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Abstract

A key issue in the simulation of the long term molten pool behavior is pool convection. The standard approach to this problem is to solve complex differential and algebraic equations. This approach has many disadvantages. In order to avoid these problems, a new and  efficient convection scheme has been proposed which deals with the problem by rule-based simulation of moving volumes. The scheme is based on the phenomenon of plume formation observed in experiments on natural convection. Mass and energy balances are solved exactly by the new scheme, while the momentum equation is treated in a simplified manner. The scheme is not restricted to the limitations of a simple fluid or the Boussinesq approximation. It can easily be extended in case that new results on molten corium pool convection are found.

Recent Advances in the Rayleigh Bénard problem
Internal thermal convection of the lower head molten corium pool is the key phenomenon which determines the thermal attack and ensuing failure of the lower head wall. Knowledge and prediction capability of turbulent natural convection in a closed cavity are still poor compared to most problems in physics. Most physical phenomena are known to a very high degree oo precision, but in contrast to this fact convection phenomena are neither well known nor well understood. Recent experimental work on convection in large rooms reveals e.g. that the well known Curchill-Chu correlation predicts at best with an error of ± 15%, but generally larger error [2]. This makes convection a dark continent on the map of physics.
Recently the convection in Rayleigh Bénard cells (RB cells) has caught the focus of turbulence research and a lot of high precision experiments by various teams in medium and small scale cells have been carried out. This research is stipulated by the fact that the thermal and kinetic dissipation rates εθ and εu in turbulent convection follow the surprisingly simple law
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Thus the observed Nusselt number can be used to determine the dissipation rates. In the high precision experiments it was found that the Nusselt number obeys a power law, but different domains with different exponents exist or even coexist. Generally speaking, at low turbulence the exponent is 1/3 which means that the heat transfer is independent of length scale L. Next comes a domain where the exponent is 2/7 and at the upper end the ultimate state of turbulence follows, where the exponent is ½ which means that the heat transfer is independent of the material properties, as postulated by Kraichnan in the 60s. This state has not been observed until very recently. [3]
Unfortunately for the internally heated pool no experiments similar to the RB cells exist, but the theoretical arguments also hold and it is reasonable to expect that the Nu’ is independent of the length scale for low turbulent Ra’ numbers. Since Ra’ is defined as
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this gives an exponent 1/5, which is close to what has been observed in the experiments. For the ultimate domain where independence of the material properties prevails, the exponent is 1/3. A review of the experiments on Nu’ upward as a function Ra’, using an improved power law fitting technique and fitting data for Ra’ < 1013 and Ra’ > 1013  separately show that a transition from the exponent 1/5 to the exponent 1/3 can be observed in some experiments, as shown in figure 1.
The role of plumes as heat transfer mechanism

The findings of the high precision measurement of RB cells put up the question of the main mechanism of convective heat transfer and why this mechanism affects the exponents.  The first hypothesis is that the heat transfer is controlled by the various thermal and kinematic boundary layers. In this case there should be a clear difference in the Nusselt number for smooth and rough cell boundaries, which is not the case, as was shown in experiments. 
The next hypothesis is that a coherent global circulation, the “wind of turbulence”, is the central mechanism, but this hypothesis was also disproved by experiments. Inserting a baffle plate in the middle of the cell in order to interrupt the coherent flow had no effect on the Nusselt number. This leaves only the third hypothesis which claims that separated isolated mushroom shaped plumes that start at the hot and the cold wall transport the heat and it is just the plume frequency and the plume size that leads to the observed improved heat transfer. Figure 2 show a shadowgraph of these plumes.
The plumes are typical structures often found in heated fluids, probably caused by the eruption of an unstable thermal boundary layer or an unstable thermal blob. In nature all sizes of plumes can occur from mini-mushrooms to the mega-mushroom of a nuclear bomb. Plumes are also characteristic structures of CFD simulations where they occur frequently. They also occur in 2D CFD Boussinesq simulations, which demonstrates that plume formation is a universal property of the Boussinesq approximation. It should be noted that these plumes are eruptive plumes and are not to be mixed-up with atmospheric plumes from chimneys and the like.

It should also be remarked that the main mass transport of the plume is in the very narrow stem of the mushroom and that the mechanism of the formation of this chimney like stem is not clear and potentially an unknown physical effect. There is no theory of plume formation until now. On the other hand the formation of the mushroom head is clear and a consequence of the law of conservation of mass and impulse.
Derivation of the new convection scheme

When it comes to the simulation of this process, many simplified methods like lumped parameter models have been proposed, but it is obvious that the basic physics of turbulent convection does not allow simplifications. Even the question if – in view of the fact that no three dimensional initial conditions are available for simulation -  a 2D axisymmetric simulation may be used, must be denied for three reasons:

1. 2D turbulence is completely different from 3D turbulence in many aspects, e.g. no energy cascading.

2. There are no real life 2D axisymmetric fluid flows.

3. Any axisymmetric scenario is not a bounding scenario since loads and driving forces are not focused on one “hot” spot but are smoothly distributed around the circumference.
With the focus on the three dimensional simulation, the first option is to use three-dimensional CFD and Boussineq approximation with a turbulence model like k-ε, since DNS (Direct Numerical Simulation) is not feasible for high Ra’ numbers. But three facts cast a doubt on this approach. One fact is that no publications have been found in which it was demonstrated that the Kolmogorov K41 hypothesis, claiming the -5/3 energy cascade, has not been reported for turbulent RB cells or the turbulent molten pool convection. Also no experimental measurement of the structure of the molten pool turbulence exists, so there is no real basis for the selection and application of the turbulence models. The third fact is that in the RB cell and the molten pool the mean flow part of the solution is the hydrostatic solution with mean zero velocity and the physical process of heat transfer is caused by the fluctuations only and not by the mean flow. In addition while the average of the fluctuations is zero, and it is only the non-zero term <ui • θi> that controls the heat transfer. 
There is another more  mathematical aspect in using CFD: convergence, consistency and accuracy. Solving differential equations always includes integration errors, especially if the integration time is long. For the molten pool calculations have to be carried out for time intervals like days or weeks. This would require special mass and energy conserving time integration techniques. Otherwise mass and energy will disappear from the pool by numerical errors which is a very unsatisfying situation. Therefore this approach was not used.
In the experiments on RB cells it was found that heat is transferred by plumes and increased forcing leads to a higher plume frequency and not to larger plumes. This observation inspired the concept for the simulation technique that is presented here.

The central idea of this new convection scheme is that the fluid is divided into small volumes which can move around freely and mix with the neighboring volumes. In addition mass and energy is exchanged with the neighboring volumes. This procedure guarantees that no mass or energy is lost in the course of time. 

The problem is to define the extent and time point of the exchanges which is carried out according to rules. The whole process replaces differential equations with spatial discretization and time integration by finite volumes which move or exchange mass and energy according to some rules. The rule must be defined in such a way that in the limit the simulation converges towards the analytical solution of the differential equation. E.g. the rule for the heat conduction exchange must result in an approximation of the well-known analytical solution for heat conduction found in textbooks.

In the new scheme the following set of rules for a vertical column of fluid volumes is applied:

1. Rule 1
The Rayleigh stability criterion is applied to each column and it is checked, if the column is unstable.

2. Rule 2
The exchange time step is determined. This is estimated from the energy balance of the fluid column  Ekin = ½ * U2 = g β ΔT h = Epot. After this time step an exchange of volumes is carried out.
3. Rule 3
A certain part of the top cell is moved to a neutral position, where the Rayleigh criterion is satisfied.
4. Rule 4
For each cell of the instable column the same amount of the cell volume is moved upward  to the cell on top.

5. Rule 5
For each cell the remaining part is mixed with the incoming part.

This procedure is mass and energy conserving. It removes the Rayleigh instability from the column and generates a mixing of the column that corresponds to what has been observed in the experiment that show fluid mixing by plumes. Figure 3 illustrates the last three steps of the procedure.
The above scheme is easily implemented and since it requires only sorting and basic algebraic operations the computing effort is very low. No iterations or solution of equations system is needed and therefore even very long simulation time is feasible on PC.
Verification of the scheme (1): Convection in the RB cell

Though the physical justification for this new convection scheme is easily understood, it is not obvious if this method works. To investigate this point, various verification tests have been carried out. The first was to analysis the change of heat transfer through a RB cell, for which the lower boundary was kept at a constant temperature, while at the upper boundary a constant heat flux was applied. The steady temperature field without convection was used as initial conditions. Since convection is improving the heat flux, a substantial change in the temperature difference across the layer can be expected and was found, as shown in figure 4 and 5. These calculations are sample calculations to demonstrate the feasibility of the method and do not represent a real physical problem. The figures also show that in the convective case there is no steady temperature distribution but a random temperature oscillation due to the plume activities.
In [3] an exhaustive list of measured Nusselt number correlations is given. The values for Ra=109 are shown in figure 6. The differences result from differences in cell geometry, Prandtl number, wall effects, uncertainties in the material property data and potentially different coexisting states of turbulence. The Rayleigh number of the sample problem was chosen as 109. The Nusselt number of 50 found in the calculations is well within the range of data observed in the experiments. 

The next sample problem was the test with an internally heated layer with isothermal boundary conditions at top and bottom. Without convection a central overheating occurs according to the well known analytical solutions. Applying the convection scheme leads to a substantial reduction of the overheating as various experiments have shown. For the simulation figure 6 shows this reduction and also the fact that the plume activity is restricted to the upper instable part of the layer. A smaller lower part remains stable and is therefore not reached by the plumes. The only experimental data with detailed temperature plots are the 30 years old experiments of Kulacki [6]. These are small scale tests and the plumes are only about 0.25°C cooler than the bulk fluid. These experiments also show that the lower third of the layer is almost unaffected by the plumes, similar to what is seen in the simulation. Kulacki reports a reduction factor of 0.217 for the overheating at a Rayleigh number Ra’=106, while in the simulation a reduction of 0.333 is observed. This question is left to future analysis.
Verification of the scheme (2): The ACOPO experiment
In order to verify the new methods at a real life example, temperature measurements of convection experiments at various positions inside the fluid are required. The only data found in the literature are those from Theofanous [5]. Theofanous uses an almost hemispherical vessel which is heated to about 100°C and then cooled at the top boundary by cooling units with 10°C. The plumes show temperature about 10°C below the bulk temperature. Experimental results are shown in figure 7. These data were used for verification. The simulation results are shown in figure 8.
It can be seen that the simulation reproduces the physical behavior of the plumes and the overall behavior of the pool. The differences in the global cooling rate can be explained by the fact that the actual version of the code is not capable to model the complex shape of the vessel in detail.  

The results are quite promising because they are not the outcome of a long optimization process but have been reached just in the first tests of the new scheme. 

Next steps for final verification

Until now only first steps of the code development have been carried out and it has been demonstrated that the new scheme works. The new convection scheme introduces four parameters, that can be adapted within reasonable limits:

1.  Size of the grid cell (=moving volume)

2.  Exchange time step, derived from the buoyancy

3.  Instability criterion (critical Rayleigh number)

4.  Cell mixing factor

In detailed calculations the influence of these parameters must be analyzed and rules for the values of these parameters must be derived. This can be done be comparing computational results with existing experiments and correlations. It would be very helpful if more experiments with detailed temperature measurement were available.

In a further step the interaction of the convection scheme with other models implemented in the code must be analyzed, especially the model for the horizontal circulation and the melt through algorithm. After that the interaction with the chemical diffusion model must be investigated.

Only after a successful execution of these steps the code can be applied to more complex convection problems like analyzing the RASPLAV and MASCA test and finally the real reactor situation.

Conclusions

A new convection scheme has been proposed that solves the problem of the long term behavior of molten pool convection in an approach different from the standard technique of simulation of physical processes by solving differential equations. The simulation divides the volume into small subvolumes that are allowed to move freely according to certain rules and that also allow the exchange of mass and energy among the volumes according to certain rules. In this way the typical drawbacks of differential equations like short time steps or mass and energy defects in long term calculation are avoided. 
The method is in an early stage of developments and the application to samples problems and some problems available in the literature show that the method works. Future work is required to extend the method to such a state that RASPLAV and MASCA experiments can be calculated.

It is also desirable that experiments with a special focus on the role of the plumes in the convection will be carried out. Only such reliable experimental data with detailed measurement of plume convection can provide a solid basis for verification and validation of the new scheme.
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Figure 2. Shadowgraph of  convection plumes
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Figure 3. Illustration of convection scheme
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Figure 4. Simulation of RB cell convection
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Figure 5. Simulation of RB cell – Long term behavior
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Figure 6. Nusselt numbers of high precision measurements for Ra=109
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Figure 6. Simulation of internally heated layer
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Figure 7. ACOPO temperature data ( red 1 cm below surface, black 4 cm below )
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Figure 8. Simulation of ACOPO test.
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