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Any object, wholly or partially immersed in a fluid, is buoyed up by a force equal to the weight of the fluid 

displaced by the object. 

Archimedes of Syracuse, On Floating Bodies. 

  



 
 

Preface 
Westinghouse Electric Sweden develops and licenses a flagship system code called POLCA-T in which is 

implemented a very simplified correlation for the buoyant self-mixing of inversely stratified cold and hot 

water. The author’s role in this work, and the goal and ambition of this project, has been to ultimately 

produce a modified, realistic correlation that more accurately models self-mixing with regard to key 

parameters involved. 

This work was produced by the author at Westinghouse, Västerås, Sweden, utilizing local resources such 

as computational software, computer cluster and consulting with local staff with experience in the field 

of CFD simulations. Both of my supervisors Ulf Bredolt and Milan Tesinsky have been of aid, giving 

feedback during the progress of this project. Ulf Bredolt has aided in most of the work with the POLCA-T 

system code, owned and licensed by Westinghouse. 

KTH Royal Institute of Technology, Sweden, supplied resources such as access to the Ferlin computer 

cluster. Professor Henryk Anglart at the department of Nuclear Reactor Technology has been my 

supervisor at the university, overseeing the progress and revising the work plan of my project. PhD 

student Roman Thiele at the same department is accredited for teaching the author most of the steps 

toward making the CFD model converge, as well as execution time optimization and utilization of the 

OpenFOAM distribution installed on Ferlin. He also supplied steam property libraries based on the 

IAPWS-97 work. 

All other work presented in this thesis has been performed by the author, if not otherwise referenced. 

  



 
 

Abstract 
This thesis describes a project devoted to enhancing the modeling of purely buoyancy-driven mixing in 

the nuclear reactor thermal-hydraulics modeling code POLCA-T, created and owned by Westinghouse 

Electric AB. Since the existing simple correlation was based on mere engineering intuition, concern has 

recently been raised on its validity. CFD simulations were performed with OpenFOAM and the density 

along the modeled pipe was normalized as a concentration profile, which could then be curve-fitted by 

an error function solving Fick’s second law of diffusion, enabling the modeling of the mixing as a 

macroscopic turbulent diffusion. This made possible a modification of the pre-existing mixing correlation 

in POLCA-T to correspond to a more realistic mass flux dependent on the diffusivity, in turn dependent 

on the density contrast, i.e. the Atwood number, and the pipe diameter. With this enhanced correlation, 

the impact of the modification was analyzed by performing POLCA-T simulations with the two 

correlations. 

A significant improvement of the mixing mass flow correlation was produced, however unexpectedly 

long execution times halted the refinement of the parameterization of the diffusivity. Thus further 

simulations are suggested with more detailed parameter variation, as well as mesh refinement for every 

case. 
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1. Introduction 
In the nuclear power generation industry much effort is put into ensuring the safe operation of a nuclear 

power plant. Nuclear power plants have to remain safe in normal operation as well as during transients. 

While nuclear power safety has always been a major topic, especially the three accidents of Three Mile 

Island-2 in 1979, Chernobyl-4 in 1986 and, more recently, Fukushima Daiichi in 2011 have further 

spurred the development of the field. Therefore there is widely accepted and validated knowledge 

relating to the thermal-hydraulics of nuclear power stations, as well as their response to transients. 

Transient analysis in WSE is the assessment of Boiling Water Reactor dynamics, stability and 

performance during transient conditions as well as accident mitigation. For this, Westinghouse relies on 

sophisticated thermal-hydraulics modeling codes, one of which is POLCA-T. 

Among the many safety systems of the plant are the HPIS1 and LPIS2, also commonly termed ECCS3. 

Their common ground is the use of reserve cold water storages to cool the core to prevent overheating, 

and in the worst case a potential core melt. As the mass flows in a nuclear reactor usually is in the order 

of several tons of water per second, the cold water mixes with the hot and reaches the core. In the case 

of coolant pump failure however, the mass flows of the primary coolant loop may stagnate, severely 

affecting the mixing of water. Thus an underlying correlation is needed in POLCA-T to describe the 

spontaneous mixing in stagnant conditions. This mixing is purely driven by the buoyant forces resulting 

from the large local density differences between the injected ECCS water and the hot coolant. This 

mixing mass flow is negligible in case a substantial circulation of the primary coolant is upheld. In rare 

cases, e.g. when a reactor in transient condition relies on passive convective circulation, the modeling of 

this mixing mass flow may be crucial to protection of the environment from a potential hazard. 

The purpose of this thesis has been to investigate the mechanism, and most importantly the rate, of 

buoyancy-driven mixing of inversely stratified cold water; this is also known as Rayleigh-Taylor 

instability. After obtaining knowledge on the phenomena involved, a way to construct a modified 

correlation for buoyant-mixing is developed and implemented into the POLCA-T system code in order to 

assess the impact of the change. Chapter 2 describes the theory related to the fluid mechanics of the 

mixing phenomenon, as well as the physics used to model the mixing, chapter 3 elaborates on the 

methods used during in this work, chapter 4 provides with results and section 5 finishes with 

conclusions and discussion. 

Recent work (da Silva, Thiele, & Höhne, 2010) described an experiment that injected water-glucose 

solution into water, in a vertical narrow tank, with an array of electrodes that enabled quantification of 

a 2D density profile for validation against CFD simulations with CFX11. Their work was however based 

upon an injected jet and its dynamics, as compared to the simpler modeling of a stagnant stratification 

in the present study. 

                                                             
1
 High Pressure coolant Injection System 

2 Low Pressure coolant Injection System 
3 Emergency Core Cooling System 
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Another research group investigated the turbulent mixing in a narrow, vertical column and produced a 

source of buoyancy by continuously adding heavy liquid to the top and removing liquid from the bottom 

(van Sommeren, Caulfield, & Woods, 2012). The development of the mixing region was studied, with a 

theoretical prediction of when the mixing front reaches the bottom of the tank. The growth was 

quantified as a function of tank width and a buoyancy flux, Bs, which depends on the reduced gravity 

and the injected mass flow. It was found that the height of the mixing region, h, depends on Bs1/6, t1/2 

and d1/3. 

A group of authors presented several reports (Debacq, Fanguet, Hulin, Salin, & Perrin, 2001) (Debacq, 

Hulin, & Salin, 2003) regarding mixing of water and salt solutions with different density in narrow, 

vertical tubes, being the only referenced group using a cylindrical geometry. A concentration profile 

resulting from the buoyancy-driven mixing following the collapse of a Rayleigh-Taylor instable 

stratification was modeled with an error function, expressing a turbulent macroscopic diffusivity. That 

the concentration profiles could be collapsed to be curve-fitted by the error function confirmed a 

development of the mixing region with t1/2. It was investigated how the diffusivity varies with Atwood 

number, tube diameter as well as viscosity, concluding that the variations are simply due to changing 

the local Reynolds number of the flow. The range of Reynolds number was however not large enough to 

entirely rule out another model of the growth for even more turbulent cases.  

Another group also performed exhaustive, recent work on the topic (Lawrie & Dalziel, 2011) (Lawrie & 

Dalziel, 2011) (Patterson, Caulfield, & Dalziel, 2006). The work continued on the path of Debacq et al in 

order to see if the mixing is proportional to t1/2. Both experiments and simulations on vertical cubic 

tanks were performed, expressing a potential energy available for mixing as well as a mixing efficiency. 

The study confirmed a previous prediction of the growth with t2/5, concluding that this is valid for higher 

Reynolds number than those investigated by Debacq et al, thus explaining the differing results. It was 

found that the mixing efficiency is invariable with Atwood number and independent on geometry, thus 

proving a universally useful way of expressing buoyancy-driven turbulent mixing. 

A recent interesting work in the field (Gréa, 2013) was modeled the Rayleigh-Taylor mixing zone growth 

parameter, α, by an analytical expression of the global mixing scalar, θ, and a dimensionality parameter 

taking into account the angle of the interface perturbation. In the field, α is commonly accepted as the 

proportionality between mixing zone height h and the Atwood number, gravity and time. The equation 

actually covers a great range of previous work, with a prediction of an initial rapid phase of mixing zone 

growth followed by a dampening to a steady growth. Although it is very interesting to find an analytical 

expression covering so much experience in the field, this approach felt unnecessarily complicated for 

the present work. Another interesting work (Banerjee & Andrews, 2009) investigated the effect on α by 

the initial conditions of the perturbation of the Rayleigh-Taylor instable interface, using Implicit Large 

Eddy Simulations. They also modeled individually the growth rate of top half of the mixing zone and the 

bottom half. 

Both the work of Dalziel et al and Debacq et al are of great use for this thesis. This work will follow the 

methodology performed by Debacq et al because of its relative simplicity and preferred way to model 

the mixing by diffusion, as well as because a CFD model of cylindrical geometry can be validated against 
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their work. In addition, our investigated Reynolds numbers seemed to mostly fall below the investigated 

range of Dalziel et al, but the possibility that the mixing follows a t2/5 proportionality instead of growing 

with t1/2 will be kept in mind in case a deviation from the error function modeling results from the 

simulations. It is also important to note that when the Reynolds number falls to low, the mixing can no 

longer be modeled with t½. During the progress of this work it was concluded that most systems 

modeled by the system code into which this mixing correlation would be implemented experience 

Reynolds numbers well above this limit, below which the fluids are completely separated and bypass 

each other in a counter-current flow (Debacq, Hulin, & Salin, 2003). 
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2. Theory 
This chapter explains the theory necessary to understand the methodology and interpret the results of 

this work. Elementary knowledge about the general field of fluid dynamics and heat transfer the 

discussed phenomena rely on will not be covered. 

2.1. Buoyancy 
Buoyancy is the net force acting upon a body due to the difference of its density from its surrounding 

medium. There are several approaches to define buoyancy; as a force, a mass or a density is common in 

the field. One way to express buoyancy is by substituting the mass of an object with its effective mass, or 

buoyancy mass also called reduced mass, i.e. 

         
  

  
      

where m0 is the true mass of the object in vacuum, ρ0 is the average density of the object and ρf the 

average density of the surrounding fluid. Applying this to mixtures of fluids, buoyancy commonly takes 

the form of the reduced gravity acting on a fluid parcel, expressed as 

 
     

  

  
      

where Δρ is the density difference between the two fluids and    is their combined average density. This 

expression can be further simplified using the Atwood number, At, which is used to characterize a 

certain state of mixing fluids. It is defined in equation 3; this produces further simplification of equation 

2, so that it takes the form of equation 4. 

    
             

             
     

             

More important for this work than the expression of the reduced gravity is the Atwood number itself, 

the reason of which will be explained later in the report. Here the reduced gravity was presented solely 

for readers interested in knowing the origin and use of the Atwood number, and its importance in 

characterizing buoyancy. 

In systems such as the one studied in this work, where the buoyancy rises from temperature gradients 

(e.g. in meteorology) it is not always trivial to measure the exact density of a fluid, where instead the 

temperature is known. The boussinesq approximation of buoyancy is a simplification where the density 

of a fluid is a function of the temperature 
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where ρ0 is a reference density, T0 the temperature at that reference state, T the absolute temperature 

and β is the thermal expansion coefficient of the fluid. Buoyancy can often be simplified in this way in 

Computational Fluid Dynamics, CFD. (Wirth, 2013) (Bird, Stewart, & Lightfoot, 2002) 

2.2. Rayleigh-Taylor instability 
The Rayleigh-Taylor instability, is the phenomenon of inversely stratified (that is, an unstable 

stratification) fluids of different density where the buoyancy forces are a driving force for the top fluid to 

penetrate the bottom layer. That is the topic of this thesis. There are numerous applications for this 

phenomenon, from the physics of simply mixing oil and water, to the phenomenology of collapsing 

stars. Due to the many fields in which this phenomenon occurs, the different stages of the instability 

propagation have been thoroughly studied. 

Even an inversely stratified body of water may in theory lie stable on a lighter fluid, if the interface 

would stay completely flat. In that sense, water would theoretically be able to rest upon air. The surface 

tension of this interface, however, is not strong enough to withstand any perturbing forces. It comes 

naturally that this disturbance will occur shortly after relaxing a heavy fluid resting on a lighter fluid, by 

any random or systematic motion of any of the fluids, resulting in a rapid collapse the interface. At this 

initial stage an accelerated collapse is seen, with an exponential interpenetration of the fluids. The 

lighter fluids rise as bubbles, and the heavy fluid descends as spikes. The developing spikes and bubbles 

are affected Atwood number; with the increasing density ratio, the descending spikes more resemble 

the rising bubbles. In the final stages of the Rayleigh-Taylor instability, these bubbles collapse due to 

drag forces between the fluids among other reasons, with a more turbulent mixing taking over. (Sharp, 

1984) 

There is a similar phenomenon known as the Kelvin-Helmholtz instability. This is the breakup of a stable 

interface of two fluids with a relative motion perpendicular to the interface plane, due to frictional 

forces. Perhaps the most beautiful and remarkable example of this phenomenon in nature is the 

infamous streaks of different gases in the atmosphere of Jupiter, visible as dark stripes, racing past each 

other globally, creating spectacular ripples and eddies as large as the earth itself. During the propagating 

Rayleigh-Taylor instability, as plumes of different fluids pass by each other, Kelvin-Helmholtz instabilities 

may occur and create ripples in the plumes, further enhancing mixing. These are part responsible to the 

breakup of the spikes and bubbles, as well as make the bubbles resemble mushrooms; mushroom 

clouds are also a result of Rayleigh-Taylor instability in the atmosphere. 

To understand the progress of the Rayleigh-Taylor instability in this work, simple 2D simulations of 

inversely stratified water of different temperature was made using COMSOL Multiphysics 3.5a with a 

modified premade template (University of Victoria, Dept. Physics and Astronomy). Figure 1, Figure 2 and 

Figure 3 present different stages of the developing Rayleigh-Taylor instability in these simulations. It is 

not important to state any specific parameters and states of the simulation here, since it is presented 

solely for pedagogical reasons. Note here that the bottom interface is inversely stratified and the top 
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one is stably stratified; thus mixing in the top layer is only achieved through momentum in the bottom 

two layers of water when circulated mixing has been established. 

 

Figure 1: Initial disturbance of inversely stratified water interface, with mushrooms starting to form, in simulated Rayleigh-
Taylor instability in COMSOL. 



13 
 

 

Figure 2: Propagation of mushrooms at the stage of breakup and mixing of water in a simulation of Rayleigh-Taylor instability 
in COMSOL. 

 

Figure 3: Late stage of mixing in the simulation of Rayleigh-Taylor instability in COMSOL. 
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2.3. Numerical methods 
This section briefly explains some important simplifications of the fluid mechanics used in the 

OpenFOAM model produced for this work, as well as the importance of the Courant number in CFD 

simulations. 

URANS 

The Reynolds-Averaged Navier-Stokes equations, RANS, are commonly used to model turbulent flows 

since their nature is otherwise rather complicated, and consists of a modification of the Navier-Stokes 

equations which has been decomposed into an average component and a fluctuating component. The 

properties are time-averaged, thus for transient cases which this work needed to model the Unsteady 

RANS, also sometimes called Transient RANS, are used to model the time-dependence. The Reynolds 

decomposition is the same as in RANS, for a velocity U is expressed as equations 6 and 7. 

 
   

 

  
       

 

  

     

                          

     

  
 

 

   
          

 

 

  

   
  

     

      
 

   
              

   
     

     

   
       

Here,    is the average velocity and u’ is the turbulent fluctuation term, which depends on what 

turbulence modeling one is using. The URANS is basically the same as the RANS, but with the time-

dependent term still present, as equations 8 and 9. 

Standard k-epsilon turbulence modeling 

There are several ways to model the turbulent fluctuations, each one more applicable than another at 

specific conditions. A commonly used model is the standard k-epsilon turbulence model. It models the 

turbulent kinetic energy, k, and the rate of its dissipation, ε, with two transport equations. 

The model has been validated for applicability in many cases of turbulent flows, while increased flow 

complexity and high pressure gradients have shown that this standard model is not as accurate (Bardina, 

Huang, & Coakley, 1997). As it is not the ambition of this work to dwell deep into the underlying fluid 

mechanics, but merely to apply universally accepted models, readers interested in the standard 

formulation of the k-epsilon turbulence model are directed to reference material (Launder & Sharma, 

1974). 
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Courant number 

In fluid mechanics, an important parameter for convergence of a simulation is the Courant number 

which should not be approached, nor be exceeded, in order to satisfy the Courant-Friedrichs-Lewy 

condition. The condition is expressed as equation 10. 

 
   

   

  
            

In transient simulations, Comax is usually set to 1, or sometimes even lower in order to ensure that a fluid 

parcel cannot bypass a cell of the mesh in an increment of time. In sophisticated CFD software one may 

enable that the program adjusts the time-step continuously in order to sustain the condition, which for 

this work is done in OpenFOAM with a Comax = 0.5. (Courant, Fredrichs, & Lewy, 1928) 

2.4. Fick’s laws of mass diffusion 
Fick’s first law of mass diffusion models the flux of an arbitrary quantity, e.g. the molar substance of  a 

certain species, proportional to the negative gradient of that quantity in space with the diffusivity of the 

species, described by equation 11. Here, J is the flux of a quantity φ,   is the customary nabla spatial 

gradient operator and D is the diffusivity of a select species. In this manner, expressed in one dimension, 

equation 12 shows the mass flux, G, as a function of diffusivity and the density gradient of the species. 

(Fick, 1855) 

             

 
    

  

  
      

Via derivation from Fick’s first law and the mass conservation, Fick’s second law of mass diffusion is 

obtained; see equation 13 for the general form. It describes the change in a concentration with time of a 

substance diffusing through solids and stagnant liquids (Bird, Stewart, & Lightfoot, 2002). Note that the 

equation does not consider production and removal of a species, for example by reactions; those terms 

are removed from the mass balance during derivation. Equation 14 is Fick’s second law’s analogue to 

equation 12 in one dimension, with the density correlated to a concentration profile normalized with 

the boundary values. 
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Here y is the spatial variable since this work has the ambition to model the water mixing rate as one-

dimensional inter-diffusion of water along a vertical pipe length. 

The solution of equation 14 is not trivial; in the many forms of diffusion of species, there are ranges of 

boundary and initial conditions that apply, for example a carbon concentration of unity at the surface of 

a steel slab into which carbon is to diffuse. Two solutions are commonly used; one expressed as an 

exponential function, and the other expressed as the error function in equation 15, which will be applied 

in this work. The derivation of these solutions will not be explained further, since this work only handles 

the application of this equation for modeling of diffusivity. For more details, please be advised to read 

established commonly accepted reference material for clarification (Bird, Stewart, & Lightfoot, 2002). 

               
 

    
       

Chapter 3 describes how equation 15 was curve-fitted to data from simulations, and how the derivative 

of the modeled curve was used to calculate the mass flux expressed as equation 12. Equation 16 is the 

interface between that derivative of equation 15 and the flux in equation 12, where ρh is the heavy 

water density and ρl the light water density. Do not mix this terminology up with the name of deuterium 

oxide, 2H2O. 
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3. Methodology 
This section begins with a description of the OpenFOAM model setup and the specific model used in this 

work, and is followed by a description of the validation of the model and the comparison with POLCA-T 

geometry executions. A description of the post-processing of data then precedes an explanation of the 

execution of POLCA-T codes. 

3.1. OpenFOAM 
OpenFOAM is an open source distribution of CFD and FEM4 software most commonly used in a Linux 

environment, containing many available solvers supplied with the distribution as well as the framework 

to create your own. 

OpenFOAM is chosen to be used in this project for several reasons: it is free to use, and colleagues 

already had some experience with the program. The lack of a GUI makes it difficult to learn and use, but 

the need for full insight ensures full control of your model. 

OpenFOAM uses a range of solvers to solve user-defined cases; throughout the rest of the report the 

term case will be used to identify a model to be solved by a solver. A case contains all necessary data to 

explain the model and is divided into a couple of default subfolders as shown in Figure 4. 

 

Figure 4: The basic folder hierarchy of cases to be solved with OpenFOAM. Blue: folder, red: text input file. 

A case is solved by executing the solver in its root directory. Three subfolders are necessary to run: 

System, Constant and 0, if the simulation is to start at the time zero seconds. 

                                                             
4 Finite Element Method 

Case folder 1 

constant 

polyMesh 

blockMeshDict 

boundary, faces, 
points, ... solver properties 

(turbulence, 
thermoPhysical, 

gravity) 

system 

controlDict and 
dictionaries for 
add-on utilities 

fvSolution, 
fvSchemes 

0 
U, p, p_rgh, T 

and other 
parameters 

Case folder 2 
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Constant contains the mesh, which is usually created by the blockMesh utility from a blockMeshDict 

input file describing the geometry and the basic properties of different faces. It also contains the 

turbulence properties as well as the gravity model, and more importantly the thermophysical properties 

of the simulated fluid(s). Section 3.1.2 will provide more details on those physical properties further. 

System contains the controlDict that explains simulation and data writing time steps as well as limits on 

the Courant number. If startTime is set to 0, the 0 folder is necessary for initialization. fvSchemes 

contains information on which numerical methods are used to solve different parameter fields. 

fvSolution contains solver properties such as individual parameter tolerances, maximum number of 

iterations, number of outer iterations, if such are to be performed, and parameter relaxation factors. 

How these parameters were adjusted in order to balance convergence and execution times is more 

thoroughly described in section 3.1.2. The system folder also contains any other dictionaries for utilities 

that were found useful; these are mentioned in section 3.1.2 as well. 

The 0 folder contains the parameters that initialize the solution, such as temperature, velocity and 

pressure. These input files set an initial value of the different parameters, and define their boundary 

conditions at the faces created by the mesh. For example, the temperature file is created by mapping on 

the mesh cells the stratified cold above hot water with different temperature, and boundary conditions 

set to zeroGradient in all walls to disable heating/cooling at those interfaces. 

Solver 

As mentioned earlier, several standard solvers exist supplied with the OpenFOAM distribution that are 

suitable to simulate the buoyancy-driven mixing in a pipe with stagnant and inversely stratified water. 

The most demanding requirement is that the solver shall perform transient computations rather than 

obtaining a steady-state solution. A solver named BuoyantPimpleFoam is of interest as it can perform 

simulations with compressible fluids, turbulence, multiple phases and heat transfer, and solve transients 

as well. This is one of the most diverse solvers to use for this purpose. Another solver, however, could 

have simplified calculations by using the boussinesq approximation, namely 

BuoyantBoussinesqPimpleFoam. Despite that fact, BuoyantPimpleFoam was chosen to ensure that 

buoyancy is a function of density, and not of temperature, as is the case with a form of the boussinesq 

approximation. BuoyantBoussinesqPimpleFoam was thus not looked into further. For a brief explanation 

of the different default solvers supplied with the OpenFOAM distribution, see the OpenFOAM website 

(The OpenFOAM Foundation). 

Model 

A premade case was adapted and modified to represent a vertical pipe containing only liquid water, 

with an interface between the cold and the hot water in the center. Thereafter the geometry was with 

little effort modified for different pipe diameters and lengths. 

The solver uses the URANS equations, as explained in section 2.3, with the k-epsilon model. Large Eddy 

Simulations, LES, can also be performed, but such detail was deemed to result in unnecessarily long 

execution times. 
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The file thermoPhysicalProperties is written to correspond to water of desired properties. The model 

was validated against an experiment performed at atmospheric pressure; this justified setting the model 

properties to solve for incompressible fluids, which is proper for water at atmospheric pressure. More 

importantly, the great difference between the reference work and the capabilities of OpenFOAM is that 

in the reference the density was varied by modifying the water chemistry, i.e. by mixing water with salt 

solution. The viscosity was constant which was easily done in the model as well. The density was 

modeled with a temperature difference instead of a salt concentration. For this not to impair the 

validation, heat transfer was disabled by setting the thermal conductivity coefficient to zero. Data was 

collected from the NIST water property database (National Institute of Standards and Technology), and 

MATLAB was used to create polynomials expressing the important transport and thermal properties 

valid in the chosen parameter interval. See appendix A.1. thermoPhysicalProperties for the complete 

input file. 

In the OpenFOAM models simulating POLCA-T geometries with pressures of 7 MPa, a compressible 

model was used. Water property libraries, based on the IAPWS-IF97 work (The International Association 

for the Properties of Water and Steam, 2007), were integrated into the OpenFOAM distribution, ready 

with properties as functions of the basic state parameters pressure and temperature. Aid with this 

implementation was thankfully received from Roman Thiele at the department of Reactor Technology, 

KTH. 

Several mesh designs were considered. OpenFOAM finds it easy to solve the meshes based on 

hexahedron cells, more specifically four-corner faces extruded in the Y-axis, created by the standard 

blockMesh utility. The geometry of the models produced in this work is purely cylindrical, and the mesh 

was designed by dividing this cylinder into 5 blocks: A central symmetrical cuboid block, and four 

surrounding blocks with arced edges. This design was chosen due to the possibility of creating it with the 

blockMesh utility, the preservation of cell aspect ratio throughout the cross-sectional geometry and its 

simplicity. See Appendix A.2. blockMeshDict for a sample blockMeshDict input file for the blockMesh 

utility, and Figure 5 for a top-down screenshot of such a mesh design. 
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Figure 5: Top view of the special hexahedron block-based mesh design used in OpenFOAM for this work. The design hints 
that an initial disturbance of the stratified interface will occur with fourfold symmetry for numerical reasons. 

It is important to note that, as can be directly seen in the figure, this radially asymmetric geometry 

results in an initial disturbance of the Rayleigh-Taylor unstable interface, since the greatly decreasing 

cell sizes towards the corners of the center cuboid of the mesh gives rise to purely numerical differences 

in parameter values. This is positive for the present work because there is no need to manually map an 

initial perturbation across the stratified interface. 

setFields, decomposePar and renumberMesh are standard utilities used to aid in the set-up and solving 

the case. The setFields utility is used to manually change the value of all cells positioned inside a defined 

volume; this is used to make half of the water contained inside the pipe colder than the initially hot 

water. Note that any boundary conditions set before the initiation of setFields are kept. For a sample 

setFieldsDict input file, see Appendix A.3. setFieldsDict. 

decomposePar is a utility used to decompose the model into several parts preceding running the 

simulation on multiple CPU-cores; thus the number of parts to decompose the model into, and how this 

is performed in space, is set in a decomposeParDict file; a sample of such an input is supplied in 

Appendix A.4. decomposeParDict. The command was executed in scotch mode, automatically selecting 

in which manner to decompose the geometry for optimal execution times. 

renumberMesh is a very important tool that makes it faster to solve the different fields of the model. 

When the mesh first is created, OpenFOAM numbers the cells in the order they have been defined in 

the blockMeshDict dictionary. OpenFOAM by default computes everything in the order of the cell 
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numbering, which is obviously not optimal. The renumberMesh utility is used to renumber the cells in a 

better order for optimized execution times. 

Convergence 

Most of the time working with OpenFOAM was spent on managing to create a model that does not 

diverge. Many setbacks were encountered that made the physics unrealistic; sudden acceleration of the 

fluid towards edges and corners, with vast pressure differences, occurred. This was later, with help from 

Roman Thiele, realized to be due to the nature of the boundary conditions in the pressure input files p 

and p_rgh; the total pressure and the pressure without the hydrostatic difference, respectively. Initially, 

the troubles and experiences of other OpenFOAM users inspired the design of the model and the solver 

to initialize a mapped hydrostatic pressure, similarly to using the setFields to map the temperature, and 

calculate p_rgh. This was later realized to be a bad idea for this work, because it is easier for the 

simulation to converge by initializing p_rgh and calculating the hydrostatic pressure thereafter. Also, 

initially the wall boundary conditions were set to zeroGradient and later changed to fixedFluxPressure. It 

would still take 300-2000 iterations at every time step for the solver to calculate the p_rgh field with the 

required tolerances, while all other parameters only required about one. See Appendix A.5. p_rgh for a 

sample p_rgh input file; all other parameter are initialized in the same manner, making it unnecessary to 

present all of them here. 

fvSchemes sets what numerical schemes to use when solving the different parameters in the model; 

credit goes to Roman Thiele for setting this up correctly for convergence. fvSolution was also modified to 

ease convergence by introducing relaxation factors of 0.5 for all parameters, which was later increased 

to 0.7 to further optimize execution times. Outer iteration loops were also set up in this file, initially to 

three loops but was later on lowered to two for faster execution. The file also contains the allowed 

tolerances in the computed parameters; see Appendix A.6. fvSchemes and A.7. fvSolution for fvSchemes 

and fvSolution sample files, respectively. 

After convergence had been achieved some relative comparisons between mesh set-ups were briefly 

performed before the validating simulation was initiated. After comparing coarse and fine meshes for 

full-size cylinder geometries and a quarter-slice one with periodic boundary conditions, a full-size 

cylinder with a coarse mesh was selected due to great differences between full-size and quarter slice, 

and because of the relatively close results obtained by the coarse and the fine meshes. This selection of 

mesh resolution was later to be re-evaluated after observing a deviation from reference material in the 

results. 

Post-processing 

ParaView, integrated into OpenFOAM and using the utility syntax paraFoam, is perhaps the most 

common visualizer for use with OpenFOAM, and was used in this work as well. Some manipulation of 

data was however needed in order to receive an average density as a function of pipe height; the cell-

wise density distribution for each time was exported together with the indices of the eight points 

enclosing each cell. Two algorithms were created with MATLAB in order to transform exported the raw 

data into a form that could be modeled by concentration profiles solving Fick’s second law. 
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rhoData is the main program that first imports the points constituting the mesh of the geometry, 

points0.csv, exported with the Save State function in ParaView. It then reads the exported densities for 

each cell in rho_cellsPointsXXs.csv, where XX is the selected written simulated time, which also contains 

indices for the eight points constituting every cell. 

It then calls for rhoCell that collects the densities of each individual cell and its corresponding center 

y-coordinate. It also calculates the cross-sectional area of the cells. 

Subsequently rhoAve is called for. This code receives the output of rhoCell as an input and is the 

function that needs the longest computational time. It sorts the cell data by their y-coordinates, groups 

together all cells at a certain height of the pipe and from there calculates the cross-sectional average 

density along the pipe height. See Appendix B – Post-processing MATLAB codes for the post-processing 

MATLAB codes. 

The minimum and maximum densities of these data vectors are used as boundary values for a 

concentration profile along the pipe, ranging from 0 to 1, bottom to top. In these profiles it is easily seen 

when the mixing region reaches the top and/or bottom of the pipe. As the CFD-model can obviously not 

be made infinitely long, only data from before the point when the mixing region reaches the bottom of 

the geometry is used for mixing rate correlation. After that point, there is less buoyancy available to 

drive the mixing forward, and the concentration profiles will no longer match the error function that 

solves Fick’s second law of diffusion. For the first case the error functions were fitted as the equation 

                        

 
  

 

    
      

but in subsequent cases only one unknown parameter, b, was modeled by the more proper equation 14. 

This is because it was realized that a and c simply are used to scale the concentration interval down, and 

to shift the concentration into the positive domain, respectively. 

                            

Finally, the diffusivity of a specific case was simply extracted from the b coefficient. See Appendix B for 

the MATLAB codes rhoData, rhoCell and rhoAve. The derivative of equation 19 is given in equation 20; it 

is presented here instead of in chapter 2 because of its relevance to equation 19 instead of equation 20. 

Note that d is simply b with the factor two and time extracted, and is used in equation 20 solely for 

pedagogical reasons. 

 
  

  
 

         
  

    

  

  
      



23 
 

 
  

 

  
      

This way, equations 12, 16 and 20 are used to calculate the mass flux for implementation into POLCA-T. 

3.2. Model validation 
When a working model had been created it was prepared to be validated against the reference material 

by Debacq et al (Debacq, Hulin, & Salin, 2003). For the shortest possible execution times the largest 

referenced tube diameter was chosen, that is 44 mm. A constant average kinematic viscosity of 10-6 

m2/s was selected and the temperatures set to 300 K and 370 K corresponding to referenced ranges of 

Atwood number, at about 10-2. NIST water properties for atmospheric pressure and at the selected 

temperature range were used to create water property polynomials in MATLAB, which were set 

together with an incompressibility criterion in the thermoPhysicalProperties file. Since the largest 

observed tube length in the reference was two meters, this was also set as the model pipe height for the 

simulation instead of the actual reference tube length of four meters; this also in order to minimize 

execution times. The simulation was run for 700 seconds with data collected every 50 seconds up to 300 

seconds of simulation time, and then every 100 seconds for the remainder of the simulation. Collected 

data were first qualitatively analyzed in ParaView in order to confirm that the model is physically 

correct, and then post-processed with MATLAB, with the methods described in section 3.1.4, in order to 

confirm a development of the concentration profile with t½. 

After a confirmation of the physical correctness of the model, however with an absolute deviation of the 

diffusion coefficient, the validation model was run again with a much finer mesh but only up to 

100 seconds of simulated time with a preliminary idea of the cause of this deviation. 

The aspect ratio of the tubes from the reference material is large, resulting in a great number of cells 

and a pressure field that requires over a thousand iterations to solve with good accuracy. This resulted 

in a troublesome path toward receiving data for validation. The numerical settings of the model were 

adjusted and the tolerance of the pressure field slightly lowered in order to greatly lower the execution 

times. At first, there was only access to a local workstation with eight processor cores. The validation 

case could later be run on a computer cluster node at Westinghouse with 16 processor cores, and 

subsequently on the KTH super-computer cluster Ferlin, using 40 out of the accessible 4096 cores. This 

was absolutely necessary in order to solve the validation case with a finer mesh. Due to permission 

problems and long waiting times for administrative work, access to resources could not be gained fast 

enough for thorough variation in parameters to be performed. 

3.3. Simulations 
OpenFOAM cases modeling geometries simulated in POLCA-T were prepared with rough parameter 

variation in order to obtain an enhanced correlation dependent on diameter and Atwood number. As 

well as in the validation case different mesh resolutions were compared, with the finest mesh being the 

one that would not obtain a substantially different diffusion coefficient, if further refined. After such a 

comparison, the meshes of the remaining cases in the simulation matrix were modified for conservation 

of cell size and aspect ratio. 
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In these simulations the IAPWS-97 water property databases were used in order to cover all relevant 

parameter ranges in a possibly compressible fluid. The resulting diffusivities dependent of Atwood 

number and pipe diameter were used together with the driving force of the mixing mass flux in order to 

modify the existing buoyant-mixing correlation in POLCA-T, and the impact of this change was 

investigated. 

OpenFOAM 

The parameters varied between the different cases were the pipe diameter, the Atwood number (i.e. 

the temperatures) and the mesh resolution. This choice was made as a reduction from a larger test 

matrix that also intentionally varied the viscosity, pipe bottom boundary inlet velocity and an injected 

momentum of cold water; only the most crucial parameterization was selected for necessity, and to 

reduce the required number of simulations. Table 1 shows the simulation matrix. Note, as previously 

explained, that the physical properties are controlled by the state parameters pressure and 

temperature. All of these cases were predicted to have high enough Reynolds numbers to enable the 

growth with t½. 

Table 1: Simulation matrix for comparison between CFD and the POLCA-T correlation of the buoyant mixing velocity. Colors 
highlight the parameter variation. Tc and Th are cold and hot water temperature, respectively. µav is the average dynamic 

viscosity of the two water bodies of different temperature. 

Nr. P [Mpa] Tc [k] Th [k] At [#] µav [Pa*s] d [dm] Mesh Mesh cells 

1 7 370 470 0,04970 0,00022 2 Coarse 0.27M 

2 7 370 470 0,04970 0,00022 5 Coarse 1M 

3 7 370 470 0,04970 0,00022 8 Coarse 1M 

4 7 330 348 0,00499 0,00044 2 Coarse 0.27M 

5 7 330 520 0,10060 0,00030 2 Coarse 0.27M 

6 7 370 470 0,04970 0,00022 2 Fine 0.9M 

7 7 330 364 0,01798 0,00042 2 Coarse 0.27M 

8 7 370 470 0,04970 0,00022 5 Fine 2.51M 

9 7 370 470 0,04970 0,00022 8 Fine 2.44M 

10 7 370 470 0,04970 0,00022 5 Coarse 2M 

11 7 370 470 0,04970 0,00022 8 Coarse 2M 

 

This simulation matrix gives the simplest possible parameterization of the diffusivity by the Atwood 

number and the pipe diameter, and covers the property ranges modeled in POLCA-T. The accuracy of 

the resulting correlation, as well as any advice on how to improve it with further work, is discussed in 

chapter 5. 

All cases are 4 meters of pipe length with the initial inverse stratification situated in the center of the 

pipe; this can be seen in the representation of case number 1 in Figure 6. This snapshot is taken 

5 seconds into the simulation using ParaView, where plumes of water can be seen penetrating in both 

directions away from the original stratified interface. This density field, not cell-to-point filtered, is 

viewed in the spreadsheet mode at a selected time, and the cell point indices are added to the 
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spreadsheet; this function is possibly not available in old versions of ParaView. The export scene function 

is used to save this spreadsheet to a rho_cellsPoints#s.csv, for time # seconds. The save data function is 

used to save all point coordinates and indices into points0.csv. These .csv-files are read during post-

processing by the rhoData MATLAB program. 

 

Figure 6: Caption of the density field in a 2 dm pipe of case 1, 5 seconds after relaxation of inversely stratified water 
interface. 

POLCA-T correlation 

In order to assess the effect of the modified buoyant mixing correlation on the result of POLCA-T 

simulations, the different cases of the simulation matrix were tested in POLCA-T. The code was first 

executed with the original mixing mass flow correlation, and then with the modified expression by the 

following manner. 

POLCA-T models the thermal hydraulics of multiphase flows as well as coupling between nuclear fission 

and heat transfer to the coolant. In this work, however, only vertical pipes with cold water injected into 

a stagnant hot water body were modeled, with varying diameter and water temperatures. The pipes are 

modeled in one dimension, with a nodalization of one cell per meter in this work. The code does not 

distinguish between stratified water bodies in the same cell, and the purely buoyancy-driven mixing is 

super-positioned with the forced turbulent convection. Equation 22 shows the mixing correlation used 

in the code, which expresses the mass flow exchanged between two cells containing water with 

different average density. 



26 
 

                        

 
                            

  

  
      

Wmix is the mixing mass flow, dependent on the cross-sectional area A and the densities ρc and ρh of the 

cold and hot water, respectively. It is the coefficient Umix that is to be modified in order to represent a 

correct mixing velocity, dependent on a parameterized diffusivity. At first, it was of interest to simply 

change the Umix to another constant value, which with preliminary estimation would be lower by one or 

two orders of magnitude. This ambition was however found difficult since the low mixing velocities are 

greatly dependent on the local density profile, rather than the global average density difference. Thus 

the analytical solution to the error function encompassing the concentration difference, i.e. equation 20, 

was used to calculate the driving force of mixing for a certain case, and a proper mass flux calculated. 

Umix may then be modified in order to correspond to the proper mixing velocity, in order to ensure that 

the mass flux of equation 23 has realistic dependencies on the important investigated parameters. This 

correlation was performed by equations 24 and 20. This is the ultimate ambition of this work. 

 
      

 

     

  

   
      

It is only necessary to know the enthalpy of water flowing into a cell for the implementation into 

POLCA-T. It is thus only necessary to implement the mass flux at the interface of original stratification as 

the flux between two nodes in the code. As will be seen later in the results, this mass flux rapidly 

stagnates after mixing commences; note however that the mixing will change the average density of two 

connected nodes, after which mixing will commence in the adjacent ones which is how the cold water 

will spread along the pipe. 

A problem with implementing this analytical solution into POLCA-T is the time dependency; the equation 

for the driving force would be calculated for y = 0, thus simplifying the expression further as the 

exponential function becomes unity. When to initiate time, however, is not trivial when the code has a 

general suite of applications, where the heavier water body can be introduced whenever, and not solely 

in the beginning of the simulation. It would be the best case if the problem of having to define when 

time is initiated could be avoided, but this is not the only problem; the diffusivity also changes with time 

as the mixing propagates. 

Due to these troubles, as an initial modification of the existing mixing correlation in POLCA-T the density 

gradient will be linearly interpolated between two nodes, with the modification of the Umix correlation 

as a function of the parameterized diffusivity. This will of course underestimate the mixing velocity 

significantly, since the extremely sharp density gradient one can receive when introducing a substantial 

amount of heavy liquid should in reality lead to a driving force perhaps an entire order of magnitude 

larger than the average one. 
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With this linearly interpolated density gradient between the average densities of two adjacent nodes in 

POLCA-T, Δρ and    in equation 24 cancel out, leaving Umix as the negative D over the distance between 

the nodes which is equal to the node length. Bearing in mind that Wmix is a mass flow simultaneously 

flowing into both nodes, the negative sign can be disregarded in the correlation. It became apparent, 

however, that this would result in a mass flux far too low, perhaps even an order of magnitude lower 

than in reality. 

Thus, another way of simplifying the implementation was suggested, that depends on something else 

than the time and an initial state. As POLCA-T calculates the average density from state parameters in 

every node, every time step, a change of approach was found. It was suggested that equation 20 can be 

initialized in every time step, using the instantaneous average densities of the nodes instead of initial 

boundary values; this approach is expressed as equation 25. 

   

  
 

       

    
                       

For the sake of being the most conservative without underestimating the mass flux, the instantaneous 

time step in POLCA-T is then used as the time variable in each initialization. Note that equation 20 is 

evaluated in y=0 since that is where the boundary between the nodes is situated. It is apparent that the 

time variable will affect the driving force more than the changing density. Therefore one may predict 

that for very small time steps, there will be a large initial mass flux after which the density gradient, 

perhaps more rapidly than the real solution, evens out and the mass flux lowers. It is also noted, that if 

the time step varies much between increments of time, the mass flux will form a staircase-shape; it is 

however mainly the integral mass of water transferred between nodes during a certain time of 

simulation that is interesting to compare between this simplification and the analytical expression. The 

applicability of this modified approach is discussed in chapter 5. 

POLCA-T execution 

The general ambition of this work is a modification of the source code of POLCA-T for proper modeling 

of the buoyancy-driving mixing between nodes. For this work, however, it was only permitted, and less 

time-consuming, to modify the input files of a POLCA-T execution in order to assess the feasibility of the 

suggested correlation in the form of a constant mixing velocity. 

The input file umix-vertical-column-case1.in is the input file for a geometry and state corresponding to 

the case 1 OpenFOAM simulation. It first sets some execution parameters, such as time steps and 

execution time, followed by any wanted physical constraints, cell-wise boundary conditions and such. 

Another input file is included, umix-case1.incl, which simply sets the individual Umix parameter for the 

individual nodes of which the simulated vertical pipe consists. An important difference between the 

POLCA-T system simulations compared to the stratified OpenFOAM simulation has an impact on the 

comparability between them: the simulation, quite obviously, initiates with a steady state solution 

before any transient is initialized. Thus a cell cannot be initialized with a perfectly inversely stratified 

body of cold water, since this is by all means an unstable initial state. A mass flow of water is instead 
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injected into a node in the center of the pipe, and for best comparability this is set large enough in order 

to rapidly ensure enough buoyancy, i.e. filling the cell with cold water, for the turbulent diffusion into 

the cell below to be comparable to the OpenFOAM case of a relatively infinite source of buoyancy. As 

was realized an injected mass flow of about 1 kg/s seemed proper enough for the case 1 simulation. 

First of all, the linear interpolation between the average densities is implemented into the umix-

case1.incl file. Since the cell length in this case happens to be 1 meter, the Umix coefficient will simply 

equal the diffusivity in every node. Then the second, more improved implementation is tested by setting 

Umix to correspond to the mass flux resulting from the driving force of the initial density difference in 

equation 25; this is this is expected to overestimate the mass flux. This is compared to the case 1 

OpenFOAM simulation by computing the average density in the first 1 meter below the initial stratified 

interface, properly corresponding to the bottom node of two which exchange water in POLCA-T. Finally, 

after the integral mass flux from equation 25 initializing in every time step is predicted an average mass 

flux resulting in that integral over the simulated time is tested in POLCA-T in the same manner. 
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4. Results 
Section 4.1 details preliminary conclusions drawn from the first simulations performed in order to 

estimate required mesh fineness as well as whether or not it is possible to simplify the geometry by 

symmetry or periodic boundary conditions. Section 4.2 presents the results received from the validation 

of the model, section 4.3 describes the results obtained from the POLCA-T geometry simulation matrix 

cases and section 4.4 shows the comparative results of the POLCA-T executions with and without the 

modified mixing correlation. 

4.1. Preliminary mesh and geometry simplification comparison 
Figure 7 shows a tilted 3-dimensional view of streamlines produced in ParaView for a model of a pipe 

with a diameter of 2 cm and a reduced length of 30 cm. The model compares a full-size pipe with a 

quarter-slice with periodic boundary conditions. It was expected that the quarter-slice pipe would have 

a different flow regime, as is evident from the streamlines noting that mixing is more efficient in the 

large model. The color code shows the result of this increased mixing; a lower temperature of the 

hottest water in the bottom. It was thus decided that a full-size pipe was to be modeled. 

 

Figure 7: 3D-plots showing streamlines of mixing water in a quarter-slice pipe with periodic boundary conditions (left) next 
to a full-size pipe section (right). Color: Temperature in Kelvin. 
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Figure 8 shows the value of the vertical velocity component across a center slice of the pipe, as in Figure 

7 with the quarter-slice next to a full-size pipe. As Figure 7 also confirmed, one can see that there are 

more regions of water circulation in the full-size model than in the quarter slice. 

 

Figure 8: 2D cross-sectional slice of a quarter slice of a pipe (left) next to a full-size pipe section (right). Color: Vertical velocity 
component in m/s. 

Figure 9 shows the temperature distribution of the water across a center slice of the pipe. This further 

confirms the need to model the mixing in a full-size geometry. 
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Figure 9: 2D cross-sectional slice of a quarter slice of a pipe (left) next to a full-size pipe section (right). Color: Temperature in 
Kelvin. 

Table 2 shows a summary of the investigated parameters at this stage of the project. A comparison 

between a relatively coarse and a fine mesh was performed, in order to determine what mesh 

resolution to begin with; this comparison was very brief, and set a starting point for the continued 

simulations. A more thorough mesh coarseness comparison was performed later on, since this 

preliminary comparison could not be conclusive at this point. It was noted that the difference was not 

significant, so the work progressed with the coarser mesh. 
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Table 2: Summary of observed parameters in order to determine if the model could be simplified as well as to investigate 
necessary mesh roughness to begin with. 

Geometry Temperature, T [K] Vertical velocity, Uy [m/s] Density, ρ [kg/m3] 

Periodic quarter-slice 523-336  0.049-0.032  803.5-985.7  

Fine mesh, full-size 471.1-337.9  0.089-0.106  872.1-984.7  

Coarse mesh, full-size 477.8-335.7  0.118-0.109  864.3-985.9  

4.2. Validation case 
A tube of 44 mm in diameter was modeled, being the largest tube in the work by Debacq et al (Debacq, 

Hulin, & Salin, Buoyant mixing of miscible fluids of varying viscosities in vertical tubes, 2003), and the 

two meters of the tube was modeled as compared to the reference full-size of four meters; this had to 

be done in order to solve the case in a reasonable time span, i.e. days instead of months. 

Coarse mesh validation case 

 

Figure 10: Cross-section average density distribution along pipe length, in distance from the original stratification interface, 
at selected simulated times of the validation case simulation. 
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Figure 10 shows the density distribution along the pipe length for selected recorded time intervals. This 

was immediately recognized as the density profile expected from the work of Debacq et al, and Figure 

11 further confirms it. It shows the concentration profile, expressed in the range between 0 and 1 

representing the boundary minimum and maximum density values of the simulation, respectively. The 

distance from the original stratification interface is normalized against the square root of lapsed time, 

showing a clear collapse of the data sets as expected. This type of curve is analogous to the error 

function that solves Fick’s second law of diffusion. 

 

Figure 11: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
validation case simulation. 

The curve-fitting tool in MATLAB was used to fit error functions to the data sets, and a mean diffusivity 

of 2.13E-4 m2s-1 was calculated for this specific case. Figure 12 shows selected data from Figure 11 with 

the curve-fitted error function using the mean diffusivity. The error function fits the data fairly well. The 

driving force for mixing is initially infinite and quickly decays as the mixing region spreads around the 

interface of initial stratification. See Appendix C.1. Validation case for a plot of the density gradient as 

the driving force for mixing, at selected times. 
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Figure 12: Cross-section average concentration along pipe length, in distance from the original stratification interface 
normalized by the square root of time, with curve-fitted error function. Validation case simulation. 

More importantly for the validation of the model the propagation of the mixing zone front had to be 

observed somehow. This was performed in quite the simple, primitive way but the result is regarded as 

satisfactory. In ParaView the threshold filter was used with set boundary values of the density just inside 

the outer density interval limits; thus only the mixing water would be plotted and the boundary values 

left out, as shown in Figure 13. Several other time steps were also investigated, and ocular investigated 

concluded that the front velocity, Vf, was about 0.005 m/s. In order to verify that the physics in the 

model indeed correspond to reality, the ratio between the diffusivity D and the product front velocity Vf 

and the diameter d was calculated in order to see that it falls in with data from the last figure in the 

report by Debacq et al. Their results predicted that above a certain Reynolds number the ratio D/(Vfd) 

shall stay constant around 1.2, which this validation case simulation satisfied with a value of 1, with a 

note on the relatively large data spread in the reference work. The same verification was produced with 

the case 1 simulation of POLCA-T geometry, and it was also satisfactory with a value of about 1. There is 

of course also an error lying in the graphical interpretation of the mixing front boundary, as well as the 

use of the center slice for this, not taking the depth of the front into consideration. The non-dimensional 

ratio is however deemed as close enough for proving the validity of the physics in the simulations. The 

diffusivity resulting from the validation case, that is 0.000213 m2/s, did deviate from the work of Debacq 

et, being about a factor 3 too small; since the physics seem correct but there is a deviation in the 

absolute value of the diffusivity, this was believed to be accounted for by not having a mesh of high 
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enough resolution. Since the cell size directly sets the average mass transport distance by a turbulent 

eddy, it seems reasonable that a mesh too coarse simply simulates a smaller tube, which was found 

when the diffusivity was in a range proper for smaller diameters investigated by Debacq et al. (Debacq, 

Hulin, & Salin, 2003) 

 

Figure 13: Snapshot from vertical center slice of simulated validation case pipe, with threshold filter to show the mixing front 
outlined. 

Fine mesh validation case 

Appendix C.1. Validation case shows the data from the fine mesh validation case, and the diffusivity was 

calculated to equal D = 0.000254 m2/s. This brings the result closer to the reference work with mesh 

refinement, as expected and hoped for. The mesh cells are already millimeters in size, so that further 

mesh refinement requires vast computational power. An even finer mesh of the validation case was 

tested, this time shortened to a 0.3 meter pipe section in order to finish the simulation in days. The 

small length, however, made sure that the mixing development could not be properly collapsed; a much 

higher length to diameter aspect ratio is required. 

LES fine mesh validation case 

Since the deviation still is quite substantial a Large Eddy Simulation, LES, validation case was 

constructed, with standard default parameter values of the LES model; these can be found in Appendix 

A.8. LESProperties. LES skips the turbulence modeling and simulates the turbulent eddies instead, and is 

usually only used when the actual nature and impact of the individual turbulent eddies are of interest to 

analyze. A much more violent mixing was observed, the mixing zone reaching the bottom of the pipe 

section in mere seconds. Figure 16 shows the concentration profile, and the first data set was curve-
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fitted following by the calculation of the diffusivity. This was half the size of the fine mesh diffusivity and 

no collapse of the profiles was seen. 

 

Figure 14: Concentration profile of LES execution of the fine mesh validation case, 0.3 m pipe section. 

Mass flux from driving force 

Finally it was important to test the proposed way of implementing the mixing correlation into POLCA-T 

by initialization in every time step. Since the validation case has a very long execution time, with non-

violent mixing resulting in the smallest fluctuations in the concentration plots of all the cases, the 

method of simplifying the driving force was tested with validation case properties. Appendix C.1. 

Validation case shows the development of the density gradient with time for this case. Figure 15 shows 

a comparison between the mass flux evolving in time from an initial state, and the flux from the 

modified correlation that initializes in every time step. The first graph is continuous with time, and the 

other one is calculated in increments of time from the post-processing of ParaView data. The time steps 

for the second graph are 1 second, increments of 10 s up to 100 s followed by increments of 

100 seconds. Noteworthy is that since the driving force does not decrease with time, but with density, 

the rate at which it decreases is lower for a set time step, explaining the step jumps in flux. Since this 

data is based on the volume average densities from the OpenFOAM simulation, the mass flux in this 

calculation is higher since it assumes a stratification of the average densities; actually, a higher mass flux 

will of course lower the densities faster, ensuring a more proper feedback than in Figure 15. A 

comparison thus has to be made by actually implementing the method into POLCA-T so that a proper 

feedback between mass flux and density leveling is calculated. 
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Figure 15: Mass flux from Fick's first law and density gradient as driving force. Blue: Analytical expression, initialized from 
boundary density values. Red: Density-varying simplification, with time step as the time variable. Note: The staircase jump is 

due to an increase of time step from 10 s to 100 s. 

For trial in POLCA-T, this mass flux comparison was made for the case 1 OpenFOAM simulation. 

4.3. Simulation matrix cases 
Case 1 

Figure 16 shows the cross-sectional average density distribution along the pipe length of the case 1 

OpenFOAM simulation in Table 1. As compared to the validation case results these show more violent 

fluctuations in the profile, recalling the much greater Atwood number that drives the mixing. The 

physics of this case was also validated by graphically estimating the mixing front velocity in ParaView, 

resulting in a value of about 1 as in the validation case. 

Figure 17 proves how these density profiles normalized as concentrations also collapse with x/t½. As 

more apparent in Figure 16 one can however note a more evening out of the density and concentration 

toward the bottom of the modeled pipe, as compared to the top. This can be accounted for by wall and 

bottom effects, resulting from the aspect ratio of the model. As the pipe length to diameter ratio in the 

validation case was substantially larger this effect was not observed there. 
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Figure 16: Cross-section average density distribution along pipe length, in distance from the original stratification interface, 
at selected simulated times of case 1 simulation. 

 

Figure 17: Cross-section average concentration along pipe length, in distance from the original stratification interface 
normalized by the square root of time, of the case 1 simulation. 
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The diffusivity of these data sets was determined, with the one for five seconds left out because it is still 

in a state of initial mixing. Figure 18 shows the curve-fitted error function together with the 

concentration plots, with a mean diffusivity of D = 0.008293 m2/s. A consequence of the relatively small 

pipe length to diameter ratio is observed as the deviation from the error function in the top of the pipe. 

 

Figure 18: Cross-section average concentration along pipe length, in distance from the original stratification interface 
normalized by the square root of time, with curve-fitted error function. Simulation matrix case 1. 

This case was the benchmark to use for comparison in POLCA-T computations. Figure 19 shows the mass 

flux across the initial stratified interface with time and the density difference as a variable, respectively. 

The integral flux of the density-varied data set was related to an average mass flux, shown as the black 

dashed line. This was to be tested in POLCA-T later on. 
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Figure 19: Mass flux from Fick's first law and density gradient as driving force. Blue: Analytical expression, initialized from 
boundary density values. Red: Density-varying simplification, with time step as the time variable. Dashed: Time-average of 

the red curve. Simulation matrix case 1. 

Cases 2 through 9 

As most of the other simulation matrix cases were post-processed in the same manner, with the same 

general appearance of the density and concentration profiles, the reader is referred to Appendix C.2. 

Simulation matrix cases if interested in studying those diagrams as well. The curve-fitting parameters 

are instead summarized in Table 3 for convenience. Color-coded cases are related, with a comment on 

the difference between them. To clarify the table, R2 is the square residual that characterizes the 

accuracy of the curve-fitting and D is of course the mean diffusivity of the curve-fitted data sets. 

The diffusivity of the validation case was taken as the mean value from the 100 through 700 second data 

sets. The diffusivity of the fine mesh validation case was determined from the 22 through 92 seconds 

data sets. The diffusivity of the LES case is only calculated from the 2 second data set, and shows that 

the data does not represent a collapse with t½. 

For the simulation matrix case 1 the 5 seconds data set was left out, because the mixing was just 

initializing by then. The diffusivity was determined from the 10 through 40 seconds data sets, with 5 

second steps. For case 6, 5 seconds was also left but, as well as all sets above 15 seconds since they 

reached the mixing region reached the bottom of the pipe. Thus only the sets from 10 and 15 seconds 
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were used. Cases 2 and 3 did not collapse with t½, see Appendix C.2. Simulation matrix cases for relevant 

diagrams. Cases 8 and 9 are their respective fine mesh simulations. The results showed that there was 

still no collapse with t½; this hinted of a simpler cause. It is possible that the developing mixing region is 

still in its initial stage, and not the steady self-similar one, even when it hits the top and bottom of the 

model. Thus, the coarse mesh cases 2 and 3 were extended to double the length, i.e. 8 m, and executed 

again as cases 10 and 11; please see Appendix C.2. Simulation matrix cases for relevant diagrams. Case 

10 showed collapse toward the end of the simulation, and the time steps of 20, 22.5 and 25 seconds 

were used for curve-fitting. Case 11 showed much more violent mixing, as a result of the large diameter, 

though curve-fitting was still performed on the two time steps of 17.5 and 20 s, after which time the 

mixing region reaches the bottom of the model. Case 4 collapsed linearly with time due to a too low 

Atwood number. Case 7 then used a slightly higher Atwood number, and data sets for 30 through 80 

seconds were used to determine the diffusivity; the sets for 10 and 20 seconds were abnormal, for the 

same reason as case 1, and the mixing region had reached the bottom after 90 seconds. The diffusivity 

of Case 5 was calculated from data sets for 15, 20 and 25 seconds. Before that, the profile was abnormal 

for the same reason as the other cases, and after that the mixing region had reached the bottom of the 

model as well. 

Table 3: Curve-fitting parameters from post-processing of OpenFOAM simulation concentration profiles. Parameter b is a 
mean over selected times that collapse with x/t

½
. 

Error functions fitted to data Fit:                     
 

    
 

Case 
 

a b c R2 D [m2/s] 

Validation case 0.5 34.23 0.5 0.9957 0.000213 

Fine mesh validation case 0.5 31.37 0.5 0.9983 0.000254 

Fine LES validation case 0.5 43.54 0.5 0.9958 (0.000132) 

Case 1 0.5 5.497 0.5 0.9921 0.008293 

Case 6 0.5 4.888 0.5 0.9931 0.010466 

Case 2 No collapse. Probably too coarse mesh. 8l finer. 

Case 8 No collapse. Probably too short pipe, 10xl longer 

Case 10 0.5 1.815 0.5 0.9772 0.075864 

Case 3 No collapse. Probably too coarse mesh. 9l finer. 

Case 9 No collapse. Probably too short pipe, 11xl longer. 

Case 11 0.5 1.555 0.5 0.9643 0.103457 

Case 4 Linear collapse. Too low At. 7l higher.   

Case 7 0.5 7.643 0.5 0.9929 0.004279 

Case 5 0.5 4.734 0.5 0.9708 0.011155 

 

Since the final simulations were delayed, and the post-processing of those was the final work done in 

this project, the parameterization of diffusivity was left out for future work. This could for example be 

performed easily by surface fitting, using the curve-fitting tool in MATLAB. The feasibility of an 

implementation of the suggested correlation was still assessed, since the final parameterization merely 

waits for data to be available. 
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4.4. POLCA-T executions 
Figure 20 shows a snapshot of the Visualizer utility, which is one of several used for plotting the output 

of POLCA-T simulations. Simulation matrix case 1 was modeled, i.e. a pipe of 2 dm in diameter. The 

model consists of a 30 m pipe, nodalized into 30 cells of 1 m in length each. The state is initialized with 

7 MPa of pressure at the top, and hydrostatic pressure in the bottom. Boundary values of flow in the 

inlet and outlet were not initialized. A mass flow of 15 kg/s is injected into the center node, PIPE_15; the 

size of this flow is to ensure a fast enough drop of the temperature in PIPE_15 to the cold temperature 

initialized in the corresponding OpenFOAM simulation. This was to ensure best comparability between 

the codes, since an initialization of cold water in a node does lead to steady state convergence in 

POLCA-T. Mass conservation leads to great flow of injected cold water upwards in the pipe, while only 

the mixing correlation exchanges water between PIPE_15 and the node below, PIPE_14. 

 

Figure 20: Snapshot of the Visualizer utility used to plot data from POLCA-T. This shows the nodalization of a vertical pipe of 
2 dm diameter, with a node height of 1 m. Water is injected into node PIPE_15, and the modeled mixing with PIPE_14 is 

observed. 

Figure 21 compares the temperature evolution with time during 40 seconds, in the node PIPE_14 due to 

mixing with the cold water injected into PIPE_15. The first data set utilized the original Umix constant of 

2.5 m/s. The red data set tested the linearly interpolated density gradient between two nodes, which is 

predicted to result in too low mixing rate. The black curve used an Umix correlated from the maximum 

driving force of the method initialized in every time step, using the OpenFOAM case 1 time interval of 

five seconds. The dashed blue curve had an Umix from the same case, but instead an average G derived 

from the integral G of the whole time span, with a five second time step. The dashed red data set used 
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an Umix correlated in the same way, but instead from the maximum G obtained when using the 

POLCA-T time step of 0.005 seconds. 

Again, these comparisons were made to assess the feasibility of the modified correlation that initializes 

in every time step. Note that a proper implementation of the correlation cannot be performed without a 

modification of the source code, hence the very simple comparisons. Table 4 compares the temperature 

of PIPE_14 after 40 seconds for the different POLCA-T simulations. 

 

Figure 21: Temperature evolution in node PIPE_14 from mixing with PIPE_15, into which cold water is injected, for 
comparison with OpenFOAM case 1. 

Table 4: Summary of the final temperature of PIPE_14 POLCA-T node after 40 seconds, for comparison with OpenFOAM case 
1 and assessment of correlation feasibility. 

Method Umix = 2.5 
Linear 
δρ/δt 

From 
Gmax(0,5 s) 

From 
Gave(0,5 s) 

From 
Gave(0,0.005 s) 

From case 1 

Tliq(PIPE_14) 129.4   193.4   188.2   191.3   141.3   170.65   
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5. Conclusions and discussion 
The simulated propagation of the Rayleigh-Taylor instability resulted in a self-similar development of a 

mixing region with t½. This was convenient since it enabled the modeling of the mixing mass flux with 

Fick’s laws of diffusion. A matrix of OpenFOAM simulations was produced in order to parameterize the 

diffusivity as a function of the Atwood number and the pipe diameter. Cases 2 and 3 varied the 

diameter, and cases 4 and 5 varied the Atwood number. The Atwood number of case 4 was too low, 

which was solved by replacing it with case 7, using a slightly increased Atwood number. Case 6 

compared the results of different mesh coarseness. Unfortunately, the mixing regions of cases 2 and 3 

reached the bottom of the pipe before the concentration profiles could collapse properly. A mesh 

refinement, cases 8 and 9, did not solve the problem. It was then believed that the simulated mixing 

region did not reach a self-similar steady growth rate until it reached the bottom of the pipe. Cases 10 

and 11, which are double the length of 2 and 3, showed better collapse – three time-steps were curve-

fitted for case 10, and two for case 11. Due to the large diameter, a more violent mixing was observed 

thus resulting in a worsened accuracy of the curve-fitting, especially for case 11; it is however believed 

that the diffusivity is sufficient for modeling of the mixing. It may be of interest to lengthen the model of 

case 11 even further, in order to confirm that the collapse is seen at the curve-fitted time steps. This 

would however result in having to solve a 16 meter long model comprised of about four million cells, 

which is predicted to require great computational power over a couple of weeks. The same could be 

done for case 10 as well, but it is not critical. 

It was decided that the model was physically realistic by validation against experiments, by ensuring that 

the diffusivity scales properly with the characteristic front velocity and diameter. There was however an 

absolute deviation in the modeled diffusivity, hinting that the Reynolds number is lower than should be 

for such a pipe, due to mesh coarseness. Mesh refinement brought the results closer to experimental 

data, concluding that more simulations with further refined meshes need to be performed until the 

diffusivity becomes unchanged. The methodology of correlating the modeling of macroscopic turbulent 

diffusion was still developed, despite the deviation, since the improvement of accuracy is nothing less 

than time-consuming. 

The derivative of the error function that solves Fick’s second law of mass diffusion in one dimension 

presents the density gradient, for use as the driving force of diffusion in Fick’s first law. This way, a 

mixing mass flux between two nodes is a function of the diffusivity and the density gradient. This density 

gradient is a function of time, initialized with a sharp density contrast. It was modified to instead vary 

with the average density of the nodes exchanging mass, replacing the time-dependency with the time 

step. It must here be highlighted that the square root dependence of time is replaced by the linear 

dependence of the density difference. Since a complete implementation of this correlation would 

require changes to the source code, five POLCA-T simulations with a constant mixing velocity were 

performed and the results compared. The correlation shows great promise, but implementation is 

necessary in order to assess it further, since the POLCA-T simulations either under- or overestimated the 

mass flux. In addition, this comparison was made with the average densities of adjacent pipe sections of 

OpenFOAM simulations. That density difference will even out more rapidly in POLCA-T since in 
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OpenFOAM the density gradient in the interface is much lower than the representative step-function in 

POLCA-T. 

Furthermore it is important to comment the turbulence modeling. The widely accepted k-epsilon model 

with default parameters was used. While the k-epsilon model is valid for higher Re, as is the case for the 

simulation matrix, the validation case state may be below the general validity of the k-epsilon model; 

this was not considered beforehand, since the same turbulence model was selected for every case in 

order to not affect the applicability of the validation case to the matrix cases. Since the finer mesh 

OpenFOAM simulations did improve the result, but not as much as expected, a Large Eddy Simulation 

was performed of the validation case. The result was not very conclusive; with the lack of experience 

with LES it was only concluded that the mixing was considerably more rapid, and that it did not satisfy a 

mixing modeled with t½. Since our tested parameter ranges should satisfy this modeling, the LES results 

should not be trusted without a deeper analysis of model parameters and the mesh design. An even 

finer mesh of the k-epsilon modeled validation case was performed as well, but the result was 

inconclusive, showing no collapse, as well. Both this finer mesh case, and the validation case, used a very 

short section of pipe, of 3 dm, in order to finish within a reasonable time; this is why the mixing never 

entered the self-similar steady rate. If believed that the turbulence model makes great difference for 

such a case, another should be tested as well as a more thorough LES model. 

The simulation matrix, and thus also the parameterization of the diffusivity, was made as simple as 

possible because great detail was not deemed as important as the mere improvement of the existing 

mixing correlation, and in order to conserve time. The emphasis lied in ensuring that systems simulated 

with POLCA-T would be covered by the parameter intervals. It is suggested that these parameter 

intervals are filled in with more simulations if higher reliability is wanted. The aim of this work was 

fulfilled; to suggest an improved correlation of buoyant-mixing in POLCA-T. In addition, the viability of 

this implementation was assessed ad deemed promising. This study has supplied the framework for this 

implementation, and hopefully the mixing modeling in POLCA-T can be optimized in the future.  
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Appendix A – Input file samples 
This appendix chapter contains samples of some of the most important input files used by OpenFOAM 

for this work, all of them taken from the validation case with a coarse mesh. 

A.1. thermoPhysicalProperties 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "constant"; 

    object      thermophysicalProperties; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

thermoType 

{ 

    type            heRhoThermo; 

    mixture         pureMixture; 

    transport       polynomial; 

    thermo          hPolynomial; 

    equationOfState icoPolynomial; 

    specie          specie; 

    energy          sensibleEnthalpy; 

} 

 

pRef            1e5; 

dpdt   off; 

 

mixture 

{ 

    specie 

    { 

        nMoles          1; 

        molWeight       18; 

    } 

 equationOfState 

    { 

          rhoCoeffs<8>  (5.0874059e+5 -1.0567277e+4 9.4104384e+1 -4.6488669e-1 

1.3761332e-3 -2.4411747e-6 2.4030685e-9 -1.0126925e-12); //a+bT+cT²+... 

          //rhoCoeffs<8>  (1000 0 0 0 0 0 0 0); 

    } 

    thermodynamics 

    { 

        Hf              0; 

  Sf              0; 
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        CpCoeffs<8>     (-2.0311879e+6 4.3175091e+4 -3.9115149e+2 1.9626551 -

5.8923502e-3 1.0587432e-8 -1.0544409e-8 4.4912701e-12); 

        //CpCoeffs<8>     (4500 0 0 0 0 0 0 0); 

    } 

    transport 

    { 

      //muCoeffs<8>     (8.3451416 -1.6454600e-1 1.3956340e-3 -6.5951536e-6 

1.8742242e-8 -3.2016774e-11 3.0431814e-14 -1.2412401e-17); 

        muCoeffs<8>     (9.79e-4 0 0 0 0 0 0 0); 

        //kappaCoeffs<8>  (-5.6323510e+2 1.2016772e+1 -1.0952124e-1 5.5293076e-4 -

1.6696389e-6 3.0156268e-9 -3.0170892e-12 1.2901474e-15); 

        kappaCoeffs<8>  (0 0 0 0 0 0 0 0); 

    } 

} 

 

 

// ************************************************************************* // 
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A.2. blockMeshDict 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    object      blockMeshDict; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

convertToMeters 1; 

 

vertices 

( 

 //Bottom circle 

    (0 0 0) 

 (0.022 0 0.022) 

 (0.044 0 0) 

 (0.022 0 -0.022) 

 //Bottom square 

 (0.0044 0 0) 

 (0.022 0 0.0176) 

 (0.0396 0 0) 

 (0.022 0 -0.0176) 

 

 //Top circle 

 (0 2 0) 

 (0.022 2 0.022) 

 (0.044 2 0) 

 (0.022 2 -0.022) 

 //Top square 

 (0.0044 2 0) 

 (0.022 2 0.0176) 

 (0.0396 2 0) 

 (0.022 2 -0.0176) 

); 

 

blocks 

( 

 //Blocks with grading 

 hex (0 4 7 3 8 12 15 11) (6 20 500) simplegrading (2 1 1) 

 hex (1 5 4 0 9 13 12 8) (6 20 500) simplegrading (2 1 1) 

 hex (2 6 5 1 10 14 13 9) (6 20 500) simplegrading (2 1 1) 

 hex (3 7 6  2 11 15 14 10) (6 20 500) simplegrading (2 1 1) 

 hex (4 5 6 7 12 13 14 15) (20 20 500) simplegrading (1 1 1) 

); 
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edges 

( 

 arc 3 0 (0.0064436508 0 -0.0155563492) 

 arc 11 8 (0.0064436508 2 -0.0155563492) 

 arc 0 1 (0.0064436508 0 0.0155563492) 

 arc 8 9 (0.0064436508 2 0.0155563492) 

 arc 1 2 (0.0375563492 0 0.0155563492) 

 arc 9 10 (0.0375563492 2 0.0155563492) 

 arc 2 3 (0.0375563492 0 -0.0155563492) 

 arc 10 11 (0.0375563492 2 -0.0155563492) 

); 

 

boundary 

( 

    bottom 

    { 

        type wall; 

        faces 

        ( 

   (0 3 7 4) 

   (1 0 4 5) 

   (2 1 5 6) 

   (3 2 6 7) 

   (4 7 6 5) 

        ); 

    } 

    top 

    { 

        type wall; 

        faces 

        ( 

   (11 8 12 15) 

   (8 9 13 12) 

   (9 10 14 13) 

   (10 11 15 14) 

   (12 13 14 15) 

        ); 

    } 

    fixedWalls 

    { 

        type wall; 

        faces 

        ( 

   (0 8 11 3) 

   (1 9 8 0) 

   (2 10 9 1) 

   (3 11 10 2) 

        ); 

    } 

); 

 

mergePatchPairs 

( 

); 
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// ************************************************************************* // 
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A.3. setFieldsDict 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "system"; 

    object      setFieldsDict; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

defaultFieldValues 

( 

    volScalarFieldValue T 370//523 

); 

 

regions 

( 

    boxToCell 

    { 

        box (0 1 -0.022) (0.044 2 0.022); 

        fieldValues 

        ( 

            volScalarFieldValue T 300 

        ); 

    } 

); 

 

 

// ************************************************************************* // 
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A.4. decomposeParDict 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "system"; 

    object      decomposeParDict; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

numberOfSubdomains 16; 

 

method          scotch; 

 

simpleCoeffs 

{ 

    n               ( 1 16 1 ); 

    delta           0.001; 

} 

 

hierarchicalCoeffs 

{ 

    n               ( 1 1 1 ); 

    delta           0.001; 

    order           xzy; 

} 

 

manualCoeffs 

{ 

    dataFile        ""; 

} 

 

distributed     no; 

 

roots           ( ); 

 

 

// ************************************************************************* // 
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A.5. p_rgh 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       volScalarField; 

    object      p_rgh; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

dimensions      [1 -1 -2 0 0 0 0]; 

 

internalField   uniform 1e5; 

 

boundaryField 

{ 

    bottom 

    { 

        type            fixedFluxPressure; 

        value           uniform 1e5; 

    } 

 

    // one surface should be set to include the pressure if there is no outlet 

    top 

    { 

        type            fixedValue; 

        value           uniform 1e5; 

    } 

 

    fixedWalls 

    { 

        type            fixedFluxPressure; 

        value           uniform 1e5; 

    } 

} 

 

// ************************************************************************* // 
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A.6. fvSchemes 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "system"; 

    object      fvSchemes; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

ddtSchemes 

{ 

    default         Euler; 

} 

 

gradSchemes 

{ 

    default         Gauss linear; 

} 

 

// for divSchemes: try to up the accuracy, accuracy goes up with following order 

// "upwind grad(U)", "linearUpwind grad(U)" and then "linear", for linearUpwind  

// there is a vector based version, which you can set in div(phi,U) called 

// linearUpwindV, it is a little faster and more accurate for vectors such as U 

 

divSchemes 

{ 

    default         none; 

    div(phi,U)      Gauss linearUpwindV grad(U); 

    div(phi,h)      Gauss linearUpwind grad(U); 

    // div(phi,e)      Gauss linearUpwind grad(U); 

    div(phi,k)      Gauss linearUpwind grad(U); 

    div(phi,epsilon) Gauss linearUpwind grad(U); 

    // div(phi,R)      Gauss linearUpwind grad(U); 

    div(phi,K)      Gauss linearUpwind grad(U); 

    // div(phi,Ekp)    Gauss linearUpwind grad(U); 

    // div(R)          Gauss linearUpwind grad(U); 

    div((muEff*dev2(T(grad(U))))) Gauss linear; 

} 

 

laplacianSchemes 

{ 

    default         none; 

    laplacian(muEff,U) Gauss linear uncorrected; 

    laplacian((1|A(U)),p_rgh) Gauss linear uncorrected; 

    laplacian(alphaEff,h) Gauss linear uncorrected; 
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    laplacian(DkEff,k) Gauss linear uncorrected; 

    laplacian(DepsilonEff,epsilon) Gauss linear uncorrected; 

    laplacian(DREff,R) Gauss linear uncorrected; 

    laplacian(DomegaEff,omega) Gauss linear uncorrected; 

    laplacian((1|A(U)),p) Gauss linear uncorrected; 

    laplacian(Dp,p_rgh) Gauss linear uncorrected; 

    laplacian(1,p)  Gauss linear corrected; 

} 

 

interpolationSchemes 

{ 

    default         linear; 

} 

 

snGradSchemes 

{ 

    default         corrected; 

} 

 

fluxRequired 

{ 

    default         no; 

    p_rgh; 

} 

 

 

// ************************************************************************* // 
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A.7. fvSolution 
/*--------------------------------*- C++ -*----------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "system"; 

    object      fvSolution; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

solvers 

{ 

    "rho.*" 

    { 

        solver          PCG; 

        preconditioner  DIC; 

        tolerance       0; 

        relTol          0; 

    } 

 

    p_rgh 

    { 

        solver          PCG; 

        preconditioner  DIC; 

        tolerance       1e-8; 

        relTol          0.01; 

  maxIter   2002; 

    } 

 

    p_rghFinal 

    { 

        $p_rgh; 

        relTol          0; 

    } 

 

    "(U|h|e|k|epsilon|R)" 

    { 

        solver          PBiCG; 

        preconditioner  DILU; 

        tolerance       1e-6; 

        relTol          0.1; 

    } 

 

    "(U|h|e|k|epsilon|R)Final" 

    { 

        $U; 



60 
 

        relTol          0; 

    } 

} 

 

// you can lower the nOuterCorrector and the nCorrector to lower numbers if it  

// stays stable, however, try to keep it around 2 or 3 minimum for both of them 

// the nNonOrthogonalCorrectors should only be employed if the mesh is non- 

// orthongonal, run "checkMesh -constant" to see how the non-orthongonality 

// looks like  

 

PIMPLE 

{ 

    momentumPredictor yes; 

    nOuterCorrectors 2;         // compute the pressure-velocity equation more 

                                // often for better convergence 

    nCorrectors     2;          // amount of times just the pressure equation 

                                // together with the continuity is solved 

                                // higher numbers can help at convergence issues 

    nNonOrthogonalCorrectors 0; 

} 

 

 

// keep relaxation factors below one if crashes occur, many times these can help 

// to stabilize the system 

 

relaxationFactors 

{ 

    fields 

    { 

        p_rgh           0.7; 

        p               0.7; 

        rho             0.7; 

    } 

    equations 

    { 

        "U.*"           0.7; 

        "rho.*"         0.7; 

        "p_rgh.*"       0.7; 

        "epsilon"       0.7; 

        "h"             0.7; 

        "k"             0.7; 

    } 

} 

 

 

// ************************************************************************* // 
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A.8. LESProperties 
/*---------------------------------------------------------------------------*\ 

| =========                 |                                                 | 

| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           | 

|  \\    /   O peration     | Version:  2.2.2                                 | 

|   \\  /    A nd           | Web:      www.OpenFOAM.org                      | 

|    \\/     M anipulation  |                                                 | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "constant"; 

    object      LESProperties; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

LESModel       oneEqEddy; 

 

delta          cubeRootVol; 

 

turbulence      on; 

 

printCoeffs     on; 

 

 

cubeRootVolCoeffs 

{ 

    deltaCoeff      1; 

} 

 

PrandtlCoeffs 

{ 

    delta           cubeRootVol; 

    cubeRootVolCoeffs 

    { 

        deltaCoeff      1; 

    } 

    smoothCoeffs 

    { 

        delta           cubeRootVol; 

        cubeRootVolCoeffs 

        { 

            deltaCoeff      1; 

        } 

        maxDeltaRatio   1.1; 

    } 

    Cdelta           0.158; 

} 

 

vanDriestCoeffs 

{ 

    delta           cubeRootVol; 
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    cubeRootVolCoeffs 

    { 

        deltaCoeff      1; 

    } 

    smoothCoeffs 

    { 

        delta           cubeRootVol; 

        cubeRootVolCoeffs 

        { 

            deltaCoeff      1; 

        } 

        maxDeltaRatio   1.1; 

    } 

    Aplus            26; 

    Cdelta           0.158; 

} 

 

smoothCoeffs 

{ 

    delta           cubeRootVol; 

    cubeRootVolCoeffs 

    { 

        deltaCoeff      1; 

    } 

    maxDeltaRatio   1.1; 

} 

 

 

// ************************************************************************* // 
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Appendix B – Post-processing MATLAB codes 
This appendix contains the algorithms created in MATLAB used to transform raw exported density data 

from ParaView into cross-sectional average density and concentration profiles. rhoData is the parent 

program that calls upon the rhoCell and rhoAve functions; thus there are case-specific input parameters 

modified for every post-processed OpenFOAM simulation, and only the rhoData file from the coarse 

validation case is presented here. All others are consistent with their respective geometries, water 

properties and time steps. In addition the drivingForce file is supplied for readers interested in 

reproducing the mixing mass flux with comfort. 

The only time-consuming function as of now is rhoCell, making a post-processing execution of rhoData 

go on for at most tens of minutes. It can of course be speeded up further, if effort is put into eliminating 

for-loops and replacing them with pure matrix arithmetics. 

B.1. rhoData.m 
%Takes exported cell and point data from ParaView and computes densities 
%close all; clear all; clc; 
format compact; format short e; 
%profile on %Processing time monitoring 

  
%% Concentration from densities, paraview export csv %% 

  
%% Data import & Pre-processing %% 
Th = 370.062-273.15; %Celsius 
Tc = 299.85-273.15; 
P = 1.000; %Bar 
D = 44e-3; 
t = [400 500 600 700]; 
%rhoh = 961.468;%XSteam('rho_pT',P,Th); 
%rhoc = 996.908;%XSteam('rho_pT',P,Tc); 

  
dataPts = importdata('points0.csv',',',1); 
data400s = importdata('rho_cellsPoints400s.csv',',',1); 
data500s = importdata('rho_cellsPoints500s.csv',',',1); 
data600s = importdata('rho_cellsPoints600s.csv',',',1); 
data700s = importdata('rho_cellsPoints700s.csv',',',1); 
disp('Importdata done') 

  
pts = getfield(dataPts,'data'); 
rho400s = getfield(data400s,'data'); 
rho500s = getfield(data500s,'data'); 
rho600s = getfield(data600s,'data'); 
rho700s = getfield(data700s,'data'); 
disp('Getfield done') 

  
%% Computations 

  
%FUNCTION rhoCell sets cell y-coords and XS-areas 
rhoCell400s = rhoCell(rho400s,pts); 
rhoCell500s = rhoCell(rho500s,pts); 
disp('½ rhoCell done') 
rhoCell600s = rhoCell(rho600s,pts); 
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rhoCell700s = rhoCell(rho700s,pts); 
y = unique(rhoCell400s(:,2)); 
disp('All rhoCell done') 

  
%FUNCTION rhoAv takes rhoCell, and computes XS-average rho 
rhoAve400s = rhoAve(rhoCell400s,D,y); 
rhoAve500s = rhoAve(rhoCell500s,D,y); 
disp('½ rhoAve done') 
rhoAve600s = rhoAve(rhoCell600s,D,y); 
rhoAve700s = rhoAve(rhoCell700s,D,y); 
disp('All rhoAve done') 

  
%Force rhoh and rhoc to be simulation values 
%for exact C from 0 to 1 
rhoh = rhoAve100s(1); 
rhoc = rhoAve100s(end); 

  
C400s = (rhoAve400s-rhoh)/(rhoc-rhoh); 
C500s = (rhoAve500s-rhoh)/(rhoc-rhoh); 
C600s = (rhoAve600s-rhoh)/(rhoc-rhoh); 
C700s = (rhoAve700s-rhoh)/(rhoc-rhoh); 
disp('Concentrations done') 

  
%% Post-processing 
y2 = y-1; %distance from original interface 
alpha = 0.5; %exponent of time for correlation 
figure(1) 
plot(y2./(t(1)^alpha),C400s) 
hold on;grid on; 
plot(y2./(t(2)^alpha),C500s,'r') 
plot(y2./(t(3)^alpha),C600s,'k') 
plot(y2./(t(4)^alpha),C700s,'b --') 
%profile off;profile viewer; %Shows computation time distribution 

  



65 
 

B.2. rhoCell.m 
%Correlates Paraview cells to points and coordinates 
function out = rhoCell(rho,pts) 

  
% Memory preallocation 
out = zeros(length(rho(:,1)),3); 
for i=1:length(rho(:,1)) 
    pts_tmp = [pts(rho(i,3)+1,:) 
        pts(rho(i,4)+1,:) 
        pts(rho(i,5)+1,:) 
        pts(rho(i,6)+1,:) 
        pts(rho(i,7)+1,:) 
        pts(rho(i,8)+1,:) 
        pts(rho(i,9)+1,:) 
        pts(rho(i,10)+1,:)]; 
    y_tmp = (max(pts_tmp(:,2))+min(pts_tmp(:,2)))/2; 

     
    pts_tmp2 = sortrows(pts_tmp,2); %Sort by Y to get 4 points on plane 
    pts_tmp2 = sortrows(pts_tmp2(1:4,:),1); %Sort by X for consistent point 

ordering. 

     
    %Draw triangle, point 1,2,3 = P,Q,R 
    PQ_tr1 = sqrt((pts_tmp2(2,1)-pts_tmp2(1,1))^2+(pts_tmp2(2,3)-

pts_tmp2(1,3))^2); 
    PR_tr1 = sqrt((pts_tmp2(3,1)-pts_tmp2(1,1))^2+(pts_tmp2(3,3)-

pts_tmp2(1,3))^2); 
    QR_tr1 = sqrt((pts_tmp2(3,1)-pts_tmp2(2,1))^2+(pts_tmp2(3,3)-

pts_tmp2(2,3))^2); 
    H_tr1 = sqrt(QR_tr1^2-((QR_tr1^2-PR_tr1^2+PQ_tr1^2)/(2*PQ_tr1))^2); 
    A_tr1 = PQ_tr1*H_tr1/2; 

     
    %Next triangle: 4,3,2 = P,Q,R 
    PQ_tr2 = sqrt((pts_tmp2(3,1)-pts_tmp2(4,1))^2+(pts_tmp2(3,3)-

pts_tmp2(4,3))^2); 
    PR_tr2 = sqrt((pts_tmp2(4,1)-pts_tmp2(2,1))^2+(pts_tmp2(4,3)-

pts_tmp2(2,3))^2); 
    QR_tr2 = sqrt((pts_tmp2(3,1)-pts_tmp2(2,1))^2+(pts_tmp2(3,3)-

pts_tmp2(2,3))^2); 
    H_tr2 = sqrt(QR_tr2^2-((QR_tr2^2-PR_tr2^2+PQ_tr2^2)/(2*PQ_tr2))^2); 
    A_tr2 = PQ_tr2*H_tr2/2; 

     
    % Two triangles make the cross-section of a hexahedron 
    A_tmp = A_tr1+A_tr2; 
    % Collect in columns 1) Cell density, 2) Cell y-coordinate 
    % 3) Cell cross-sectional area 
    out(i,1:3) = [rho(i,1) y_tmp A_tmp]; 
end 

   



66 
 

B.3. rhoAve.m 
%Bundles together cells at the same y-coordinate and computes average 
function out = rhoAve(rhoCell,D) 
format long e 
A_pipe = pi*(D/2)^2; 
% Sort the matrix according to y-coordinate 
rhoCell = sortrows(rhoCell,2); 

  
% Get indices of LAST unique y-coordinate 
[~,IA,~] = unique(rhoCell(:,2),'last'); 
index = 0; 

  
% Preallocation for speed 
handle = zeros(IA(1),1); 
out = zeros(length(IA),1); 
for j = 1:length(IA) 
    % Density in a cell multiplied by its area 
    handle = rhoCell(index+1:IA(j),1).*rhoCell(index+1:IA(j),3); 
    % All values for a y-position collected, density averaged 
    out(j) = sum(handle)/A_pipe; 
    index = IA(j); 
end 
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B.4. drivingForce_t.m 
close all;clear all;clc; 
format compact;format long e; 

  
%%-- Calculates driving force and mass flux across Rayleigh-Taylor 
%%-- interface after collapse. It is the derivative of the error function 

%%-- solution to Fick’s second law of diffusion. Note that it is based on 

%%-- the time-dependent evolution of the density gradient from an initial 

%%-- perfectly stratified state with density boundary values. 

%% 

%%-- A modification of this model, drivingFirce_rho, eliminates the time-

variable by 

%%-- initializing the driving force equation at every time step, so that 

%%-- the density varies instead of time. This of course leads to a 

%%-- deviation from the exact solution, so the correlation must be modeled 

%%-- to underestimate the mass flux to ensure conservatism. 

  
%% Input %% 
diam = 0.044; %diameter, meters 
a = 0.56419; %from derivation 
D = 0.000213; %Diffusivity, m^2/s 
b = 1/sqrt(D); %for simplicity 
t = [1 10 20 30 40 50 60 70 80 90 100 200 300 400 500 600 700]; %time 

  
Tc = 300-273.15; %cold temp, celsius 
Th = 370-273.15; 
P = 1; %pressure, bar 
rhoh = XSteam('rho_pT',P,Th); %hot density, kg/m^3 
rhoc = XSteam('rho_pT',P,Tc); %cold density 

  
y = (-1:0.001:1); %pipe height/length, meters 

  
dcdy = []; 
dcdy(:,1) = a*b*exp(-(b^2)*(y.^2)./t(1))./sqrt(t(1)); %driving force 
dcdy(:,2) = a*b*exp(-(b^2)*(y.^2)./t(2))./sqrt(t(2)); 
dcdy(:,3) = a*b*exp(-(b^2)*(y.^2)./t(3))./sqrt(t(3)); 
dcdy(:,4) = a*b*exp(-(b^2)*(y.^2)./t(4))./sqrt(t(4)); 
dcdy(:,5) = a*b*exp(-(b^2)*(y.^2)./t(5))./sqrt(t(5)); 
dcdy(:,6) = a*b*exp(-(b^2)*(y.^2)./t(6))./sqrt(t(6)); 
dcdy(:,7) = a*b*exp(-(b^2)*(y.^2)./t(7))./sqrt(t(7)); 
dcdy(:,8) = a*b*exp(-(b^2)*(y.^2)./t(8))./sqrt(t(8)); 
dcdy(:,9) = a*b*exp(-(b^2)*(y.^2)./t(9))./sqrt(t(9)); 
dcdy(:,10) = a*b*exp(-(b^2)*(y.^2)./t(10))./sqrt(t(10)); 
dcdy(:,11) = a*b*exp(-(b^2)*(y.^2)./t(11))./sqrt(t(11)); 
dcdy(:,12) = a*b*exp(-(b^2)*(y.^2)./t(12))./sqrt(t(12)); 
dcdy(:,13) = a*b*exp(-(b^2)*(y.^2)./t(13))./sqrt(t(13)); 
dcdy(:,14) = a*b*exp(-(b^2)*(y.^2)./t(14))./sqrt(t(14)); 
dcdy(:,15) = a*b*exp(-(b^2)*(y.^2)./t(15))./sqrt(t(15)); 
dcdy(:,16) = a*b*exp(-(b^2)*(y.^2)./t(16))./sqrt(t(16)); 
dcdy(:,17) = a*b*exp(-(b^2)*(y.^2)./t(17))./sqrt(t(17)); 
drhody(:,1) = dcdy(:,1)*(rhoc-rhoh); 
drhody(:,2) = dcdy(:,2)*(rhoc-rhoh); 
drhody(:,3) = dcdy(:,3)*(rhoc-rhoh); 
drhody(:,4) = dcdy(:,4)*(rhoc-rhoh); 
drhody(:,5) = dcdy(:,5)*(rhoc-rhoh); 
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drhody(:,6) = dcdy(:,6)*(rhoc-rhoh); 
drhody(:,7) = dcdy(:,7)*(rhoc-rhoh); 
drhody(:,8) = dcdy(:,8)*(rhoc-rhoh); 
drhody(:,9) = dcdy(:,9)*(rhoc-rhoh); 
drhody(:,10) = dcdy(:,10)*(rhoc-rhoh); 
drhody(:,11) = dcdy(:,11)*(rhoc-rhoh); 
drhody(:,12) = dcdy(:,12)*(rhoc-rhoh); 
drhody(:,13) = dcdy(:,13)*(rhoc-rhoh); 
drhody(:,14) = dcdy(:,14)*(rhoc-rhoh); 
drhody(:,15) = dcdy(:,15)*(rhoc-rhoh); 
drhody(:,16) = dcdy(:,16)*(rhoc-rhoh); 
drhody(:,17) = dcdy(:,17)*(rhoc-rhoh); 

  
G = []; 
G(:,1) = -D*drhody(:,1); 
G(:,2) = -D*drhody(:,2); 
G(:,3) = -D*drhody(:,3); 
G(:,4) = -D*drhody(:,4); 
G(:,5) = -D*drhody(:,5); 
G(:,6) = -D*drhody(:,6); 
G(:,7) = -D*drhody(:,7); 
G(:,8) = -D*drhody(:,8); 
G(:,9) = -D*drhody(:,9); 
G(:,10) = -D*drhody(:,10); 
G(:,11) = -D*drhody(:,11); 
G(:,12) = -D*drhody(:,12); 
G(:,13) = -D*drhody(:,13); 
G(:,14) = -D*drhody(:,14); 
G(:,15) = -D*drhody(:,15); 
G(:,16) = -D*drhody(:,16); 
G(:,17) = -D*drhody(:,17); 
G0 = [min(G(:,1)) min(G(:,2)) min(G(:,3)) min(G(:,4)) min(G(:,5)) min(G(:,6)) 

min(G(:,7)) min(G(:,8)) min(G(:,9)) min(G(:,10)) min(G(:,11)) min(G(:,12)) 

min(G(:,13)) min(G(:,14)) min(G(:,15)) min(G(:,16)) min(G(:,17))]; 

  
figure(1) 
plot(y,drhody(:,1)) 
hold on;grid on 
plot(y,drhody(:,2),'r') 
plot(y,drhody(:,6),'k') 
plot(y,drhody(:,11),'b --') 
plot(y,drhody(:,13),'r --') 

  
figure(2) 
plot(y,G(:,1)) 
hold on;grid on 
plot(y,G(:,2),'r') 
plot(y,G(:,3),'k') 
plot(y,G(:,4),'b --') 
plot(y,G(:,5),'r --') 
plot(y,G(:,6),'k --') 
plot(y,G(:,7),'b -.') 
plot(y,G(:,8),'r -.') 

  
figure(3) 
plot(t(1:length(G0)),G0)  
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B.5. drivingForce_rho.m 
close all;clear all;clc; 
format compact;format long e; 

  
%% Input %% 
diam = 0.044; %diameter, meters 
a = 0.56419; %from derivation 
D = 0.000213; %Diffusivity, m^2/s 
b = 1/sqrt(D); %for simplicity 
dt = 100; 
dt1 = 10; 
t = [0 10 20 30 40 50 60 70 80 90 100 200 300 400 500 600 700]; 

  
Tc = 300-273.15; %cold temp, celsius 
Th = 370-273.15; 
P = 1; %pressure, bar 
rhoh = XSteam('rho_pT',P,Th); %hot density, kg/m^3 
rhoc = XSteam('rho_pT',P,Tc); %cold density 

  
% stepwise initialization of driving force with varying density 
% time equals the time step 
drho = [35.9596 33.2677 32.2622 31.7889 31.1982 30.6545 30.2622 30.0013 

29.4841 29.2772 29.1342 26.7809 25.2634 24.0064 22.8977 22.0525 21.1362]; 

  
y = (-1:0.001:1); %pipe height/length, meters 

  
dcdy1 = a*b*exp(-(b^2)*(y.^2)./dt1)./sqrt(dt1); 
dcdy = a*b*exp(-(b^2)*(y.^2)./dt)./sqrt(dt); %driving force 
drhody(:,1) = dcdy1*drho(1); 
drhody(:,2) = dcdy1*drho(2); 
drhody(:,3) = dcdy1*drho(3); 
drhody(:,4) = dcdy1*drho(4); 
drhody(:,5) = dcdy1*drho(5); 
drhody(:,6) = dcdy1*drho(6); 
drhody(:,7) = dcdy1*drho(7); 
drhody(:,8) = dcdy1*drho(8); 
drhody(:,9) = dcdy1*drho(9); 
drhody(:,10) = dcdy1*drho(10); 
drhody(:,11) = dcdy*drho(11); 
drhody(:,12) = dcdy*drho(12); 
drhody(:,13) = dcdy*drho(13); 
drhody(:,14) = dcdy*drho(14); 
drhody(:,15) = dcdy*drho(15); 
drhody(:,16) = dcdy*drho(16); 
drhody(:,17) = dcdy*drho(17); 

  
G = []; 
G(:,1) = -D*drhody(:,1); 
G(:,2) = -D*drhody(:,2); 
G(:,3) = -D*drhody(:,3); 
G(:,4) = -D*drhody(:,4); 
G(:,5) = -D*drhody(:,5); 
G(:,6) = -D*drhody(:,6); 
G(:,7) = -D*drhody(:,7); 
G(:,8) = -D*drhody(:,8); 
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G(:,9) = -D*drhody(:,9); 
G(:,10) = -D*drhody(:,10); 
G(:,11) = -D*drhody(:,11); 
G(:,12) = -D*drhody(:,12); 
G(:,13) = -D*drhody(:,13); 
G(:,14) = -D*drhody(:,14); 
G(:,15) = -D*drhody(:,15); 
G(:,16) = -D*drhody(:,16); 
G(:,17) = -D*drhody(:,17); 
G0 = [min(G(:,1)) min(G(:,2)) min(G(:,3)) min(G(:,4)) min(G(:,5)) min(G(:,6)) 

min(G(:,7)) min(G(:,8)) min(G(:,9)) min(G(:,10)) min(G(:,11)) min(G(:,12)) 

min(G(:,13)) min(G(:,14)) min(G(:,15)) min(G(:,16)) min(G(:,17))]; 

  
figure(1) 
plot(y,drhody(:,1)) 
hold on;grid on 
plot(y,drhody(:,2),'r') 
plot(y,drhody(:,3),'k') 
plot(y,drhody(:,4),'b --') 
plot(y,drhody(:,5),'r --') 
plot(y,drhody(:,6),'k --') 
plot(y,drhody(:,7),'b -.') 
plot(y,drhody(:,8),'r -.') 

  
figure(2) 
plot(y,G(:,1)) 
hold on;grid on 
plot(y,G(:,2),'r') 
plot(y,G(:,3),'k') 
plot(y,G(:,4),'b --') 
plot(y,G(:,5),'r --') 
plot(y,G(:,6),'k --') 
plot(y,G(:,7),'b -.') 
plot(y,G(:,8),'r -.') 

  
figure(3) 
plot(t(1:length(G0)),G0) 
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Appendix C – Additional model data and results 
This Appendix contains additional data that may be of interest to the reader but was not deemed 

necessary to be placed in the report. 

C.1. Validation case 

 

Figure 22: Analytical driving force, to which the mixing mass flux is proportional by the Diffusivity, after different times from 
an initial state, for the validation case. 
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Figure 23: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of fine mesh validation case. 

 

Figure 24: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
fine mesh validation case simulation. 
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Figure 25: ParaView snapshot of Large Eddy Simulation with same resolution as fine mesh validation case, but reduced pipe 
height to 3 dm, after 2 simulated seconds in OpenFOAM. 
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C.2. Simulation matrix cases 

 

Figure 26: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 2. 

 

Figure 27: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
simulation matrix case 2. 
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Figure 28: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 3. 

 

Figure 29: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
simulation matrix case 3. 
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Figure 30: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 4. 

 

Figure 31: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
simulation matrix case 4. 
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Figure 32: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 5. 

 

Figure 33: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
simulation matrix case 5. 
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Figure 34: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 6. 

 

Figure 35: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
simulation matrix case 6. 
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Figure 36: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 7. 

 

Figure 37: Cross-section average concentration with distance from the original stratification interface normalized by t
½

, of 
simulation matrix case 7. 
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Figure 38: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 8. 

 

Figure 39: Cross-section average concentration with distance from the original stratification interface normalized by t½, of 
simulation matrix case 8. 
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Figure 40: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 10. 

 

Figure 41: Cross-section average concentration with distance from the original stratification interface normalized by t½, of 
simulation matrix case 10. 
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Figure 42: Cross-section average density with distance from the original stratification interface, at selected simulated times 
of simulation matrix case 11. 

 

Figure 43: Cross-section average concentration with distance from the original stratification interface normalized by t½, of 
simulation matrix case 11.  
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