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Abstract

In this contribution further development of our in-house FEM based parallel 3D simulation tool
FeatFlow will be presented. In particular, we give an insight into the recent developments of the
Level Set based multiphase module, which has been extended with high order (Q2) discretization to
increase the robustness and accuracy of the arising prediction tool for the simulation of monodisperse
droplet generation processes. According to the given extension, an implementation of the surface
reconstruction has been performed which on one hand guarantees the exact identification of the
interface and on the other hand offers the advantages of the underlying multilevel structures to
perform octree fashioned highly efficient reinitialization of the Level Set field.

Validation of the newly extended 3D simulation tool was performed on the well established
two dimensional benchmark configuration involving the rising bubble problem. Results of numeri-
cal simulations for more realistic gas-liquid systems are to be presented and compared with three
dimensional experimental and computational reference results.

Further extension of the developed simulation tool with non-Newtonian rheological (shear rate
dependent viscosity) models has been realized and validated on the “flow around cylinder” bench-
mark problem. Subsequently, investigations in terms of numerical simulations for the rising bubble
configurations have been performed and compared to reference data.

Finally, results of numerical simulations involving droplet generation from a nozzle are to be
presented and further application of the developed simulation tool is discussed.

1. INTRODUCTION

Multiphase flow problems are very important in many applications,
and performing accurate, robust and efficient numerical simula-
tions of them has been the object of numerous research and simu-
lation projects for many years. One of the main challenges for the
underlying numerical merhods is that the position of the moving
interface between two fluids is unknown and part of the boundary
value problem which should be solved. If we assume a domain 2 r
with two immiscible fluids, then the time dependent subdomains
Q(t) and Qa(t) are bounded by an external boundary ¥ and a 2

dynamic interior boundary or interface I'(¢) which might consist Complete domain 2.
of several components.

The usual model for laminar fluids is described by the incompressible Navier-Stokes equations
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which contain an additional force term fr(o) due to the surface tension o at the free interface T'.
Here, the density p as well as the viscosity p are discontinuous and depending on the interface
location T'(t), that is
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which significantly influences the continuous velocity u as well as the pressure p.

This contribution describes the implementation and application of a new Level Set approach
in the framework of the Finite Element Method (FEM). For this reason the open-source CFD
package FEATFLOW was utilized and was newly extended with the corresponding high order
Level Set module. The main advantages of the developed CFD package are as follows:

e Parallelization based on domain decomposition
e High order FEM discretization schemes in space and time

Use of 3D unstructured meshes

Highly efficient Newton-Multigrid solvers

Accurate surface reconstruction technique

e Robust reinitialization procedure

The discretization of the arising equations in space is performed by an unstructured grid

finite element method. The incompressible Navier-Stokes equations are discretized using the
@2/ P element pair, whereas high order Q2 elements are employed for the discretization of the
Level Set equation. After an implicit time discretization by the Crank-Nicolson method the
Navier Stokes and Level Set advection equations are solved in an operator splitting approach
via the Discrete Projection Method [7, §].
In the following sections we give an insight into the description of the mathematical framework
of the Newtonian/non-Newtonian Navier Stokes equations within the multiphase environment
and into the recent development of our Level Set based methodology. In the numerical sections
we concentrate on the validation of our newly redesigned CFD tool for the well established
”Rising bubble problem” [5] and then give an insight into our prototypical development in 2D
viscoelastic multiphase flow simulations. The numerical simulations section continues with the
discussion on 3D droplet dripping results and the study is closed by our conclusions and future
visions.

2. MATHEMATICAL MODEL

2..1. Description of the Level Set module

In the current work the location of the free interface I' is captured by means of the Level Set
approach which represents the interface as a zero isosurface of a continuous indicator function
¢ and its distribution in the complete domain €2 can then be calculated via the following scalar
transport equation:
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Since ¢ approximates a distance function it is smooth and it allows the calculation of the
globally defined normal vector n towards the interface I' and of the corresponding curvature via
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Here, special FEM techniques for gradient recovery can be used which allow highly accurate
approximations of normals and curvature which are necessary for the direct evaluation of the
surface tension force fr = kod(¢)n, with §(¢) denoting the corresponding Dirac Delta function.

Development and implementation of a typical Level Set approach consists of performing the
following sequence of tasks:

e Advection of the Level Set field on the underlying velocity field u (4).
e Reinitialization of the Level Set field
e Recovery of the normal vector n and curvature « fields

e Evaluation of the discontinous fluid parameters p, p, and fr based on the reconstructed
distribution of T.

One has to keep in mind that the reinitialization of the Level Set field is nececcary for two
main reasons, and these are that by reinitialization the Level Set field becomes smooth and
stabilization of the convection terms does not need to be incorporated, while the second reason
is that the recovery of the curvature (5) requires as an input an exact distance field. On the
other hand, it is well known from the literature, that the reinitialization of the Level Set field
leads to artificial "movement” of the interface, and may exhibit even its systematic translation
in cases when it is performed too often. That is the reason why the two previously mentioned
requirements can be satisfied through an additionally introduced field, qg According to the
proposed approach one can reinitialize the Level Set field ¢ into ¢ and all the postprocessing
steps (recovery of the normals, curvature and physical properties) are then performed only with
respect to ¢ (which is the most accurate approximation of the distance distribution) without
influencing the interface. This way, reinitialization of the Level Set field ¢ becomes crucial
only for stability reasons. The link between the fields ¢ and q~5 is the interface I' which is
reconstructed from the Level Set distribution ¢ at every timestep. During this global surface
reconstruction process all elements of the computational domain intersected by the interface are
visited and according to the used high order ()2 element the zero level surface is triangulated in a
recursive fashion so to provide subgrid resolution of the interface. A complete set of triangles of
a reconstructed surface immersed into the computational hexahedral mesh for a droplet dripping
simulation is illustrated in Fig. 1. The arising set of triangles is then organized into groups with
respect to the elements they originate from. Due to the underlying multigrid mesh structure this
data management is performed in a hierarchical manner while for the coarser level representation
for efficiency reasons only the mass of points of the individual groups are to be used. This allows
us to design a very efficient reinitialization algorithm, which starts on the coarse representation
of the surface and ends by determination of the closest triangle to an analyzed point. The role
of efficiency in such a ”point to triangle distance” implementation plays a crucial role since the
reinitialization offered by us is related to an Lo projection, as follows:

/ ow dzx = / dist w dz, (6)

where w is the ()2 basis funcion and dist is the distance which on the level of practical realization
means the evaluation of the distance with respect to the surface in each cubature point during
the numerical integration. This linear equation can be also solved iteratively by the help of the
lumped mass matrix M7, and according to our experience even the first iteration of this solution
process provides an accurate approximation:

QE:MLl/distwd:U. (7)



Then, for the reinitialization of the Level Set function two procedures offer themselves. The
first alternative is a full one (¢ := ¢) with a given frequency fieini or according to the second
alternative it can be performed in an underrelaxation sense even at every timestep:

¢:=M;" / (Qureinidist 4+ (1 — reini) @) w da. (8)

Figure 1: Illustration of a triangulated surface reconstruction.

2..2. Description of the Non-Newtonian module

Fluid 1 is a viscoelastic fluid described by the Oldroyd-B model based on the conformation
tensor T
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Fluid 2 is a liquid bubble given by a Newtonian model, 75 = 2n,(x,¢)D, with viscosity 7s(x, t) in
each fluid phase. Here, D = %(Vu + Vu®) is the deformation tensor. Both fluids are governed
by the Navier-Stokes flow equations, i.e.

0
p(x) [a—ltl +u- Vu} =V T+ p(x)g+ fr(o), (10)
V-u=0 in Q=0 UT"UQy, (11)

where the density depends on the position. The hydrostatic pressure p, the viscous- and the
elastic-tensor contribute to the total stress tensor so that we can write
X
T:—pI—FTs‘F%(T—I). (12)
The above listed system of strongly coupled equations (9)—(12) is solved in a monolithic
fashion with the reformulation of (9) in the "LCR” sense [2] and with the support of robust
Newton-multigrid solvers [3].

3. NUMERICAL SIMULATIONS

3..1. 2D Rising bubble in Newtonian fluids

According to the benchmark configuration introduced by Hysing et al. [5] both 2D test cases
were simulated with our newly redesigned multiphase code in 3D so that free slip boundary
conditions were imposed on the front and back wall of the rectangular (1 x 2) domain so that
only one layer of element on the coarse grid was used to resolve the invariant third dimension.



The corresponding physical parameters for the two test cases are listed in Tab 3..1.. The first
test case models a rising bubble with Re = 35, Fo = 10, which according to the experimental
studies of Clift et al. [1] is predicted to happen in the ellipsoidal regime. The second and more
challenging test case models a rising bubble with Re = 35, Fo = 125 and with ratios of physical
properties of gas liquid systems. This bubble lies somewhere between the skirted and dimpled
ellipsoidal cup regimes indicating that break up of the bubble is expected to happen.

Test case 01 P2 M1 2 g o
1 1000 100 10 1 098 24.5
2 1000 1 10 0.1 098 1.96

The simulation results obtained for the simulation of the first benchmark problem are orga-
nized into Fig. 2, which shows the time evolution of the reference bubble shape at every 0.5 time
units compared to our solution. In addition we give the detailed comparison of the final shape
of the bubble (at ¢ = 3.0) with respect to the reference solution. As it can be seen from the
figures the solutions are almost not distinguishable even for the results obtained on the coarse
grid (L1). It is also worth to mention that the mass loss during these simulations were also on
a very low level (L1: 1.2%, L2: 0.7%, L3: 0.3%).
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Figure 2: Case 1 bubble shapes for the rising bubble problem. Left and middle: Reference vs.
our mesh independent result. Right: Mesh convergence for the final bubble shape vs. reference.

Since the second test case requires a very fine resolution due to the creation of thin filaments
and satellite droplets even for a pure 2D simulation tool, with our 3D CFD code we were able
to obtain mesh independent results only until time ¢ = 2.2. On the other hand, one should also
note that even the benchmark results from the three different groups [5] do not provide exactly
the same results beyond this critical time. This is the reason, why we do compare (see Fig 3)
with the reference values within this reduced time frame t € (0, 2.2) only.

3..2. 2D Rising bubble in viscoelastic fluids

There is no rigorous benchmark for a rising bubble in a viscoelastic liquid, but there exist
numerical simulations for this purpose which tried to show a cusp shape as observed in the
experimental results. The objective of the simulation is to obtain the cusp shape of the bubble
and to compare the resulting rising bubble phenomenon with a bubble rise in a corresponding
Newtonian fluid. The cusp formation is subject to certain conditions: The inertia effect (Re)
must be small but the rising speed should be visible, the capillary number (Ca) should be bigger
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Figure 3: Case 2 bubble shapes for the rising bubble problem. Left: our results on mesh level 3
at times 0.6, 1.2, 1.8 and 2.2. The four others are the reference results at corresponding times.

than some critical number and the Weissenberg number does not vanish (We # 0) [6]. The
parameter settings for the following simulations are as follows:

Test case P1 P2 p1 M2 8 o

1. Viscoelastic (A = 10) 10 01 10 1 98 0.245
2. Newtonian (A = 0) 10 01 10 1 98 0245
3. Viscoelastic (A = 10) 10 01 2 1 98 0.245
4. Newtonian (A = 0) 10 01 2 1 938 0.245

On the other hand the geometrical configuration is kept the same as in the previous benchmark
because the shape of the column does not influence the cusp formation [6] as long as it is aligned
with the gravity (the column does not tilt). The first two test cases (Fig. 4) show a different
rising bubble behaviour in viscoelastic and Newtonian surrounding fluids. The cusp starts to
appear very late at numerical time ¢ = 5. On the other hand, the last two test cases (Fig. 4)
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Figure 4: Evolution of bubbles for test cases 1-4

show that the bubble rises faster than the first two test cases because of more inertia. Already
at time ¢ = 3.4 the bubble is close to the upper wall which shows cusp formation. Since the
numerical time is shorter than the first two test cases, mass loss is less visible here.

3..3. 3D Droplet dripping simulation

The experimental setup involved a two phase problem consisting of glucose-water mixture (as
continuous phase) and silicon oil (as dispersed phase). The measurements were restricted to
the so called dripping mode. This mode is characterized by relatively low volumetric flowrates
and by the fact that the droplets are generated in the near vicinity of the capillary so that the




stream lenght is on the order of the generated droplets. Since the temperature was kept at a
constant value during the whole experiment all physical properties of the present phases were
constant. The experimental measurements were realized (by the group of Prof. Walzel, BCI, TU
Dortmund) to obtain statistically averaged quantities such as droplet size, droplet generation
frequency and stream length. These experimentally measured quantities were compared with
our subsequent simulation results. The list of physical properties together with the geometrical
parameters is as follows:

pc=134kgdm™3 pp=097kgdm™3 g.,=-981dms? o=0.034kgs >
pop = 0.050 kgdm s~ Vo =1.6510"2dm3s™!  Vp = 6.07 1075 dm>s™!
[domain size] = [—0.15 : 0.15] x [~0.15 : 0.15] x [0.0 : 1.2] dm?

[inner capillary radius] = R; = 0.015 dm [outer capillary radius| = Ry = 0.030 dm
[primary phase inflow radius] = Rz = 0.15 dm.

The bounday conditions imposed on the inflow velocity are the following:

ag(Ry —r)(Ri+r) if 0<r<R; (Dispersed phase)
w=1<. ai(Rs—71)(r— Ry) if Ry <r < Rs (Continuous phase)
0 otherwise,

where the parameters a; and ao can be computed from the required volumetric flowrates.

Figure 5: Sequence of one droplet separation compared with experimental measurement.

The resulting process leads to a pseudo-steady state, where the droplet separation hap-
pens according to the so called dripping mode. The frequency of the given mode is f =
0.60 Hz (cca 0.58 Hz**P), which produces droplets of size d = 0.058 dm (cca 0.062 dm®?P).
The maximum stream length during the process is L = 0.102 dm (cca 0.122 dm®P). The snap-
shots of one full droplet generation compared with experimental measurements are given in the
following figures (see Fig. 5).



4. CONCLUSIONS

In this contribution, we have shown that the realization of the newly redesigned high order
FEM-Level Set approach supported by the subgrid surface reconstruction and octree based
reinitialization mechanism provides a very robust framework for multiphase flow simulations with
special emphasis on droplet generation from liquid jets. In parallel to that we have highlighted
our recent development in the field on non-Newtonian multiphase flow on the example of two
dimensional rising bubbles in viscoelastic fluids. Our future tasks are related to the combination
of the two separate developments into one compact three dimensional simulation tool so to create
a production CFD code being able to predict process parameters in achievement of the required
quality of dispersed mixtures.
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