out by the pump, and air being
drawn in through leaks in fittings on the suction line of the pump. The second
way that entrained gases are introduced to the fluid is through cavitation.
Cavitation can happen in two ways. Gaseous cavitation occurs when the
pressure is less than the saturation pressure of the fluid and dissolved air in
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the fluid comes out of solution and forms air bubbles entrained in the fluid [1].
Vaporous cavitation occurs when the pressure is less than the vapor pressure
of the fluid, and the bubbles form from hydraulic fluid vapor.

Because of the importance of overcoming aeration, several studies have
sought out solutions to this problem. Longhitano et al. [2] experimentally
investigated the air release rate in different reservoir designs. Their main con-
tribution was the development of an experimental procedure for measuring
air release rate in hydraulic reservoirs. In related work, Wohlers et al. [3] also
investigated design optimization of hydraulic reservoirs using both numerical
and empirical tools.

The air release property of a hydraulic oil is also an important factor in
reducing the effects of aeration since if a hydraulic fluid gives up air more
quickly in the hydraulic reservoir than the likelihood of aeration at the inlet
to a pump is reduced even with reduced residence times in the reservoir.
Gullapalli et al. [4] investigated the air release rates of fluids with the same
ISO viscosity but with different base oil and additives. They found significant
differences in air release rates resulting in effects on volumetric efficiency and
pump noise level. Schrank et al. [5] further investigated the dynamics of air
absorption and air release. Furthermore, the cavitation phenomenon has been
added to models of hydraulic components [6, 7] because of the influence of
cavitation on their operation.

A challenge to investigating aeration is the measurement of the level of
entrained air in a hydraulic fluid. Schrank et al. [8] reviewed the optical,
electrical, and mechanical properties of hydraulic fluids that could be used
for sensing the entrained air in the fluid. Additionally, they investigated
four entrained air sensing approaches including (1) mixture density through
measurement of pressure drop across flow through an orifice, (2) compress-
ibility in a cylinder, (3) photography, and (4) electrical permittivity of the
fluid. These approaches were compared with each other and trade-offs were
considered. It is clear that measurement of aeration in hydraulic fluid is
challenging to accomplish, particularly in the context of sensing in-situ on
vehicles in the field. SONAR-based gas void fraction (GVF) measurement
technology has been shown to accurately measure the GVF in a wide range
of gas/liquid mixtures [9, 10] providing a solid foundation for its application
to in-situ measurement of aeration levels in hydraulic fluids. Pan et al. [11]
showed the utility of this technology in measuring real-time in-situ GVF to
study complete filling behavior of positive displacement pumps, and the work
reported on in this paper serves to validate its ability to accurately quantify
gas void fraction in fluid power hydraulic systems.
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2 Background on SONAR-Based Gas Void Fraction
Measurement

The method for measuring the gas void fraction in the hydraulic fluid in
this work is a SONAR-based GVF measurement approach described in [9].
SONAR-based GVF measurement was initially developed to measure multi-
phase flows for the oil and gas industry and is currently utilized to measure
gas void fractions in a wide range of applications, including oil and gas,
mining and minerals, and pulp and paper industries.

Gas void fraction is defined as the volume of entrained gas over the total
volume of an aerated liquid, and can be represented mathematically as:

α =
vg

vg + vl
(1)

where α is the gas void fraction, vg is the volume of entrained gas in the
liquid, and vl is the volume of liquid, and is used to indicate the level of
aeration in a hydraulic fluid.

The SONAR-based method utilizes a pair of acoustic pressure transducers
installed on both ends of a hydraulic conduit to measure and interpret the
speed at which naturally-occurring, low frequency acoustic waves propagate
within the hydraulic piping network (Figure 1). The hydraulic conduit can
consist of a wide range of conduits including flexible hydraulic hoses, rigid

Figure 1 Instrumented hydraulic couplings with acoustic pressure sensors and process
pressure sensors installed on both ends of a hydraulic hose enable measurements of speed
of sound within the hydraulic hose.
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pipes, and flow tubes within Coriolis meters. The outputs of the acoustic
sensors are processed utilizing SONAR-based beamforming algorithms to
determine speed at which the sound is propagating.

SONAR beamforming algorithms use signals measured from multiple
locations, for example, from an array of signal transducers in an acoustic
media. Array signal processing transforms signals from the temporal-spatial
domain to the wave number-frequency (k − ω) domain. On a 2D k − ω plot
of acoustic power, there is an acoustic ridge to which a line can be fit. The
slope of the line is the speed of sound (SOS) since:

amix = ω/k (2)

where amix is the SOS in the mixture, ω is the frequency, and k is the wave
number. When using only two acoustic pressure sensors, the problem reduces
to finding the peak of the power as a function of SOS (Figure 2).

This measured SOS is then used to determine the gas void fraction of the
process fluid utilizing Wood’s Equation [12, 13] expressed as follows:

1

ρmixa2mix

=

N∑
i=1

φi

ρia2i
+

D − t

Et
(3)

where amix is the low frequency SOS, and ρmix is the density of a mixture
consisting of “N” components to the volumetric phase fraction, φi, density,
ρi and SOS, ai of each component of the mixture. The compliance of the
conduit, given for a thin-walled, circular cross section conduit of diameter D
and wall thickness of t and modulus of E, also influences the propagation
velocity.

The mixture density, ρmix , is given by a volumetrically-weighted average
of the components:

ρmix =
N∑
i=1

ρiφi (4)

For cases in which the volumetrically-weighted compressibility of the gas
phase dominates the compressibility of the mixture, which is typically a good
approximation at low pressures with gas void fractions >∼0.1%, Wood’s
equation can be approximated as follows:

α ∼=
γP

ρliqa
2
mix

(5)
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Figure 2 Acoustic power acquired from a SONAR sensor array where the power plotted
is the output of a beam-forming optimization process. The sound speed associated with the
maximum power is the optimized sound speed within the array.

where γ is the polytropic exponent governing the compressibility of the gas
bubbles and P is the process pressure. SOS is thus a function of gas void
fraction for a representative mix of air and oil over a range of pressures
(Figure 3). The gas SOS is expressed as a function of gas temperature, T ,
the gas constant, R, and the polytropic exponent γ.

agas =
√

γRT (6)

The appropriate polytropic exponent depends on the frequency of the
sound waves compared to a thermal relaxation frequency set by the bubble
diameter and the thermal diffusivity of the gas [14]. For air bubbles, this
polytropic exponent can range from isothermal conditions, γ = 1.0, for
low frequencies compared to the thermal relaxation frequency, to isentropic
conditions, γ = 1.4, for high frequencies compared to the thermal relax-
ation frequency. For most SONAR-based GVF measurement applications in
hydraulic systems, the frequencies utilized are sufficiently low, and the air
bubbles are sufficiently small for the propagation of the sound to be well
modelled as isothermal (γ = 1.0).

Given that SONAR-based GVF measurement technology has been and
is currently being used in a wide range of other applications with good
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Figure 3 Speed of sound in a multiphase fluid is a function of GVF and process pressure.
The speed of sound decreases the most when the pressure is low as GVF increases. Wood’s
equation shows static mixture pressure is an important parameter determining the relationship
between the measured sound speed of the process fluid and GVF.

performance, it was anticipated that the technology could be used also for
measuring the aeration state in hydraulic systems. Thus, the objective of this
work is to investigate the performance of the SOS measurement approach in
estimating entrained air in a hydraulic system.

3 Methods

A hydraulic test system was constructed and used for the experiments of this
study (Figure 4). ISO VG 46 Hydraulic fluid (S2 MX 46 Tellus, Shell USA,
Inc., Houston, Texas) was used for the system fluid. An 8 cc/rev external
gear pump drew fluid from a 19 L steel hydraulic reservoir. On the upstream
side of the pump, the fluid passed through a ball valve which restricted flow
from the reservoir, lowering fluid pressure resulting in air being drawn out
of solution. Two circuits were used for different measurement configurations.
The first circuit (Figure 5) passed fluid through a 1.092 m (43 in.) long section
of 100R17-10 hydraulic hose which had integrated electronics piezoelectric
(IEPE) acoustic pressure sensors measuring the acoustic pressure at each end
of the section. This test section was called SOS measurement test section
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Figure 4 Hydraulic test system at the Iowa State University Off-Highway Vehicle Chassis
Dynamometer Lab. The Coriolis flow meter in the foreground had acoustic pressure sensors
mounted on its inlet and outlet for measuring SOS.

#1 (MTS1). Then the fluid passed through a Coriolis flow meter (model
CMF 100, Micromotion Inc., Boulder, CO), which had a second set of IEPE
acoustic pressure sensors installed at the inlet and outlet of the Coriolis meter
and used to determine the SOS measurement within the flow tubes of the
Coriolis meter (test section #2; MTS2). Additionally, two static pressure
sensors at each end of the section measured the process pressure for both
MTS1 and MTS2. After the test sections, the aerated hydraulic oil entered the
gear pump inlet which was powered by a 2 Hp electric motor with a nominal
shaft speed of 1740 rpm. Signals from the pressure sensors were provided to
the SOS signal processing computer which produced one GVF measurement
every four seconds.

The second test circuit was the same as the first test circuit except that
the location of the test hose section (MTS1) was placed downstream of
the Coriolis flow meter. That is, the fluid passed first through the Coriolis
flow meter and then travelled through MTS1 (Figure 6). MTS2 included the
Coriolis meter as in the first test circuit.
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Figure 5 First Test circuit with SOS measurement test section #1 placed upstream from
the Coriolis flow meter. SOS measurement test section #2 included the section of pipe in the
Coriolis flow meter.

For each test section, the pump drew fluid from the reservoir passing
through the measurement aperture formed by the two acoustic pressure
sensors and the hose section between the sensors. Static pressures were also
measured at the beginning and end of each test section, and the mean static
pressure within the test section was used to determine the GVF based on
Equation (5) using the SOS found from the beam-forming techniques. For
each circuit, the pressure was set at six levels using the ball valve at the outlet
of the reservoir. Measurements were acquired at each level for about a minute
(50 to 180 sec). The pressure measurements were processed to find the SOS
and then, utilizing the known density of the hydraulic oil, the GVF of the
aerated oil was calculated.

In this set of experiments, the intent of the Coriolis meter is to pro-
vide a reference measurement of the gas void fraction. Although Coriolis
flow meters are well known to provide accurate flow of single-phase fluids,
it is also well-known that bubbly flows can lead to substantial measure-
ment errors on aerated liquids. This work utilizes an approach to increase
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Figure 6 Second test circuit in which SOS measurement test section #1 was placed down-
stream from the Coriolis Flow meter. MTS2 included the Coriolis Flow meter as in the first
test circuit.

the confidence of the accuracy of the Coriolis-based gas void fraction
measurement utilizing a self-consistency argument based on comparisons
between the Coriolis meter density and the collocated SONAR-based gas
void fraction measurement.

As background, the errors in Coriolis meters operating on aerated liquids
are often attributed to two primary mechanisms – decoupling and compress-
ibility. Decoupling is the phenomena in which the amplitude of the vibration
of the bubbles is different from that of the liquid in the vibrating Coriolis
tubes. The second error source is the increased compressibility of the bubbly
fluid resulting in a reduced frequency of the tube vibrations.

These errors affect the measurement of fluid density according to a model
presented by [15], which can be expressed mathematically by:

ρmeas = ρliq(1−Kdα+Gdf
2
red ) (7)

where ρmeas is the measured density, ρliq is the density of the liquid phase of
bubbly liquid, α is the gas void fraction, fred is the reduced frequency of the
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vibrating tubes, Kd is the density decoupling parameter and Gd is the density
compressibility parameter [9]. Kd ranges from 1 to 3 under fully-coupled to
fully-decoupled conditions. The reduced frequency is defined as:

fred =
2πftubeD/2

amix
(8)

where ftube is the vibration frequency that the tube is being driven, D is the
inner diameter of the Coriolis meter tube, and amix is the SOS of the bubbly
liquid.

The ratio of the mixture density reported by the Coriolis meter to the
known liquid density can be expressed as a function of the gas void fraction
and reduced frequency.

Rρ = ρmeas/ρliq = −Kdα+ (1 +Gdf
2
red ) (9)

where Rρ is the ratio between the measured density and the density of the
liquid.

For conditions with minimal decoupling, i.e. Kd ⇒ 1, and the reduced
frequency approaches zero, i.e. f2

red ⇒ 0, the measured density from a
Coriolis meter can be related to the gas void fraction within the Coriolis meter
as follows;

Rρ = ρmeas/ρliq = 1− α (10)

Thus, assuming the errors due to compressibility and decoupling are
negligible, the density from the Coriolis meter can be used with the known
density of the liquid to determine a gas void fraction as follows:

α ≈
ρliq − ρmeas

ρliq
(11)

when ρair ≪ ρliq .
For this work, the reduced frequency of Coriolis meter is sufficiently low

that the effects of compressibility can be neglected [9].
The role of decoupling in this application can be assessed analytically as

described in [9] with knowledge of the fluid viscosity, vibration frequency,
and bubble size. However, since bubble size is typically unknown and in
general difficult to measure in most applications, utilizing this analysis to
quantify the effects of decoupling can be elusive.

For these sets of experiments, both mixture density reported by the Cori-
olis meter and a SONAR-based gas void fraction within the flow tubes were
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measured. Utilizing these two collocated measurements, the role of decou-
pling on the Coriolis-based density measurement can be assessed empirically
by comparing the measured density versus the measured GVF to assess the
consistency of the Coriolis density measurement and the SONAR-based gas
void fraction measurement. If the ratio of the measured density to the known
liquid density plotted versus GVF is linear with a slope of minus 1 and a y-
intercept of unity, then the data provides confidence that the Coriolis meter is
providing an accurate mixture density with negligible effects of decoupling
and that the gas void fraction measurement is accurate.

4 Results and Discussion

The time histories of the two experiments with the two test circuits show
how the pressures in the two test sections decreased as the ball valve at the
reservoir outlet was closed and created more restriction causing the pressure
to drop (Figure 7). The different test circuits show how the upstream location
of MTS1 relative to the Coriolis meter resulted in a MTS1 pressure being
higher than that of MTS2 across the Coriolis meter for first test circuit, and
for the second test circuit, MTS1 downstream of the Coriolis meter had a
lower pressure than that of MTS2. These pressure difference affected the
GVF in MTS1, lower than that of MTS2 in first test circuit, because lower
pressures resulted in less air being drawn out of solution. The opposite effect
was observed for the second test circuit. The GVF in MTS1 was higher than
that in MTS2. These results show that the sensor is behaving qualitatively as
expected.

Figure 7 Time history of the two experiments with first (left) and second (right) test circuits.
The pressure and GVF in the test sections changes depend on the order of the test sections in
each circuit.
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Figure 8 Plots of density ratio vs. GVF in MTS2 show that the bubble motion is completely
coupled and compressibility errors are negligible for the Coriolis measurements of bubbly
liquid density for first (left) and second test circuits (right).

Next, the Coriolis density errors were checked by plotting the density
ratio, R, against the SOS measured GVF. For both circuits, the data followed
the 1-GVF line showing that Kd = 1, and the bubble motion is effectively
fully-coupled (Figure 8). Based on these results, we can be confident in the
Coriolis meter density measurements and the Coriolis reference GVF values.

For both test circuits, when GVF was measured over the same test section
(MTS2) used by the Coriolis meter density measurements and SOS measure-
ments, GVF matched between the measurement approaches (Figure 9). For
the first test circuit, the relationship between the two GVF was explained by
a linear relationship with a slope that was nearly unity with a 0.19% GVF
RMSE. For the second test circuit the linear relationship also had a unity
slope and a 0.16% GVF RMSE. The SOS measured GVF was higher than
the Coriolis density GVF by 0.107 and 0.126 % GVF for the first and second
test circuits, respectively.

For the SOS GVF measurements acquired over the hydraulic hose test
section (MTS1) that was either upstream or downstream of the Coriolis
meter, SOS GVF measurement was shifted off the 1-to-1 line relative to GVF
calculated from Coriolis meter density measurements (Figure 10). However,
these shifts were explainable due to the pressure differences with the section.
Pressure differences in MTS1 and the Coriolis meter should result in different
GVF fractions. For test circuit 1, the hose test section, MTS1 was upstream
of the Coriolis meter and so the fluid had higher pressure in MTS1, and
we would expect, based on Henry’s Law, a lower GVF as less gas was
released from the solution in the section. However, the relationship between
the two measurements of GVF appears quadratic which explained most of
the variation in the measurements (R2 = 0.99; RMSE = 0.07% GVF). This
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Figure 9 Measured GVF with SOS over the same test section (MTS2) as the Coriolis flow
meter was linearly related to the GVF calculated from the Coriolis mixture density for both
first (left) and second (right) test circuits.

Figure 10 SOS measured GVF in MTS1 upstream of the Coriolis meter for the first circuit
(left) and downstream for second circuit (right). Qualitative differences due to changes in fluid
condition occurred as expected.

relationship may be due to a variety of causes such as bubble formation
dynamics, changes in the pressures of the two sections or air leaks between
the two sections. Determining the exact cause was beyond the scope of this
work. Qualitatively, we would expect the downstream section to have a higher
GVF which aligned with our observations.

For test circuit 2, the hose test section, MTS1 was downstream of the
Coriolis meter and larger GVF was measured in MTS1 as compared with
what was obtained from the Coriolis meter. The pressure was lower in MTS1
so more air should be drawn out of solution in it. A linear relation explained
much of the variability in the SOS GVF measurement, but less than in test
circuit 1 (R2 = 0.85; RMSE = 0.33% GVF). The shift of the line is 2.5%
GVF off of the unity line.
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These measurements of GVF in different test sections show that the
entrained air level is changing as the hydraulic fluid travels through the
sections and experiences changes in static pressure. We should only expect to
measure the same GVF in the same measurement test section (MTS2) since
GVF is being measured under the same fluid conditions. The measurement
technology finding different GVFs in adjacent test sections builds confidence
in the approach.

5 Conclusions

In this validation study of the SOS measurement of entrained air in hydraulic
fluids, we can conclude the following:

1. The Coriolis meter was measuring density accurately because the den-
sity ratio was related to SOS measured GVF with a unity slope and no
offset from the line indicating that any errors measuring density were
negligible.

2. When measuring GVF in the same location, the SONAR-based gas void
fraction measurement was consistent with the Coriolis-based gas void
fraction measurement.

3. When measuring GVF in different locations which are in series,
SONAR-based GVF measurement differed from each other as expected
based on the difference in pressures in the sections resulting in different
GVFs.

4. The SONAR-based Gas Void Fraction measurement of entrained air in
a hydraulic fluid is a viable method that is particularly well-suited for
in-situ measurements of entrained air in hydraulic fluids.
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