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ABSTRACT

Multiphase flows often involve additional complex physical phenomena to be considered, for example
cavitation and aeration. These can arise in several applications as gear pumps, propellers, and
gearboxes. In order to properly design such hydraulic systems, these aspects should be carefully
considered in the design phase. In fact, these phenomena can lead to lower efficiency, excessive noise,
and a rapid degradation of the mechanical system. While for cavitation analytical and numerical models
are already available, aeration, which refers to the entrainment of air in another fluid in form of bubbles
and/or foam, is more difficult to be quantified. Even experimentally niche equipment is required.
However, thanks to recent developments in computer science, it is possible to approach these complex
multiphase flows exploiting simulations’ tools. In this paper, a numerical approach based on
Computational Fluid Dynamics (CFD) that includes the aeration phenomenon is presented. A new
solver that accounts for the air entrapment in the fluid was implemented in the open source environment
OpenFOAMP®. The solver was applied on a test case to verify its behaviour and compared to a standard
multiphase solver. The qualitative analysis suggests that the solver is capable of considering the amount
of air entrapped in the fluid, thus opening a new way in the study of aeration.
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1 INTRODUCTION
Thanks to continuous technological developments in computer science, simulation software
packages have gained their consideration not only among academic researchers, but also in
industries. The advantages introduced by virtual prototyping, namely the reduction of time
and costs with respect to real prototypes, have encouraged engineers to exploit these new
opportunities. Complex multiphase problems can be solved numerically exploiting dedicated
software where proper boundary conditions are assigned to each part of the computational
domain. The study of multiphase problems is of great interest for real engineering
applications as lubrication mechanisms, design of hydraulic systems, and in general every
condition where more fluids are present simultaneously.

Standard multiphase solvers are not capable of considering additional physical
phenomena, as cavitation and aeration, which play a determinant role in several operating
conditions and must be carefully considered for a proper design of a system to avoid
efficiency reduction, excessive noise, and the rapid degradation of the mechanical system. In
fact, in order to include also possible phase changes (cavitation) and air entrainment in
another fluid in form of bubbles and/or foam (aeration), the conservation equations of fluid
dynamics must be modified by adding a source term that accounts for the new phenomena.
While works dealing with standard multiphase solvers [1]-[13] and the simulation of
cavitation in the design of mechanical components are already available [14]-[19], the
aeration has been poorly touched from a numerical point of view. The development of a
numerical solver that includes the air trapping in another fluid can lead to significant
advancements in the correct modelling of real physical problems. Indeed, in hydraulic
systems, the presence of air can cause the premature degradation of the lubricant and the
increase of wear of mechanical components. Moreover, aeration has a severe impact on the
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heat transfer capabilities of the lubricant, thus reducing the global efficiency of the system
and the heat dissipation capability, which, in turn, is responsible for overheating and possible
premature failures.

In order to quantify the level of aeration in various operating conditions, niche and
expensive equipment is required [20]-[23]. Hence, CFD offers the opportunity to investigate
this complex phenomenon numerically. A numerical approach to calculate the air
entrainment in a fluid was proposed by Cerne et al. [24], who established an interface tracking
algorithm based on a two-fluid model formulation [25]. Yan and Che [26] extended the
previous model for three fluid phases. A combination of Eulerian approach and Volume of
Fluid (VOF) was tested by Wardle and Weller [27]. Ma et al. [28] reformulated the source
term proposed by Sene [29] by including the turbulence intensity and tested their model on
an hydraulic jump case [30], a plunging jet [31] and flow around a ship [32]. Several
experiments related to plunging jet [33]-[36] have been exploited to study aeration, since,
due to the energy dissipation, air bubbles are generated at the water free surface. In this work,
a solver that considers aeration is implemented in the open source software OpenFOAM®
and applied to two test cases. The promising results suggest that numerical tools can offer an
opportunity to investigate conditions where experimental data might be difficult to obtain
due to the complexity of the system and the required equipment.

2 MATERIALS AND METHODS
2.1 Mathematical description

CFD codes are based on the solution of three governing equations: mass, momentum, and
energy conservation. In this study, the problem was modelled as isothermal. Therefore, the
energy equation was not included in the calculation. In this way, the solution is limited to the
mass and momentum equations which can be written as:
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In these equations k is the turbulence kinetic energy, ¢ is the dissipation rate, G, and G,
represent the turbulence kinetic energy that originates from velocity gradients and from
buoyancy effects respectively, Yy, stands for the fluctuating dilation in compressible
turbulence. Cy,, C,, and C;, are constants. @, and a, are the turbulent Prandtl numbers. S,
and S, are source terms. R, is a term deriving from the renormalization group theory that
characterizes the RNG model.

These equations are valid only in simulations involving one phase. In order to model
multiphase problems numerically, an additional balance equation to consider the presence of
two or more phases must be added to the previous equation. By exploiting the VOF model
[37], which is based on the definition of the scalar quantity volumetric fraction representing
the percentage of one fluid in every cell of the domain, the multiphase problem can be solved.
The equation of the volumetric fraction can be expressed as follows:

Ja
=+ V(aw) =0. (7

The properties O of the different fluids (such as density and viscosity) are taken to define the
properties of an equivalent fluid as follows:

0 =0a+0(1—a), (8)

where 0 represents the generic property of each fluid.

The MULES (Multidimensional Universal Limiter with Explicit Solution) [38] correction
can be added in the solver algorithm in order to obtain a more stable and bounded solution
of the volumetric fraction field. This is accomplished by adding a dummy velocity field (u,)
in the conservation equation of the volumetric fraction:

2+ 7 (aw) + V(uca(l - a)) = 0. ©)

An additional source term (S;) must be added to the equation to account for additional
phenomena as cavitation and aeration:

% 4 p(aw) + P(ua(l - ) = 5, (10

To calculate the source term, a mathematical model must be introduced. The most used
ones for describing cavitation are those by Kunz [39], Merkle [40] and Saurer [41] while
aeration can be described using the model by Hirt [42]. In the latter, air is entrained into the
water when turbulent energy per unit volume is larger than the stabilizing force of gravity
and surface tension per unit volume. The expression for this source term is given as:

P¢—P
Sy = Cair As /thd (11)

where S is the volume of air per unit of time, Cy;,- is a calibration parameter, Ag the free
surface area at each cell, and P; (turbulent forces) and P, (stabilizing forces) are given by:

P, = pk, (12)
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Py =pgulr+, (13)

where g, is the normal component of the gravity, o is the surface tension, and Ly is the
turbulence characteristic length scale, expressed as:

3
3 k2
LT = Cﬂ - J; T, (14)

where €, =0.085 for the RNG k — ¢ turbulence model. An air volume is added to an element
of the computational domain when the stabilizing forces P4 are exceeded by the perturbing
forces P, according to eqn (11). C,;,- is the coefficient that appears in the equation of the
source term that should be calibrated. In this case it is set to 0.5. Hirt used this value to
validate their model. For most of the cases this value has proven to be reasonable. This
coefficient indicates the percentage of the free surface area on which air entrapment occurs.

2.2 Solver settings

The PIMPLE (merged PISO-SIMPLE) algorithm was used in the simulations. A convergence
criterion of 1e-6 was imposed to all field’s variables. The Preconditioned Conjugate Gradient
(PCG) solver was used for the pressure solver, while the Gauss-Seidel smooth solver was
used for the velocity. The Courant number was limited to 0.5 to ensure the stability of the
simulations. The first-order implicit Euler scheme was used for time-stepping. A Total
Variation Diminishing (TVD) scheme using the vanLeer limiter was adopted for the
convection of the volumetric fraction. The convective fluxes in the turbulence equations were
discretized using first order schemes.

3 RESULTS
Two test cases were considered to study the behaviour of the solver: a vertical plunging jet
and a free fall of a droplet. Each of these can be considered as a benchmark for the solver
since they can involve some air entrapment at free surface. The introduction of the new
solver is expected to improve the physical representation of the real problem due to its
capability to consider the air entrainment at free surface.

3.1 Vertical plunging jet

In most cases of aeration, air entrapment occurs at a free surface discontinuity where large
velocities gradients come across. For this reason, a test case consisting of a jet penetrating
into a water pool is considered to test the behaviour of the solver. In Fig. 1 the computational
domain is shown. The geometry was taken from Hirt [42] who used it in his validation tests;
the problem was modelled as 2D (a box with dimensions of 0.5 x 0.5 m?) and the domain
was meshed with pure quadrilateral elements (about 25k cells; the geometry was properly
partitioned to increase the elements’ density in the contact region between the jet and the free
surface).

An inlet velocity of 0.4 m/s is applied at the jet patch, where turbulent quantities are also
imposed, while the pressure must be calculated. Wall functions are applied to the other walls
of the domain regarding the turbulent quantities, while the velocity is set to zero.

In Fig. 2 the comparison between the standard multiphase solver of OpenFOAM® and the
new one that considers aeration is shown in terms of volumetric fraction field. Two time steps
are reported (initial transitory and stabilized filed at regime).
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Figure 1: Computational domain. A finer mesh is implemented at the air-water interface.
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Figure 2: Standard (top row) and aeration (bottom row) volumetric field contour.
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It can be observed that the standard multiphase solver promotes a sharp interface between
water and air, while the new solver shows a smoother transition at the interface showing that
a non-negligible amount of air is entrapped in the water at free surface. This means that, at
least qualitatively, the physics of the problem is captured from the solver. Moreover, the
contours clearly indicate that, in the case of the standard multiphase solver, the jet
substantially enters the steady sump, while the new solver slows down the main flow that
tends to diffuse radially due to the presence of foaming effects. Indeed, the foam tends to
slow down the water jet penetration forcing it to move laterally.

The effects of the source term at four different time steps are reported in Fig. 3. It can be
noticed that it is active on a large region of the free surface, thus indicating that aeration is
occurring.
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Figure 3: Source term contour at four different time steps.

3.2 Droplet free fall

A second test case consisting in a water drop in a pool with the same dimensions of the
previous case is considered (Fig. 4).

Figure 4: Domain consisting of a water droplet and a water pool.

In this simulation only the gravity is responsible for the droplet movement. In Fig. 5, the
volumetric fraction and the effects of the source term are represented.

In this case, aeration seems to be minor with respect to the previous case. In fact, the
source term is active on a very small region of the domain and the air trapping is not so
evident. This suggests that while in the plunging jet case, the imposition of a flow rate to the
fluid forced the aeration phenomenon to take place, in the droplet case the only effect of
gravity is not sufficient to cause evident foaming effects at free surface. Therefore, the solver
seems to be able to add air entrainment only when it actually occurs (P, > Py).
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Figure 5: Volumetric fraction and source term contours.
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Even if these are relatively simple cases, the solver behaves as expected, at least
conceptually, suggesting its being a possible tool for the investigation of the aeration
phenomenon. The analysis of the simulations indicates that, at least qualitatively, the solver
implemented according to the Hirt model is capable of considering the air entrainment, and,
possibly, can be extended to study other hydraulic systems providing at least some design
information that would be complex to obtain experimentally.

4 CONCLUSIONS

The introduction of CFD has opened new ways in the approach of real engineering problems.
Indeed, the benefits of virtual prototypes in terms of cost and time reduction have encouraged
designers to exploit simulation tools to support experimental findings. Multiphase problems
represent a challenging task in simulations due to the complexity of the required models. In
this work, a solver that considers the air entrainment based on the Hirt model is implemented
in the open source environment OpenFOAM®. The solver was tested on a plunging jet and
the results compared with the native multiphase solver of the software used. The results show
that, at least qualitatively, the model adds some air at free surface. This solver may be
possibly used to analyse operating conditions where the adoption of a standard multiphase
solver is not sufficient to capture the generation of aeration. In future, it is planned to apply
the solver to different test cases (e.g. to simulate the aeration inside gearboxes).
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