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Chapter 1

Tnt ro ion

Two-phase flows are encountered throughout the biological, chemical, petrochemical and met-
allurgical industries. They play an important role in a number of processes in these industries.
Often these two-phase flows appear in the shape of gas-liquid bubble columns. Applications
involve then gas-liquid mass transfer with accompanying chemical reactions, stirring of the
fluid in order to get a better homogenisation of the temperature or concentration and the
creation of a special flow structure.
A specific example of the use of a two-phase flow is the mercury-helium system used in the
Common European Project ESS (European Spallation Source). The mercury is used as a liq-
uid metal target. But the bombardment with short period proton pulses with a high energy
impact creates a strong pressure wave causing the device to work badly. Tiny helium bubbles
added to the mercury should now enhance the compressibility of the fluid and diminish the
pressure wave in that way.
However, gas injection experiments revealed surprising features of the bubble formation pro-
cess in liquids with a high surface tension. And as wide-spread as the use of bubbly two-phase
flows may be, the bubble formation process is still one of the processes concerning bubbly
flows that is poorly understood.
At the NRG (Nuclear Research and Consultancy Group), this bubble formation process is
studied. One of their questions is: how do bubbles behave? This question is the subject of
this report.

We are not the first to examine bubble behaviour. For example, Clift et al. have made
a book that summarises all experimental data and theory concerning bubbles, drops and par-
ticles up to 1978. They have also made a classification of the possible bubble types. The
scheme of this classification, presented in Figure 1.1, is used by many investigators and will
also be used in our investigation.
Examples of numerical investigations of bubble behaviour are Chen and Li [3], Chen et al.

[4], Dandy and Leal [6], Delnoij [7] and Tomiyama et al. [17]. Chen and Li have investigated
bubble coalescence and the rise to a free surface. Chen et al. have studied toroidal bubbles.
Delnoij has investigated the relative large bubbles, bubble coalescence and adjacent bubbles.
Bubbles with little deformation (relative small bubbles) have been the subject of investigation
of Dandy and Leal, because they were unable to simulate bubbles with large deformation.
Tomiyama et al. have investigated all the classes of bubble types distinguished by Clift et at..
All these numerical investigators, except one, start their axisymmetric or two-dimensional
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Figure 1.1: Shape regimes for bubbles and drops in unhindered gravitational motion through
liquids, according to Clift et al. [5]. Re = Eo gd2Ep and M = gpp
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simulations with a predefined spherical shape. Only Delnoij starts his simulations with bub-
bles emanating from an orifice.
The results presented by these investigators indicate that axisymmetric or two-dimensional
simulations of a bubble in a fluid could give good results. Therefore we will perform our inves-
tigation with the program SAVOF96, which is made for axisymmetric and two-dimensional
simulations of free-surface flow.
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Chapter 2

Mathematical model

2.1 The governing equations

The bubble will be placed in a viscous and incompressible fluid in the two-dimensional or
axisymmetric space. For any flow domain filled with this fluid, the unsteady, incompressible
2D Navier-Stokes equations hold. These equations are given here with the pressure p scaled
by the density p.
First we have the equation expressing the conservation of mass in each volume:

Vu=O (2.1)

Here u = (u, v)T with u the velocity in the x-direction and v the velocity in the y-direction.
Second we have the equations expressing the conservation of momentum

+(u•V)u=-Vp+v(VV)u+F (2.2)

In these equations, t denotes the time, p the pressure scaled by the density and 11 the kinematic
viscosity. The external body-force per unit of mass F = (Fr, F)T denotes in our simulations
the gravitational force. So F = (0, —g) with g the constant of gravity.
Fully written out, we have

ôu av
= 0 (2.3)

ôu Ou ôu Op 82u 02u
= (2.4)

Ov Ov Ov 02v t92v
+ + v— = -- + v(- + —) + F (2.5)

With the cylindrical coordinates (r, z, 0) these equations can also be written in axisymmetric
form. With u = (u, v, w) and F = (Fr, F, F9), where u denotes the radial velocity, v the
axial velocity and w the azimuthal velocity, the conservation of mass is given by

1 O(ru) Ov —

r r z
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and the momentum equations are

Ou Ou c9u w2 Op 1 0 Ou 02u u
— + u— + v— — — = —— + v(——(r—) + — —) + Fr (2.7)
Ot Or Oz r Or r Or Or Oz r2

Ov Ov Ov Op 10 Ov O2v—+u—+v— = ——+v(——(r—)+—)+F (2.8)
Ot Or Oz Oz rOr Or 0z'

Ow Ow Ow uw 1 0 Ow O2w w—+u—+v—+— u(——(r—)+—————)+F9 (2.9)
Ot Or Oz r rOr Or Oz r

Of course these equations need boundary conditions.

2.2 Conditions at the solid boundary
The bubble is released in a rectangular calculation domain. The bottom of this calculation
domain represents a real wall. So the fluid can not stream through the bottom and due to
the viscosity it sticks to the wall. This yields

u=0 (2.10)

at the bottom of the calculation domain.
The other three walls do not let through any fluid either, but the influence of these walls is
kept as small as possible in order to disturb the motion of the bubble as little as possible.
Therefore these walls are taken to be free-slip walls. Let n denote the normal direction and

the tangential direction. The boundary conditions at the free slip walls are then

u1=0 and (2.11)

where u, = u n and u1 = u . Of course the bubble should not be close to these walls. For
then wall effects will be noticeable.

2.3 Conditions at the free surface
Now we have to deal with the bubble itself. First, an equilibrium of forces at the (free)
surface of the bubble can be established. Because the dynamic viscosity of the gas inside the
bubble is much smaller than the dynamic viscosity of the fluid, the viscous stress tensor in
the gas can be neglected. In addition, the density of the gas is much smaller than the density
of the fluid. Because the variations in the tension are in the order of magnitude of pu2, the
variations of the pressure inside the gas can be neglected as well. Now we do not have to solve
the Navier-Stokes equations inside the bubble if we place appropriate boundary conditions at
the surface of the fluid. These conditions are

—p+2p = —po+2aH (2.12)

= 0 (2.13)

Here i is the dynamic viscosity of the fluid, P0 the pressure inside the gas and a the surface
tension coefficient. 2H = + represents the total curvature of the surface with r1 and r2
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the radii of curvature of the free surface.
Second, an equation describing the advection of the surface is needed. This equation is

+uVF=O (2.14)

F(x, y) is an indicator function with F = 1 if fluid is present at position (x, y). Otherwise
F=O.

9



10



Chapter 3

Numerical model

3.1 Description of a free surface

For the computation of the flow, the computational domain is decomposed into cells. Because
the momentum equations have only to be applied in cells with fluid, it is necessary to keep
track of the surface. As mentioned before in section 2.3, an indicator function is used for this
goal. The discrete form of this indicator function is

1 if cell (i, j) is completely filled
F(i,j) = 0 if cell (i,j) is completely empty (3.1)

( 0 < F < 1 if cell (i, j) is partially filled

3.2 Labelling

For the computation of the flow, each cell (i,j) gets a label which is stored in NF(i ,j). After
labelling of the obstacle, boundary and in- and outflow cells, the flow cells (cells with a fluid
aperture) get labelled. First all empty flow cells, this is flow cells with F(i, j) = 0, are labelled
as being empty. Second all neighbouring flow cells are labelled as surface cells. The remaining
flow cells are labelled as being full cells although they do not need to be completely filled.

3.3 Discretization

The variables are placed according to the MAC (Marker-and-Cell) method. This situation is
depicted in Figure 3.1.

A central discretization is now used to calculate diffusive terms. As example of the discretiza-
tion of a diffusive term, the discretization of is shown here. Looking at Figure 3.2, it can
be seen that

au = —
(3 2)

ÔXL Lxxi

and

= — ui,j
(3 3)

ox H
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Figure 3.1: The place- Figure 3.2: The information needed for
ment of the variables. discretization in the x-direction.

The expression for the diffusive term can be obtained by combining these two relations:

Ou i9uR OxL (4
2 1Ox

For the convective terms, an upwind discretization with parameter a is used in which a = 1

gives a fully upwind discretization. Here the discretization of u will be shown as an example:

OU

(1+)xj+(1—cxj+i a, Xt+l

= (1 + c9Lx2 IL) U23 � 0
(3.5)

X C ((1 +a)Lx2+i fjxIR+
(1—a)Lx IL) u <0

An example of the discretization of a gradient of the pressure is

= 1
(3.6)

Ox + ix)
Terms in the other direction(s) are handled similarly.

3.4 Discretization of the Navier-Stokes equations

The Navier-Stokes equations are applied at cell faces between full cells and/or surface cells
and/or outflow cells. At cell faces between surface and empty cells, boundary conditions are
applied.
Before the Navier-Stokes equations can be used for calculations, they have to be discretized.
Using forward Euler for the time discretization and the abbreviation

R = —(u' V)u + v(V- V)u + F (3.7)

the time discretized Navier-Stokes equations are

V u1 = 0 (3.8)

u1 + tVp = u + 6tR'2 (3.9)
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Here öt is the time step and n and n + 1 denote the old and new time level, respectively.
These equations have to be discretized in space too. Because not any boundary condition can
be used yet, this discretization can only be made for flow cells. First the discrete versions
of the divergence and gradient operators have to be defined. The divergence operator V.
becomes Dh and the gradient operator V becomes Gh. In both cases h denotes the spatial
step. Because the discretization is made only in flow cells, this has to be expressed in the
divergence operator as well: Dh = D/'+Dj. The F represents here the inner flow domain and
the B the boundary. Because of the unknown boundary velocities the complete discretization
becomes

D/'u'1 + Djuhl = 0 (3.10)

u'1 = u" + 8tR — tGhp''' (3.11)

By substitution of the second into the first equation, the pressure Poisson equation is obtained:
n nFri n+1 — i-'h'-hP

If this equation is solved, e.g. iteratively, the (new) velocity field can be obtained by substi-
tuting the pressure in equation 3.11.

3.5 Solving the Poisson equation

In SAVOF96, there are two ways to solve the Poisson equation. MILU (Modified Incomplete
LU decomposition) and SOR (Successive Overrelaxation) can be used. MILU solves the
equation faster than SOR, but it can only be used when the surface tension is not dominating
the dynamics. For the surface tension, defined by equation 3.22, causes the matrix DGh to
be not symmetric. It also causes the matrix Dj'Gh to be not always diagonally dominant.
This is why convergence can not be assured for MILU. This problem is overcome in SOR by
steering the relaxation factor.

3.5.1 MILU

Our system can be modelled as

Ax = b (3.13)

where the matrix A is defined by A = DGh, the vector x contains the unknown values of
p71+1 and the vector b contains the known values of D'( + R) + Df.
Because MILU is a combination of a conjugate gradient method with a suitable preconditioner,
we decompose A in L and U, where L is a lower triangular matrix and U a upper triangular
matrix. These L and U have the same structure as the corresponding parts of A. The product
LU has the same structure as the whole matrix A, except for two diagonals. The elements
on these two diagonals are called fill-in elements. If these elements are ignored, it is possible
to find a product LU with LU = A. However, ignored fill-in elements can result in unreliable
solutions when they are rather large. Therefore, they are subtracted from the diagonal entries
to compensate.
We can now give an algorithm for the conjugate gradient method with preconditioner
K=LU.

13



1. Take (°) = p.

2. Calculate r° = p — Ax0 and = K'r(0.

3. Compute r1 and (fl) for n = 0, 1,2,... from

(r('), K'r("))+ az(' with = z(n),AzO)

= — aAz
(r("') K1r('))

= K'r1 + /3z with
r('), K—1r()

3.5.2 SOR

The SOR-algorithm implemented in SAVOF96 uses a red-black ordering which enhances
vectorisation on small domains. The pressure matrix is divided in red and black grid points.
All the red points are stored in a vector and all the black points in another one.
The situation can now be modelled as

Ax = b (3.14)

The matrix A is defined by A = DGh. The vector x contains the unknown values of p71+1 at
the red or the black points. The vector b contains the known values of D'( + R) +
at the red or black points.
Write A as

A=D-L-U (3.15)

where D contains the diagonal elements of A, L the elements of the lower triangular matrix
of A and U the elements of the upper triangular matrix of A. Then SOR (with relaxation
parameter w) can be written as

= Cxk + Qb (3.16)

where the iteration matrix C is given by

C = (D — wL)'((l — w)D + wR) (3.17)

and the matrix Q by

Q=D-L (3.18)

As mentioned before, the relaxation parameter is automatically adjusted during this process
to obtain optimal convergence.
See Botta and Ellenbroek [2] for more information about the algorithm.
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Yi+1

yi

Yi— 1

Figure 3.3: A situation for the determination of the surface pressure.

3.6 Conditions at the free surface

3.6.1 Condition for the pressure

The curvature of the surface, needed to apply condition 2.12, is also calculated with the
indicator function. Application of condition 2.12 gives thereafter a value Pfs for the pressure
at the free surface. Linear interpolation of this pressure between the corresponding surface
cell and full cell gives then a relation which is added to the system describing the discrete
Poisson equation for the surface cell. Now an example of this procedure will be given.
See Figure 3.3. The average height of the surface in the upper cell, the S-cell, is F,+1Ly+1.
The distance from the centre S of the S-cell to the surface is now

d5 = — (3.19)

and the distance from the centre F of the lower cell, the F-cell, to the surface is

dF = LYj + F,+1Ly+i (3.20)

The distance between the both cell centra is given by

1 1
d = + 'Yj+1 (3.21)

The relation for the pressure at the free surface which is added to the system describing
the discrete Poisson equation for this surface cell is now given by linear interpolation of the
pressures in S and F:

dSPF + dFps
Pfs = d

(3.22)

Here PF denotes the pressure at F and ps the pressure at S.

15
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Figure 3.4: A situation at the surface. A x marks the positions at which a momentum
equation is used. The symbols 0 and 0 mark positions at which velocities are needed due to
the application of a momentum equation in a neighbouring x-position.

xi_1 xi+1

3.6.2 Conditions for the velocity

In section 3.4, it was mentioned that the momentum equations had to be applied at cell faces
between full cells and/or surface cells and/or outflow cells. These positions are marked with
a x in Figure 3.4. Section 3.3 makes clear that then also velocities have to be defined at the
positions marked with a 0 or a 0. A 0-velocity can be obtained by applying V u in the
neighbouring S-cell. For the situation in the S-cell in the middle, the 0-velocity is obtained
by applying and . Thereafter the O-velocities can be obtained by applying condition
2.13, with x and y instead of and n, in the corners between the E- and S-cells.

3.7 Conditions at the solid boundary

In boundary cells interpolation and mirror points are used to satisfy the boundary conditions.
The case of a vertical wall with fluid at the right will be handled here.
See Figure 3.5. The point of definition of the horizontal velocity is at the vertical wall.
Therefore it gives no problems:

= 0 (3.23)

However, the point of definition of the vertical velocity is half a mesh width away from the
boundary. Now a mirror point, defined at a half mesh width outside the solid boundary, will

16
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be used. This gives for a no-slip wall

= —v+1, (3.24)

and for a free slip wall

= (3.25)
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Chapter 4

Theoretical discussion about the
input data

4.1 Choice of reference material

To convince everybody of the good working of the program SAVOF96, we are going to try
to repeat some of the calculations made in the literature. While doing this, we also examine
the behaviour of the solutions when the width of the mesh or the time step is changed.
In Table 4 of the literature study on bubble motions through fluids by Kort [11], it was
indicated that Dandy and Leal [6], Tomiyama et al. [17], Delnoij [7], Chen and Li [3] and
Chen et al. [4] contained useful data for the repetition of the calculations.
Because our goal is to simulate the behaviour of an initially spherical single bubble rising in a
fluid, it seems reasonable to do tests that fit to this description as close as possible. Therefore
the simulations of Chen and Li and Delnoij will not be repeated here, since Chen and Li have
simulated bubble coalescence and the rise to a free surface and Delnoij has simulated bubbles
emanating from orifices.
Also the calculations of Dandy and Lea! will not be repeated. Because of their inability to
simulate strong deformations, reproduction of their results seems to be a very limited test.
The results of Chen et al. are limiting our test too. Chen et al. have only studied so-called
toroidal bubbles. So only a small range of the scheme of Clift et al. [5] (Figure 1.1) is covered.
This leaves us with the axisymmetric results of Tomiyama et al.. They have studied some
specific positions in Figure 1.1. These cases are presented in Table 4.1. We will now discuss
the way in which we are going to try to repeat the calculations for these cases.

4.2 Determination of the program parameters

We need to determine the values of the input parameters of our program. These parameters
are the radius r of the spherical initial bubble, the kinematic viscosity ii of the fluid and the
kinematic surface tension S = . Here a represents the surface tension coefficient and p the
density of the fluid. Further, we want to determine the rise velocity U of the bubble with the
help of our simulations. So we look for five equations determining the values of the unknown
parameters. Two relations between some of these variables are given by the values for the
dimensionless numbers Eo and M which are the Eötvös number and the Morton number

19



case Eo log M bubble shape

1 0.5 -3.86 spherical

2 0.5 -7.86 spherical or wobbling

3 10 -1.26 ellipsoidal

4 10 -5.26 ellipsoidal or wobbling

5 10 -9.26 wobbling

6 200 2.32 dimpled ellipsoidal

7 200 -1.68 skirted

8 200 -5.68 spherical-cap

Table 4.1: The conditions to examine.

respectively. They are defined as

Eo
gLpd2

(4.1)

M = gpp
(4.2)

Here g represents the constant acceleration of gravity, Lp the density difference p — p9 (where
1 denotes liquid and g gas), d the (equivalent sphere) diameter and ,t the dynamic viscosity.
Another relation can be obtained with help of Figure 1.1. Eo and M are known, so a value
for Re can be read off. The (dimensionless) Reynolds number Re is defined as

(4.3)
ii

A fourth relation is obtained by the use of the relation M = E0RW4e2 where We represents the
(dimensionless) Weber number which is defined as

We = U2dP
(4.4)

More relations can not be obtained without introducing other unknown parameters and the
need for still more relations. However, we had five unknown parameters (r, v, a, p and U)
and using the mentioned relations adds already another one: the difference of the densities at
either side of the bubble surface. Because no value for either of the parameters is mentioned,
we are forced to choose two values by ourselves. Checking of the densities of some possible
fluids (see table 11 of Binas [18]) makes it seem reasonable to choose p = 1.Og/cm3. Table

20



case d=2r
(cm)

v
(cm2s_1)

a
(gs2)

U
(cm s_i)

1 0.023 0.019 1.0 1.1

2 0.023 0.0019 1.0 16.8

3 0.10 0.087 1.0 5.0

4 0.10 0.0087 1.0 8.7

5 0.10 0.00087 1.0 8.7

6 0.45 0.68 1.0 10.6

7 0.45 0.068 1.0 14.0

8 0.45 0.0068 1.0 14.0

Table 4.2: The calculated parameter values.

12 of Binas [18] shows the densities of some possible gases. These densities are a factor i03
smaller than those of the fluids and are therefore almost negligible. Therefore we choose to
set the density difference Lp at 1 .Og/cm3 also. Thereby, there are no calculations made at all
at the inside of the bubble in our program, so this approximation resembles what happens in
our calculations. Using the four relations to determine the other four parameters, we obtained
the results shown in Table 4.2.
Now we have to make some remarks about the article of Tomiyama et al.. The time scale

aside their calculated bubble shapes is in seconds and reaches in all cases to 30. This seems
very long, because a bubble takes on its "final" shape within a second. Moreover, Tomiyama
et al. give a table with their calculated rise velocities in mm s1, which all have values smaller
than 1.2 (see column 4 and 6 of Table 4.4). That too is not realistic. For bubble velocities
are in the order of several centimeters per second and not in that small range. We suspect
that they have used the dimensionless equations. If so, then

T = --- (4.5)
tref

tref = (4.6)
ref

Urel (4.7)

v = (4.8)
Urel

in which r represents the nondimensional time, t the "normal" time, d the (equivalent sphere)
diameter of the bubble, g the constant acceleration of gravity and v the nondimensional rise
velocity. If we take now our calculated bubble diameters and Tfinaj = 30 (according to the
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d
(cin)

Tfjnal Urei
(cm s')

tref
(s)

tfinal
(s)

0.023 30 4.7 0.0049 0.15

0.10 30 9.9 0.010 0.30

0.45 30 21.0 0.021 0.63

Table 4.3: Calculated values for the parameters in equations 4.5-4.8. The values for d are
taken from Table 4.2. The values for TIinal are taken from Tomiyama et al.

Clift et al. according
to Tomiyama et al.

Tomiyama et al.

Table 4.4: Calculated values for the rise velocities according to Tomiyama et al..

22

case d
(cm)

Ure
(cm/s)

V U
(cm/s)

V U
(cm/s )

1 0.023 4.7 0.16 0.75 0.12 0.56

2 0.023 4.7 0.88 4.1 — —

3 0.10 9.9 0.43 4.3 0.45 4.5

4 0.10 9.9 1.00 9.9 0.71 7.0

5 0.10 9.9 0.95 9.4 0.75 7.4

6 0.45 21 0.72 15 0.71 15

7 0.45 21 0.96 20 0.68 14

8 0.45 21 0.92 19 1.16 24



"corrected" version of Tomiyama et al.), we obtain the result shown in Table 4.3.
The final times represented here agree much better to real values. The same goes for the rise
velocities, for which the results are presented in Table 4.4. If we compare the velocities U in
Table 4.4 with the velocities we calculated (see Table 4.2), we can see much more agreement.
We can still observe some differences however.
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Chapter 5

Search for the best settings

5.1 Case 3 and case 5

Tomiyama et al. claim that eight calculation cells per diameter will suffice for calculating the
shape of the bubbles in case 1 up to case 6. Therefore we will also start our calculations with
eight cells across the bubble diameter. In order to investigate the influence of the magnitude
of the time step, we will start with a time step of 2.0 104s and half it for the following
simulations. The specific cases we are going to look at are case 3 and case 5. In these cases
we take r = 0.050cm, p = 1.0g cm and a = 1.0g —2• In case 3 we have ii = 0.087cm2
whereas in case 5 v = 0.00087cm2 s1. The dimensions of the calculation domain are in both
cases 0.20 x 2.5cm. So our grid size will be 18 x 202 in order to get eight cells within the
bubble diameter. The results of this first series of tests are shown in Table 5.1. Because
case 5 concerns a wobbling bubble without a constant rise velocity, the velocity presented for
case 5 is an averaged velocity.
We can see that no results could be obtained with the two largest time steps in case 3. This
is because these time steps are larger than tolerated by the restriction for numerical stability.
For this reason, the program decreased these time steps immediately.
We examine these cases further on some other, finer grids. The results are presented in Table
5.2. These results show clearly that time steps of 2.0• i04s and 1.0. i0s are too large.
In case 3, also a time step of 5.0. i0s is too large. On the other hand, it can be seen on
all grids and in both cases that the results are time step independent for time steps equal to
or smaller than 6.25• 10_6s. However it is not clear whether the results are grid independent

time step (s) Jj_case 3_j case 5
2.0. i0" — 8.2
1.0. io — 8.2
5.0 i0 6.6 8.2
2.5• i0 6.5 8.2
1.25• iO5 6.5 8.2
6.25. 10—6 6.5 8.1
3.125 10—6 6.5 8.1

Table 5.1: The results of the calculations on a grid of 18 x 202.
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grid size
26 x 302

grid size
34 x 402

grid size
42 x 502

Table 5.2: The results of the calculations on finer grids.

grid size
50 x 602

case time step
(s)

U
(cms')

3 6.25 10_6
3.125. 106

6.8
6.8

5 6.25. 10—6

3.125• 10
8.0
8.1

Table 5.3: The results of the calculations on the grid of 50 x 602.

case time step
(s)

U
(cms')

U
(cms')

U
(cms')

3 2.0.10 — — —

i.o•io — — —

5.0•10 — — —

2.5• 10 6.6 6.8 —

1.25 iO 6.6 6.9 6.8
6.25• 10 6.6 6.9 6.8
3.125• 10 6.6 6.9 6.8

5 2.0•10 — — —

1.0• io 8.3
5.0• 10 8.4 8.2 8.2
2.5. iO 8.5 8.1 8.2
1.25• iO 8.5 8.1 8.1
6.25• 10—6 8.4 8.1 7.9

3.125• 10—6 8.5 8.1 7.9



width
(cm)

grid size U
(cms')

0.20 34 x 402 6.9
0.30 50 x 402 7.1

0.40 66 x 402 7.2
0.45 74 x 402 7.3
0.50 82 x 402 7.3

0.60 98 x 402 7.3

Table 5.4: The results of the domain width enlargement for case 3. The mesh size is held
constant.

already for the smallest two time steps, because the simulated values for the velocity with
the grid of 42 x 502 are close to the ones simulated with the grid of 34 x 402, but they are
different. Therefore, simulations with these time steps have been done on a still finer grid of
50 x 602. The results are presented in Table 5.3. The results with the grid of 50 x 602 make
clear that from the grid of 34 x 402 on only a minor fluctuation in the velocity is present. So
results obtained with grids at least as fine as 34 x 402 can be considered to be sufficiently
grid independent.
Our next concern is to exclude the wall influence. For this purpose, the width of the calculation
domain is enlarged during the next series of tests for case 3, while the mesh size has been held
constant. The time step was for all simulations 3.125• 106s. The results are shown in Table
5.4. They make clear that the domain has to be 2.25 times as wide as before to eliminate the
influence of the wall in our simulations.

5.2 Case 7

Tomiyama et al. indicate that more cells are needed in the bubble diameter in case 7 and
case 8. For this reason, we are going to investigate the influence of the grid size also in
case 7. The parameters in this cases are r = 0.225cm, p = 1.Og cm3, a = 1.Og 2 and
ii = 0.068cm s The dimensions of our calculation domain are 0.90 x 5.625cm. We are
going to refine the mesh and for each grid size we also take several different time steps. The
results are presented in Table 5.5.
We see that the grid of 18 x 102 cells, the grid with only eight cells for the bubble diameter,

does indeed give no useful results. The bubble behaves unstable and explodes after a very
short while. The solution for the 26 x 152-grid is unreliable because the bubble breaks up
fast too. Both grids seem to be too rough to give reliable results.
There are no results for a time step of 2.0 105s, because this time step is too large and
unstable behaviour is developing.
For the smaller time steps, there are also no results because of unstable behaviour. This
unstable behaviour develops during the start of the rise at which a strong liquid jet is pushing
into the bubble from beneath and the bubble is starting to deform strongly. The program
wants to halve the time step endlessly. This is very weird and still an unsolved problem.
However, we can observe that the results become grid independent for grids finer or equal
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time step 2.0 i0 1 .0. i0 5 .0 106 2 .5. 10—6 1.25 10—6

(s)

grid size
II

U (cms1) U (cms') U (cms1) U (cms') U (cms)J
18x102 — — — — —

26x152 — 14.6 — — —

34x202 — 14.2 — — —

50x302 — 13.5 — — —

58x352 — 13.3 — — —

66 x 402 — 13.3 13.2 — —

82 x 502 — 13.3 13.2 13.3 —

Table 5.5: The results of case 7 on different grids and with different time steps in the same
calculation domain.

width
(cm)

grid size U
(cms')

0.9 58 x 352 13.3

1.35 86 x 352 14.0

1.80 114 x 352 14.8
2.025 128 x 352 14.2

2.25 152 x 352 14.2

Table 5.6: The results of the domain width enlargement for case 7. The mesh size is held
constant.

to 58 x 352. Table 5.5 makes also clear that we should choose a time step of 1.0. i0s, for
results on the finer grids with smaller time steps give the same results. Therefore the grid of
58 x 352 is our starting point for the investigation of the wall influence in this case. The time
step is kept at 1.0. iO during this process. The results are shown in Table 5.6. The table
makes clear that the results become free of wall influences for grids as fine as 128 x 352. The
domain is here again 2.25 times wider than before.
We know how to obtain results that do not depend on the mesh size and the time step now.

Also we know that wall effects can be excluded by taking the diameter of our fluid column to
be at least 9 times the radius of the bubble. So we can start investigating the shape and rise
velocity of bubbles.
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Chapter 6

Test results

6.1 The cases of Tomiyama et al.

In this chapter, the results are presented of a series of tests in which the shape and rise veloc-
ity of bubbles is investigated throughout Figure 1.1, the scheme of Clift et al.. As mentioned
before, the results of Tomiyama et al. will serve as reference material. For case 1 and case 2
we take r = 0.0115cm, p = 1.Og cm and a = 1.Og _2• Further we take for the viscosity
in case 1 v = 0.019cm2 51 and in case 2 ii = 0.0019cm2 s1. All in accordance with Table
4.2. The size of the calculation domain is in both cases 0.1035 x 0.575cm and the grid size
74 x 402, in accordance with the previous chapter. Taking into account our experiences of
the previous chapter, considerations with respect to the CFL-number show that we should
take a time step of 1.56• 10_6s in case 1 and a time step of 7.81 i0s in case 2.
In case 1 a spherical bubble should be obtained. Our results show clearly that this is the case
(see Figure 6.2; for clarity only the line of 50 percent filled cells is shown in all our simulation
results). We see a spherical bubble rising with a velocity of 4.8cms'. So the shape is right.
However, the rise velocity is 336% higher than the experimentally obtained value in Table
4.2. Our simulations show no signs of slight irregularities in shape as observed by Tomiyama
et al. (see Figure 6.1).
Case 2 is close to the border between the spherical and wobbling bubble regions. The results
of Tomiyama et al. presented in Figure 6.1 show a heavily wobbling bubble. Our results

7 .c 6 I '0 i . ! o 7
o 0 0 0 Ci 0 CD 0 0 0 0 0 0 C) 0

- (' c 1•' fl A? ocoo T1QQ U .. ::' ..
•-

- 0 0 0 C) C) 0 0 0 0 0 o a C) C) 0C)D0ooiOrc) ooc'
6
" 000 c cz
')

Figure 6.1: The bubble shape series presented by Tomiyama et al..
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Figure 6.2: Bubble shapes. Case 1. The time points are respectively 1.6• 10_6s, 1.0. 102s,
2.0• 10_2s, 4.0. 10s, 6.0. 10_2s.

c : c1i

Figure 6.3: Bubble shapes. Case 2. The time points are respectively 7.8. 107s, 1.0• 102s,
2.0• 102s, 3.0 102s.

(j () C) (1
Figure 6.4: Bubble shapes. Case 3. The time points are respectively 3.1 106s, 1.0. 102s,
2.0• 10_2s, 4.0 102s, 8.0. 102s, 1.6• 101s.

show a bubble with a much calmer behaviour (see Figure 6.3). Its behaviour is more like a
slightly wobbling ellipsoidal bubble. The rise velocity is at least 11.0cm s1. The velocity
is 34.5% lower than we expected on basis of the experimentally obtained velocity in Table
4.2. This can be a result of the very short time we were able to keep the bubble inside our
calculation domain. The rise velocity was still increasing at the time the bubble reached the
ceiling. However, placed in Figure 1.1, this result is much closer to the position at which we
wanted to be than in case 1.
For case 3, case 4 and case 5 we take r = 0.05cm, p = 1.Ogcm3 and a = 1.0gs2. The
viscosity is taken as v 0.087cm2 s, ii = 0.0087cm2 s and ii = 0.00087cm2 5, respec-
tively. According to the previous chapter, the size of the calculation domain is in these cases
0.45 x 2.5cm, the grid size 74 x 402 and the time step is 3.125 106s.
In case 3, we observe an ellipsoidal bubble (see Figure 6.4). This is in correspondence with
the scheme of Clift et al. in Figure 1.1. The rise velocity calculated from the simulation is
7.3cm 5'. This is 46% faster than the experimetally obtained velocity (see Table 4.2). The
result is not very close to the desired position in Figure 1.1 for that reason.
Figure 6.5 shows the wobbling bubble that we obtained in case 4. This bubble has also most
of the time a somewhat ellipsoidal shape. We observed no stretched, indented forms as shown
in Figure 6.1 of Tomiyama et al.. The rise velocity is 8.6cms1. This result is almost perfect
compared to the experimentally obtained velocity of 8.7cm s given by Table 4.2.
Figure 6.6 shows another wobbling bubble in case 5, just as predicted by the scheme. Its
rise velocity is 8.8cm s, making it again an almost perfect solution if it is compared to the
experimentally obtained velocity of 8.7cm s given by Table 4.2. However, the shapes we
observed, do not resemble the ones observed by Tomiyama et al. shown in Figure 6.1.

For case 6, case 7 and case 8, we take r = 0.225cm, p = 1.Ogcm3 and a = 1.0gs2.
The viscosities are taken as ii = 0.68cm2 51, = 0.068cm2 51 and ii = 0.0068cm2 5_i,
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Figure 6.5: Bubble shapes. Case 4. The time points are respectively 3.1 106s, 1.0 10_2s,
2.0. 102s, 3.0• 102s, 4.0. 10_s, 5.0 10_2s, 9.0 102s, 1.0. 10s, 1.1 10s, 1.9. 10s,
2.0. 10's, 2.1 . 10's.
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Figure 6.6: Bubble shapes. Case 5.The time points are respectively 3.1 . 10_6s, 1.0 10_2s,
2.0• 10_2s, 3.0• 10_2s, 4.0. 102s, 5.0. 102s, 6.0• 10_2s, 7.0 10_2s, 1.3. 10's, 1.4. 10s,
1.5 10's, 2.0. 101s, 2.1 . 10's, 2.2 101s.

respectively. According to the previous chapter, the size of the calculation domain is in these
cases 2.025 x 5.625cm, the grid size 128 x 352 and the time step is 1.0. i05s.
The reason to perform the calculations for case 6 also with more cells in the diameter (which
Tomiyama et al. did not do) is that case 6 is closely related to case 7 and case 8 by its
parameters. Tests show that case 6 has the same kind of behaviour as case 7 in the previous
chapter.
Figure 6.7 shows some pictures of the dimpled ellipsoidal-cap bubble that we obtained in
case 6. Our pictures resemble the shape calculated by Tomiyama et al. around 18(s?) quite
well. (See Figure 6.1). However, we do not observe much change after 0.08s whereas the bub-
ble of Tomiyama et al. gets more indented at the bottom and rounder at the top. The rise
velocity of our bubble is 13.9cm s. This velocity is 31.1% higher than the experimentally
obtained velocity given in Table 4.2.
Figure 6.8 shows the results of our simulation of case 7, the case of a skirted bubble. Our
results show clearly the skirts of the bubble, although they are short. The rise velocity is
14.2cms1. This is only 1.4% higher than the experimentally obtained velocity for this case
(see Table 4.2).
Compared to the results of Tomiyama et al in Figure 6.1, it seems that our bubble takes
on its final shape much faster. Thereby, our final shape differs quite a lot from the one of
Tomiyama et al..
The last case, case 8, is the case of the spherical-cap bubble. Figure 6.9 shows that we ob-
tained a toroidal bubble. Just before the breakup, the rise velocity is 12.9cms1, which is
7.9% lower than the experimentally obtained velocity in Table 4.2. After the breakup, the
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Figure 6.7: Bubble shapes. Case 6. The time points are respectively 1.0. 105s, 1.0• 1Os,
2.0• 102s, 4.0• 1O_2s, 6.0 1O_2s, 8.0. 102s, 1.0. 1Os.
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Figure 6.8: Bubble shapes. Case 7. The time points are respectively 1.0. i0s,
2.0• 102s, 3.0• 10_2s, 4.0 10_2s, 5.0• 10_2s, 6.0 10_2s, 7.0 10_2s, 8.0 10_2s,
1.0. 10's, 1.5. 101s, 2.0• 101s, 2.5• 10s.
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Figure 6.9: Bubble shapes. Case 8. The time points are respectively 1.0. 10s, 1.0. 10s,
2.0 102s, 3.0• 102s, 4.0• 102s, 5.0• 102s, 6.0• 102s, 7.0• 102s, 8.0• 10_2s, 9.0 10_2s,
1.0 10_is.
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Figure 6.10: Toroidal bubble calculated by Chen et al. [4]; Bo = 200, Re = = 100,
I2ref

80 and L = 1000.
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case 1 2 3 4 5 6 7 8

experimental U
(cm/s)

1.1 16.8 5.0 8.7 8.7 10.6 14.0 14.0

simulated U
(cm/s)

4.8 11.0 7.3 8.6 8.8 13.9 14.2 12.9

deviation
(%)

336 34.5 46.0 1.15 1.15 31.1 1.43 7.86

Table 6.1: The calculated velocities and their deviation from the experimentally obtained
value for case 1 up to case 8.

rise velocity drops fast as a result of the extra shear stress caused by the extra large surface
alongside which the fluid flows past the bubble. This is in correspondence to the observations
of Chen et al. [4]. Tomiyama et al. did also obtain a sort of toroidal bubble, but our shape
results match better with the results of Chen et al..
Figure 6.10 shows the results of Chen et al. for a bubble with the same density ratio as we
intended to simulate. This bubble has Bo = 200, where the Bond number is defined as

pgr2Bo=— (6.1)
a

Further it has Re = = 100. (The bubble in case 8 has Bo = 199 and Re = =
1ref Pref

492.)

The reason why a toroidal bubble forms in our case, is also explained by Chen et al.: low
surface tension and a high density ratio give toroidal bubbles.
The most remarkable difference between our results and those of Tomiyama et al. in Figure
6.1 is that our results lack the very deformed bubble shapes in case 2, case 4 and case 5.
Bubble shapes reported by other investigators are more alike ours (see for example Krishna
and Van Baten [12] and Chen et al). These investigators also do not report any of the heav-
ily deformed shapes shown by Tomiyama et al.. So there still is a little uncertainty in the
correctness of the obtained bubble shapes.

6.1.1 A measure for deviation

Compared to the experimentally obtained velocities presented in Table 4.2, it strikes that the
obtained velocities are becoming better from the lower left to the upper right. For clarity,
we present the results of the last eight tests again in Table 6.1 with their deviation from the
experimentally obtained values.
We would like to have a dimensionless number that could give us a priori some information

about the degree of deviation from the experimentally obtained values. This number should
be large when the deviation is large and small when the deviation is small.
Before we can construct such a number, we must have a clear insight in the dependence of the
simulated velocity on the parameters. Therefore we perform some extra calculations in which
every time only one parameter is changed. Case 3 is our starting point for this investigation,
because of its central position in the scheme of Clift et al. and its central positioned deviation
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Eo M p
(g/(crn. s))

a
(g/s2)

d
(cm)

case 3 10 5.50• 10_2 0.087 1.0 0.1

extra 1
case 4
case 5
extra 2
extra 3
extra 4
extra 5
extra 6
extra 7
extra 8
extra 9

10

10

10

0.196
490
250
1.57
1.96
49.1
49

1.96

3.51 lOl

5.50• 10_6
5.50• 10—6

4.49 i0
7.02 i03
5.50 10—2
5.50• 10—2
1.12• 10—2
2.81 . 10_i
1.12W 10_2

2.81 . 10_i

0.435
0.0087

0.00087
0.087
0.087
0.087
0.087
0.087
0.087
0.087
0.087

1.0
1.0
1.0
50

0.02
1.0
1.0
1.0
1.0
1.0
1.0

0.1
0.1
0.1
0.1
0.1

0.225
0.02
0.1
0.1
0.1
0.1

I________

g
(cm/s2)

p
(g/cm3)

experimental U
(cm/s)

simulated U
(cm.s)

deviation
(%)

case 3 980 1.0 5.0 7.3 46.0
extra 1
case 4
case 5
extra 2
extra 3
extra 4
extra 5
extra 6
extra 7
extra 8
extra 9

980
980
980
980
980
980
980
196

4905
980
980

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
5.0
0.2

1.4
8.7
8.7
5.0
5.0

17.4
1.1

1.2

13.1
7.3
1.3

3.1
8.6
8.8
13.8
6.4

13.8
3.2
3.2
15.1
6.6
3.8

121

1.15
1.15
176
28.0
20.7
191

167
15.3
9.60
192

Table 6.2: The data and results of the extra parameter tests.
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Figure 6.11: Contour plot of the deviations for the tests with the ratio = 6.25• 10—2. The
dots denote the test positions.

value. The mesh width is held constant at 6x = 6.25 i0 during these tests. The data of
these tests and their results are given in Table 6.2.
Considering these results, we expect the dimensionless number we are looking for to be of the
form

gYp6df

with a, /3, 'y, 6 and constants larger than zero.
Extra 4 and extra 5 give rise to the idea that the ratio has an influence too. We exclude
this influence for now and consider only the constant ratio = 6.25. 10—2. So extra 4
and extra 5 will be left out of further investigation, but case 1 and case 2 will be taken in.
Because the Reynolds number of the simulation can only be obtained after the simulation has
been carried out, we can not use this number for our investigation. Therefore we will use the
Eötvös number and the Morton number. Plotting the results of these tests gives us Figure
6.11.

We can see that the results are sorted quite nice. However, the number of results is still
somewhat small. That is why we do some extra tests to fill in some empty places in Figure
6.11. The data of these extra points are given in Table 6.3 and the resulting figure is Figure
6.12.
The contour lines in Figure 6.12 are more or less normal to the log M-levels in the scheme

of Clift et al.. Therefore we expect that the contour lines in Figure 6.12 can be expressed as
a relation between Eo and Re of the form

Eo Re = C1 (6.3)

in which a, /3 and C1 are constants.
However, we do not like to work with Re, because of its dependence on the velocity U. So
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I__________

Eo M j
(g/(cm s)) (g/s2)

d
(cm)

extra 10
extra 11

extra 12
extra 13

0.5
1.96
1.96
49

4.169 101
1.00 108
3.98 10_6

1.00 102

4.54 iO
0.087
0.087
0.845

1.0
72.79
16.3
1.0

0.023
0.1
0.1
0.1

g
(cm/s2)

p
(g/cm3)

experimental U
(cm/s)

simulated U
(cm.s)

deviation
(%)

extra 10
extra 11

extra 12

extra 13

980
980
980
980

1.0
14.56
3.26
5.0

11.8
15.5
7.3
3.4

11.6
14.8
12.5
5.4

1.69
4.52
71.2
58.8

Table 6.3: The data and results of the extra parameter tests.
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Figure 6.12: Contour plot of the deviations for the tests with the ratio = 6.25 10—2. The
dots denote the test positions.
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we like to express Re in terms of Eo and M. We have

I
M=C2 Re=Cf.Eo (6.4)

with C2 another constant. In an other formulation, we have

Re = f(M) . Eo'7 (6.5)

where -y is a constant and f(M) a declining function of M. The scheme of Clift et aL, Figure
1.1, gives -y = approximately. With f(M) = MI (6 > 0) as approximation for f(M), we
have /

(6.6)

Substituting equation 6.6 into equation 6.3 gives

Eo M' = C1 (6.7)

withä=a+/3 and /3= —6f3.
Now we take again a look at Figure 6.12. This figure gives, with C3 a constant,

log M = 5 log Eo + C3 (6.8)

as an approximate relation between Eo and M. This means a = —5 and /3 = 1. The
dimensionless number of equation 6.7 becomes with these values for a and ,8

2'— 4 24(gLpd \ g,iLp

______

a p2a — g4p2tp4d'°

Taking the square root of this last term leads to

op2
610

g2pLip2d5

This number will be called the deviation number from here on.
Table 6.4 is obtained with this number. The tests with a deviation of more than 100% have
indeed a relative large deviation number and are nicely grouped together at the top of the
list. The tests with relative small deviations have a relative small deviation number and are
grouped at the bottom of the list.

6.2 The water-air system
Because the NRG is interested in the behaviour of specific liquid-gas systems, we are now
going to investigate the behaviour of the program for the water-air system, a very common
system. So g = 980cm _2, a = 73.Og s2, p = Pwater = 0.998g cm3, tip = 0.9967g cm3
and ji = /-water = 1.138 102g cms. This gives log M = —10.38. We choose in each of
the three regions through which the line of log M = —10.38 passes a point at which we want
to simulate. The data of these points, calculated with Figure 1.1, are listed in Table 6.5.
The values for U given in Table 6.5 correspond quite well with the results for pure water in
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case q2p;2d5 deviation

extra 9 9.84• 10—2 192

case 1 5.84• 10—2 336

extra 2 3.94• 10_2 176

extra 6 1.97• 10_2 167

extra 1 1.97• 10_2 121

case 3 7.88• i0 46.0
extra 13 5.95• i04 58.8
case 2 5.84 i04 34.5

extra 12 3.71 i0 71.2
extra 10 3.33• 1.69

extra 7 3.16• i0 15.3
extra 11 1.86 i0 4.52
extra 3 1.58 iO 28.0
case 4 7.03• 10_6 1.15
extra 8 6.31 10_6 9.60
case 5 7.88• 10_8 1.15

Table 6.4: The values of the dimensionless number for case 1 up to case 5 and the extra tests
with the ratio = 6.25 10—2 sorted to magnitude.

case logM Eo Re d U
(cm/s)

wi -10.38 0.1 90 0.086 11.9

w2 -10.38 4.0 1050 0.55 21.8

w3 -10.38 200 13000 3.87 38.3

Table 6.5: The data of the points for the calculations with the water-air system.
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Figure 6.13: Rise velocities for air bubbles in water presented by Clift et al.. The marks in
the figure represent experimental results.

Figure 6.13 which has been presented by Clift et al.. The results in this figure are obtained
in real experiments.
Case wi is situated in the spherical region. The time step used in this case is 3.906• i07s.
This case gives some problems immediately. If the dimensions of the calculation domain are
taken to be 0.387 x 2.15cm and the grid size 74 x 402, tests show that the bubble is not
moving. Refining the grid solves this problem. With a grid size of 146 x 402 and a domain
of 0.387 x 1.075, so the mesh width is halved, the bubble rises as expected. The shape of the
bubble is indeed spherical as can be seen in Figure 6.14. But in the short time we were able
to keep the bubble inside our calculation domain, it was indicated that the rise velocity was
at least 35.0cm s. Compared to the expected velocity of 11.9cm s1 (see Table 6.5), this is
194% faster.
Further refinement of the grid does not help to bring the calculated rise velocity closer to the
experimentally obtained value. For a simulation on a grid of 182 x 502 gives a rise velocity
of at least 38.7cm s and a simulation on a grid of 218 x 602 gives a rise velocity of at least
34.6cm s—

This is not a surprise when the deviation number is taken into account. For this case, the
deviation number is 2.11 . i0 which is relatively large and predicts an deviation of more
than 100%.
Case w2 is not giving problems like case wl did. In case w2 we are in the wobbling region.

Using a calculation domain of 2.475 x 13.75cm, a grid size of 74 x 402 and a time step of
6.25 106s, we see indeed a wobbling bubble in our simulation results (Figure 6.15). The
rise velocity of this bubble is 25.4cm s. This value is 22.0% higher than the velocity we
calculated with our initial data (see Table 6.5). This is also in agreement with the value for
the deviation number. Its value is 1.97 10 for this case, predicting a deviation of less than
about 30%.
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Figure 6.14: Bubble shapes. Case 1 of the water-air system. The time points are respectively
3.9. 1Os, 1.0. 1Os, 2.0. 102s, 3.0 102s.

C D

( —

Figure 6.15: Bubble shapes. Case 2 of the water-air system. The time points are respectively
6.3 10_6s, 1.0• 10_s, 2.0 10_2s, 3.0 102s, 4.0 102s, 5.0 10_2s, 6.0 102s, 7.0 102s,
8.0 102s, 9.0 10_2s, 1.0 10s, 1.1 . 10's.
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Figure 6.16: Bubble shapes. Case 3 of the water-air system. The time points are respectively
1.0. i0s, 2.0. 102s, 3.0• 102s, 4.0. 102s, 5.0 102s, 6.0 10_2s, 7.0 10_2s, 8.0 102s,
9.0• 102s, 1.0 10s, 1.1 . 101s, 1.2• 101s, 1.3 10's, 1.4• 10s, 1.5 10's, 1.6 10's,
1.7 10s, 1.8• 10's, 2.4. 10's, 3.2. 10s, 4.0. 10s.
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Case w3 is in the spherical-cap region. Here a calculation domain of 17.415 x 48.375 is used.
The grid size is taken to be 128 x 352 and the time step is 1.0. 105s. Figure 6.16 shows that
we did obtain a spherical-cap bubble. First however it seems that a toroidal bubble is forming.
But due to the relative high surface tension ( = 73.0cm3s2), the bubble unites again. The
rise velocity of this bubble is 41.5cm/s. This is 8.4% faster than the experimentally obtained
velocity shown in Table 6.5. This is again in correspondence to the deviation number. For
the deviation number has for this case a value of 1.14• 10_il and predicts a deviation of less
than about 30%.
If we compare the results of the water-air system to those of our former tests, we see again
that the results for the larger bubbles look quite promising. For the smallest bubble, we
also meet again with a relative large deviation of the rise velocity from the experimentally
obtained velocity.

6.2.1 Adjustment of the deviation number
The treatment of the bubble in case wi gives again rise to the idea that the ratio has
some influence on the behaviour of the simulated bubble. It also gives an idea of the reason
why by means of the relatively high surface tension and relatively small radius. The surface
tension in SAVOF96 is calculated as

Psurf = (6.11)

The error made in this calculation, due to the local truncation error, is

(6.12)

with C and a constants. If this error is large with respect to the buyoyancy force 2gr, so if

£T 1 Lx0 0 LXa 613
pd gd gpd2(d) (.

is large, then the results of a simulation will be bad. The bubble can even be kept from
moving at all as in case wi. Decreasing the mesh size will decrease the error and make the
behaviour of the bubble better. Including the mesh size in the deviation number will then
lead to a decreasing deviation number for finer grids. The factor is already present in

the deviation number. So only () has to be added. We will now determine a.
We know that the discretization errors are of the order 1 or 2, so a must be 1 or 2. Results
of the calculations are presented in Table 6.6. In the second column of Table 6.6, we can see
that three values of much less than 100% are positioned above the value 194% of case wi
with the fine grid. This is incorrect, so we take a = 1.

6.2.2 The mercury-helium system
Encouraged by the results in the water-air system and because the NRG is specially interested
in this system, we are going to try to simulate for the mercury-helium system too. Then
g = 980cm _2, a = 500g —2,

p Pmercury = 13.5g cm3, I.p = 13.4998g cm3 and i =
/tmercury = 1.55 102g cm1s1. This gives log M = —13.47. Now we have a problem,
because there is only a very short piece of the line log M = —13.47 depicted in Figure 1.1.
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case q26 deviation case deviation]
extra 5 1.20. 10—2 191 extra 5 1.88• i0 191
extra 9 6.09• i0 192 extra 9 3.84. i0 192
case 1 3.59. i03 336 case 1 2.28• i0 336
extra 2 2.5O i03 176 extra 2 1.54• iO4 176
extra 6 1.23• i0 167 extra 6 7.69• i0 167
extra 1 1.23• i03 121 extra 1 7.69• i0 121
case wl

coarse grid
1.32• i0 100 case wl

coarse grid
8.20• 10—6 100

case wl
fine_grid

6.58 i0 194 case 3 3.08. 10—6 46.0

case 3 4.92 i0 46.0 extra 13 2.33• 10—6 58.8
extra 13 3.72. i0 58.8 case 2 2.28• 10—6 345
case 2 3.66• i0 34.5 case wi

fine_grid
2.05• 10—6 194

extra 12 2.32 i0 71.2 extra 12 1.45• 10—6 71.2
extra 10 2.08• 10—6 1.69 extra 10 1.30• i0 1.69
extra 7 1.97• 10—6 15.3 extra 7 1.23• i0 15.3
extra 11 1.16• 10—6 4.52 extra 11 7.27 10_8 4.52
extra 3 9.84• i0 28.0 extra 3 6.16. 10—8 28.0
case 6 9.31 . i0' 31.1 case 6 3.33• 10_8 31.1
case 4 4.92• i0 1.15 case 4 3.08. 10—8 1.15
extra 8 3.95• i07 9.60 extra 8 2.47. 10—8 9.60
case w2 1.23• 10_8 22.0 case w2 7.69 10—10 22.0
case 7 9.31 . i0 1.43 case 7 3.33 i0 1.43
extra 4 5.95. i0 20.7 case 5 3.08• 10—10 1.15
case 5 4.92• i0 1.15 extra 4 8.28. 10—" 20.7
case 8 9.31 . 10_li 7.86 case 8 3.33• 10— 12 7.86

case w3 4.08• 10_13 8.36 case w3 1.45 i0'4 8.36

Table 6.6: The values of the deviation number scaled with the mesh size for case 1 up to
case 8 and all the extra tests sorted to magnitude.
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case [logM Eo_[__Re d U

ml -13.47 0.1 ? 0.061 ?

m2 -13.47 4.0 ? 0.39 ?

m3 -13.47 200 51000 3.78 15.5

Table 6.7: The data of the points for the calculations with the mercury-helium system.

\ ._J

Figure 6.17: Bubble shapes. Case 1 of the mercury-helium system. The time points are
respectively 2.0 i—s, 1.0. l0s, 2.0 10—25.
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Figure 6.18: Bubble shapes. Case 2 of the mercury-helium system. The time points are
respectively 1.6 106s, 1.0 10_2s, 2.0. 102s, 3.0 102s, 4.0 102s, 5.0 10_2s, 6.0 102s,
7.0 102s, 8.0 102s, 9.0 102s, 1.0. 10s.

This means that no values for Re and U can be determined in all cases. Moreover, the scheme
is presented by Clift et al. with a warning that it is not valid for the extreme values of P1i::d

In our first cases, case 1 up to case 8, we had Pu::id
= = 1000. For the water-air system,

we had PUq:id
0.001293 = 772. But now we have Pli::td

= 0.000178 = 75843! Following the
same procedure as in the water-air system, we obtain the initial data in Table 6.7.
In case ml we have to deal again with the same problem as for the first case in the water-air

system. With a calculation domain of 0.275 x 1.524, a time step of 1.95 107s and a grid size
of 74 x 402, the bubble stayed motionless. With a domain of 0.275 x 0.762 and a grid size of
146 x 402, so with a halved mesh width, the bubble rises as expected. Its rise velocity was
calculated to be at least 32.4cm s. We are not able to tell whether this velocity is right or
not, for we have no results to compare with. Shapes of this bubble are shown in Figure 6.17.
In case m2, we used a calculation domain of 1.755 x 9.750cm, a grid size of 74 x 402 and a

time step of 1.5625 106s. Figure 6.18 shows that we obtained a wobbling bubble. Its rise
velocity is 22.7cm s1. Again we can not tell whether this is right or not because of a lack of
data on this kind of bubbles.
Case m3 is the only case of which the position is within the region described by Clift et al..
It should give a spherical-cap bubble. Using a calculation domain of 17.01 x 47.250, a grid
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Figure 6.19: Bubble shapes. Case 3 of the mercury-helium system. The time points are
respectively 1.0• 105s, 2.0 102s, 3.0 1O_2s, 4.0 102s, 5.0 102s, 6.0. 102s, 7.0 10_2s,
8.0• 10_2s, 9.0 1O_2s, 1.0. 101s, 1.1 . 101s, 1.2• 101s, 1.3• 10s, 1.4• 10's, 1.5. 101s,
1.6• 10s.

size of 128 x 352 and a time step of 1.0. i0s, we obtained Figure 6.19. This figure shows
a toroidal bubble. This can be explained by the magnitude of the surface tension. For the
water-air system the surface tension was = 73.0cm3s2. Now we have = 37.0cm3s2
which is relatively low. The rise velocity before breakup is too large however. Table 6.7 shows
that a value around 15.5 is expected, but the measured velocity before the breakup of the
bubble was 36.0cm That is 132% faster than the experimentally obtained velocity.
The deviation number seems not to be a good indicator for the mercury-helium system. For
in case 1, the adjusted deviation number is 3.77• 10—6 for the coarse grid, which indicates no
very large problems. The bubble does not even move for this case however. About the same
is true for case m3. The adjusted deviation number is 2.36 10—15, which is very small and
indicates a deviation of less then about 30%. The deviation for this case is 132% however.
It seems that we will have to wait until we can compare our results with experimentally
obtained results, before we can draw stronger conclusions for the mercury-helium system.
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Chapter 7

New model

7.1 Introduction

Consider a two-phase flow consisting of a gas and a liquid. The original version of SAVOF96
only calculates the flow in the liquid phase. The flow in the gas is neglected. However, we are
interested in the flow inside a second phase. Moreover, it is the hope that making SAVOF96
capable of calculating a real two-phase flow will improve the results of the simulations. For
the calculation of a real 2-phase flow, many investigators use the continuum surface force
(CSF) model developed by Brackbill et al. [1]. See for example Chen and Li [3], Chen et al.
[4], Delnoij [7] and Krishna and Van Baten [12]. We like to use this method also in SAVOF96
for calculations of 2-phase flows. The changes that have to be made to SAVOF96 will be
discussed in this chapter.

7.2 New mathematical model

What has to be done to make it possible for SAVOF96 to solve both the flow of the liquid
around the bubble and the flow of the gas inside the bubble?
Compare the complete Navier-Stokes equations, which are

+V(pu) 0 (7.1)

+ V. (puuT) = —Vp — V. (p((Vu) + (Vu)T)) + pF (7.2)

with the governing equations used by Chen and Li [3], Chen et al. [4] and Delnoij [7]. They
all use

V.u = 0 (7.3)

+ V. (puuT) = —Vp — V. (((Vu) + (Vu)T)) + pg + FSF (7.4)

The use of equation 7.3 is right, because the use of two incompressible phases gives

(7.5)
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In combination with the continuity equation 7.1, this gives equation 7.3 as the new continuity

equation.
The different values of the density and viscosity do not allow them to be moved past the
differential sign, causing the need to rewrite the Navier-Stokes equations as implemented

in SAVOF96. Fully written out, the Navier-Stokes equations do become now in Cartesian

coordinates

Ou Ott Ott 1 Op 1 Op Ott 02u 02u Op Ott Ov
=

+gx + FsF;x (7.6)

Ov Ov Ov 1 Op 1 Op Ov 02v O2v Op Ou Ov
=

+9y + FsF;y (7.7)

This is in cylindrical coordinates

Ou Ott Ott w2 1 Op 1 1 1 Ott Op Ou
—+u—+v—- = --—+-(-—pu+-p—+2——+
Ot Or Oz r p Or p r r Or Or Or

Op Ott Ov O2tt O2u+ —)+p(--+ -))+
g, + FsF;r (7.8)

p
Ow Ow Ow uw 1 1 1 Ow Op Ow 1 Op—+u—+v—+—
Ot Or Oz r p r r Or Or Or r Or

OpOw O2w O2w—- +p(--- + --)) (7.9)

Ov Ov Ov 1 Op 1 1 Ov Op Ov Op Ott Ov
= --—+-(-p—+2——+—(—+—)+

Ot Or Oz p Oz p r Or Oz Oz Or Oz Or

02 O2v 1+ —i)) + g + Fj';z (7.10)
Or Oz p

The different values of the density and the viscosity in the fluid, in the gas and at the interface
can be calculated by using the equations

p(x,t) = F(x,t)p1 + (1 — F(x,t))p9 (7.11)

p(x, t) F(x, t)p1 + (1 — F(x, t))p9 (7.12)

which are also used by Chen and Li, Chen et al. and Delnoij.
Further, the force F of equation 7.2 has been specified in equation 7.4 to the gravity g and the
surface tension force FSF of the CSF model. SAVOF96 does already deal with the gravity.
The modelling of the surface tension by the CSF model is new however. To stay close to
Chen and Li, Chen et al. and Delnoij, the existing model is replaced by the CSF model. For
the same reason, the calculation of the curvature is replaced. So

FSF = aic(x,t)VF(x,t) (7.13)
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Figure 7.1: The information needed for discretization in the x-direction.

with

frc(x,t)
=

• V) n — (V. n)) (7.14)

and

n = VF(x,t) (7.15)

has to be implemented. Here ,c is an approximation for the total curvature of the surface.

7.3 Discretization of the new parts

Each cell has its own value of the density and the viscosity, calculated according to equation
7.11 and 7.12. These values for the density and the viscosity are located in the middle of the
cell. However, the momentum equation, which uses the density and the viscosity, is applied
at the cell faces. The values of the density and the viscosity at the cell faces are calculated
from the values in the neighbouring cells. This means

— + I.X,çb2fl,)
7 16

— + xi+1

with q5 = p or = ii, when the situation is as depicted in Figure 7.1.
FSF and ,c are also placed in the cell centres. Because FSF is needed in the momentum
equation too, equation 7.16 holds for FSF as well with = FSF. The normal vectors n are
placed at the vertices of the cells.
Now it can be shown how the surface tension force is obtained. To make a correct calculation

of the surface tension force, all boundary cells have to be filled imaginarily with fluid by
copying the VOF-function values of the neighbouring flow cells.
Then the normal vectors have to be calculated first. A normal vector is obtained from the
values of the VOF-function F in the neighbouring cells. In the situation depicted in Figure
7.2, the component of the normal vector in the x-direction is calculated as

— Yj 8F Yj+1 9FflI — + — (7.17)'Yj+Yj+1 ox N 1Yj+Yj+1 Ox s
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Figure 7.2: Situation for the cal-
culation of the x-component of a
normal vector at the corner of a
cell.

where

Figure 7.3: Situation for the cal-
culation of the (gradient of the)
x-component of a normal vector
in the centre of a cell.
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ni HoxinIOy

1

= (nXiNw + xiNE + XiSE + nxlsw)

1

— (nxiE — ni)-
1

— ((rixiNE + flX1SE) — (flX1NW + nxlsw))
— 2Lx

F2,3+i F+i,+i
•

N

• 1

F,3

Yj
NE

SW SE

xi_1

F2+i,3+i — F,+i
(ix +

F+,,3 — F2,3

= (7.18)
E9XN

s = (&r+Lx+,) (7.19)

Once the normal vectors are known, the surface curvature of cell (i, j) can be calculated by
applying equation 7.14 in the cell centres. So

(7.20)

and

(7.21)
ox oy

have to be calculated. Examples of the calculations of these terms are (see Figure 7.3)

ni (7.22)

onx
Ox

(7.23)
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When ,c has been calculated, FSF can be calculated with equation 7.13.
Due to the presence of two phases with different densities and viscosities, the pressure Poisson
equation is also formulated different. It has become now

V. (_Vp) = V (— + (7.24)
p at p

with

R = —(us V)u + V . f&((Vun) + (Vun)T) + g + FF (7.25)

Because pfl+l in the left-hand side of the Poisson equation is unknown when the Poisson
equation has to be solved, it is approximated with pfl•

7.4 Changes to SAVOF96

The effects to the program code of implementing the changes handled in the last section is
listed here.

SETPAR: Some extra parameters have to be read from the input file. These are the
kinetic viscosity of the gas NU2, the density of the liquid RHO1 and the density
of the gas RHO2. NU has to be replaced by NU1, the kinetic viscosity of the
liquid. SIGMA has now to hold the value of the pure surface tension coefficient
instead of the kinematic surface tension.

BC : The boundary conditions imposed at the free surface have become obsolete.
INIT : The equations 7.11 and 7.12 defining the density and viscosity in every cell

have to be implemented here.
PETCAL: The surface pressure calculated here can be removed. Now the surface force

FSF is going to be calculated here. This force is calculated for all flow cells.
This causes the need to replace the lines for the old calculation method of the
curvature by lines for the new method for the calculation of the curvature.

TILDE : The new left-hand side of the pressure Poisson equation has to be implemented
here. Also the surface tension force has to be inserted here.

COEFF : The surface pressure is no longer in use and can be removed therefore. Also
the elimination of the extrapolated pressure in surface cells is not necessary
any more. The new coefficients for the right-hand side of the Poisson equation
have to be determined here for all flow cells.

The last changes concern the whole program. Calculation loops have to involve all flow
cells now. Further, a lot of attention has to be be given to which of the combinations RHO
and NU, RHO1 and NU1 and RHO2 and NU2 have to be used at a certain position in the program
code.
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Chapter 8

Testing the correctness of the
modified program

The program is tested to investigate the correctness of the adaptations that have been made.
A series of axisymmetric tests is performed in which no motion should be present. In each
test, the calculation domain is 0.5 x 1.0cm, the grid is 42 x 82, the time step is 1.0• i0 and
the diameter of the bubble is 0.1cm.
The first test is performed with a tank completely filled with one phase. First, the test is done
without gravity, thereafter with gravity. Of course, nothing should happen in both cases. The
test without gravity does show indeed a solution exactly equal to zero. The test with gravity
shows only velocities in the order of i0 or smaller which are insignificant. See Figure 8.1.

The second test is almost equal to the first test. The tank is still filled with one fluid.
However, the lower half of the fluid is referred to as the continuous phase and the fluid in the
upper half is referred to as the dispersed phase. This test is also performed with and without
gravity. The results are exactly the same as in the former test, just as it should be.
The third test is the first with a bubble. However, just as in the previous test, the bubble
is not real, because it consists of the same fluid as the surrounding liquid. A test without
gravity shows again a solution for the velocity exactly equal to zero. A test with gravity
shows a solution with only insignificant velocities of the order i0. See Figure 8.2.
The fourth test is the first one with two different phases. It is a variation on the second test.
The lower half of the tank is filled with a fluid with a density of 1.Og cm3 and a dynamic
viscosity of 1.Og cm1s1. The fluid in the upper half of the tank has a density of 0.9g cm3
and a dynamic viscosity of 0.9g cm1s1. The relative surface tension is taken to be 1.Og _2
In this case, the heavier fluid should sink to the bottom and because it is there already,
nothing should happen. This test is also performed with and without gravity. The result of a
test without gravity is still a solution in which the velocity is equal to zero. In the test with
gravity, the surface between the two phases is motionless, as expected. The velocities in both
phases are still very small. They are now in the order of 10—6. See Figure 8.3.
The next three tests are variations of the third test. In the first of these tests, the densities

of the two phases are set equal at 1.Og cm3 and the surface tension is again set at 0.Og _2•
The viscosities are set at 1.Og cm1s1 and 0.lg cm1s1 for the continuous and dispersed
phase, respectively. The maximum velocities are again insignificant. They are again in the
order of i0. See Figure 8.4. The bubble is motionless, as expected.
In the other two variations of the third test, the relative surface tension is again 1.Og s2.
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= 2.000e—O1 : velocity t = 2.000e—O1 : velocity

Figure 8.1: Absolute velocities of
the test of the 2-phase program
with a filled tank.

Figure 8.2: Absolute velocities of
the test of the 2-phase program
with a fake bubble.

= 2.000e—O1 : velocity

Figure 8.3: Absolute velocities
of the test of the 2-phase pro-
gram with a tank filled with two
phases, the lightest one at the
top.
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Figure 8.4: Absolute velocities of
the test of the 2-phase program
with a bubble with = 10 and

lAg

= 1 and without surface ten-
Pp
sion.
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= 2.000e—O1 : velocity t = 2.000e—O1 : velocity
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Figure 8.5: Absolute velocities of Figure 8.6: Absolute velocities of
the test of the 2-phase program the test of the 2-phase program
with a bubble with = 10 and with a bubble with = 1000

ILg

= 1 and with a relative sur- and L = 1 and with a relative
pg p9

face tension of 1.Og s2. surface tension of 1.Og s2.

The viscosity is varied while the remaining parameters are held constant. The viscosity is
taken to be 0.lg cm1s1, 0.Olg cm1s1 and 0.OOlg cm1s1 successively. The results are
shown in Figures 8.5-8.6. All relative large velocities in these figures are positioned inside the
bubble. The bubble is still motionless, as expected. The influence of the surface tension and
the viscosity is clearly visible however.
For the first of these two variations, the surface curvature is also investigated. The analytic
total curvature for this bubble is 20cm1. Figures 8.7 and 8.8 show the curvatures as calcu-
lated with the original and new program. We can see that the surface curvature is smeared
out in the new code and the maxima of the curvature are higher. Comparing the analytic
value of the surface curvature with the calculated curvatures, we can see that the original
program calculates the surface curvature very well whereas the new program calculates the
surface curvature worse.
Finally, we try to increase the density ratio while the other parameters are held constant.

So we take all viscosities equal to 1.Og cm1s1, the relative surface tension equal to 1.Og s2,
the density of the continuous phase equal to 1.Og cm and the density of the dispersed phase
equal to 0.5gcm1. Figures 8.9 and 8.10 show a rising spherical bubble. This corresponds
to Figure 1.1, the scheme of Clift et al., for we have Eo = 19.6 and log M = 2.69 for this
bubble. With these data the experimentally obtained velocity for this bubble is 1.0cm s_i.
The simulated rise velocity of this bubble is 0.9cm s_i, so this corresponds very well. This
value is much closer to the experimentally obtained value than we could have expected on
basis of the deviation number defined for the original SAVOF96, even though the result is
probably not completely free of wall influences. For the deviation number for this simulation
is 0.10, which indicates a deviation of more than 100%.
The tests with a larger density ratio than about = 3.3 failed. This is probably caused by

our approximation pfl+l = pfl in the discrete pressure Poisson equation. For a larger density
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= 1 .000e-05: new curvature t = 1 .000e—05: new curvature

Figure 8.7: Curvature according
to the old method for a bubble
with = 10 and = 1 and

IL9 pg
with a relative surface tension of
l.Og .s2.

t = 2.000e-02 : VOF

Figure 8.9: Bubble shape at t =
2.0 102 of the test of the 2-
phase program with a bubble
with = 1 and = 2 and
with a relative surface tension of
1.Og s2.
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Figure 8.8: Curvature according
to the new method for a bubble
with = 1000 and = 1 andLg fg
with a relative surface tension of
1.Og s2.

t = 2.000e-O1 : VOF

Figure 8.10: Bubble shape at
t = 2.0• 10_i of the test of the
2-phase program with a bubble
with ?L = 1 and = 2 andjig Pg
with a relative surface tension of
1.Og s2.
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ratio will cause a bubble to rise faster and pfl+l = pfl will be a worse approximation for higher
velocities. The literature is not very clear and gives very little information about the handling
of pfl+l. However, some information can be obtained from Chen et al. [4].

Also tests on larger grids give still some problems. So our new code is not completely ready
to meet our wishes yet.
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Chapter 9

Conclusions

We have investigated the behaviour of SAVOF96 in simulating bubbles. Tomiyama et al.
simulated bubbles with only 8 cells for the bubble diameter. We observed that at least 16
cells in a diameter were necessary to obtain good results. For large bubbles there are even 36
cells needed for the diameter to capture the large degree of deformation of these bubbles.
The results for cases within the defined region of Figure 1.1 show a large variation in degree of
correctness with respect to the rise velocity. Most of the results for the spherical bubbles are
very bad, whereas the results for the wobbling bubbles, the skirted bubbles and the spherical-
caps are good.
With respect to the bubble shapes in the defined region of Figure 1.1, the results correspond
to the scheme. But it is not known if the obtained shapes are precisely correct. The results
of Tomiyama indicate other shapes, but it is questioned whether these results are correct.
Bubble shape results of other investigators give no reason to believe in the existence of the
shapes of Tomiyama et al. during an undisturbed rise of a bubble.
Also a dimensionless number is established, that indicates how large the deviations from
the experimentally obtained value will be when numerical simulations are performed with
SAVOF96. Within the defined region of Figure 1.1, this seems to be a good indication for
the deviation.
The mercury-helium system, which has the special attention of the NRG, was found to lie
mostly outside the defined region of Figure 1.1. We were not able to find any reference material
for this system. Therefore experiments should be conducted to verify the correctness of the
results for this system.
The rise velocity of the only case of the mercury-helium system within the defined region
of Figure 1.1, case m3, was not corresponding to the experimentally obtained value. The
deviation number was also no good measure for this case.
Then we modified SAVOF96, in order to make it capable of computing real two-phase flows.
Although the modified program is yet not working completely the way we want it to work, first
results with moving bubbles seem to give better results for the spherical bubble region. So it
seems worthwhile to go on with improving the modified program. Especially the treatment
of the density in the program deserves attention, as larger density ratios create numerical
difficulties.
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Appendix A

Program description

The numerical model has been implemented in a FORTRAN program: SAVOF96. This
appendix gives more detailed information about the calling sequence and the several variables
and subroutines.

A.1 Calling sequence

The following scheme indicates the order in which the various subroutines are called. The main
division is between the initialisation and the time loop. The ioop involves post-processing
routines. These post-processing routines are not necessary in the actual computation and
will not be mentioned here. All choices concerning the performance of the program can be
controlled by setting the right parameters in the input file savof96-2.in.

Initialisation SETPAR GRID

SETFLD SURDEF

MKGEOM

RDGRID

LDSTAT

LABEL

BC BCBND

Begin LOOP INIT BCBND

PETCAL

TILDE BDYFRC

SOLVEP COEFF

CON VRT

PRESIT SLAG

MILU

BC BCBND

CFLCHK

DTADJ

VFCONV LABEL

SVSTAT

59



A.2 Subroutines

In this paragraph, the most important subroutines are listed. A short description of every
subroutine listed is given.

BC : sets the boundary conditions for the velocity components.
BCBND : sets the boundary conditions at the outer boundary.
BDYFRC : computes the apparent body force.
CFLCHK : monitors the CFL-number and sets flag for time-step

adjustment.
COEFF : defines the coefficient matrix for the Poisson equation

including the boundary conditions at the wall and the free
surface.

CONVRT : converts a 2-dim data structure into a 1-dim data structure for
a more efficient implementation of the pressure solver.

DTADJ : halves or doubles the time step (the old time step will be
repeated).

GRID : makes a (non-uniform) grid.
INIT : starts a new time step.
LABEL : labels empty, (preliminary) surface and full cells.
LDSTAT : reads a restart file (produced by SVSTAT).
MILU : solves the Poisson equation with the MILU algorithm.
MKGEOM : defines the geometry.
PETCAL : labels the surface cells and computes the pressure at the free

surface with a local height function. Then the position of the
free surface is calculated which will be used in COEFF to
interpolate for the pressure boundary condition at the free
surface.

PRESIT : solves the Poisson equation and controls the SOR relaxation
factor.

PRT : prints and writes results.
RDGRID reads a 'broidery' file defining the geometry.
SETFLD : initialises the fluid configuration.
SETPAR : reads the input file.
SLAG : performs one SOR sweep. It uses a 1-dimensional

implementation.
SOLVEP : organises the pressure calculation and updates the velocity.
SURDEF : generates the liquid configuration.
SVSTAT writes a restart file.
TILDE : integrates the momentum equations.
VFCONV : moves the fluid, i.e. adjusts the VOF-function, and re-labels.

A.3 Common block variables

The globally used variables are defined within the common block structures in Fortran. The
most important global variables are listed here. A short description is given for each variable.
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/CASE/ contains the external body forces and their controls.
Omega, DelOme : rotation rate, initial rotation relative to Omega.
XO, YO : in the case of 2D rotation: point about which the

rotation takes place.

TwUp, TwDown : time to start and stop the rotation.
UO, VO : initial velocity in x- and y-direction.
Ampi, Freq,
AAngle : amplitude, frequency and angle under which an

oscillation is performed.
acceleration in x- and y-direction.

times to turn the acceleration in x- and y-direction on
and off.

contains the coefficients for the pressure in the Poisson equation.
coefficient of Pi,y
coefficient of Pi,j+1.
coefficient of p2,3_i.
coefficient of Pi+1j
coefficient of Pi—1,j•
right-hand side of the Poisson equation.

contains the parameters involving the grid size.
x-coordinates of the grid points.
x-coordinates of the cell centres.
distance in the x-direction between 2
points (Lx = —

y-coordinates of the grid points.
y-coordinates of the cell centres.
distance in the y-direction between 2
points (Ly, = Yj — Yj—i).

inverses of X(I), XI(I) and De1X(I).
inverse of De1Y(J).
circumference of a circle with radius XI (I) (in the
axisymmetric case; 1 otherwise)
floating-point and integer version of the
2D/axisymmetric switch (CYL=O for 2D, CYL=1 for
axisymmetric).

number of grid points in x- and y-direction
(IMaxUs=IM1Us+1=IM2Us+2,
JMaxUs=JM1TJs+1=JM2Us+2).

TxOff,
TyOff

GX, GY

TxOn,

TyOn,

/COEFP/
CC(I,J)
CN(I,J)

CS(I,J)

CE(I , J)
cw(I , J)
DIV(I,J)

/GRIDAR/
X(I)

XI(I)

De1X(I)

Y(J)

YJ(J)

De1Y(J)

subsequent grid

subsequent grid

R.X(I), RXI(I),
RDX(I)
RDY

Circum(I)

CYL, ICYL

IMaxUs, JMaxUs,
IM1Us, JM1Us,

IM2Us, JM2Us
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/ORGA/ is used for cell labelling.
NF(I , J) : contains cell labels for the current time level.
NFN(I , 3) : contains cell labels for the previous time level.
PETA(I , J) : coefficient used to interpolate the pressure.

For NF(I , 3), all possible labels and their meanings are:

o : full cell

1: surface cell with a full cell to the left

2 : surface cell with a full cell to the right

3 : surface cell with a full cell at the bottom

4 : surface cell with a full cell at the top

5 : degenerated cell

6 : empty cell

7: outflow cell

8 : inflow cell

9: obstacle or boundary cell

/ PHYS/ contains the pressure and velocities at the current and the
time level respectively.

VOF (volume of fluid)/indicator function.
horizontal/radial velocity.
vertical/axial velocity.
azimuthal velocity.
pressure.
pressure at the free surface.
maximum attained velocity.

/TIMES/ contains parameters related to
Cycle : time step number.
T : current time.
De1T : time step.
De1TMx : maximum allowed time step.
TFin : end time.
TSt art : start time.

previous
F(I,J)
U(I,J),
V(I,J),
W(I,J),
P(I,J),
PS(I,J)
VMAX

UN(I , 3)
VN(I,J)
WN(I , J)
PN(I,J)

time levels and time steps.
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Appendix B

The input file

In this section we will discuss the main input file, called savof96-2.in. All the characteristics,
numerically and physically, are set in this file. Also the information about post-processing
must be set in this file. Furthermore the file contains a short explanation of many of the
characteristics. Here an example of an input file is shown:

SAVOF96-2 .0
***** tank geometry ***************************************************

icyl Xmin Xmax Ymin Ymax SpGeom SpMot

1 0.0 0.60 0.0 2.5 0 0

***** liquid configuration ********************************************

LiqCnf xp yp r xq yq

7 0.0 0.20 0.05 0.0 0.0

***** grid definition *************************************************

iMaxUs jMaxUs cx cy Xpos Ypos

34 302 0.0 0.0 0.0 0.0

***** liquid properties ***********************************************

Sigma CAngle Nu

1.0 90.0 0.087

***** body forces and external motion: 2D *****************************

Gx TxOn TxOff uO Gy TyOn TyOff vO

0.0 0.0 100 0.0 -980.0 0.0 1000.0 0.0

Ampl Freq Angle

0.0 0.0 90.0

Rpm DelOme TwUp TwDown xO yO

0.0 0.0 0.0 100.0 0.0 0.0

***** body forces and external motion: axisylnmetric *******************

Gy TyOn TyOff vO Ampi Freq

—980.0 0.0 100.0 0.0 0.0 0.0
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Rpm DelOme TwUp TwDown

0.0 0.0 0.0 0.0

***** boundary conditions and inflow characteristics ******************

left right top bottom UIn VIn Freqin IPIN PIn
1 1 1 2 0.0 0.0 0.0 0 0

***** upwind parameter and Poisson iteration parameters ***************

Alpha Epsi ItMax OmStrt IMilu

1.0 1.Oe-4 1000 1.0 0

***** time step and restart control ***********************************

TFin De1T CFLMax PrtDt svst svdt

0.35 1.25e-6 0.05 0.01 0 0.5

***** print / plot control ********************************************

gnu avs uvpf velop height force

0 0 1 0 0 0

***** stream lines ****************************************************

nrx nry nrdt xps yps xqs yqs t dt/delt
0 0 0 135.0 30.0 150.0 50.0 0.0 4e4

***** fluxes **********************************************************

number of fluxes to be printed (flux0l.out. . .flux##.out are created)
0

p1 p2 p3 hor

***** fill ratios *****************************************************

number of ratios to be printed (fillOl.out. . .fill##.out are created)
0

xpf ypf xqf yqf (box with nodes (xpf,ypf) and (xqf,yqf))

***** E X P L A N A T I 0 N *************** E X P L A N A T I 0 N *****

**TANK GEOMETRY**

icyl : 0=2—dim; 1=axisyinmetrical

SpGeom : reads programmed geometry savof96.geo#
SpMot : special motion

**LIQUID CONFIGURATION**

LiqCnf : llower part of cylinder with semi-circle - avg. height

yp;

2=toroide (drop) — mpt circle (xp,yp), radius r;

3=rectangle - xp < x < xq and yp < y < yq;
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4=drop along axis (y=yp, r) falling in waterpool deep yq;

5=fluid filament - width r, height yp+semi-sphere

7=empty bubble - radius r, center (xp,yp)

**GRID**

iMaxUs (<=130),jMaxUs (<=130): number of cells inclusive mirror cells

cx, cy : stretchparameters — 0=no stretch; >0=smaller cells near

position indicated by x(y)pos; <0=smaller cells away from

PROPERTIES**

kimematic surface tension (sigma/rho)

contact angle

kinematic viscosity (mu/rho)

MOTION 2D**

acceleration in horizontal direction

timeinterval where acceleration Gx is

(TxOn < t < TxOff)
horizontal initial velocity

acceleration in vertical direction

timeinterval where acceleration Gy is

(TyOn < t < TyOff)
vO : vertical initial velocity

Ampl,Freq,Angle : oscillation under angle with x-axis

Rpm : rotation (per minute) in (x,y)-plane

DelOme : relative initial rotation

TwUp,TwDown: timeinterval where rotation is increased and decreased

xO,yO : center of rotation

**EXTERNAL MOTION AXISYMMETRIC**

Gy : acceleration in vertical direction

TyOn,TyOff : timeinterval where acceleration Gy is active

(TyOn < t < TyOff)
vO : vertical initial velocity

Ampi, Freq : oscillation in vertical direction

Rpm : rotation (per minute)

DelOme : relative initial rotation

TwUp,TwDown: time interval where rotation is increased and decreased

[0 (spin-up) Tup (maximum) Tdown (spin-down) Tdown+Tup (rest) TFin]

**BOUNDARY CONDITIONS**

bc : 1=slip; 2=no-slip; 7=outf low; 8=inf low

UIn, VIn, Freqln: inflow specification

1Pm, PIn : boundary and value of pressure condition

65

x(y)pos

**LIQUID

Sigma

CAngle

Nu

* *EXTERNAL

Gx

TxOn , TxOff

uO

Gy

TyOn , TyOff

active

active



**NUMERICAL PARAMETERS**

Alpha : upwind parameter - 0=centraal; 1=upwind

Epsi : Poisson convergence criterion

ItMax : maximum number of iterations

OmStrt : initial relaxation factor

**TIME CONTROL**

TFin : endtime

DelT : timestep

CFLMaX : maximum allowed CFL number

PrtDt : time between 2 small printouts

svst : save state for restart control

0= no restart backup;

1= saves restart file every svdt time—units;

2= starts with restart file, and proceeds like 1

svdt : time between saving of restart file

**PRINT/PLOT CONTROL**

uvpf velocity and pressure data for visualisation with Matlab
gnu : interactive visualisation through Gnuplot

avs : velocity and pressure data in AVS format
velop : additional velocity and pressure output in 'savof96.out'
height : height of free surface at several moments in time
force : x- and y-components of force exerted by liquid

**STREAM LINES**

nrx : number of particles released in x—direction of

start—matrix'

nry : number of particles released in y—direction of

start—matrix'

nrdt : number of times that particles are released

xps,yps : left down corner of 'start-matrix'

xqs,yqs : right upper corner of 'start-matrix'

t : first release time of particles

dt/delt : time interval between releases

**FLUXES**

hor : 0=vertical line from (p3,pl) to (p3,p2)

1=horizontal line from (pl,p3) to (p2,p3)

**FILL RATIOS**

xpf,ypf : left down corner of fill box

xqf,yqf : right upper corner of fill box
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Appendix C

Output files

SAVOF96 creates some output files automatically. These are files containing information
about initialisation and progress in time. The files are named savof96.out, grid.out, con-
fig.dat and diversen.res. Other output files concern the post-processing and are only cre-
ated when they are requested. A short description of some of the output files will be given now.

• savof96.out: This is SAVOF96's main output file. It contains among others the ce-
ordinates of the grid points, rough plots of the initial and final geometry and fluid
configuration, the evolution of the time step, comments about the convergence and
lines with the point in time, the number of iterations required to obtain the desired
accuracy, the relative change in volume and an array representing the level of the fluid.

• grid.out: In this file, a rough representation of the initial geometry and fluid configu-
ration is contained.

• config.dat: The dimensions of the calculation domain, the coordinates of the grid
points and the initial labelling of the cells are contained in this file, which is also used
for post-processing purposes.

• diversen.res: This file consists of lines with the evolution in time of several variables
among which the time point, the volume of the fluid and the level of the fluid at the
left side of the calculation domain in the middle of the calculation domain and at the
right side of the calculation domain.

• uvpf##.dat: This file is used for post-processing in Matlab. It contains informa-
tion about the velocities, pressure and liquid configuration.

• uvpf.tim: This file contains the number of uvpf##.dat-files made and the time
points at which they are created.
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Appendix D

Post-processing using Matlab

The results of the post-processing tasks that were set in the input file, can be viewed using
the Matlab menu system. The powerful command uicontrol enables the creation of several
menus, toggles, radio buttons and so on. The menu for viewing the obtained results is obtained
by giving the command liqdmenu.
The liqdxnenu menu is divided into several submenus (see figure D.1). Each of these submenus
handles one post-processing aspect. The point-and-click system makes it not too hard for
beginning users to process all information. Plots of most common combinations of variables
can be drawn and printed. All variables are available for standard use in Matlab.

FH. C

COLOR PtOT

r. 3

- I . I mw

___

— I:
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