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Abstract
Two different models are combined together for the simulation of the Kelvin-Helmholtz

instability in a channel. The disturbance on the interface of the initially stratified flow is
amplified and initiates dispersion of the fluids in the system. At the beginning sharp interface
is needed to simulate the instability development therefore the VOF method was used. Later
the "two-fluid" model is switched on in the domains where high dispersion of the fluids does
not allow reliable use of the VOF method. The combined model enables the simulation of the
whole two fluid phenomena.

Introduction
An important part of the nuclear power safety arc numerical simulations of the two-phase

flow. Since two-phase flow appears in various forms from simple small amplitude surface waves
to a very complicate bubbly or slug flows in steam generators, the methods used for its
simulations also differ significantly in approach algorithm and numerical techniques.

This paper is dealing with two different approaches of the two-fluid flow modeling, which
differ significantly in their handling of the Navier-Stokes equations.

Models that use the interface-tracking algorithms (I lyman, 1984) are designed for the multi-
dimensional simulations of the two phase transients. These algorithms are based on the
fundamental Navier-Stokes equations and therefore their accuracy depends mainly on the
numerical scheme. Their main characteristic is an explicit tracking of the interface and keeping it
sharp during the calculation, which enables direct simulations of the phenomena on the
interface. Volume of Fluid (VOF) method (Hirt, 1981) is most widely used interface tracking
algorithm applied to the problems where fluids are well separated with the interface. The
limitation of the interface tracking algorithms is that they can be used only as long as a local
grid density allows surface tracking. In dispersed flow where chunks of the particular fluid are
smaller than grid cells the surface tracking is not possible and/or method fails.

So called "two-fluid" models (Wallis, 1969; Bottoni, 1992) are based on simplified Navier-
Stokes equations where the interface is not calculated explicitly. It operates with time and space
averaged quantities and uses empirical correlation to include the effects of the interface on the
fluid motion. This approach is more suitable for simulating dispersed flow but its shortage is
using a lot of empirical correlations for various phenomena to simplify the two-phase flow
calculation. Since these correlations are obtained from the experiments, they have a limited
accuracy and are the major source of the uncertainty in the calculation.
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Once the volume fraction (3) is defined. the density can be calculated
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Thermal Hydraulics

8ak + (V (akk):=,0 (6)at

ak Pk +akPk(ukV) Ik = akPkgakVp--Chkiirliir , (7)at
where ak is the volume fraction of the fluid k. The two fluid system is described with two sets of
Eqs. (6) and (7) for k=1 and k=2. The continuity equations are connected with the fact

Zak = (8)
k

Since "two-fluid" model defines a particular fluid as a continuum on the whole domain, in
every point two velocities are defined - one for each fluid. The momentum equations (7) are

connected with the interfacial friction term Chkpkak Ur, where ii = il - u2 is a relative velocity
between fluids and Chk =Ch =~- Ch2 is an empirical parameter which describes the magnitude of
the momentum transfer between fluids.

The "two-fluid" model equations are reduced to equations of the model based on VOF

method in the limit "I = i 2 . In that case a, is the same as F: Eq (6) becomes Eq (5) and sum of
both Eqs (6) for k=l and k=2 with consideration of the Eq (8) becomes Eq (1). The sum of both
Eqs (7) for k=l and k=2 with consideration of the Eqs (8) and (4) results in Eq (2) without
viscosity term.

The system of the VOF Eqs (1), (2) and (3), and "two-fluid" model Eqs (6) and (7) is
discretized and solved with the projection method (Fletcher, 1 988).

Switch between VOF and "two-fluid" model
VOF method is locally replaced by the "two-fluid" model as the fluid chunks disperse bellow

the grid scale. The criteria, whether VOF model or "two-fluid" model is used, checks every
nodalization cell and is based on gradient of the volume fraction field F. Since the LVIRA
algorithm uses 3x3 block of cells to construct the interface, also switch criteria uses the same
region to estimate the correctness of the reconstruction. Therefore CF is calculated as

VF = - ZF i+k,J+ ~+A jfijk 7 -,A*(9)
v; =3 _! r+1 -+ Fi+A ~ Ea kIadk- i 1 iftId-

The definitions (3) and (9) defines the values iJ - 1(0, 11.
The criteria declares a parameter ye

F7,q > yo, the interface in the cell (ij) is rceonstrl ed
7Fi, < yo, the fluids in the cell (iJ) are calculaled with the "iwo-fluid" model.

Setting yo=0 means that the whole phenomena will be calculated with the VOF method, while
yoUl means that no interface is reconstructed and "two-fluid" model is used on whole domain for
all the time of simulation. The parameter yo is a kind of mixing characteristic of the simulated
phenomena and finding methods for its declaration is a part of the future work. In this paper
where only the operation of the combined model is presented an average value yo=O.S is used.

For the activation the "two-fluid" model a volume fraction of the particular fluid must exceed
ak>C, where £ = 10.2. Such small fractions of the fluid exist only in the form of small bubbles,
which have a large specific interfacial friction. Iherefore their relative motion and influence on
the continuous fluid may be neglected.

Initial state
The combined model was used for the simulation of the two-fluid flow in a horizontal

channel. The height of the channel is h, and its length L =2.5h,. Each fluid occupies half width
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Thermal Hydraulics

of the channel. They are separated by a flat surface in the way that the lighter fluid o2=0.8 5 ,o,
is on top of the heavier one ov=,o as is shown on Figure 5. The ratio of densities is
corresponds to the ratio of oil and water. The kinematic viscosity is the same for both fluids

1,=/11 /u,o,= ) 2=,aio 2=0. 01 Y0 . The steady state is assumed in the channel where the velocity
of the heavier fluid Ui has opposite direction as the velocity of the lighter one U2. The
parameter Ch depends on the characteristic size of the fluid chunks. For the simplification of
the calculation the empirical parameter Ch is set to constant Ch = 200p0/ho. For the generality
and applicability of the results, the state of the system is described with the non-dimensional
Reynolds Re=ho(U2-U,)%A and Froude number Fr=(U2-Uj)2/g ho where g=10vo2/ho3 is gravity.
Periodical boundary conditions are used at the inlet and outlet of the channel, while the no slip
boundary condition is used on the top and bottom wall.

At the beginning of the calculation a small periodical disturbance of the surface shape with
the amplitude A (t =0) =0. 01h, and wavelength of A=0. 5L is incorporated.

fluid 2 interface >

L

Figure 5: Initial state of the fluids in the channel

The stability of the system depends mainly on velocity difference of the fluids. For the
large Fr (large AU= U,-UJ) the system is unstable and the amplitude of the disturbance grows
exponentially (Chandrasekhar, 196 1). Otherwise the system is stable and disturbance flattens
due to gravity and surface tension and suppresses due to viscosity. The stability threshold for
this system is around Fr=4.4 (Ceme 1999-NURETH). In this paper the unstable system with
Fr=25.0 and Re=1000 was studied, where the fast growth of the Kelvin-Helmholtz instability
drives large scale eddies that results in interface dispersion and mixing of the fluids.

Results
The observed problem is calculated with two models on two different nodalizations. The

Figure 6 shows instability development on grid scale 50x20 with the pure VOF method and
Figure 8 the same on 100x40. Figure 7 shows the results of the combined model on grid scale
50x20 and Figure 9 on ]00x4 0. The fluid 1 is colored black, the fluid 2 is white, while the
two-fluid mixed area is presented with the gray casts. The darker gray cast is chosen to
present an area where the heavier fluid is predominating (F>0.5) and vice versa for the lighter
gray cast (F<0.5). The time is expressed in dimensionless units ho-/vo.

The numerical simulations of the dispersed problems depend on the grid scale. Denser
nodalizations are capable for more accurate handling of fine structures. Therefore the switch
between VOF and "two-fluid" model is grid dependent. In the problem where initially
stratified fluids start to mix due to the Klvin-H-elmholtz instability, the "two-fluid" model is
activated later and on smaller area for denser nodalization.

The instability grows very fast and in both nodalizations the "two-fluid" model is activated at
almost the same time (at 1=0. 7) when the first wave breaks. At t=0.9 two vortexes appear, which
mix the fluids what is seen only on denser nodalization, while on lower nodalization it is detected
only on combined model as a mixture with a gray area (Figure 7). The waves and other fluid
structures that can not be captured on low nodalization density, are in the combined model
calculated with the "two-fluid" model.
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Instability development on 50x20 mesh density

=0. 4

Mfluid I Dfluid 2 *fluid 1 ] fluid 2 M fluid mixture F > 0.5
fluid mixture F< 0.5

=0. 7

1=0. 9

t=3.6

t-6.0

t=12.0

A_ * ryf' ; '0 ,

Figure 6: Simulation with the pure VOF method on Figure 7: Simulation with the combined model on the
the 50x20 grid 50x20 grid
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Instability development on 100x40 mesh density

t=0. 4

Ufluid I D fluid 2 fluid I Efluid 2 a fluid mixture F > 0.5
[]fluid mixture F < 0.5

t=0. 7 __

t=0.9

t=3.6

. 36

t=6.0

t=12.0

1 -I

Figure 8: Simulation with the pure VOF method on Figure 9: Simulation with the combined model on the
the 100x40 grid 100x40 grid
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An interesting feature of this simulation is that combined model on lower nodalization density
predicts an appearance of a small vortex (t=3.6, Figure 7) more accurate than the model with the
pure VOF method (t=3.6, Figure 6) according to the denser nodalization.

When the instability is fully developed at time t=12, the flow structures of the pure VOF
model look quite different for different nodalization density (t=12, Figure 6 and Figure 8). In the
dispersed flow the LVIRA reconstruction algorithm produces the structures, which are grid
dependent. That flow is beyond the capability of the VOF method while the combined model
calculates the whole area with the "two-fluid" model (h=12, Figure 7 and Figure 9).

Conclusions
Kelvin-Helmholtz instability is a two-fluid fluid phenomena where initially stratified fluids

mix and the interface between fluids becomes fully dispersed. The interface tracking
algorithms like VOF method are useful for the simulation of the initial part of the phenomena.
But further development of the instability is beyond the capabilities of the interface tracking
algorithms, which are limited with the grid size. Denser nodalizations would solve the
problem theoretically, but in practice that would enlarge the computing time beyond the
reasonable limits.

The addition of "two-fluid" model to the model with VOF method can exclude this
problem and the whole phenomena can be simulated without a restriction of the nodalization
density. The accuracy of the "two-fluid" model does not depend so much on the grid size, but
more on the empirical parameters. The simulation of the instability in the stratified fluid showed
that such combined model of the VOF and the "two-fluid" model enables more realistic
calculation of wider range of two-fluid phenomena than pure VOF model.

The simulated phenomena was used to show the mechanism and the main characteristics of
the combined model. Its validation and eventual comparison to experimental results are subjects
of the future work.
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