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Abstract

As the sole component capable of releasing entrained air, a well-designed hydraulic
reservoir is crucial for the health of any hydraulic system. This is especially import-
ant in mobile machinery, where even more air is entrained via the free surface. En-
trained air in hydraulic fluids poses an unavoidable obstacle within mobile machinery,
forming a complex multiphase liquid-gas system. This entrained air influences the
behaviour of the hydraulic fluid, causing fluctuations in various parameters such as
density, viscosity and bulk modulus. These fluctuations often result in a loss of ef-
ficiency, as well as reducing the dynamic performance of the system. As electrifica-
tion of mobile machinery increases, the installation space for hydraulic components
shrinks, demanding spatially efficient redesign. The hydraulic tank has long since
been designed with a spectrum of rules of thumb - overestimating the required space -
to complex CFD simulations. As multiphase CFD already requires ample computing
power, additionally considering the relative motion a hydraulic tank experiences, is
currently outside the scope of feasibility, coming either at the cost of three dimension-
ality, or exceeding reasonable computing times - with no guarantees for accuracy. A
test-rig, however, would allow for the investigation into the effect of relative motion
on deaeration. This paper provides a foundation for a test-rig to re-examine the design
of deaeration efficient mobile hydraulic tanks. For this purpose, the main aeration
and deaeration mechanisms occurring within the tank have been outlined, and current
design elements used to promote deaeration, gathered.
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1 Introduction

Whilst air can enter a hydraulic system in many places, deaera-
tion only takes place within the hydraulic reservoir. Hydraulic
systems are constantly pulling in air via cylinders or across
seals which must then be released within the tank to prevent
damages to the hydraulic system. Within stagnant oil deaera-
tion occurs naturally but slowly, in flowing systems however,
turbulence can prevent the rise of the bubbles, creating a race
against the clock for the bubbles to reach the free surface lest
they are once again sucked into the hydraulic circuit. Even
though the size of tanks in mobile machinery is vastly smaller
than those employed within stationary hydraulics, this time-
pressure is still being exacerbated by shrinking installing space
for tanks, especially in the face of steadily increasing electri-
fication of mobile machinery. In addition to the influx of air
via the remaining hydraulic system, tanks in mobile machinery
also face additional air entrainment via the free surface due to
relative movement. These many challenges - especially those
of relative movement - have yet to be addressed holistically.

The current design methodologies mostly sit at two extremes
of complexity - ranging from rules of thumb to CFD simu-
lation - with the middle ground mostly empty. This middle
remains insufficient, even as the number of publications on
CFD tank simulations steadily rise, owing to their focus nar-
rowing to machine-specific design. The lack of holistic design
guidelines is reflected in the methodologies currently used in
the industry. Often times, the selection of a tank is limited
to simply finding an appropriately sized tank using a simple
flow-demand calculation combined with a large safety factor.
Following this, the tank may then also undergo trial-and-error
experiments to place inserts such as baffles and sieves. This
process may be lengthy and thus costly, particularly if no prior
iterations of the mobile machinery or personnel experienced
with tank designs are available. The other end of the spectrum,
CFD simulations, require extensive computing power and ex-
perience, and are thus often outsourced. Additionally, CFD is
currently not capable of depicting the system fully. As mul-
tiphase CFD already requires ample computing power, con-
sidering the relative motion a hydraulic tank experiences in
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addition to the miscibility between the air and hydraulic oil,
remains currently outside the scope of feasibility. Including
relative motion into the simulation would come at either the
cost of three-dimensionality or exceed reasonable computing
times - with no guarantees for accuracy.

In light of these limitations, further experimental investigation
is required to develop design guidelines for hydraulic tanks in
mobile machinery. First, the mechanisms of changes in air
entrainment that can occur within the tank is outlined in Sec-
tion 2] Following this, the current reservoir designs will be
discussed in Section [3] with special attention on the tank geo-
metry and inserts commonly used to support deaeration and
prevent additional entrainment. Finally, the concept for a test
rig will be presented; where the challenges associated with the
measurement of the change in air content and possible solu-
tions will also be discussed.

2 Air Entrainment

The relevant air content within the design of hydraulic tanks,
is the undissolved, dispersed air, also called the "free air". Dis-
solved air can never be removed entirely, and if the air re-
mains in its dissolved state, only negligible damage will be
caused by its presence as it does not change the physical prop-
erties of the oil [1]]. The dissolved air may be released due to
pressure drops as the saturation limit decreases, this can only
be influenced via the tank if it were pressurised or there was
no air to dissolve in the tank. So-called closed tanks are in
use to prevent pump cavitation and increase efficiency, how-
ever since the tank continuously sits at this elevated pressure
level, the oil would simply saturate at this new limit. Since the
tank must remain under the least pressure within the system,
to ensure its functionality, this dissolved air would not be re-
leased. Free air however can cause significant problems within
hydraulic systems and must therefore be minimised. Accord-
ingly, any further mentions of air entrained by the hydraulic
oil will refer to the undissolved, free air. In order to reduce
the amount of free air within a system, the entrainment of air
must be minimised and the oil must be allowed to de-aerate.
The problems caused by entrained air arise mostly from the
changes in the behaviour of the hydraulic medium, as the air
content causes fluctuations in parameters such as density, vis-
cosity and bulk modulus. These fluctuations often result in a
loss of efficiency, as well as reducing the dynamic perform-
ance of the system. The presence of entrained air can lead to
increased wear and damage to the components and increased
ageing of the oil, through processes such as cavitation and ox-
idation. Aside from the ageing of the oil, the damages occur
when the entrained air enters the remaining hydraulic circuit,
consequently it must be removed prior to leaving the tank.

In most hydraulic tanks, the oil is exposed to a significant air
layer. The interfacial boundary between the gas and liquid
phase is referred to as the free surface. Due to their lower
density, air bubbles are buoyant and naturally tend towards the
free surface, where they can escape. The precise trajectory of
the bubbles is governed by the shape and size of the bubble,
as well as the flow conditions within the tank, with bubbles
rising faster in lower viscosity oils. Multiple functions approx-

imate the bubble rise velocity, depending on the bubble size,
and fluid conditions such as temperature and pressure, these
have been expansively reviewed in [2]. Currently available
additives, including defoaming agents cannot improve the air-
release of hydraulic oils [3[]. Local turbulences often cause the
bubbles to be swept along and downwards, resulting in contin-
ued entrainment within the hydraulic system. Air entering the
system in the form of bubbles via the free surface must only
traverse a short distance to be released. This means that the
penetration depth of the bubbles and the proximity to the tank
outlets, influences deaeration.

As previously mentioned, mobile hydraulic systems are not
only more vulnerable to increased air contents due to the low
residential times, but also due to the relative motion of the
tank causing aeration within the tank. A positive aeration rate
is especially critical, as the tank itself is the only place within
the hydraulic system where air is able to leave the oil. Thus,
mobile hydraulic tanks must not only be optimised to support
deaeration but also to prevent additional aeration. Six aera-
tion mechanisms will be described in the following section.
For some of these mechanisms countermeasures are widely
available, their efficient application is however still disputed.
Specific countermeasures will be discussed in the Section 3] .
The aeration rate AR in this work is defined as the difference
between the void fraction 3, of the flow leaving the tank and
the void fraction f3;, of the flow returning to the tank (see Equa-

tion[T).
AR = Bout - Bin (l)

The six aeration mechanisms or events shown in[I] will be out-
lined. In the tank, free air enters the oil via local turbulences,
where the surface tension of the oil is smaller than the turbu-
lent shear stress [4]] or via the trapping of large bubbles. The
former case may take place due to the flow of a jet (Nr. 3
in Figure [T) or splashes of liquid impacting the free surface
whilst the latter occurs when pockets of air are enveloped by
the folding of the free surface. This can occur due to waves
breaking when they reach critical heights or due to their impact
with the tank walls (Nr. 2 and 1 in Figure[T]). The latter phe-
nomenon is called wall- or roof-slamming [5]] and like most of
the other aeration events in this section, it requires "sloshing".

Figure 1: Overview of selected air entrainment mechanisms
within the tank



2.1 Sloshing

Sloshing is broadly defined as any movement of a liquid within
a container it does not fully fill [6]. Aeration mechanisms in-
fluenced by sloshing are susceptible to resonance phenomena.
Sloshing at resonance frequencies results in high strain on the
containers due to concentrated energy transfers when the li-
quid impacts the walls [[7]. Resonance also introduces non-
linear behaviours causing more air entrainment as the amp-
litude rises exponentially and should thus be avoided. Estim-
ations of the eigenfunction of a sloshing liquid can be made
by simplifying the shape of the container without signific-
ant accuracy losses [6], with analytical solutions existing for
rectangular, conical, and cylindrical tanks. The estimation of
the resonant frequencies may be particularly beneficial for the
design of tanks in mobile machinery with oscillation working
modes. The resonant frequency of a tank can be increased
using longitudinal partitions or ring baffles [6] which provide
a dampening effect on sloshing [5]]. The severity of the air
entrainment outside resonance is dependent on the frequency
and amplitude of the excitation. Even without the trapping of
large pockets, the shaking of the tank can disrupt the surface
tension of the free surface, trapping small bubbles within the
liquid [8]]. In extreme cases the liquid flow disperses and the
gas is suspended as small bubbles within the liquid, forming
a foam. Although the effects of the above mentioned aera-
tion events might be contained to the tank itself, the follow-
ing mechanisms will result in free air entering the hydraulic
system. This is due to their immediate involvement with the
suction outlets of the tank.

2.2 Suction port

If the outlet is exposed to air or insufficiently covered, pumps
may directly suction air into the system. The simplest way
this may happen, is due to the free surface tilting at low oil
levels. Generally this is accounted for in the design of a new
tank, should however be re-examined when additional outputs,
especially cylinders are added to machines without a full tank-
redesign. The free surface may tilt due to the entire vehicle
tilting - the degree of which is generally limited within mobile
machinery - or due to inertial forces acting upon the liquid [9].
In the latter case, the acceleration of the vehicle a in relation
to the acceleration due to gravity g determines the tilt angle &
(Equation [2)).

P = arctan(g) )

A less predictable event may however arise due to the pre-
viously mentioned resonance phenomena. If the trough of a
wave is below the suction outlet, air will enter the system.
Whilst the level within the tank may not drop below the open-
ing of the tank outlet, air may still be entrained via a fluid
vortex.

The final aeration event is the formation of a vortex, where the
oil level does not drop below the opening of the tank outlet
but where the free surface is locally deformed, splitting the oil
layer. The formation of a vortex on a free surface is shown
in Figure [2] where the vortex types (VT) are classified using
the "Hecker vortex classification scale" and are qualitatively

[ <]

VT VT2 VT3

Figure 2: Hecker Vortex Classification Scale [10]

categorised from VT1 to 6. A free surface vortex generally
develops from a "coherent surface swirl" (VT1) which pro-
ceeds to dimple the surface (VT2) then connects the axis of
rotation to the suction intake (VT3) . At first, only debris is
entrained (VT4), as the vortex develops air bubbles (VT5) fol-
low and finally an air core is formed (VT6). Air entrainment
thus only occurs in VT5 and VT6, with significantly more air
entering the system due to VT6 [[11]]. Once the tip of the air
core reaches the (pump) inlet depth, air enters the inlet [12].
The vortex may not stabilise fully, instead cyclically forming
and collapsing due to the pump flow dropping as air is sucked
in, and reforming once the pump flow increases again [11].
To prevent the formation of an air core - unstable or not- the
critical Submergence is calculated in water hydraulics. This
is the distance between the inlet and the free surface at which
the vortex makes contact. Vortices are not exclusive to tank
outlets in the floor of the tank and are highly dependent on the
geometry of the outlet and the flow conditions, as well as the
viscosity of the liquid.

In water hydraulics close attention has been paid to the crit-
ical submergence, with several models and equations exist-
ing to control vortex formation in reservoir designs. Gener-
ally the critical submergence is considered to be a function of
the Froude Number Fr; which is the ratio between the inertia
of the flow to gravity; and the geometric configuration of the
tank. Multiple analytical models, mainly based on work by
Rankine, and the Navier-Stokes equation have been proposed
to model the vortex velocity [13]] or gas-core length [14] and
estimate the critical submergence . These models have to be
separated into the positioning of the suction ports as only a
vortex directly above the port can have an axially symmetrical
shape. When considering multiple different liquids however,
the Weber We and Reynolds Re Numbers also have been used
to estimate the critical submergence [15]], incorporating effects
from surface tension and viscosity. Unlike the models avail-
able for inviscid liquids however they require knowledge of



difficult to measure parameters, such as the circulation num-
ber, or use empirical factors. The simpler equations used in
water-reservoir design cannot be transferred to oil hydraulics,
in part due to the vastly different geometries, but also due to
the models neglecting the effects of viscosity [|10]. The energy
decay along the vortex increases with viscosity, making oil-
hydraulic systems less susceptible to the formation of stable
air-cores. However the formation of vortices within hydraulic
machinery has not been disproven but merely neglected. In
spite of the lower risk, this aeration event may still take place
within mobile hydraulic tanks, especially at low tank levels.

3 Hydraulic reservoir design

The main task of hydraulic reservoirs is to store hydraulic fluid
and to compensate for uneven oil requirements (e.g. due to
the movement of differential cylinders). Besides this primary
function, hydraulic reservoirs cool the hydraulic fluid and re-
move contaminants like particles, water, and air. In this regard,
the hydraulic reservoir is the only place in a hydraulic system
where air can be removed in significant quantities. Still, it can
also be entrained due to effects like sloshing.

The basic mechanisms highlighted in Section [2] which lead
to the entrainment or separation of air, can be influenced by
different design elements in a targeted manner. A distinction
can be made between passive and active elements, whereby
active elements, like cyclones, are currently not planned to be
implemented in the test bench and are therefore not considered
in this section.

Passive elements include the general reservoir geometry, the
use of different inserts and the design of the reservoir inlet and
outlet. The test rig to be designed should be able to map the in-
fluence of the above-mentioned elements and allow a combin-
ation of different configurations. For this reason, the general
function of the named passive elements is described shortly in
the following and the corresponding requirements for the test
bench are derived.

3.1 Hydraulic reservoir geometry

Sufficient residential time of the hydraulic fluid in the reservoir
is crucial for effective air separation. The longer the fluid stays
in the reservoir, the more time bubbles are given to rise to the
surface and be separated from the fluid. The mean residential
time fyegigential 1S calculated by dividing the reservoir volume
Vieservoir by the maximum volume flow Q pymp.

o Vreservoir
Lresidential = (3)
Q pump

Depending on the application the suggested residential times
varies as shown in Table[Il

In addition to the volume, the reservoir height in relation to
the base area is particularly relevant for the separation of air.
If the fill level is low, air bubbles can rise to the surface in a
shorter time and be separated more quickly.

Furthermore, the basic shape has a crucial influence on the
field of flow. In trapezoidal containers per example, a signific-

Table 1: Suggested residential times for different hydraulic ap-
plications

Application Residential time t,¢gigenrial
Stationary hydraulic systems 3 ... 5 min
Stationary hydraulic systems

(HFC and HFD) 8 min
Mobile hydraulic systems
open loop systems 2.5 min
Mobile hydraulic systems
closed loop systems 1.5 ... 2 min
Aircraft applications 0.5 ... I min

antly decreased slosh response is observed when compared to
a cylindrical or rectangular tanks with non-inclined walls [16].
The flow dynamics within the tank also impact air-release dir-
ectly, as shown in [3] the rectangular shape of the left reser-
voir leads to dead zones (red) in each corner. In these areas,
air bubbles have a lot of time to rise to the surface, but fluid
flowing from the return line can only reach these areas with
difficulty. For this reason only small amounts of air can be
separated effectively in these areas.

Figure 3: Influence of basic reservoir geometry on the flow

field

To enable the test bench to map the described effects on air re-
lease, it should be possible to adjust both the reservoir volume
and the filling level. This way also varying residential times
for different hydraulic applications can be considered. The
entire reservoir should be interchangeable to investigate the
influence of the different base geometries.

3.2 Inlet and outlet design

In addition to the general reservoir geometry, the design of
inlet and outlet geometry has a significant influence on the
entrainment and the separation of air. To avoid a vortex, as
described in Section [2] it should be ensured that the suction
line is always sufficiently immersed during operation. Other-
wise, air can be dragged along by the flow and enter the system
through the suction line (Figure [d1.).

The stream distance between the return line and suction line
should be as large as possible to give air bubbles more time
to rise to the surface, and ideally creating an even velocity
field [[17]]. Belov et al. recommend that the flow length should
be balanced with the costs, as the unevenness of the flow field
decreases hyperbolically with an increase in length.

The return line should end below the fluid level so that no air
can be entrained via the free jet. To increase the cross sec-



tion of inlet and outlets, the pipe opening is often cut at a 45°
angle [[18]. The geometry of the tank inlet can also be adjus-
ted from a simple pipe to instead include perforations on the
side. [[19] found that in a CFD simulation of their specific tank
geometry, a perforated inlet resulted in significantly better air
release than a bottom opened inlet. This improvement was at-
tributed to the perforations resulting in better flow distribution
and a quicker momentum exchange between the fluid entering
and the fluid already within the tank. This effect can also be
achieved using diffuser-attachments for the pipe, which often
come integrated into the return filter.

P

Figure 4: inlet and outlet design

To investigate the effects of the design of the tank ports on
deaeration, the height and position of the suction and return
pipes in the test-reservoir should be variable.

3.3 Inserts

To improve air separation and to prevent the entrainment of
air, different reservoir inserts can be used. The use of baffles,
partitions and swash plates in sloshing has been examined
closely for liquid storage containers, especially in marine ap-
plications, where large external excitations occur (for further
reading see [7]]. Although the liquid within the tank does not
experience a global flow rate, this research is still a vital boost
to understand insert interaction within mobile machinery, as
many publications consider the effects of both air entrainment
and viscosity. Baffles and partitions are used to divide the
reservoir into a sections and a return flow section or to guide
the flow of hydraulic oil inside the reservoir. This way short-
circuiting between suction and return line is avoided. Sim-
ultaneously, the fluid can be directed to the surface by bot-
tom mounted baffles, thus shortening the path of air bubbles
to the surface. Vertical baffles also reduce the sloshing amp-
litude by blocking the fluid motion and causing local turbu-
lences at the sharp baffle edges, resulting in a dissipation of
energy. Bottom mounted baffles are less effective in reducing
impact pressures and sloshing amplitudes, than those touching
the free surface, as the highest horizontal velocity manifests
at the free surface in the middle of the tank and reduces to-
wards the bottom of the tank [[7]. Whilst vertical baffles can
combat heavy sloshing modes, care must be taken when sizing
them, as they may severely impact the flow, causing cascading
flows down the sides of a baffle [20], which also causes air
entrainment. The total number of partitions used should also
be limited to avoid creating more dead-zones [21]]. Investig-
ations into elastic baffles has also found that when the baffle
is not immersed, those with smaller stiffnesses result in higher

damping, whilst for the immersed baffles the inverse was ob-
served [22].

Another way to improve air separation is to install screens on
which air bubbles can accumulate, travel along the screen and
finally rise to the surface. The performance of screens depends
largely on the mesh size and the angle. The grain of the screen
is recommended to not excessively hinder the flow and may
be coated to promote bubble collection [[17]]. For this reason,
the test rig should be facilitate changing between screens with
different mesh sizes and vary their installation angle.

Figure 5: influence of baffles and screens on air separation

3.4 Requirements for the test bench design

The requirements for the test bench derived from the design
elements described above are summarized in Table 2] below.

Table 2: Requirements for test bench design derived from tank
geometry

Design Element Test Bench Variables

Base container Exchangeable reservoir

Adjustable fluid level

Inlet and outlet Adjustable length of

design inlet/outlet line
Variable positioning of inlet
and outlet
Variable opening geometry
Inserts
Baffles and Changeable position and
partitions inclination
Screens Changeable position and

inclination

Variable mesh size

Slit sheets and
perforated baffles

Variable opening sizes

4 Test-rig Design

To account for the incompatibility of some design choices, the
test rig concept is modular, enabling the swapping of the tank.
In addition to the possibility of easily exchanging the test-tank,



the design will also minimise the effort required to change the
hydraulic fluid, by separating the hydraulic circuit carrying out
the movement and generating the hydraulic work, from the
fluid flowing through the test-tank. This will not only allow
the investigation into the influence of different fluid character-
istics, but also prevent damage to the components caused by
the excess air within the test fluid . The free air content of the
oil will be measured before and after the tank, allowing the
calculation of the deaeration rate. These measurement meth-
ods will also be briefly discussed and evaluated below. The air
content measurement will additionally be used in the control
of the air content in the inflowing fluid. To control the air con-
tent, additional air will be injected. The injection of additional
air is to observe the effect of the tank geometry and movement
on the deaeration rate. In order to reduce the air within the
tank, a second larger tank will be used as a settling tank, from
which fresh oil can be sourced. A bypass will then be used if
the air content is to be increased from the current air content
within the test-tank. The test-circuit of the test-rig will fur-
thermore be kept at low pressures below 10 bars to allow for
the active injection of compressed air. The test rig will also
investigate typical operating conditions and volume flows but
will be restricted to 100 1 tanks.

4.1 Movement

The intended movement capabilities of the test-rig have been
adapted to simulate typical working motions of mobile hy-
draulic machinery. To assess the most critical external ex-
citation of the tanks, the movements will initially be carried
out in isolation. Another motive for the initial focus on isol-
ated movement is that the overlaying of excitation directions
has already been shown to increase sloshing dramatically. The
most vital movement types were considered to be:

* Translational in Z (up/down)
* Rotational around Z (yaw)

* Rotational around X or Y (roll/pitch)

In order to reduce the degrees of freedom required by the
test rig, motions in the X and Y direction will be achieved
by switching the mounting direction of the tank. The yawing
movement is especially vital due its high use in construction
machinery, per example in dig-and-dump-cycles. Accelera-
tion in the direction of travel (X) will be depicted by making
use of the gravitational force and tilting the tank. Movement
in the direction of travel will not be depicted within the test-
rig as most hydraulic machinery can reach limited driving ve-
locities which do not justify the additional space, costs and
risks associated with implementing horizontal movement. The
movement types specified above, will be examined in isolated
impulses as well as oscillations to examine the effect sudden
impacts and sloshing.

4.2 Measurement Methods

To accurately determine the change in aeration of the tank, the
difference in the amount of free air entrained in the in- and

outflow of the tank must be measured. The "amount" can be
either specified by the number of bubbles of significant dia-
meters or by measuring the void fraction. The advantage of
the former is that the bubble size discerns the type of damage
that may be caused and if a broad enough range of bubble dia-
meters are captured, it may then be used to estimate to void
fraction.

Whilst there has been significant research into the measure-
ment of entrained air not all is transferable to the desired oper-
ating conditions. Much of the available technology on meas-
uring multi-phasic flows originates within the medical field,
where dynamic imaging is vital. Unfortunately the volume
flows within the body are much lower than those within hy-
draulic systems and available sensors are for high volume
flows are much rarer, nevertheless some of the measurement
methodologies can be adapted for use within oil hydraulics.

Another significant restriction is high void fractions which
may occur during measurement as many methods cannot ac-
curately capture larger bubbles or slug flow. In some cases
the exposure of probes to large air pockets result in sensor
failures, whilst in others the signals become nonsensical. In
the latter case, the measurement method could be combined
with a secondary measuring system to allow for its use. In
addition to the demands arising from the high flow speed and
void fraction requirements, the sensors must also be suitable
for use in a closed-loop control to regulate the free air within
flow entering the tank. This means that the measurement must
be inline, at an adequate sample rate. Other requirements for
the sensors originate in the use of oil-hydraulics; the sensor-
materials must be compatible with various hydraulic oils and
must provide robust measurements, despite small temperature
fluctuations or vibrations carried through the machine. In ad-
dition to the requirements listed above, economic restrictions,
as well as safety concerns - primarily in regards to radiation -
were utilized to screen current measurement systems. A selec-
tion of the evaluated measurement methodologies is listed in
Table 3] The measurement methods for gas-liquid two-phase
flow either emit energy into the flow or observe differences in
flow behaviour, mostly in the pressure differentials, when it
passes resistance components. The first group can be separ-
ated into categories by the type of energy used and will be dis-
cussed below. The sensors generally emit either sound or elec-
tromagnetic waves which are then altered by passing through
the flow. The type of disturbance depends on the material
characteristics and the interfaces between the components. In
liquid-gas flows the waves are usually impacted the most by
traversing the interfacial barrier and depending on the type of
wave are either absorbed or reflected to some degree [30]]. The
sensor then either receives the reflected or remaining wave and
compares it to a reference. The degree of change, depends
on the characteristics of the gaseous phase. Scattering vs re-
flecting per example is determined by the size of the object
relative to the wavelength, with significantly smaller isolated
objects acting as point scatters [31]. Sensors working with re-
flected or scattered waves usually have a reflective material on
the other side of the pipe or container to reflect any remaining
waves back as an echo. Methods which utilise the remaining



Table 3: Overview of measurement methodologies to determ-

ine air content

Method Pro Contra
Compressibility Accurate Only offline
(23]
High-speed Non-Invasive, Struggles with
photography [23]] High opaque liquids,
Resolution limited frame-rate
Optical Versatile Expensive tracers,
Probe [24], [25] Ineffective for
larger bubbles
Electrocapacitance | Inexpensive, Low spatial
Tomography [26]] high sample resolution
rate
Electrical Inexpensive, Incompatible with
Impedance [23]] high sample oil
rate
Thermal Simple, Inaccurate,
Anemometry [27]] Inexpensive invasive
Pulse Echo Can measure Limited void
Technique [28] bubble size and fraction
number measurable
Pulse Wave Can measure May not achieve
Ultrasonic in stratified sufficient depth
Doppler [29] flow (high void penetration
fractions)
Continuous Wave High Precise placement
Ultrasonic resolution and of transducers
Doppler [29] sample rate required

waves are called shadowgraph methods, the most popular be-
ing shadowgraphy, an optical method. These methods often
use a pulsing, rather than a continuous emission, to minimise
interference between outgoing and incoming waves. The re-
ceived waves are analysed on their amplitude, frequency and
phase, depending on the method. From this information, the
void fraction or bubble size is then reconstructed using models
such as the ECAH model, which is used for ultrasonic meth-
ods [31]. In addition to optical waves, the other commonly
used electromagnetic methods use electricity, heat or forms of
radiation, namely X- and gamma-rays. The techniques using
radiation generally require a strong insulation layer to absorb
remaining rays safely, this results in larger setups and higher
costs.

Since the change in the waves are observed and referenced, the
depth penetration of the wave is of utmost import. The wave
must be noticeably changed by the air bubbles, but not fully
absorbed or reflected in order to accurately measure the air
content. This is especially relevant in high volume flow rates
as the pipe sizes increases with the flow. Increasing the depth
penetration by increasing the energy of the wave is limited
as adverse effects, such as heat damage in the components or
fluid, may occur [32]. One example of this is in sound waves
which, when the amplitude is too high, can result in cavitation
due to pressure drops in the rarefaction of the wave. Increased
power can also lead to changes in the fluid movement. In lar-

ger pipes - especially at higher void fractions- more bubbles
may also "hide behind" another if the wave used is completely
dispersed by a single phase transition. This is usually counter-
acted by the use of several probes creating a net in a 2 dimen-
sional plane. The most literal example of this are wire-mesh
sensors, which use a mesh of wires and electricity to measure
the passing bubbles. Probes generally exist in sender-receiver
pairs or single units, with many sensors also using bundles of
probes.

Ultrasonic methods can be used to measure both void fraction
and particle size distribution, due to their non-invasive nature
and low costs their application is widespread in the medical
and industrial field [33]] . Within the ultrasonic methods, the
Doppler Techniques and the Pulse Echo Technique can be used
to determine the void fraction within a liquid, a comprehensive
review can be found in [29]. The Continuous Wave Ultrasonic
Doppler (CWUD) method appears to be the method with the
fewest drawbacks amongst all evaluated methods. Unfortu-
nately the market availability does not reflect the breadth of
published articles on void fraction measurements. Instead it
appears that many facilities have developed their own sensors
specific to their application, providing descriptions of the used
components and signal processing methods, examples of this
can be seen in [34], [35]. In light of this, the development
of a project specific air content sensor is a viable option if no
commercial sensors can be acquired.

5 Conclusion

Due to movement of mobile machinery, additional air can be
entrained in the hydraulic oil within the tank. This air may
be captured in the form of small bubbles via local turbulences
or jet streams, in the form of large bubbles captured during
violent sloshing events where waves break, or directly suc-
tioned into the pump inlets. Preventing these events, as well
as encouraging deaeration, is crucial to maintaining the health
of the hydraulic system. Several approaches to minimise the
amount of entrained air by optimising the tank geometry and
using inserts were discussed. The shortcomings of the current
design guidelines were called to attention, especially the lack
of research into the relationship between relative motion and
deaeration. This work outlined the current challenges in the
design of deaeration efficient mobile hydraulic tanks to high-
light the need for more experimental investigation. Following
this, a concept for a test-rig was introduced. The required vari-
ables and possible air-content measurements were discussed.
With the research gathered from this test-rig, the design of hy-
draulic tanks for mobile machinery is to be illuminated, creat-
ing design guidelines.
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