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1. INTRODUCTION

This report presents a series of problems that were studied in order to assess the
new implementations recently made to the two-phase flow module. Each problem is
designed to give insight into a particular area of the code refinement. As such, each
problem, and its corresponding results will be discussed individually, with
comparisons made to experimental or analytical results whenever possible.

Trio_U is a thermal hydraulics program created by CEA. It is currently evolving in to
a multi-dimensional, multi-fluid / multi-phase program. The purpose of Trio_U is to
provide a platform for testing of new numerical methods and physical models that
are developed by the Nuclear Reactor Division of CEA. Trio_U is written in an
object-oriented programming language, and maintained by a version-controllable
environment, for ease in parallelisation and multiple-site development.

2. THE RANSOM FAUCET PROBLEM

The Ransom faucet problem is a very famous scenario that simulates a free-falling
column of water, surrounded by initially stagnant vapor. Thus, the problem is
concerned with the properties of a gravity wave moving through water that has a
non-zero initial vertical velocity. This problem is useful because it tests the code's
treatment of the body force term. When this problem is treated with no diffusion
term, as it is here, it also provides a manner by which to observe the numerical
dissipation generated by the numerical model.

Standard initial and boundary conditions were used for this problem. The water was
assumed to have an initial velocity of 10 m/s, while the vapor was stagnant (i.e. an
initial velocity equal to 0 m/s). [4] The initial vapor void fraction was taken to be 0.2,
the initial temperature was 50°C, and the initial exit pressure was 1-105 Pascals (1
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atm). The flow geometry consists of a square column that is 12 meters high, and
has a cross section of 3m x 3m.

The case run for this portion of the study consisted of a very coarse tetrahedrai mesh
with 13 nodes in the axial direction, and 3 nodes in each of the other two directions.
All cases studied in this section were run for a two-phase system, with no mass
transfer allowed between the phases.

As the gravity wave travels vertically down the column, the vapor void fraction will
slowly increase. It is expected that at some time the solution will reach steady state.
The approach to steady state can best be seen by studying the liquid velocity as a
function of time. It is also useful to observe the vapor void fraction distribution as it
changes with time. This can be done in conjunction with viewing the analytical
solution for the void fraction.

As time progresses, the liquid velocity profile, as a function of space, converges to a
linear distribution. This corresponds to the approach towards a constant profile with
respect to time, and hence no acceleration (i.e. steady state).

Figure 1 : Void Fraction Profile Figure 2: Liquid Velocity Profile

As might be expected, the numerical solution was unable to keep up with the steep
gradient that occurs at the edge of the gravity wave. Although this phenomenon can
be partially attributed to numerical diffusion, the majority of the blame must be placed
on the coarse mesh. To illustrate this point, a similar case was run, with 49 axial
nodes instead of the 13 axial nodes from the previous case. A comparison of the
two cases is illustrated in Figure 3.
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Figure 3: Comparison of Void Fraction Distributions for Two Different Mesh Sizes

As this figure shows, the finer mesh resolution is able to better approximate the
steep gradient of the void fraction distribution. The results demonstrate the ability of
the scheme to capture the correct propagation velocity for the void fraction
discontinuity.

It appears from these results that the code does a good job of obtaining the proper
solution, given a fine enough mesh. This code is however subject to a very common
problem. Due to the lack of dynamic spatial mesh determination, the program is
unable to adequately model steep gradients with a coarse mesh. This problem is
hardly a new one, and is faced by all programs that do not employ adaptive grid
techniques.

3. THE CONVERGENT / DIVERGENT NOZZLE (TUYERE) PROBLEM

A major difference between this problem and the Ransom problem is the inclusion of
a drag force term. This term accounts for interfacial friction and appears as a source
term in the governing equations. This term turns out to be very important for this
problem. Due to the high flow rates, if no drag force is considered then the vapor
flow rates can become very erratic early in the solution process if good initial
conditions are not provided.

3.1 Flow in a Duct

Before work on a standard nozzle is undertaken, it is useful to briefly look at transient
flow in a duct. This problem will allow for a simpler analysis of the drag force term,
because it is similar to the nozzle, but does not contain the added complexities
brought on by the varying cross sectional area.

A non-viscous two-phase flow enters a duct of uniform rectangular cross-section. At
the inlet to the duct a relative velocity is imposed. The velocity boundary conditions
are 1.5 m/s for the vapor and 1 m/s for the liquid. The void fraction is equal to 0.2.
The thermodynamic properties of the system are assumed constant at values
appropriate for an air-water mixture at 50°C with a pressure of 1 bar. An analytical
solution can be obtained for this transient problem [2]. The purpose of this problem
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is to test the capability of the code to approximate a dispersed two-phase flow in the
presence of a drag force. The model for the drag force is as follows :

FD = ^ a P l ur , CD = 0.44 andDb = lmm. (1)

The geometry is shown in the figure below :
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Figure 4: Geometry for the Rectangular Duct

The meshes used are:

Figure 5: Grids for the Rectangular Duct Study
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Figure 6: Void Fraction Profiles Figure 7: Relative Velocity Profiles

The numerical results match well with the analytical solution and the solution is
better approximated for finer mesh.

3.2 Spalding Nozzle Problem

We now study a well-known benchmark, the Spalding nozzle [4] that consists of two
fluids flowing through a convergent-divergent nozzle with a surface ratio between the
inlet and the throat equal to 2. Here we present the results obtained for the 7th case.
The lighter fluid is a compressible gas (pv= p5/7) and the second one is assumed to
be incompressible (pi=10.). The task is to predict the distributions of pressure,
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velocities and void fraction in the presence of a drag force modeled by the following
formula:

FD = CDava,pv • ù r , CD = 10 (2)

Our results are compared with the solution obtained using the Bilicki method (for
more details see [1]). The figures below present the pressure and vapor velocity
profiles along the axis of the nozzle. A relatively close comparison between the two
solutions is observed.
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Figures 8 and 9: Pressure and Vapor Velocity Profiles

3.3 Selmer-Olsen Nozzle Problem

Finally we study a more realistic convergent-divergent nozzle inspired by the nozzle
proposed by Selmer-Olsen. [8]. The original proposition of the nozzle problem
consisted of liquid being injected into the pipe, hence creating a heterogeneous
arrangement. However, the treatment here assumes that the inlet consists of a
homogenous mixture, with the specified void fraction. Lemonnier and Selmer-Olsen
have identified this homogenous arrangement as giving very similar results to the
heterogeneous case where the liquid is injected along the centerline of the pipe [8].
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Hence, when possible, the results obtained here will be compared to experiments
that utilized central injection devices.

Contrary to the other problems, in this case both the inlet and outlet pressures will be
specified and the inlet vapor flow rate will be left as a free variable. The geometry
and mesh that were used for these studies are shown in Figure 10. A coarse,
triangular, unstructured mesh was used.

dl

d2

dl

Î *

Figure 10: Nozzle Geometry and Mesh for Case 3.3.1 and 3.3.2

3.3.1 Results for a Case with a Small Pressure Variation

The first case studied is for a two-fluid (liquid/gas) flow through the two-dimensional
nozzle shown in Figure 10. The inlet pressure is 2 bars and the outlet pressure is 1
bar.

An interesting scenario arises when calculating the void fraction for the entrance
boundary condition. To obtain a value for the void fraction, an assumption of some
sort must be made about the fluid velocities, or their relative velocity. Since the
experimental data that will be used for comparison have large relative velocities
between the two fluids, a homogenous flow assumption would be ineffective.
Lemaire has recommended the use of the following expression [6]:

a= ^ m v (3)
/9i-m + /vmi

Unfortunately, one still faces the same dilemma (i.e. a void fraction which is
dependent upon the inlet gas flow rate). It is possible to utilize the calculated gas
flow rate, but here we have chosen to use the experimental value.

The pressure distribution is shown in Figure 11 below. The pressure profile follows
the expected trends, with the greatest pressure change occurring in the middle of the
pipe, where the velocity is the highest due to the reduced cross sectional area.

Figure 11 : Pressure distribution (Pa)
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This figure seems to indicate an accurate solution, but without a comparison to
previous results it is difficult to ensure the accuracy of the solution. Hence, a second
test is run for which there are corresponding experimental results.

3.3.2 Results for a Case with a Large Pressure Variation

The initial geometry and mesh used were identical to that of case 3.3.1. There are
two major differences between this case and the proceeding one. The first is the
inlet pressure, which in this case is 6 bars. Also, this case uses a different drag
force term:

CD = 0.44 and Db = lmm (4)

One relatively easy way to test the accuracy of the results is by comparing them to
experimental data. Lemonnier has published a great deal of experimental results for
two-fluid nozzle cases. Hence this last case has similar input conditions as a case
published by Lemonnier and a comparison of our numerical results for the pressure
with the experimental points is possible.

Figure 12 shows a comparison of the pressure profile for the experimental case [8]
and for the values calculated by the TRIO_U two phase flow module.
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Figure 12. Pressure profile along the axial line.

The pressure values are taken along the axial line. Although showing similar trends,
there is obviously a moderate amount of discrepancy, near the exit of the throat,
between the two profiles shown in Figure 12. Interestingly, this difference is very
reminiscent of what was observed earlier in the Ransom cases. That is to say, the
calculated profile has the appearance of large numerical diffusion around a steep
gradient. Hence, it is of interest to run the same case with a finer mesh, to see if the
solution seems to be converging to the experimental results.

In fact, an increase in the mesh size had shown limited effect on the pressure profile.
Based on these results, it can be inferred that the discrepancies between the
calculated and experimental results are not due to the coarse mesh. Although this
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determination is unhelpful in isolating the problem, it is beneficial to have shown that
a coarse mesh is able to handle this problem without substantial loss of precision.

Figures 13-15 show void fraction and longitudinal velocity profiles for this case:

Figure 13. Void Fraction Profile
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Figure 14: Longitudinal Vapor Velocity. Figure 15: Longitudinal Vapor Velocity.

The void fraction profile qualitatively follows the same trends as those obtained by a
Bilicki [1] type method for the Spalding nozzle. No experimental data for the void
fraction are avalaible.

The drag force term turns out to be very important for this problem. The term used
here is a simple one (Dd and Co are constant) and perhaps a more elaborate model
is needed to improve the results.

4. CONCLUSIONS

The premise of this work was to study a series of benchmark problems to assess the
capacities of the current version of the Trio_U two-fluid / two-phase flow module.
The Ransom faucet problem displayed the program's ability to handle a problem that
is mainly dependent upon the body force term. Computational results compared well
with the analytical solutions, and the flow reached steady state in a time frame that is
consistent with the analytical results. Numerical diffusion was determined to be high
for coarse grids, but was quickly reduced with suitable grid refinement.
Computational efficiency studies showed the expected results, with the efficiency
quickly approaching an asymptotic value.
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The major concern that was realized with the nozzle problems was the effect of the
drag force term. The results obtained are encouraging. The code was able to
reproduce the effects of the drag force, but for a physical case like the Selmer-Olsen
nozzle, a more accurate physical model should probably be used. Future work is
intended to move in this direction.

The findings here support several conclusions. First, the body force term as
implemented in the Ransom problem seems to function properly. Second, when
applicable, solutions seem to be a function of mesh size, as would be expected.
Third, the implementation of the drag force term seems to be adequately taken into
account by the code.

Future work is planned in several areas. Among these are the implementation of a
complete library of the physical closure laws in the code, which is growing richer as
the work proceeds. Comparison between the Roe scheme and other solvers, such
as flux scheme solvers, is also planned. Future work will also be carried out
concerning other issues such as the effect of the boundary conditions and the use of
an analytical solution as a benchmark test for the nozzle problem. In this manner,
further development and improvement of the two-phase module will be attained.
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