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Because of the complexity of two-phase flow phenomena, two-phase flow codes rely heavily on

empirical correlations. This approach has a number of serious shortcomings.1’2’3 Advances in

parallel computing and continuing improvements in computer speed and memory have stimulated

the development of numerical simulation tools that rely lesson empirical correlations and more on

fimdamental physics. The objective of this work is to take advantage of developments in massively

parallel computing, single-phase computational fluid dynamics of complex systems, and numerical

methods for front capturing in two-phase flows to develop a computer code for direct numerical

simulation of two-phase flow. This includes bubble/droplet transport, interface deformation and

topology change, bubble/droplet interactions, interface mass, momentum and energy transfer.

In this work, the Navier-Stokes and energy equations are solved by treating both phases as a single

fluid with interfaces between the two phases, and a discontinuity in material properties across the

moving interfaces. The evolution of the interfaces is simulated by using the front capturing

technique of the level-set methods.4 In these methods, the boundary of a two-fluid interface is

modeled as the zero level-set of a smooth function @. The level-set function @is defined as the

signed distance from the interface ($ is negative inside a droplet/bubble and positive outside).

Compared to other front capturing or front tracking methods, 5’6the level-set approach is relatively

easy to implement even in 3D flows, and it has been shown to simulate well the coalescence and

breakup of droplets/bubbles.

With the introduction of the level-set function, a two-phase flow is described by the equations:

d
Momentum: z /[!

pudV + Jf[ puu o n + (p + 2/3pK)n]ds

v s
(1)

*This work was performed under the auspices of the U.S. Department of Energy, Office of
Technology Support Programs, under Contract No. W-3 1-109-ENG-38.
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Level Set Convection: ;$+u.v@=o (2)

Level Set Reinitialization:

Single Fluid Density: P= P,+(P, -P,) EI(0)

(3)

(4)

(5)

(6)

[
1 (#)>&

where: t = time, V = volume, p = density, u = velocity, n = unit outward normal vector to surface

element ds, p = pressure, ZL= laminar stress tensor, ~~= turbulent stress tensor, K = turbulent kinetic

energy, g = acceleration of gravity, u = surface tension, k = curvature of the two-phase interface, ni

= unit normal vector to the interface, @O= level-set function at the beginning of a time-step, ~ =

pseudo time variable. To avoid difficulties with the discontinuity of properties at the two-phase

interface, these properties are smoothed at the interface within a small distance & as shown in

Eqs. (5) and (6). A value of & equal to a few mesh intervals works well. An equation similar to Eq.

(5) is used for the viscosity p.

equations.

The surface tension term of the

To the above equations must be added the continuity and energy

momentum equation is computed from:

CJkflii5(X -Xf) =Gk(@)VH($)
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where
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The level-set equations have been incorporated into CHAD7, a single phase code designed for

massively parallel computations in an unstructured grid. CHAD is based on a node-centered scheme

that utilizes an unstructured grid of hexahedrals, or other shapes that can be obtained from a

hexahedral by collapsing faces to edges and edges to points. It is written in high-performance

FORTRAN that is highly portable on today’s parallel computer platforms, and anticipates

tomorrow’s massively parallel computers.

The algorithm for the solution of the momentum, energy; continuity and level-set equations proceeds

as follows:

1. Initialize the level-set function @,the density p, and the viscosity p.

2. Solve the level-set equation using the available velocity field.

()a~
3. Reinitialize the level-set fi.mctionby solving to steady state ~=0 Eq.3.

4. Solve the momentum equation.

5. Solve the energy equation.

6. Solve the continuity equation.

Equations 4,5, and 6 are impeded in a loop that is repeated until these equations converge. Then,

steps 2 and 3, and this loop are repeated until all equations have converged.

Because two-phase flow is very complex, to validate this direct numerical simulation approach a

very extensive simulation of experiments is required that starts from the flow of a single

bubble/droplet and proceeds to flows that involve many bubbles/droplets with bubble/droplet
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transport, collisions, coalescence, breakup and phase change. At this time only the testing with flows

involving the rise of single bubbles has been completed. Figure 1 shows the rise of a 1 cm bubble

in a liquid (buoyancy driven flow). As the bubble rises its initial spherical shape changes to a

spherical-cap with a quite flat bottom. This prediction is in agreement with experimental

observations.g

In conclusion, a direct numerical simulation approach of two-phase flow that makes use of the level-

set methodology has been incorporated into a state-of-the-art CFD code. Initial tests simulating the

rise of a bubble in a fluid show that code predictions agree with experimental observations.
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